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ABSTRACT

District heating (DH) systems can contribute substantially to the decarbonization of the heating sector
by enabling the implementation of sustainable heating solutions on a large scale and the use of heat
sources that are difficult to integrate on a small scale. This includes ambient heat (AH) and waste heat
(WH), two heat sources with large, untapped potential. However, DH systems with AH and WH are
subject to economic risks arising from uncertainty in the future development of key factors such as
energy prices and WH availability. Accordingly, this thesis evaluated the technical and economic
performance of AH and WH sources employed for the resilient decarbonization of DH networks
considering economic risks due to uncertainty in future energy prices and WH availability.

Specifically, a model was developed that simulates DH systems with and without AH and WH sources
and evaluates the levelized cost of heat (LCOH) across a wide range of energy price scenarios and WH
cessation scenarios. WH cessation scenarios reflect the possibility that the WH source is no longer
available due to bankruptcy, relocation, or a change in processes such that internal heat recovery
increases. The model was applied to various DH system configurations (defined by the heat supply
technologies in the DH system and their capacities) in the context of both a general model and a case
study application for a small city in northwestern Poland. The mean LCOH and standard deviation across
energy price and WH cessation scenarios provided a measure of average cost and associated economic
risk of the configurations analyzed.

Results indicate that the average cost and economic risk of DH systems is strongly influenced by the DH
system configuration. Additionally, results show that a tradeoff exists between average cost and
economic risk. The inclusion of industrial WH in DH systems is beneficial to the techno-economic
performance of DH systems in terms of average cost and often also economic risk. However, this is
largely due to the assumptions that industrial WH has a relatively low price, the price remains constant
across energy price scenarios, and the probability of WH cessation is relatively low. Another key
research outcome is that the presence of AH and WH sources in DH systems leads to a reduction in
economic risk in the face of future uncertainties. Increased supply side flexibility in the form of a greater
variety and installed capacity of heat supply technologies, also leads to reduced economic risk.

These outcomes highlight the importance of the careful consideration of heat supply technologies and
DH system configurations, accounting for uncertainty in the future development of key factors, such as
energy prices and WH availability, in the resilient decarbonization of DH systems.
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1 INTRODUCTION

1.1 BACKGROUND AND SOCIETAL RELEVANCE

To mitigate climate change and its negative effects, the European Union (EU) has set the legally binding
target of becoming a climate neutral society by 2050 [1]. This extends to the energy sector and, within
that, the heating sector. Heat needed for space heating and hot water makes up a large portion of
energy demand (and associated emissions), and is still largely fossil fuel based [2], [3]. In the EU, 40%
of total final energy demand comes from the heating and cooling sector, with 75% supplied by fossil
fuels [4]. This makes decarbonizing the heat sector incredibly relevant for achieving EU targets and
mitigating climate change.

District heating (DH) networks can play a key role in heat decarbonization [5]. This is because they
enable the implementation of sustainable heating solutions on a large scale and the use of heat sources
that are difficult to integrate on a small scale, such as ambient heat (AH) and waste heat (WH) [6], [7].
The use of heat pumps (HPs) in DH networks can provide greater flexibility by increasing the coupling
of the electricity and heat sectors [8], [9], [10]. This will become increasingly relevant with greater
penetration of intermittent renewable energy in the future [9]. HPs also allow for the integration of
lower temperature heat sources that could not be used otherwise, especially AH but often also WH [4].
Further advantages are that DH networks are mature systems that can provide flexible, economical,
and reliable heating solutions [5]. However, current DH systems are still largely fossil fuel based [2]. In
2017, 48% of the EU-27 DH mix consisted of fossil fuels, with 25% coming from natural gas, 16% from
hard coal, 5% from lignite (brown coal) and 2% from oil [11]. Although this is often WH from fossil CHP
processes, the reliance of DH systems on fossil fuel sources creates a need for a comprehensive and
thorough evaluation of DH decarbonization options and the role they can play in the future.

Various heat supply technologies can be used for decarbonizing DH systems [2], [5]. These include
biomass, geothermal energy, solar thermal energy, AH, WH, waste incineration, and large-scale HPs
[12], [13]. Furthermore, thermal storage, greater coupling of the electricity and heat sectors, and
reduced DH operating temperatures can also contribute to DH decarbonization [12]. Two options with
large, untapped potential are the use of AH and WH for DH. AH refers to heat found in water bodies,
air near the earth’s surface, and ground a few meters belowground [14]. It can be combined with large-
scale HPs to obtain heat at temperatures suitable for DH. WH is heat that is produced as a byproduct
in processes such as cooling of datacenters or high temperature industrial processes and that would
otherwise be dissipated into the environment [15]. Depending on the temperature of the WH source
and the DH network, it may also require coupling with HPs [16].

The decarbonization of DH systems using AH and WH requires large investments in sustainable heat
supply technologies including heat exchangers, HPs, and piping infrastructure, as well as storages etc.
Different temperature AH and WH sources have different benefits and risk factors. For AH sources,
there is high certainty they will still be available in the future. However, they have low temperatures,
especially in the winter, and therefore rely on HPs. This results in low coefficient of performances
(COPs), higher investment costs due to the HP, and increased dependence and vulnerability to
electricity prices [17]. High temperature WH from industrial processes has relatively low investment
and operation costs as no HP is necessary. However, there is greater uncertainty surrounding its future



availability as there is a chance that industrial activities change (i.e., with industry decarbonization) or
are discontinued (i.e., if the company relocates) [18]. Medium temperature WH such as from service
sector cooling also requires a HP, and therefore has higher investment cost. However, COPs are higher
than for AH sources and, depending on the source, future availability may be more certain compared
to high temperature WH sources.

Thus, in analyzing which options are best to invest in, it is not only important to consider overall cost
but also the system’s resilience in the face of future uncertainties. This is because the development of
key factors, such as energy prices or WH availability, impacts DH system costs. Thus, economic risks, in
the form of variations in the expected cost of the system, arise from the uncertainty in the future
development of these factors. This is a key consideration of this thesis, which aims to understand the
potential role of AH and WH in the resilient decarbonization of DH networks, considering the
uncertainty in the future development of energy prices and WH availability. Focus is placed on energy
prices and WH availability as these are two key sources of uncertainty for future DH systems with AH
and WH.

1.2  SCIENTIFIC RELEVANCE

This section provides an overview of the scientific relevance of analyzing the potential of AH and WH
sources for contributing to the resilient decarbonization of DH systems considering future uncertainty.
See Section 2 for an in-depth discussion of existing literature and analysis of individual studies.

Various papers have analyzed the technical and economic performance of DH systems with AH and/or
WH sources (see section 2.1). Of these, most focus on DH systems with AH sources coupled with large-
scale HPs, [3], [4], [7], [8], [19], [20], [21] while only a limited number of studies consider DH systems
with WH [6], [21], [22], [23] or DH systems with both AH and WH [5], [12], [17], [24]. Of studies including
both, only one has AH and WH as the main focus of the analysis [17], while the others just include AH
and WH as two of the multiple heat supply technologies in the DH system being studied [5], [12], [24].
Furthermore, no study focuses on the analysis of AH and WH on a general level, considering the
different types of AH and WH sources available and their potential contribution to the robust
decarbonization of DH systems. Moreover, if accounting for uncertainties, studies conducting techno-
economic analysis on DH systems with AH and/or WH mostly use either sensitivity analysis or scenario
analysis [3], [4], [5], [6], [8], [9], [17], [22], [23], [24]. These approaches do not allow for the
consideration of the expected probability of the distribution of uncertain inputs, i.e., quantifying the
uncertainty. Furthermore, sensitivity analysis only considers the effect of varying a single parameter at
a time rather than the combined effect of the simultaneous variations in multiple parameters, or
considering interdependent uncertainty parameters, which more accurately reflects uncertainty in
real-world situations. In contrast, the use of other approaches to uncertainty modelling, such as Monte
Carlo simulation (MCS), allows for the quantification of uncertainty in such a way that these expected
probabilities are accounted for. Moreover, they allow for the simultaneous variation in multiple key
input parameters, reflecting uncertainty in various parameters. This has been exemplified and applied
by studies focusing on uncertainty modelling for heat supply technologies and DH systems, largely using
MCS (see section 2.2). However, of these studies, those analyzing individual heat supply technologies
have mainly focused on fossil-fueled CHP plants [25], [26], [27], [28], [29], and those studying systems
with multiple technologies have mainly compared centralized DH systems to decentralized ones
without DH [3], [18], [30]. Finally, only a limited number of papers explicitly modelled future DH systems



despite the importance of this in designing robust decarbonization strategies for DH systems [5], [8],
[12], [17], [18], [20], [24], [31] (see section 2.3).

Thus, the literature gap this thesis seeks to address is twofold:

e First, is the lack of a techno-economic analysis that focuses on AH and WH as heat supply
sources for DH on a general level, comparing different types of AH and WH and how they
perform in contributing to the decarbonization of DH systems.

e Second, is the lack of a study that focuses on guantifying the economic risk associated with DH
systems with AH and WH, which arises from uncertainty in the future development of key
factors, such as energy prices and WH availability.

1.3 RESEARCH QUESTION
Accordingly, the research question this thesis aims to answer is:

What is the technical and economic performance of employing AH and WH supply technologies for the
resilient decarbonization of DH networks considering uncertainty of future energy prices and WH
availability?

The techno-economic performance of DH networks employing AH and WH sources is measured in
terms of average costs and associated economic risk. It is calculated taking into consideration future
DH systems and uncertainty in the development of future energy prices and WH availability, as these
were identified as two key sources of uncertainty for future DH systems with AH and WH. The research
guestion is broken down into the following sub-questions (SQs):

e SQ1: What is the average cost of DH system configurations! both incorporating and excluding
AH and/or WH in future DH systems and how do they compare?

e SQ2: What is the level of economic risk arising from uncertainty of future energy prices and
WH availability for technology configurations both incorporating and excluding AH and/or WH
in future DH systems and how do they compare?

The temporal scope of the thesis is a twenty year study period starting in 2050, the year the EU aims to
become climate neutral [1]. In addition to the analysis of the role of AH and WH in DH decarbonization
on a general level, a case study is conducted which considers the DH system of a small city in
northwestern, Poland.? This case study is part of an ongoing Horizon Europe project, HeatMineDH. This
results in a third SQ:

e SQ3: What is the technical and economic performance of employing AH and WH supply
technologies for the resilient decarbonization of the DH network of a small city in northwestern
Poland considering uncertainty of future energy prices and WH availability?

! DH system configuration refers to the heat supply technologies in a DH system and their capacity.
2 The city is not named for confidentiality reasons.



1.4 ROADMAP
The remainder of this thesis is structured as follows:

Section 2 provides an overview of relevant literature on the subject, first considering studies evaluating
the techno-economic performance of AH and WH technologies in DH systems, then studies focusing
on uncertainty modeling of heat supply technologies and DH networks, and finally the consideration of
future scenarios within these studies.

Section 3 outlines the methodology employed in the thesis. First, a detailed explanation of the
methodological steps is provided followed by a comprehensive description of the general model and
case study. These descriptions include an overview of the system modelled, an explanation of key input
data and model parametrization, the definition of system configurations analyzed, and an account of
the methodological steps’ application.

Section 4 presents the results of the general model, followed by those of the case study application.

Section 5 analyzes and discusses the results. Initially, an synthesis of key findings from the general
model and case study is presented. Subsequently, results are analyzed in the context of literature. Then,
limitations of the study are discussed, followed by potential directions for future research. The section
ends with a discussion of insights and recommendations for stakeholders.

Finally, section 6 concludes this work with a summary of key results, conclusions, and their implications.



2 LITERATURE REVIEW

The following section provides an overview of literature relevant to this thesis’ aim of investigating the
techno-economic potential of AH and WH supply technologies in contributing to the resilient
decarbonization of DH networks, considering uncertainty of future energy prices and WH availability.
Existing literature has been categorized into the following three topics:

1. Techno-economic analysis: studies evaluating the technical and economic performance of AH
and WH technologies in DH systems, providing insights into what types of systems have been
analyzed and their viability.

2. Uncertainty modelling: studies modelling uncertainty and economic risk associated with heat
supply technologies and DH networks, providing insight into key factors that influence their
techno-economic performance and the impact of these factors.

3. Future scenarios: studies that specifically model and forecast future DH systems with AH and/or
WH sources, providing insight into what future scenarios could look like.

These three topics are at the core of the research focus of this thesis, and thus the literature review is
structured accordingly.

2.1 TECHNO-ECONOMIC ANALYSES

This section reviews literature analyzing the techno-economic performance of AH and WH in DH
systems. A distinction is made between studies focused on AH coupled with large-scale HPs, studies
analyzing medium to high temperature WH that are either coupled with a HP or not based on their
temperature, and those that consider systems with both large-scale HPs and WH. A distinction is also
made between analyses assessing the technologies individually and those assessing the technologies
as part of a configuration of sustainable heat technologies.

Ambient heat with large-scale heat pumps

AH refers to heat found in water bodies, air near the earth’s surface, and ground a few meters
belowground [14]. Due to their relatively low temperatures, AH sources need to be combined with
large-scale HPs to supply heat at a high enough temperature for DH. HPs are powered by electricity and
use a closed process to extract heat from a low-temperature heat source and convert it to a higher
temperature [32]. The term ‘large-scale’ is used to highlight that the HPs referred to are in the MW
range and at a scale large enough to provide heat to a DH system (in contrast to HPs at an individual
household level).

Of studies analyzing AH combined with large-scale HPs, many focused on optimal operation. For
example, Abokersh et al. compared different control strategies for HPs in a DH system with solar
collectors, a seasonal thermal storage, a domestic hot water storage, and an auxiliary natural gas heater
[19]. They found that the HP operation strategy has a significant effect on the economic performance
of the system, with one of the two control strategies analyzed consistently leading to a lower levelized
cost of heat (LCOH) across scenarios analyzed regardless of the different scenario aims (minimizing cost
vs. minimizing natural gas use). Bach et al. studied the integration of drinking water, sewage water, and
sea water HPs in Copenhagen’s DH system, comparing their integration in the DH distribution vs.
transmission network, and the use of a variable or fixed COP in modelling the HPs. The COP was found
to play a key role in determining the HPs’ operational hours [8]. When connected to the higher
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temperature transmission network, the COP is lower, increasing the cost of heat from the HP, and
reducing the full load operating hours. Similarly, using a variable COP when modelling HPs as it
improved their cost competitiveness when the COP was relatively high and thus influenced the
operating hours [8]. Other studies focused on the flexibility HPs provide by increasing the
interconnection of the electricity and heat sectors. Fambri et al. analyzed flexibility provision by
groundwater-based HPs in Turin’s DH system and found that not only does the HP improve the balance
of the electricity distribution system but has greater profitability when doing so [9]. @stergaard et al.
compared a system with seawater-based HPs and storage to a biomass-based DH system and found
that HPs increased renewable energy integration but, unlike Fambri et al, that they were less attractive
from a business economic perspective [7].

Other studies included HPs in a system with an array of technologies. Fito et al. studied the robustness
of a decentralized, electricity-based system (connecting the national electricity grid with decentralized
photovoltaic panels (PV), HPs, electric batteries, and thermal storage per building) compared to a
centralized, heat-based system (consisting of a DH network connected to the same technologies at a
larger scale, as well as a gas boiler, biomass CHP, solar thermal collectors, and geothermal plant). The
two most impactful parameters on total cost were space heating demand and the COP of the HPs. The
heat-based system was found to have overall lower costs across all carbon constraint scenarios studied
and be more robust as it was less sensitive to changes in space heating demand, HP COP, and carbon
constraints. Lamaison et al. analyzed a system with a biomass generator, HP, and heat storage,
optimizing for levelized cost of energy, sizing, and operation [33]. Results indicated that the
combination of the three technologies is an attractive configuration for DH systems. For optimal
operation, the HP was used in combination with daily storage with the HP operating at low electricity
prices and the storage being utilized at high electricity prices. In scenarios with limited biomass
availability a seasonal storage was required [33]. Kontu et al. found the competition with combined
heat and power (CHP) plants decreases the viability of HPs in medium- or large-scale DH systems with
heat only boilers (HOBs) and CHPs compared to small-scale ones with only HOBs [4]. This highlights that
the configuration and size of the system analyzed influences the operation and cost effectiveness of
HPs in the system However, the inclusion of a HP reduced variable costs across all system sizes as they
can be used when electricity prices are low. For the same reason, the HPs lead to even greater cost
reductions in low electricity price scenarios [4]. Yang et al. compared the economic performance of
solar assisted ground source HPs to solar thermal energy storage and natural gas, biomass, and electric
boilers [20]. As with Kontu et al, results also indicated that the LCOH was dependent on the system
configuration considered. Furthermore, results indicated that the economic competitiveness and
environmental benefits of systems with electric heating through electric boilers or HPs is highly
dependent on electricity prices and the electricity mix considered. Yang et al. also highlight the
possibility of a negative impact of electric heating on the electricity grid as it more than a doubled
electricity demand in the case study considered (Harbin, China), which could place a significant burden
on the electricity grid [20].

In summary, studies focusing on the integration of large-scale HPs in DH networks highlight that the
operation strategy and COP directly influences their operation and the cost of the system. Additionally,
the configuration and size of the system in which the HP is included also affects the technical and
economic performance of HPs in DH systems. Moreover, HPs are found to increase flexibility and
renewable energy integration. Finally results generally indicate that systems with HP are more cost
effective relative to systems without HPs, however this is not always the case.



Waste heat

WH is heat that is generated as a byproduct in processes such as cooling of datacenters or high
temperature industrial processes that would otherwise be released into the environment [15]. To serve
as a heat source for DH, it may require coupling with large scale HPs depending on the temperature of
the WH source and DH network [16].

Fewer studies focused on WH compared to HPs. Specific WH sources analyzed included WH from a
petrochemical cluster in Sweden [6], a wastewater treatment plant (WWTP) and steelwork combined
with HPs in Northern Italy [21], and deep cooling of biomass boiler flue gases and a WWTP combined
with HPs in Salaspils, Latvia [22]. BUhler et al. considered a wide range of WH sources, analyzing the
following sectors: gravel and stone, oil refinery, food, sugar, wood, pulp, and paper, chemical and
pharma, cement bricks and rockwool, concrete products, asphalt, metal, metal products. As with HPs,
some studies analyzed WH individually [6], [23] while others included WH as one of multiple
technologies in a system [21], [22]. A couple studies included future uncertainty in their analysis. Bihler
et al. investigated sensitivity of their results to plant lifetime to reflect uncertainty in the availability of
WH in the future [23]. Morandin et al. speculated there would be greater internal heat recovery in the
future and modelled scenarios where half and all the WH is available for DH [6]. Multiple studies also
considered the temporal mismatch between WH availability and DH demand. Bihler et al. found that
it results in a 30% decrease in the potential of WH sources to replace fossil fuel heating sources, but
this can be reduced to 10% if the WH source is coupled with a heat storage [23]. Similarly, Pakere et al.
found that WH integration has the potential to phase out natural gas but that it needs to be coupled
with thermal storage to ensure peak demand can be met [22]. Overall, results indicate that WH sources
can act as a cost-effective heat supply source for DH networks, and often perform even better than the
alternative without WH. Of the wide range of WH sources analyzed by Bilhler et al., most were less
expensive than both solar DH and the average Danish DH cost, with the least expensive WH coming
from the building material, oil refinery, and food production sectors [23]. Morandin et al. found that
WH from the petrochemical sector can be profitable currently as well with an assumed reduction in
available capacity due to increased internal heat recovery in the future [6]. Pakere et al. found a lower
LCOH for the decarbonized scenarios with WH compared to the reference scenario without WH [22].
Spirito et al. reported higher investment costs as more WH is included in the system due to investments
needed for HPs coupled to the steelwork and WWTP. However, when accounting for monetized climate
change cost, configurations with greater WH inclusion also perform best economically [21].

Ambient and waste heat

Some studies analyzed system configurations that included both HPs and WH. Gonzalez Salazar et al.
analyzed paths for replacing coal in Berlin’s DH system, considering river water HPs, industrial WH,
waste incineration, geothermal energy, biomass, solar thermal energy, and gas turbines. They
calculated optimal operation to minimize costs and found that while DH is more cost effective than
decentralized heating, costs largely depend on fuel prices and regulatory frameworks [12]. Specht et
al. compared four systems for decarbonizing DH in Leipzig based on: (1) natural gas with carbon capture
and storage (CCS), (2) hydrogen, (3) biomass, WH, and solar and (4) electricity. They optimized hourly
dispatch based on lowest cost and calculated the LCOH. The latter two scenarios had lower costs than
the first two, indicating that systems with more diversified portfolios have a more robust LCOH [24]. Su
et al. compared technologies and pathways planned for DH decarbonization in the Helsinki
metropolitan area, including HPs, WH from data centers, biomass, geothermal energy, waste
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incineration, and thermal storage [5]. Like Gonzalez Salazar et al. and Specht et al., they also determined
the lowest cost operation strategies. They found that carbon dioxide (CO,) emissions are expected to
decrease significantly until 2030 but average heat production costs will increase significantly, nearly
tripling. This is largely due to the investments in new low-carbon technologies. Additionally, there is a
significant reduction in revenue from electricity from CHP plants. Nonetheless, WH use from the
datacenter is found to be profitable even with high investment costs [5]. Yuan et al. investigated future
100% renewable energy systems, focusing on the tradeoff between industrial WH and HPs when
optimizing cost, operation, and CO, emissions. They argued a tradeoff exists because additional
industrial WH use can hinder renewable energy penetration and therefore flexibility, while increased
HPs lead to a more expensive system due to higher initial investment. They found that the optimal mix
is not fully reliant on HPs or industrial WH but rather a combination of both energy sources [17].

Future and uncertainty in techno-economic analyses

Most studies model DH systems partially or fully composed of sustainable heat supply technologies.
They compare different configurations or scenarios to analyze DH decarbonization pathways and their
techno-economic potential. These alternative scenarios are often compared to current DH systems.
Most studies model current counterfactual ‘snapshots,” but some model future scenarios. Studies
considering the future, mostly model different levels of renewable energy penetration in for example
2030 or 2050 [5], [8], [12], [17], [20], [24], [31]. Uncertainties related to future developments are
accounted for through the modelling of different scenarios or sensitivity analyses. For example,
Gonzalez-Salazar et al. modelled future scenarios with 80% and 95% greenhouse gas (GHG) emission
reductions relative to 1990 while Bach et al. conducted a sensitivity analysis to changes in biomass
prices, electricity prices and HP capacity [8], [12]. Yang et al. used Monte Carlo simulation (MCS) to
model uncertainty in future economic parameters [20]. In studies not considering the future,
uncertainties are also often analyzed using scenarios or sensitivity analysis [6], [22], [23] For example,
Morandin et al. modelled a future scenario with a 50% reduction in available WH due to increased
internal recovery [6] while Pakere et al. modelled a low and high price scenario [22]. Buhler et al.
conducted a sensitivity analysis to measure the effect of changes in the discount rate, investment
horizon, cost of WH. and electricity prices [23]. The use of scenarios or sensitivity analysis to model
uncertainties fails to account for the expected probability of different future developments in prices
and heat supply availability. Furthermore, sensitivity analysis only measures the isolated effect of
changing a single variable rather than the combined effect of changing multiple variables
simultaneously, which more accurately represents reality.

2.2  UNCERTAINTY MODELING

Risk assessment methods can be classified as semi-quantitative or quantitative. Semi-quantitative
methods include multi-criteria decision making and scenario analysis. Quantitative approaches include
mean variance portfolio theory, real options analysis, MCS, and (stochastic) optimization techniques
[34]. As discussed above, multiple studies on the techno-economic potential of AH and WH sources
reflect the uncertainty in key input parameters in using a sensitivity analysis to test the effect of
variations in input parameters on the output being analyzed [3], [8], [23], [24], [35]. Various papers
analyzing AH and WH also take a semi-quantitative approach and model different scenarios [4], [6],
[12], [22]. For papers with a quantitative approach, MCS is a common method. This section provides an
overview of papers focusing on risk assessment of heat supply technologies and DH networks. First,

8



studies on the economic risk of individual heat supply technologies are considered, then, studies on the
economic risk of systems with multiple heat supply technologies are examined, next, studies modeling
risks other than economic risks are discussed, and finally, a summary is provided.

Economic risk of individual heat supply technologies

Studies using MCS to analyze economic risk of individual heat supply technologies mainly focus on CHP
plants. Besides DH [36], [37], [38], hospitals [25], [29] or small offices [27] are also considered as heat
sinks. For the CHP plant fuel, some studies consider biomass [37], [38], municipal solid waste [37] or
coal [36] but most analyze natural gas [25], [26], [27], [28], [29], [36]. Two of the studies considering
fossil fuels analyze low carbon technologies, namely CCS [36] and integrated reforming combined cycle
power plants [26]. In addition to CHP, other heat supply technologies considered have been a biomass
boiler [39], wastewater HP [40], and WH from data center [41]. However, these are limited in
comparison to the number of studies on CHP plants. Most studies vary economic variables like
electricity prices, fuel prices, O&M costs, and investment costs but some also vary technical parameters
like lifetime, efficiency, heat demand, and availability. To model expected availability, approaches
included modelling scheduled and unscheduled shutdowns in the MCS simulation [36] or varying plant
lifetime to account for uncertainty in future availability [28]. In defining the uncertainty of input
parameters; some studies define a range based on a mean value and standard deviation [36], [37],
while other apply probability distributions such as normal distributions [25], triangular distributions [26]
or varying distributions [38].

Key conclusions from the analyses vary. Bartela et al. analyzed a coal CHP with and without CCS and
found that the unit with CCS had a higher risk associated with it because of higher investment costs and
lower electricity generation efficiency, but was more robust in the face of high uncertainty in future
GHG emission allowances [36]. Swing Gustafsson et al. compared decentralized HPs to a DH network
coupled with a CHP with different fuels and found that although the HPs performed better on average,
the configuration that performed better varied based on the exact input variables. They therefore
concluded that which technology is better is case specific and modelling must account for local
conditions [37]. Urbanucci and Testi found that the influence of uncertainty on the optimal size and
cost of a CHP is significant, and that not accounting for uncertainty led to an overestimation of size and
of cost savings [29]. Maribu and Fleten highlight that deterministic models fail to account for the
flexibility a CHP can provide in the face of volatile electricity prices, and that CHPs are attractive when
this is considered because of their ability to respond to high prices [27]. Regardless of differences in the
parameters varied and technologies analyzed, all studies agreed that the modelling of uncertainty
allows for the inclusion of more information and knowledge on uncertainties, and thus allows for the
guantification and consideration of risk associated with investment in heat supply technologies.

Economic risk of systems with multiple heat supply technologies

Multiple studies have also analyzed the economic risk associated with systems consisting of multiple
heat supply technologies. This allows for the comparison of different types of energy or heating
systems. This is often systems with and without a DH network. For example, as mentioned in section
2.1, Fitd et al. compared a decentralized, electricity-based system (connecting the national electricity
grid with decentralized PV, HPs, electric batteries, and thermal storage per building) to a centralized,
heat-based system (consisting of a DH network connected to the same technologies at a larger scale,
as well as a gas boiler, biomass CHP, solar thermal collectors, and geothermal plant) [3]. They conducted



a multi-objective (costs and CO; emissions) optimization of the sizing and operation of each system and
tested the robustness of the systems through a sensitivity analysis. The centralized heat-based system
was found to be more robust as it was less sensitive to changes in space heating demand, HP COP, and
CO; emissions constraints. The parameter with the greatest impact on the system design was the
maximum CO, emissions constraint [3]. Marx et al. compared individual heating systems to an
interregional DH network, using MCS to model the uncertainty in future energy prices and WH
availability. Uncertainty in WH availability was modelled by using the probability that a company goes
bankrupt as a proxy [18]. As for Fitd et al., the individual heating system was found to be less robust.
This was because the interregional DH network was able to optimize the supply portfolio using
industrial WH at stable prices, HPs at low electricity prices and CHP at high electricity prices, making
the cost of the system less dependent on uncertainties in future energy prices. In contrast, uncertainties
in energy prices had a greater influence on the economic risk associated with the individual heating
systems as they were based on biomass boilers and individual HPs and could less flexibly respond to
volatility in energy prices [18]. Verschelde and D’haesleer also compared heating systems with and
without a DH network, using machine learning to find the decision boundary for when a system with a
DH network is chosen compared to one without. They found that important parameters were linear
heat density and the cost of alternative heat technologies. Furthermore, results showed that the
decision boundary cannot be based on a single parameter and rather depends on multiple criteria [30].

MCS varying fuel and energy carrier prices has also been used to study the flexibility of energy hubs
with various supply technologies, storage options, and/or demand side management (DSM) in the face
of volatile market prices. This allows for a valuation of investments in different system configurations
which accounts for strategic and operational flexibility and the ability of the system to respond to
volatile energy prices [42], [43]. Kienzle et al. studied an energy hub consisting of a CHP with heat
storage, DSM, and both storage and DSM. The addition of heat storage and DSM led to increased
investment costs but also reduced economic risk, measured by the percent standard deviation of the
system’s present value. The highest investment cost and lowest risk was found for the system with both
heat storage and DSM. This reflects the ability of the energy hub with multiple technologies to provide
greater flexibility and robustness in the face of volatile energy prices [42]. Volodina et al. compared
three DH system configurations consisting of a datacenter coupled with a HP, a CHP and both
accounting for uncertainty in heat demand and energy prices using stochastic ordering [44]. They
compared net present value and emissions associated with each design under a green scenario where
net zero emissions are reached quickly, a market scenario with limited government intervention, and a
neutral scenario between the two. The dispersion of the results is used as an indicator of the risk, and
indicated that a HP combined with WH form a datacenter used to supply both baseload and seasonal
demand was most robust [44]. Zhang et al. combined various uncertainty analysis methods, using
stochastic simulation, uncertainty analysis, and sensitivity assessment to analyze heating and cooling
pathways. Specifically, they modeled individual heating, fourth generation DH, fifth generation DH, and
ultra-low temperature DH systems under uncertainty in demand, equipment efficiency, equipment cost
and electricity prices. They found that the factors to which systems with DH were most sensitive to are
heat demand and electricity prices. In contrast, the individual heating system was more sensitive to
equipment efficiency and investment costs [35].
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Risks other than economic risks

Uncertainty analysis has also been used in relation to DH for modelling risks other than economic risk.
This includes the reliability of fuel supply under uncertainty in fuel demand using MCS [45], the failure
probability of DH piping using deterministic probability analysis [46], and the optimal design of a CHP
plant in terms of type, size, and operation under uncertainty in temperature, energy demand, and
prices [47]. Lygnerud and Werner studied the risk posed to industrial WH recovery from industries
terminating their activity. For the 107 Swedish WH recovery projects studied, the main reasons for
stopped heat delivery (accounting for 6% of annual average heat recoveries) were industry activity
discontinuation or substitution by another supply source. Key risk factors identified where small
delivery amounts or the use of HPs for low temperature WH [48].

Summary

To summarize, papers looking at individual technologies mostly analyze investment uncertainty related
to CHP plants, and mostly CHP fueled by natural gas. Only two studies consider AH and WH, specifically
a wastewater HP and WH from a datacenter [40], [41]. Studies analyzing systems with multiple heat
supply technologies compare different types of energy and heating systems, and often compare
centralized systems with DH to decentralized systems without DH. The majority of studies look at the
uncertainty related to economic parameters like energy prices, O&M costs, and investment costs, but
technical parameters such as technology efficiency and HP COPs are also studied. Most studies do not
analyze future developments but rather variations in parameters for current systems. Only a couple
studies model into the future, utilizing different projections to estimate future energy prices and
adjusting plant lifetime or using probability of bankruptcy to model future WH availability. Results
largely indicate that flexible systems perform better once uncertainties are considered since they are
better able to respond to variations in key input parameters [3], [18], [27], [43]. The reduction of risk
with increased flexibility may be associated with reduced overall costs [18] but may also result in higher
overall cost for example due to higher investment costs for the flexible components [43]. Exactly how
a system performs depends on the input parameters therefore it is important to consider potential
variations in these and why risk modelling is highly valuable. All papers advocate for the use of risk
modelling as it allows for the consideration of uncertainties in assessing heat supply technologies and
DH systems and quantification of the risk associated with them. It thus provides a more accurate and
holistic depiction of the performance of different heat supply technologies and systems and can lead
to more informed and robust decision making for investors.

2.3 FUTURE SCENARIOS

This section reviews the modelling of future DH systems in the papers reviewed. The consideration of
future decarbonization of DH systems is mostly present in the modeling of counterfactual scenarios
with a greater or full share of sustainable heat supply technologies relative to current systems. Only a
limited number of papers explicitly modelled future DH systems [5], [8], [12], [17], [18], [20], [24], [31].
To do so, most papers use existing energy models such as Balmorel [8], EnergyPLAN [17], [31], IRPopt
[24], energyPRO [5], and TRNSYS[20], while others develop their own models [12], [18]. The
development of future prices is estimated using different projections such as fuel price scenarios from
the International Energy Agency’s World Energy Outlook [8], projections from models fitted with
historical energy price data [18], calculations based on expected energy generation mixes [20], or
estimates from MICOES, an electricity market model developed at Leipzig University [24].
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Only a few papers consider changes in future WH availability [6], [16], [18], [23], [28], [49]. In doing so,
the approaches taken are mostly relatively simple. Morandin et al. studied the use of WH from the
petrochemical sector and estimated there would potentially be greater internal heat recovery in the
future, so modelled a scenario where only 50% of the WH was available for DH in addition to one where
100% was available [6]. Buhler et al. reflected uncertainty in WH availability by varying the lifetime of
the system, considering industrial WH [23]. Marx et al. used the probability that a company goes
bankrupt as a worst-case scenario and applied it to each company for each year modelled to reflect the
uncertainty in future WH availability. This, along with energy prices, were modelled as variable inputs
in a MCS to reflect uncertainty in future developments [18]. Thus, Morandin et al. model the
uncertainty in the quantity of WH available in the future while Bihler et al. and Marx et al. consider
uncertainty in the duration of the availability and the potential scenario where WH unexpectedly ceases
to be available [6], [18], [23]. Nielsen et al. estimated WH available from WWTPs, data centers, metro
tunnels, and service sector cooling in 2050 by applying multiplication factors that reflect how the
availability is expected to change relative to the present. WH form data centers and cooling of the
service sector was expected to increase while that from WWTP and metro tunnels was expected to stay
constant [16]. Pelda et al. estimated industrial WH available in 2050 based on primary energy use and
considered future efficiency improvements [49]. Nielsen et al. and Pelda et al. estimate the quantity of
WH available in the future but neither modelled the uncertainty related to this availability or the
techno-economic potential and economic risk of these heat supply technologies [16], [49]. This
contrasts with Morandin et al., Bihler et al., and Marx et al. who explicitly model the uncertainty in WH
availability within their techno-economic analyses.

To the best of my knowledge, only one study has thoroughly considered and calculated the impact of
future industry decarbonization on WH availability [50]. Manz et al. quantified the amount of WH
available in the EU under an industry decarbonization scenario with 95% GHG emission reductions from
the study ‘Industrial Innovation: Pathways to deep decarbonization of industry.” Uncertainty was
considered by modelling two different scenarios (one where energy intensive materials are produced
domestically and one where they are imported) and variations in DH temperatures. However, other
than these two scenarios, varying possibilities for how industry might decarbonize and the associated
amount of WH available were not considered. Furthermore, the study only estimated WH availability
and its spatial synergy with current DH areas but did not analyze its economic viability or associated
economic risk.

2.4 LITERATURE GAP

As highlighted in section 2.1, various papers have carried out a techno-economic analyses on DH
systems with AH coupled with large-scale HPs and, to a lesser extent, on DH systems with WH. There is
a limited number of studies focusing on DH systems with both AH with HPs and WH. For most of these,
AH and WH are just two of the multiple heat supply technologies included in the DH system being
analyzed and not the main focus of the analysis. Only Yuan et al. focused on the use of AH with HPs and
industrial WH as heat supply sources but based the study on the assumption that there is a tradeoff
between the two [17]. Furthermore, Yuan et al. only consider seawater and geothermal based HPs, and
specific industrial WH sources available in Aalborg, Denmark. No study has a focus on evaluating AH
and WH on a general level, considering the different types of AH and WH sources available and their
potential contribution to the robust decarbonization of DH systems. Additionally, if accounting for
uncertainties at all, most papers conducting techno-economic analysis on DH systems with AH, WH, or
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both use either sensitivity analysis or scenario analysis. These methods do not allow for modelling of
the expected probability surrounding these uncertainties, such as the probability of different future
developments in prices and WH availability. Furthermore, sensitivity analysis only measures the
isolated effect of variations in a single variable rather than the combined effect of variations in multiple
variables simultaneously, which more accurately represents reality. Nonetheless, the potential of
modelling this uncertainty and quantifying the economic risk associated with DH systems and specific
heat supply technologies is there, as evidenced by the papers reviewed in section 2.2 which have this
as a focus. There is a consensus that the use of risk modelling allows for the consideration and
guantification of uncertainties associated with heat supply technologies and DH systems and the risk
associated with them. This allows for a more accurate depiction of the techno-economic performance
which also shows the economic risk arising from uncertainty in key factors. This can lead to more
informed investment decisions for the robust decarbonization of heating systems. However, of these
papers, those modelling individual heat supply technologies largely focus on CHPs fueled by fossil fuels,
and those modeling systems configurations with multiple heat supply technologies largely compare
systems with and without DH. There is no paper focusing on DH systems with AH and WH heat supply
technologies and the economic risk associated with investments in them. Finally, only a limited number
of studies explicitly consider future DH systems (see section 2.3) despite the need for this in designing
future DH systems that can provide robust decarbonizations solutions for the heating sector.

This thesis aims to model and understand the technical and economic performance of employing AH
and WH supply technologies for the resilient decarbonization of DH networks considering uncertainty
of future energy prices and WH availability. Its focus lies on AH and WH supply technologies and the
various sources that they encompass and compares a wide variety of different DH system
configurations and sizes which incorporate or excluded AH and/or WH sources. Furthermore, it places
a focus on modelling the uncertainty in the development of future energy prices and WH availability
and quantifying the economic risk that arises from this uncertainty. Variations in energy prices and WH
availability are studied as they were identified as two key sources of uncertainty for future DH systems
with AH and WH sources. The uncertainties are modelled in such a way that variations in both energy
prices and WH are considered at the same time, and that the expected probability of future
developments is considered. Moreover, it specifically models a future DH system. Thus, the research
gap this paper aims to address is twofold: it not only specifically focuses on AH and WH as heat sources
for DH systems and how they compare to each other, but also on modelling the uncertainty in future
development of energy prices and WH availability and the economic risk associated with it.
Furthermore, the general model developed is also applied to a concrete case study for a small city in
northwestern Poland with both AH and WH sources. To the best of my knowledge, no study has been
conducted which analyzes the techno and economic performance and economic risk associated with
AH and WH sources in a Polish DH system.

In doing so, this thesis will build on Marx et al.’s methods. Marx et al. applied MCS to a seasonal energy
balance model of an interregional DH network and individual heating systems to quantify the economic
risk arising from uncertainty in electricity and biomass prices and WH availability, Thus, they focus on
modelling uncertainty and quantifying economic risk in a techno-economic analysis for heating systems.
Though their focus is different to that of this thesis, they include industrial WH as one of the heat supply
sources for the interregional DH network and specifically model uncertainty in both future energy
prices and WH availability [18]. Thus, their methods can serve as a guideline in modelling uncertainty
in energy prices and WH availability when applied to the case of DH systems with AH and WH sources.
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3 METHODOLOGY

3.1 OVERVIEW

To analyze the techno-economic performance and risk associated with the use of AH and WH sources
in future DH networks, a fully renewable DH system was modeled for the year 2050. Techno-economic
performance was measured by using LCOH as a key performance indicator. Uncertainties in future
developments were considered by analyzing variations in both system design parameters and external
factors. Variations in system design parameters were modelled by varying the type of heat supply
technologies included in the model and their size/capacity. Variations in stochastic external factors
were modelled through deterministic sampling of energy price scenarios, and an analysis of possible
WH fall out scenarios (i.e., due to bankruptcy or relocation). An overview of the methods used is shown
Figure 3.1.
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Figure 3.1 Methodology overview

The methodology applied consisted of four levels of analysis: (1) system configuration, (2) energy price
scenario, (3) WH cessation scenario, and (4) one-year simulation. Specifically, the steps taken for each
level were:

1. Defining the system configurations to be compared.

Defining a weighted sample of energy price scenarios based on deterministic sampling of a
defined probability density function (PDF) of energy price scenarios. For each system
configuration, simulating all energy price scenarios in the weighted sample.

3. For each energy price scenario, calculating all possible WH cessation scenarios and their
probability of occurring. A WH cessation scenario is defined by the number of WH sources in
the system, whether they cease operation during the study period analyzed, and the year they
cease operation if they do. The weight of the WH cessation scenario is equal to its probability
of occurring.
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4. For each WH cessation scenario and year in the study period, running a one-year simulation to
determine annual heat production and variable operational costs per heat supply technology.
Then combining these outputs with fixed operational costs and investment costs to calculate
the LCOH for each WH cessation scenario and price scenario. Each LCOH is assigned a weight
equal to the product of the weight of the WH cessation scenario and the weight of the price
scenario being considered.

Thus, for each system configuration the result a weighted sample of LCOH values that reflects the effect
of uncertainty in future energy prices and WH availability. This allows for an assessment of the overall
economic performance of each system as well as the economic risk associated with it (quantified
through the spread of the distribution).

The methods were developed using a general model and applied to a concrete case study for a small
city in northwestern Poland. The following section delineates the methodology employed in the thesis.
First, the levels of analysis outlined above are explained in greater detail, then, their application in the
general model is described, and finally, the case study is explained.

3.2 METHODOLOGICAL STEPS

3.2.1 System configuration

In the system configuration level, the system designs to be analyzed and compared to each other are
defined. This refers to the type of heat supply technologies included in the DH system and what their
capacities are. The capacities of the heat supply technologies are selected in such a way that peak
demand of the DH network can be fully met.2

WH price

The price for WH is influenced by local conditions and parties involved, and can be agreed on bilaterally
between the DH operator and the WH provider [18]. Thus, for the purposes of this thesis, it was
categorized as a system design parameter and assumed to be constant over the study period. However,
as its exact value in the future is uncertain and it influences total costs and the attractiveness of utilizing
WH, a sensitivity analysis was conducted varying the WH price.

3.2.2 Energy price scenario

Deterministic sampling was used to analyze and quantify the economic risk arising from uncertainty in
the future development of energy prices. Energy price scenarios were represented by a price lambda
(A), a variable ranging from 0 to 1 with O representing a minimum price scenario and 1 a maximum
price scenario. First, a PDF was defined to reflect the uncertainty in the value of the price lambda.
Subsequently, deterministic sampling was used to obtain a weighted sample of 100 energy price
scenarios based on the PDF defined. Energy prices were calculated based on the energy price scenario
and assigned a weight equal to the probability of that scenario occurring (based on the PDF defined).

3 Redundancy in terms of N-1 security is not considered.
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Then, in combination with the system configuration being analyzed, the energy prices were used as
inputs for the one-year simulation and the LCOH of the system was calculated for all WH cessation
scenarios for every price scenario in the weighted sample. This resulted in a weighted sample of LCOH
values that accounts for uncertainty in future energy prices and WH availability. An overview of the
deterministic sampling methodology and its connection to the rest of the methodology employed in
the thesis is presented in Figure 3.2.
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Figure 3.2 Outline of energy price scenario methodology (figure inspired by [18].)

For this thesis, the energy sources, and therefore prices, identified as the most relevant were
biomethane, biomass, and electricity. This is because biomethane and biomass can replace fossil fuels
such as natural gas and coal which are used to power heat supply technologies like CHPs and boilers in
current DH systems. Similarly, electricity is relevant for electricity production from CHPs, as well as
electric heat supply technologies such as electric boilers and HPs. Electricity is therefore especially
relevant for AH and low to medium temperature WH sources which need to be combined with HPs to
supply heat at a high enough temperature for a DH network.

To define the PDF for energy price scenarios, the same approach was taken as Marx et al. [18], who
assumed a correlation between energy prices and used a Beta (2,2) distribution* to define the PDF for
all energy prices considered. However, while Marx et al. included the energy price scenario as one of
the stochastic input parameters for their MCS, this thesis took a deterministic sampling approach to
obtain a weighted sample of energy price scenarios.

The energy prices considered by Marx et al. were those of biomass, natural gas, and electricity. They
assumed a correlation between biomass and natural gas prices since biomass is a key substitute for
natural gas in heating and this correlation has been evidenced in recent years (a 0.9 correlation index
was found for the period of January 2015 to June 2023). They also assumed a correlation between
natural gas and electricity prices. Currently electricity prices and natural gas prices are strongly linked
as natural gas generators are frequently the price setting power plants in the electricity merit order.
This could decrease in the future with greater renewable energy integration and higher CO; prices [18],.

4 A Beta (a, B) distribution is a distribution between 0 and 1 with a probability density function defined as:
f(x|a, B) = constant - x*~ (1 — x)B~1. It is frequently utilized for stochastic variables between 0 and 1 [18].
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However, Marx et al. argued that since natural gas has a high share in electricity and heat generation,
biomethane uptake as a substitute is currently low, and market-readiness of balancing technologies for
renewable energy intermittency is limited, the correlation is expected to continue for the foreseeable
future. This thesis models a greenfield scenario for 2050, and thus excludes natural gas as a fuel source.
In its place, biomethane is incorporated as it is a carbon-neutral direct alternative for natural gas [51].
It is assumed that biomethane would mirror the price trajectory of natural gas as it is a direct substitute,
albeit with an overall higher cost due to its carbon neutrality. Thus, following the logic of Marx et al,
this thesis assumes a correlation between biomass, biomethane, and electricity prices in the future.

The energy price scenarios considered were represented by the price lambda (A), a variable ranging
between 0 and 1. A price lambda of O corresponds to the minimum energy price scenario while a price
lambda of 1 corresponds to the maximum price scenario. The PDF of the price lambda was defined by
a Beta (2,2) distribution, as shown in Figure 3.3. The beta distribution represents the assumptions that
an average price scenario is expected to be most probable and that the minimum and maximum price
scenarios are equally probable. Moreover, it accounts for the assumption that values below the
minimum scenario or above the maximum scenario are irrelevant. In contrast, a normal distribution
tends to infinity and would lead to excessively high or low prices [18].
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Figure 3.3 Beta (2,2) probability density function for price lambda

The price lambda was combined with minimum and maximum energy prices to calculate the energy
prices in that scenario as follows:
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PA=(1_A)'Pmin+/1'Pmax

Where:
P, = energy price in scenario with price Lambda A [€/MWh]
A = price Lambda (drawn from Beta (2,2) distribution)
Ppin = minimum energy price [€/MWh]
Prox = maximum energy price [€/MWh]

The minimum and maximum prices can either be static for the duration of the analysis period or a
timeseries of a higher temporal resolution. For a given energy price scenario the same lambda was
applied to all energy prices. This ensured that the correlation between energy prices is accounted for.

For the analysis, deterministic sampling was used to obtain a weighted sample of 100 energy price
scenarios. Specifically, 100 price lambda values equally spaced between 0 and 1 were taken and
assigned a weight equal to the probability of that price lambda occurring as defined by the Beta (2,2)
distribution.

3.2.3 WH cessation scenarios

When WH is supplied from commercial or industrial processes, there is uncertainty regarding the future
availability of the WH. There is a risk that the WH ceases to be available for the DH system, i.e., if the
company goes bankrupt, relocates elsewhere, or decarbonizes its processes in such a way that WH is
recovered internally.

To quantify the risk of WH sources ceasing to be available, the same proxy was taken as Marx et al. [18].
They calculated a 0.76% probability of a company going bankrupt in Austria each year by dividing the
number of annual bankruptcies by the total number of companies in the country. This probability was
then applied to every WH provider in their model for each year modeled. The year the WH ceases to
be available (if it does) was included as one of the stochastic parameters in their MCS. However, in
contrast to Marx et al.’s method, for each energy price scenario modelled, this thesis considered all
possible scenarios of when WH providers cease to be available rather than a single WH cessation
scenario per energy price scenario.

For each WH source, the cessation scenario is defined by whether the WH ceases to be available and,
if yes, in what year. Thus, if a period of length T years is analyzed, there is T+1 cessation scenarios per
WH source analyzed. One for each year the WH can cease to be available, and one for the scenario in
which it does not drop out at all. With an increase in the number of WH sources, there is an exponential
increase in the total number of possible WH cessation scenarios, as each scenario for a single WH
source can be combined with each possible scenario of every other WH source in the system. If there
is no WH sources included in the initial system configuration, there is only a single scenario possible.
Specifically, the total number of WH cessation scenarios can be calculated as follows:
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N=(T+1)¥

Where:
N = total number of WH cessation scenarios
w = number of WH sources in initial system configuration
T = length of study period analyzed [years]

As mentioned above, the probability of WH sources ceasing to be available out is modelled through an
annual WH cessation probability of 0.76%. It is assumed that the annual cessation probability is
constant throughout the entire study period considered. Thus, for each WH source, the probability of
the WH cessation scenario occurring can be calculated as follows:

(1-0)*1-0, 1<x<T
p() = | v
1-0)", x=0
Where:
p(x) = probability of WH cessation scenario x
X = WH cessation scenario represented by a value ranging from 0 to T: O if
WH does not cease operation within the study period, otherwise the
year the WH ceases operation (value between 1 and T)
o = annual WH cessation probability [0.0076]
T = study period analyzed [years]

The probability of a scenario happening with multiple WH sources in the system is the product of the
probabilities of cessation scenario of each WH source:

PGy i) = | [ PG
i=1

Where:
X; = cessation scenario of WH source i
n = number of WH sources
p(xq, ., X)) = probability of WH cessation scenario (with scenario x; per
WH source i)
p(x;) = probability of x;

19



For each of the 100 price scenarios modelled, all possible WH cessation scenarios and their associated
probabilities are calculated. Then for each WH cessation scenario, the LCOH for that scenario is
calculated. The WH scenario is assigned a weight equal to the probability of the WH scenario happening.
Thus, the LCOH of a given WH cessation scenario and a given price scenario has a weight equivalent to
the product of the weight of the WH cessation scenario and the weight of the energy price scenario.

w(d X) = w(i) - wX)

Where:
w4, X) = weight of energy price scenario A and WH cessation
scenario X
w(d) = weight of energy price scenario 4
w(X) = weight of WH cessation scenario X

This results in a weighted sample of LCOHs for every system configuration considered.

3.2.4 One-year simulation

To calculate the LCOH of each WH cessation scenario, it is necessary to understand annual heat
production and cashflows per heat supply technology in the DH system over the study period analyzed.
To achieve this, a fully renewable DH system was modeled for the year 2050. A detailed explanation of
the DH system and input data specific to the general model and case study is given in sections 3.3 and
3.4 respectively, but a description of the simulation model is provided below.

Model inputs are the type of heat supply technologies included in the system and their capacities,
annual residential heat demand, energy prices of electricity and other fuels, and temperatures of AH
and WH sources in the system and the DH network. The model steps through hourly timesteps over
the course of a year and determines the amount of heat supplied by each heat supply source based on
a defined operation strategy. This is an economic ranking where the full capacity of the lowest cost
source is used until demand is fully met. The model output is the hourly production from each heat
source, based on which total annual cashflows are calculated. This consists of variable O&M costs,
electricity and fuel costs, and electricity revenues for the CHP (if present in the system). Revenue from
the heat supplied by the DH system is not considered. Total annual heat production can also be
calculated, which is equal to total demand as the system configuration is defined in such a way that
demand is always fully met.

The one-year DH system simulation was modelled using a tool developed at AIT called Techno-
Economic System and Component Analysis (TESCA). TESCA is a simulation tool developed in python
which uses object-oriented programing to define component classes which represent different
technologies such as solar panels and batteries. Each component has specific attributes and methods
associated with it. These components are the building blocks for the system simulations carried out.

For a system simulation, specific instances of the components are defined through key attributes such
as capacity and efficiency. Furthermore, an operation strategy for the components is determined. The
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model then runs through a step wise simulation of a designated timestep length over the duration study
period where the behavior of the components is determined by the operation strategy defined. Data
on the operation of each component is tracked and stored during the simulation. Additionally, TESCA
has built in economic analysis functionalities, which can be used in combination with the simulation
outputs to evaluate the economic performance of the system.

Thus, TESCA allows for the analysis of “electrical, thermal and gas systems, as well as system
combinations, from a technical and economic perspective”[52]. Due to its quick calculation times, it is
also compatible with sensitivity and risk assessments through MCS or deterministic sampling. So far,
TESCA has primarily been used for simulating electrical systems and only used for modeling individual
heating systems. Thus, the thermal components already modelled were individual HPs, a heat
exchanger, and a layered heat water storage. However, for this thesis, TESCA was expanded and further
developed to model DH systems. Specifically, the components modelled for the DH system are a CHP,
HOB; large-scare HP, and high temperature WH. Since a HP was already included in TESCA for modeling
individual household systems, it was only adjusted as needed for modelling of large-scale HPs and
compatibility with the operating strategy defined. The other three technologies were newly added in
the TESCA framework. The TESCA economic analysis functions were used to calculate variable
operational expenditures (OPEX) during the one-year simulation and, combined with fixed OPEX and
capital expenditure (CAPEX) values, to calculate the LCOH over a multiple year study period (See section
3.2.5). An overview of the one-year simulation is presented in Figure 4.3.
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Figure 3.4 Overview of one year TESCA simulation including components and their defining attributes, input timeseries data,
and model outputs

Below is a description of each of the components and their defining attributes and methods, as well as
of the operation strategy used in the thesis.
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CHP

The CHP produces electricity and heat as outputs and can have different fuels as an input (i.e., biomass
or biomethane). It is defined by its thermal capacity, efficiency, electricity share, and fuel type. The
efficiency is directly connected to the type of fuel input, and is the ratio of the useful energy output to
the total energy input:

Eout,th + Eout,el

Ein
Where:
n = efficiency
Eouttn = thermal energy output [MW]
Eouter = electrical energy output [MW]
Ein = energy input from fuel [MW]

Electricity share is the portion of total energetic output that is the form of electricity:

e = Eout,el
Eout,th + Eout,el
Where:
£ = electricity share
Eoutel = electrical energy output [MW]
Eoutel = electrical energy output [MW]

Based on these relationships, the methods included for the CHP are: (1) calculation of electric output
and thermal output based on a given fuel input, (2) calculation of electric output and fuel input based
on a given thermal output, and (3) calculation of thermal output and fuel input based on a given
electrical input. Additionally, with fuel and electricity prices as additional input data, the CHP
component also has a method included for (4) calculation of the net cost per unit thermal output (sum
of cost of fuel needed and profit from electricity output).

The input needed to step the CHP in each timestep is either the fuel input, electrical output, or thermal
output in that timestep. These can be equal to zero if the CHP does not operate in the timestep.

HOB

The HOB produces heat as its only output and, like the CHP, can have different fuel sources as an input.
It is defined by its thermal capacity, efficiency, and fuel type. As for the CHP, the efficiency depends on
the type of fuel and is the ratio of the useful energy output to the total energy input:
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Ein
Where:
n = efficiency
Eouttn = thermal energy output [MW]
Ein = energy input from fuel [MW]

Based on this relationship, the methods included are (1) calculation of fuel input based on thermal
output and (2) calculation of thermal output based on fuel input. Like the CHP, with additional input
data on fuel cost, the HOB has a method included for (3) calculation of the cost per unit thermal output.

Inputs needed to step the HOB in each timestep is either the fuel input or thermal output in that
timestep. These can be equal to zero if the HOB does not operate in that timestep.

HP

The HP produces heat as a useful output and has electricity as its input. It extracts heat from a heat
source and supplies it to the heat sink. The heat source is at a lower temperature than the heat sink. It
is defined by its nominal electric power and efficiency factor. The maximum amount of heat available
is dependent on the temperature of the heat source and sink. It is calculated as follow.

First the Carnot COP is calculated. The COP is a ratio of the heat output to the electricity input, with the
Carnot COP being the maximum theoretical COP obtainable for a given source and sink temperature.

Tsink
¢OPearnot = Tsink = Tsource
Where:
COP.prnot = Carnot COP
Tsink = heat sink temperature [K]
Tsource = heat source temperature [K]

The real COP is obtained by multiplying the Carnot COP by the HP’s efficiency factor:

COP = COP¢grnot "M

Where:
cop = COP
COP.ornot = Carnot COP
n = efficiency factor
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Finally, the maximum thermal output can be determined by multiplying the electric capacity by the
COP.

Pth,max =COP- Pel,max

Where:
cop = Ccop
Py max = maximum thermal power output [MW]
Pt max = electrical capacity [MW]

Similarly, the thermal energy output for a given electricity input can also be obtained by multiplying the
electrical energy input by the COP:

Eqp = COP - Ey
Where:
cop = cop
Ein = thermal output [MWAh]
E,; = electrical input [MWh]

Based on these relationships and data on the source and sink temperatures, the methods included for
the HP are: (1) calculation of the Carnot COP, (2) calculation of the COP, (3) calculation of maximum
thermal output, (4) calculation of electrical input for a given thermal output, (5) calculation of thermal
output for a given electrical input. With additional input data on electricity cost, the HP has a method
included for (6) calculation of the cost per unit thermal output.

Inputs needed to step the HP in each timestep are the temperature of the heat source, temperature of
the heat sink (the DH network) and a thermal or electric set point. This set point may also be equal to
zero if the HP does not operate in that timestep.

Industrial WH

The WH component is intended for modelling high temperature WH that does not require a HP for
supplying heat to a DH network. It is defined by its maximum thermal output. This may be a constant
value for the entire simulation period or can change over the period analyzed.

With the WH price as an additional input, the method included for the industrial WH is (1) the
calculation of the cost per unit thermal output.

The input needed to step the industrial WH is the thermal output in the timestep considered. This may
also be equal to zero if the industrial WH is not used in that timestep.
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Operation strategy: Economic ranking

The operation strategy defined was an economic ranking. Each timestep, the price per unit thermal
output is calculated for each of the components in the system utilizing the component methods and
the electricity and fuel prices in that time step. Then the full capacity of the lowest cost source is used
until the demand for the timestep being considered is fully met. When using the full capacity of the
heat source would lead to supply exceeding demand, only the marginal capacity needed to meet
demand is used from that heat source.

3.2.5 LCOH calculation

The annual costs and heat output from the one-year simulation are assumed to be representative for
each year of the study period analyzed and combined with investment costs to calculate the LCOH of
the system. In the case of a WH source ceasing operation, it is assumed that the WH ceases operation
at the start of the year. In this event, the one-year simulation is run again without the WH source. The
outputs are assumed to be representative for the remainder of the study period or until another WH
source ceases operation and the one-year model is run again.

The LCOH measures the average cost of producing heat over the study period analyzed. It accounts for
all costs (CAPEX, OPEX, and the residual value at the end of the study period) and spreads these evenly
over the heat produced in the study period analyzed. If the expected lifetime of a heat supply
technology is shorter than the study period analyzed, it is assumed that a replacement of the same size
is built as soon as the lifetime ends, resulting in new CAPEX costs. The residual value refers to estimated
monetary value of each technology at the end of the study period and is accounted for when the
expected lifetime of the technology exceeds the study period analyzed. It is estimated as the discounted
portion of the initial investment corresponding to the proportion of the remaining useful lifetime at the
end of the study period relative to expected lifetime. When a WH source ceases operation, no residual
value is accounted for as it is assumed that it is a stranded investment.

Specifically, the residual value is calculated as follows:

L — T CAPEX,;
RVri = l(l + T
Where:

RV, = residual value of technology i the end of the study period T
L; = expected lifetime of technology i [years]
T = study period [years]
CAPEX,; = initial investment cost for technology i [£€]
T = interest rate
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The LCOH is calculated as follows:

OPEX, + CAPEX RV.
CAPEX, + X{-4 L L L

LCOH — X S @+n)T
S
a1Q+n
Where:

LCOH = levelized cost of heat [€/MWh]
CAPEX, = initial investment cost [€]
OPEX, = operational costs in year t (fixed and variable) [€]
CAPEX, = investment costs in year t (occurs if a new heat supply

technology is built) [€]
RV, = residual value at the end of the study period
E; = heat supplied in year t [MWh]
t = year
r = interest rate
T = study period [years]

Example for single WH drop out scenario:

Figure 3.5 shows an example of how a WH cessation scenario is combined with the one-year simulation
to calculate the LCOH for that scenario. The example system consists of a biomass HOB and two WH
sources: a datacenter combined with a HP and an industrial WH source. The WH cessation scenario is
that WH from the datacenter drops out at the start of year 5 and the WH from the industrial WH source
drops out at the start of year 16. The study period is 20 years long lasting from 2050 to 2069.

For years 1 to 4, the one-year simulation is run with the biomass HOB, datacenter HP, and industrial
WH, for years 5 to 15, the one-year simulation is run with the biomass HOB and industrial WH, and for
years 16 to 20, the one-year simulation is run with only the biomass HOB. The results give the annual
heat output and cashflows per technology for each year in the study period. This is combined with
investment costs and residual values to calculate the LCOH. This LCOH is then assigned a weight equal
to the product of the weight of the energy price scenario and WH cessation scenario being considered.
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Years1-4
(2050 - 2053)

One-year simulation

Years 5-15
(2054 — 2064)

>

Biomass boiler + Datacenter
with HP + Industrial WH

Years 16 — 20
(2065 — 2069)

Biomass boiler
+ Industrial WH

Figure 3.5 Example coupling of a waste heat cessation scenario and the one-year simulation

3.2.6 Result analysis

Biomass boiler

LCOH
+

Weight

(Energy price scenario
probability x WH
cessation scenario
probability)

/

Once all steps have been processed, a weighted sample of LCOHs is obtained for every system
configuration analyzed. To evaluate what these results mean for the techno-economic performance

and risk associated with a given system configuration, the mean and standard deviation are calculated.

The mean gives an indication of average techno-economic performance. The standard deviation gives
an indication of the spread of the distribution and therefore the economic risk associated with that

system configuration.

The sample mean is calculated as follows:

Where:

mean of the sample
weight of sample i
LCOH value of sample i
average weight

number of samples
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The sample standard deviation is calculated as follows:

Where:

w-N

_\/Zwi'(xi_.u)z
o= [———

standard deviation of the sample
weight of sample i

LCOH value of sample i

mean of the sample

average weight

number of samples
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3.3 (GENERAL MODEL DEVELOPMENT

3.3.1 System overview

For the general DH system modeled, four representative AH and WH sources were defined: a low
temperature AH source, a medium temperature AH source, a low temperature WH source, and a high
temperature WH source.

The low temperature AH source has low source side temperatures and must therefore be combined
with a HP to obtain heat at the temperature level of the DH network. This is represented by an air
source HP, meaning the source side temperatures vary significantly both seasonally and within a single
day.

The medium temperature AH source refers to an AH source with slightly higher and less volatile
temperatures than the low temperature AH source. Examples of such heat sources include ground
water or wastewater treatment plant (WWTP) effluent. The source also needs to be combined with a
HP to obtain the temperature of the DH network. In the general model it is represented by a WWTP
effluent sourced HP.

The low temperature WH source refers to WH coming from commercial or industrial processes that is
at a higher temperature than the two AH sources, but still requires combination with a HP to supply
heat at the temperature of the DH network. In the general model it is represented by WH from the
cooling of a datacenter.

The high temperature WH source refers to WH coming form an industrial process that is at a high
enough temperature to directly supply heat to the DH network without being coupled with a HP. In the
general model, it is represented by a generic industrial WH source defined by its thermal capacity.

For both AH sources, there is no risk that the source will cease to be available in the future since sources
such as air, ground water or river water will continue to be available in the future. It is also assumed
that the availability of AH form WWTP effluent will not change drastically as the cleaning of wastewater
will continue to be necessary, and significant changes in the production of wastewater are not
expected. However, for the two WH sources there is a fall out possibility if for example the company
goes bankrupt, relocates elsewhere, or decarbonizes its processes in such a way that the heat is
recovered internally. The properties of the four AH and WH sources are summarized in Table 3.1.

In addition to these sources, the renewable heat supply technologies included were a biomethane CHP,
a biomass HOB, and an electric HOB. This is because current European DH systems are largely supplied
by CHPs and HOBs [53]. However, the supply continues to be dominated by fossil fuels [11], [53]. In
2017, 25% of the EU-27 DH mix consisted of natural gas, 16 % of hard coal, 5% of lignite (brown coal)
and 2% from oil. Biomass also constituted a significant portion of the mix, making up 17% [11]. Thus,
the inclusion of a biomethane CHP and biomass and electric HOBs represents current technologies with
fully decarbonized fuel sources. Biomethane is a carbon-neutral direct alternative for natural gas,
biomass is currently the main renewable fuel supply in DH and expected to continue playing an
important role, and an electric HOB represents increased electrification of the heat sector [11], [51].
Furthermore, they have the advantage of being able to ensure security of supply as they do not depend
on any external factors in contrast to AH or WH sources. AH or WH sources are dependent on the
operation of the heat source. For example, heat may be temporarily unavailable if the WWTP,
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datacenter or industrial WH source stops operation due to maintenance or another reason. Even air-
sourced HPs are dependent on temperature and may be unavailable if air temperatures are too low for
the HP to operate.

Table 3.1 Key properties of the representative ambient heat (AH) and waste heat (WH) sources modelled in general model

Medium .
Low temperature temperature AH Low temperature High temperature
AH source P WH source WH source
source
Heat source Air WWTP effluent Datacenter WH Industrial WH
Temperature 10 °C avg* 20°Cavg 40°C >100 °C
cop Low Medium High No HP needed
Annual WH cessation
. 0 0 0.76% 0.76%
probability
) Hourly WWTP
Inout Hourly air effTuent Constant Constant thermal
P temperatures temperature value capacity value
temperatures
CAPEX High High High Low
OPEX: Electricity for HP Yes Yes Yes No
OPEX: AH/WH cost No No No Yes
* An hourly temperature profile is considered
An overview of the DH system modeled is shown in Figure 3.6.
Supply Distribution Demand
Heat sources/fuels Heat supply technologies
Biomethane CHP plant Electricity grid
Biomass Heat only boiler
Electricity Heat only boiler
Low temperature ambient heat H p
Air > leat pump {
District heating 8 " Heat demand (space
grid heating & hot water)
Medium temperature ambient heat
Waste water treatment plant effluent = Heat pump
Low temperature waste heat KEY
Datacenter —_————— Heat pump Fuel
Electricity
High temperature waste heat o
Industrial process

Figure 3.6 General model district heating system overview
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3.3.2 Data collection and model parametrization

Technical and economic data for heat supply technologies considered in the general model was
obtained from the Danish Energy Agency (DEA)’s catalogue on Technology Data for Generation of
Electricity and District Heating [32]. The catalogue provides consistent and current data on a wide range
of representative electricity and DH supply technologies. It provides generalized data on the current
state of art of the technology as well as estimates for 2030 and 2050. It is based on publicly available,
well documented sources and expert knowledge with a focus on European data. The catalogue is
intended to provide a basis for energy system analysis and therefore emphasizes consistency and
comparability. Thus, utilizing values from the catalogue ensures consistency in the underlying
assumptions for the technical and economic data collected, leading to consistency in the general model
developed in this thesis. All the technologies modelled except for heat recovery from high temperature
industrial WH are included in the DEA catalogue. The specific reference technology used per heat
supply technology analyzed in the general model can be found in Table 3.2. For these, the central
estimates for 2050 were used. For industrial WH, economic data was obtained from a DH outlook study
for 2030 [54].

Table 3.2 Reference technology in the Danish Energy Agency catalogue used per heat supply technology in the general model

Heat supply technology Reference technology in DEA catalogue

) Gas turbine, combined cycle, back pressure, natural gas,
Biomethane CHP

medium
Biomass HOB Wood chips HOB, Medium
Electric HOB Electric HOB, Large (15 MW)
Air source HP Compression HP air source (10 MW)
WWTP effluent HP Compression HP excess heat (10 MW)
Datacenter HP Compression HP excess heat (10 MW)
Industrial WH N/A

Specifically, technical data was collected on efficiency and electricity share for the CHP, efficiency and
auxiliary electricity consumption for the HOBs, efficiency factors for the HPs and technical lifetime for
all technologies. Additionally, economic data was gathered on investment costs (subcategorized into
equipment and installation costs) fixed O&M costs, and variable O&M costs other than for fuel or
electricity. This data was used as the inputs for defining the heat supply components in the one-year
simulation and for the LCOH calculation. Technical and economic lifetime were assumed to be the
same. An overview of the technical and economic input values is presented in Table 3.3. All economic
values are in real 2022 euros. An interest rate of 5% was assumed.
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Table 3.3 Technical and economic input data for heat supply technologies included in the general model (combined heat and
power plant (CHP), biomass heat only boiler (HOB), electric HOB, air source heat pump (HP), waste water treatment plant

effluent HR, datacenter HP and industrial WH. All economic values are in 2022 euros.

Heat supply technology
CHP Biomass Electric Air HP evf\;lvlzg:t Data- Industrial
HOB HOB HP center HP WH
Technical parameters
Efficiency [%) 86% 88% 99% - - - -

Electricity share

0, - - - - - -
[% useful energy output] 61%

Auxiliary electricity
consumption - 2.2% 0.5% - - - -
[% heat generation]

Efficiency factor - - - 0.5* 0.5* 0.5* -
Lifetime [years] 25 25 25 25 25 25 20
Economic parameters

Total investment cost

[ME/MW4,, ME/MW,, for HP] 2.02 0.53 0.07 3.66 3.84 3.84 0.44
Equipment investment cost
[ME€/MW¢,, M€/MW,, for HP] 1.47 0.40 0.06 2.95 3.14 3.14 -
Installation investment cost
[ME/MWy,, ME/MW, for HP] 0.55 0.13 0.01 0.70 0.70 0.70 -
Fixed O&M costs
[€/MWy, /a, €/MW,/a for HP] 47,653 45,169 1,088 9,223 13,007 13,007 22
Variable O&M cost
[€/MWhy) 7.3 1.4 0.5 2.0 2.0 2.0 -
Source [32] [32] [32] [32] [32] [32] [54]

* Average efficiency factor value for large scale HPs (Source: B. Mayr, personal communication, February 29, 2024)

In addition to the technical and economic input data per heat supply technology, data was collected on
DH demand, relevant temperatures, and fuel and electricity prices. Data on hourly DH demand, air
temperature, WWTP effluent temperature, and minimum and maximum electricity prices was obtained
from an AIT internal dataset based on real Austrian DH case studies. The data for all parameters is based
on the same weather year (2012) and thus ensures consistency between the hourly timeseries for heat
demand, temperatures, and electricity prices. For simplicity, data on hourly DH demand was scaled to
a peak demand of 100 MW. Estimates on the range of biomass and biomethane prices in 2050 were
based on expert knowledge.® Specifically, biomass prices were estimated to range between 30 and 45
€/MWh and biomethane prices between 80 and 120 €/MWh. The temperature of WH from the
datacenter was assumed to be constant throughout the year at 40°C, an average temperature for WH
from datacenters [55]. As mentioned previously, the price of industrial WH can be agreed on bilaterally
between DH operators and WH operators. Thus, a sensitivity analysis was conducted varying the WH
price between 0 and 60 €/MWh in 20 € increments.

5G. Resch and S. Reuter, personal communication, March 19, 2024
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The temperature in the DH network ranged between 80°C and 100°C and was calculated based on the
air temperature. At air temperatures below -12°C, the DH network temperature was at the maximum

temperature of 100°C. At air temperatures above 12°C, the DH network was at the minimum

temperature of 80°C. For temperatures between -12 and 12 °C the DH network temperature followed
a linear relationship between 100°C and 80°C. The calculation of the DH temperature based on air

temperature is shown below:

Tpu (Tair) =

Where:
Tpu
Tair
TpH,max

TDH,min

TDH,max = 100,
TDH,min = 80,

Toir = —12
Toir = 12

—Tair +90, =12 < Tgiy < 12

district heating network temperature [°C]

air temperature [°C]

maximum DH network temperature [°C]

minimum DH network temperature [°C]

A summary of the input data for DH demand, energy prices and temperatures is presented in Table 3.4.

Table 3.4 Summary of the input data used for district heating demand, energy prices, and temperatures for the general model

Data

Fixed/timeseries

Source

Hourly DH demand profile
Electricity prices

Biomass prices

Biomethane prices

Industrial WH price

Air temperature

WWTP temperature
Datacenter output temperature

District heating temperature

Timeseries, hourly
Timeseries, hourly

Fixed:

Minimum: 30 €/MWh
Maximum 45 €/MWh

Fixed:

Minimum: 80 £/MWh
Maximum 120 €/MWh

Fixed: 0, 20, 40, 60 €/MWh
Timeseries, hourly
Timeseries, hourly

Fixed: 40°C

Timeseries, hourly

AIT internal dataset
AIT internal dataset

G. Resch and S. Reuter, personal
communication, March 19, 2024

G. Resch and S. Reuter, personal
communication, March 19, 2024
Marx et al. 2023 [18]

AlT internal dataset

AlT internal dataset

Pelda et al. 2023 [55]

Calculated based on air
temperature
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3.3.3 System configuration

For defining the system configuration, thermal capacity was considered for the CHP, biomass HOB,
electric HOB, and industrial WH. For AH and WH sources with HPs, electric capacity was considered as
maximum thermal output will vary depending on the source and DH temperature.

The system configuration was defined in such a way that the peak demand of 100 MW was met by the
CHP and HOBs. This is because these technologies can ensure security of supply as they are not
dependent on external factors in contrast to AH and WH sources (see 3.3.1). This is referred to as the
base configuration. In addition, the system may include the air HP, WWTP effluent HP, datacenter HP,
and/or industrial WH as additional heat supply technologies. The combination of AH and WH
technologies included in the system is referred to as the AH and WH configuration.

A wide range of possible system configurations were modelled and compared to each other. For the
base configuration each heat supply technology (CHP, biomass HOB, and electric HOB) was able to have
a capacity of 0, 33.34, or 66.67 MW. All possible combinations that had a total installed capacity of at
least 100 MW (the peak demand) were considered. Additionally, the base configuration where peak
demand is fully met by the biomass HOB was considered as this is a configuration found in current DH
systems. This resulted in a total of 18 possible base configurations. For the AH and WH configuration,
each of the four AH and WH sources was able to have a capacity of O or the equivalent of 10 MW
thermal capacity, amounting to 16 possible combinations. For each base configuration, all 16 possible
AH and WH combinations were considered, resulting in a total of 288 configurations analyzed.

The electrical capacity equivalent to 10 MW thermal capacity for each HP was calculated by dividing
the 10 MW thermal capacity by the average COP of the HP over the course of the one-year simulation.
This is constant across all simulations as the same heat source temperature profile and DH temperature
profile is used. Table 3.5 presents the average COP and electrical capacity equivalent of 10 MW thermal
capacity for each HP.

Table 3.5 Average coefficient of performance (COP) and electrical capacity equivalent to 10 MW thermal capacity per heat
pump (HP) heat source considered in the general model

HP heat source Average COP MWel equivalent of 10 MWih
Air 2.52 4.0
WWTP effluent 2.84 35
Datacenter 4.12 2.4

A summary of the potential capacity that each of the seven heat supply technologies could have is
presented in Table 3.6.
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Table 3.6 Potential capacities considered per heat supply technology in the general model

Potential capacity [MWi, MWel for HP]

Base configuration

CHP 0, 33.34,66.67
Biomass HOB 0, 33.34, 66.67, or 100*
Electric HOB 0, 33.34,66.67
AH and WH configuration

Air-source HP Oor3.97
WWTP effluent HP Oor3.52
Data-center HP Oor2.43
Industrial WH Oor10

* Only considered when the capacity of both the CHP and electric HOB is O

Each base configuration was given an identification number ranging from 1 to 18 and each AH and WH
configuration was given an identification letter ranging from A to P. The identification label for each
system configuration was therefore the combination of the number and letter of the respective base
configuration and AH and WH configuration. The full list of base configurations and AH and WH
configuration is displayed in Table 3.7 and Table 3.8, respectively.

Table 3.7 Base configurations considered in the general model.

D CHP capacity Biomass HOB Electric HOB Total capacity
[MWin] capacity [MWin] capacity [MWin] [MWih]
1 0 33.34 66.67 100
2 0 66.67 33.34 100
3 0 66.67 66.67 133
4 33.34 0 66.67 100
5 33.34 33.34 33.34 100
6 33.34 33.34 66.67 133
7 33.34 66.67 0 100
8 33.34 66.67 33.34 133
9 33.34 66.67 66.67 167
10 66.67 0 33.34 100
11 66.67 0 66.67 133
12 66.67 33.34 0 100
13 66.67 33.34 33.34 133
14 66.67 33.34 66.67 167
15 66.67 66.67 0 133
16 66.67 66.67 33.34 167
17 66.67 66.67 66.67 200
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Table 3.8 AH and WH configurations considered in the general model. Equivalent thermal capacity is calculated based on the
average COP of each HP heat source: 2.52 for the air HP, 2.84 for the WWTP effluent HP, and 4.12 for the datacenter HP.

D Air F[I:A%?/pacity WIX\;T;E?:;&M Datat?enter HP Indu.f.trial WH TOtT:\;\j\i?dty
el] [MWol] capacity [MWe]  capacity [MWin] equivalent]
A 0 0 0 0 0
B 0 0 0 10 10
C 0 0 2.43 0 10
D 0 0 2.43 10 20
E 0 3.52 0 0 10
F 0 3.52 0 10 20
G 0 3.52 2.43 0 20
H 0 3.52 2.43 10 30
| 3.97 0 0 0 10
J 3.97 0 0 10 20
K 3.97 0 2.43 0 20
L 3.97 0 2.43 10 30
M 3.97 3.52 0 0 20
N 3.97 3.52 0 10 30
O 3.97 3.52 2.43 0 30
P 3.97 3.52 2.43 10 40

3.3.4 General model run

For each price lambda considered, the biomethane, biomass and electricity prices for that scenario
were calculated as specified in section 3.2.2 with the energy price inputs described in section 3.3.2. The
price scenario is assigned a weight equal to the probability of that price lambda occurring as defined by
the Beta (2,2) distribution.

. For the general model, the WH providers with a risk of dropping out are the datacenter and industrial
WH. A twenty-year study period was considered. Thus, for each WH source, there were twenty-one
possible WH cessation scenarios: twenty scenarios for each year the WH could cease operation, and
one scenario where it does not stop operating at all. Thus, the total number of possible WH cessation
scenarios is 441 if both the datacenter and industrial WH are present in the initial system configuration
(21 possibilities for when the datacenter ceases operation x 21 possibilities for when the industrial WH
ceases operation), 21 if only one of the two is present in the initial system configuration (21 possibilities
for the WH provider present), and 1 if neither is present in the initial system configuration. The annual
WH cessation probability for both the datacenter and the industrial WH was estimated to be 0.76%, a
proxy based on the annual probability of a company going bankrupt in Austria. Each WH cessation
scenario is a assigned a weight equal to the probability of that WH cessation scenario occurring,
calculated as outlined in section 3.2.3.
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For the one-year simulation, the variable costs accounted for are electricity costs, fuel costs, other O&M
costs, and auxiliary electricity costs (for the HOBs). In combination with hourly DH demand, these costs
were used as inputs for the economic ranking operation strategy to determine the heat provided by
each heat supply technology. The LCOH was calculated considering investment costs, annual variable
costs, fixed O&M costs, and residual value at the end of the study period averaged over the total heat
supplied by the system. Each LCOH was assigned a weight equivalent to the product of the price
scenario weight and the WH cessation scenario weight for that LCOH. The result for each system
configuration was a weighted LCOH for each price scenario and each WH cessation scenario.
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3.4 CASE STUDY

3.4.1 Case study overview

For the case study, the general model developed was applied to the DH system of a small city in
northwestern Poland. This case study was chosen because it is a case study for a project AIT is
collaborating on titled HeatMineDH. The project focuses on the mapping of low grade renewable and
WH and investment planning for efficient DH networks. The DH network provider of the city is also
collaborating on the project, which facilitated data collection and modelling of the DH system.

The city has a population of around 13,000 people and a DH network that covers a large portion of the
city. The DH network supplies an annual heat demand of approximately 21.5 gigawatt hours (GWh) and
satisfies a peak heat demand of around 10 MW. The current DH network is supplied by two coal fired
boilers with a combined capacity of 13.8 MW. Additionally, this year, a natural gas CHP with a capacity
of 0.877 MW was installed and started operation in March/April 2024.

Two potential AH and WH sources located near the city which have been identified by the DH network
provider are an iron foundry located around two kilometers outside the city and a WWTP located
between the iron foundry and the city. In addition, an air source HP was also considered as a potential
AH heat supply technology. Like the general model, the case study considered a greenfield scenario in
2050. It was thus assumed that biomass replaces coal as a fuel source for the boilers, and that
biomethane replaces natural gas for the CHP. An overview of the system considered is shown in Figure
3.7. A map highlighting the location of the iron foundry and WWTP relative to the city is presented in
Figure 3.8.

Supply Distribution Demand
Heat sources/fuels Heat supply technologies
Electricity grid
Biomethane CHP plant
Biomass Heat only boiler
District heating _ | Heat demand (space
grid [ "] heating & hot water)
Air (ambient heat) 2 Heat pump
Electricity
Waste water treatment plant isiE
effluent (ambient heat) el KEY

Fuel

Electricity

Iron foundry waste heat Heat

Figure 3.7 Case study district heating system overview
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Figure 3.8 Location of the iron foundry and wastewater treatment plant (WWTP) relative to the city center of the case study
location (Source: Google Earth [56])

3.4.2 Data collection and model parametrization

For the technical and economic input data per heat supply technology, data was mainly supplied by the
DH network operator. No data was available for OPEX and CAPEX for WH from the iron foundry. Thus,
economic data was obtained from the DH outlook study used for the general model but for an
installation with a capacity of 1 MW rather than 10MW as this is closer to the 1.9 MW capacity
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estimated for the iron foundry [54]. An overview of the technical and economic input parameters
utilized for the case study is presented in Table 3.9. An interest rate of 3.2% was used, based on the
assumptions of the DH network operator.

Table 3.9 Technical and economic input data for heat supply technologies included in the case study model (combined heat and
power plant (CHP), biomass heat only boiler (HOB), air source heat pump (HP), waste water treatment plant (WWTP) effluent
HP and iron foundry waste heat (WH). All values are in 2022 euros. Source: Case study DH network operator unless otherwise
stated

Heat supply technology
. . WWTP Iron foundry
Biomass HOB CHP Air HP effluent HP WH
Technical parameters
Efficiency [%] 86% 86.4% - - -
Electricity share 0
[% useful energy output] ) 48% ) ) )
Efficiency factor - - 0.5 0.5" -
Lifetime [years] 15 15 15 15 20"
New DH piping length [km] - - - 0.26 1.66
Economic parameters
CAPEX o
[ME/MWas, ME/MW., for HP] 0.81 1.50 5.71 591 0.61
OPEX x
4,94 2 4 295,442 1
(€/MWas /2, €/MWa/a for HP] 34,949 60,606 85,649 95, 3
New DH piping cost [€/m] - - - 1,5007"" 867"

* Average efficiency factor value for large scale HPs (Source: B. Mayr, personal communication, February 29, 2024)
** Source: [54]

*** Based on assumed piping costs of 750 €/m for natural areas and 1500 €/m for urban areas [Source: R. Schmidt, personal
communication, April 15, 2024]. The area between the iron foundry to the WWTP is forested and from the WWTP on to the
city it is urban area.

For DH demand and network temperatures, hourly profiles from 2021 were utilized as a proxy for 2050
as this was the data provided by the network operator. Projected ordered capacity up until 2030 was
also provided, thus the hourly DH demand data from 2021 was scaled to the expected ordered capacity
in 2030. Specifically, an ordered capacity of 16.2 is expected in 2030, resulting in a peak demand of
11.93 MW. For air temperature, the DH network operator provided daily average temperatures for
2021. To obtain an hourly air temperature profile, data from the integrated surface database (ISD) from
the National Oceanic and Atmospheric Administration (NOAA) National Centers for Environmental
Information (NCEI) was utilized [57]. There is no weather station for the case study location in the
database, so data from the next nearest weather station was used, located around 30 km away from
the case study location. There were 119 missing values in the hourly dataset, for which the hourly
temperature was assumed to be equal to the average temperature for that day in the case study
location. Comparing the daily average temperatures for the cleaned dataset from the weather station
and daily average temperatures in the case study location, showed a maximum difference of 2.03 °C
and a mean difference of 0.43 °C. This indicates that the hourly air temperature data from the weather
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station serve as a good approximation for hourly temperatures in case study location. Using 2021 data
as a basis for DH demand, DH network temperature, and air temperatures ensures coherences across
these hourly profiles and accounts for their interdependencies. For the temperature of the WWTP
effluent, monthly average temperatures provided by the DH network operator were used.

For electricity prices, day ahead electricity prices from 2022 were utilized because these were very
volatile and can therefore act as a proxy for future prices. The uncertainty range used to estimate
minimum and maximum electricity prices was calculated based on historical variation in hourly day-
ahead prices using the same approach as Marx et al. used for Austria [18]. Day ahead prices were
obtained from the ENTSO-E Transparency Platform [58]. The monthly mean (u) and standard deviation
(o) of hourly day-ahead prices in Poland were calculated for the period from January 2015 to October
2023. Hourly data was aggregated to monthly data to model variation in electricity prices over longer
timeframes. The results of the analysis are presented in Figure 3.9. Over the period studied, the average
variation from the mean based on the standard deviation ranged from 0.74 times the mean ((p-0)/u)
to 1.26 times the mean ((u+ o)/u). A range of 0.7 to 1.3 was used as a conservative estimate and hourly
2022 day ahead prices were multiplied by these factors to obtain the minimum and maximum electricity
price profile for 2050 respectively.
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Figure 3.9 Historical variation in day ahead electricity prices in Poland. Upper and lower bounds were estimated based on
standard deviation(a) from the mean(u).

In 2023, biomass prices in Poland ranged from 20.4 to 23.3 €/MWh. Thus, a minimum to maximum
range of 20-35 €/MWh was used as a conservative estimate for 2050. For biomethane prices, the same
minimum to maximum range considered in the general model (80 to 120 €/MWh) was utilized as it is
assumed there will be a European market for biomethane in the future. As WH prices can be agreed on
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bilaterally between the WH provider and DH network operator, a sensitivity analysis was conducted for
energy prices for WH from the iron foundry. A WH price of 20, 30, and 40 €/MWh was considered. The
input data utilized for DH demand, relevant temperatures, and energy prices for the case study is
summarized in Table 3.10.

Table 3.10 Summary of the input data used for district heating demand, energy prices, and relevant temperatures for the case

study model
Data Fixed/hourly Source
Hourly DH demand  Hourly 2021 hourly demand scaled to expected Case study DH network
profile ordered capacity in 2030 operator
Air temperature Hourly Hourly air temperatures from nearest NOAA NCEI' ISD [57], Case
weather station with missing values filled ~ study DH network operator
with daily average from case study
location
WWTP effluent Monthly Estimated monthly average temperature Case study DH network
temperature operator
District heating Hourly 2021 hourly DH network temperature Case study DH network
temperature operator
Electricity prices Hourly 2022 hourly day ahead prices as average ENTSO-E Transparency
with historical variation in Polish day- Platform [58]
ahead prices used to estimate the
uncertainty range used to obtain
minimum and maximum prices
Biomass prices Fixed Minimum to maximum range of 20-35 Case study DH network
€/MWh (conservative estimate based on operator
2023 biomass prices in Poland)
Biomethane prices Fixed Minimum to maximum range of 80-120 G. Resch and S. Reuter,

€/MWh

personal communication,

March 19, 2024

Industrial WH price  Fixed 0, 10, 20, 30, 40 €/MWh Sensitivity analysis

3.4.3 System configurations

Two potential decarbonization scenarios identified by the case study DH network operator were utilized
as the basis for the system configurations modelled for the case study. These were (1) the use of
biomass HOBs and CHP plants and (2) the use of biomass HOBs, CHP plants, and WH from the iron
foundry near the city. The CHP that began operating this year is fueled by natural gas. Thus, for the
greenfield scenario modelled for 2050, it was assumed that the CHP engines would be fuel by
biomethane as this is a carbon neutral, direct substitute for natural gas [51].

To define the system configurations to be analyzed for the case study, these decarbonization scenarios
were considered as the two possible base scenarios with capacities per heat supply technology defined
by the DH operator and scaled to the ordered capacity in 2030 as an approximation for 2050. Then, for
each base scenario, three possible variations were considered which accounted for the inclusion of the
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potential AH sources identified. Specifically, these variations consisted of the additional installation of
an air HP, a WWTP effluent HP, or both an air and WWTP effluent HP. The capacities of the air HP and
WWTP HP were defined as the electrical capacity equivalent to 1 MW thermal capacity. This amounted
to a total of eight system configurations, displayed in Table 3.11

Table 3.11 System configurations considered for the case study

Heat supply technology capacity [MWin]

Biomass Biome- foIL:(r:Sry Air HP :‘lﬂvtg:t Total
HOB thane CHP WH HP
Base scenario 1 (B1): Biomass HOB & CHP
Bl 12.31 3.92 - - - 16.23
B1+ Air HP 12.31 3.92 - 1 = 17.23*
B1+WWTP HP 12.31 3.92 - = 1 17.23*
B1 + Air HP + WWTP HP 12.31 3.92 - 1 1 18.23*

Base scenario 2 (B2): Biomass HOB, CHP, and iron foundry WH

B2 14.87 1.36 1.9 = = 18.13**
B2+ Air HP 14.87 1.36 1.9 1 = 19.13**
B2 + WWTP HP 14.87 1.36 1.9 = 1 19.13**
B2 + Air HP + WWTP HP 14.87 1.36 19 1 1 20.13**

* 16.23 without air HP or WWTP effluent HP
** 16.23 without iron foundry WH, air HP, or WWTP effluent HP

As for the general model, the electrical capacity equivalent to 1 MW thermal capacity for each HP was
calculated by dividing the thermal capacity by the average COP of each heat source over the one-year
simulation period. The average COP and electrical capacity for the air source HP and WWTP effluent
HP can be found in Table 3.12

Table 3.12 Average coefficient of performance (COP) and electrical capacity equivalent to 1 MW thermal capacity for the air
heat pump (HP) and wastewater treatment plant (WWTP) effluent HP in the case study

HP heat source Average COP MWe equivalent of 1 MWt
Air 3.10 0.32
WWTP effluent 3.21 0.31
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3.4.4 Case study model run

For each system configuration, the case study model was run to obtain a weighted sample of LCOHs.
As described in section 3.2.2, for each system configuration, one hundred possible energy price
scenarios, represented by the price lambda, were considered. For each price lambda, the biomass,
biomethane, and electricity prices were calculated based on the price lambda as specified in section
3.2.2 using the price ranges described in section 3.4.2. The price scenario was assigned a weight equal
to the probability of that price lambda occurring as defined by a Beta (2,2) distribution.

For the case study, the only heat source relevant for the WH cessation scenarios is the iron foundry. A
twenty-year study period was analyzed, thus there were 21 possible WH cessation scenarios: twenty
scenarios for each year the iron foundry could cease operation, and one scenario where it does not
cease operation at all. As for the general model, the annual WH cessation probability was estimated by
using the probability of a company going bankrupt as proxy. However, this probability was calculated
for Poland rather than Austria. Specifically, an average probability of 0.70% was calculated by dividing
the annual number of company bankruptcy court orders by the number of companies (non-financial
companies with more than 10 employees) in Poland for the period of 2016 to 2022 [59], [60]. Based on
this annual WH cessation probability, the probability of each WH cessation scenario occurring was
calculated as outlined in section 3.2.3, and assigned as a weight to that WH cessation scenario.

For each system configuration, price lambda, and WH cessation scenario, the one-year simulation was
run as needed to obtain annual variable cashflows and heat production per heat supply technology
over the 20-year study period analyzed. In the model, the WH from the iron foundry was only available
during weekdays as the iron foundry only operates during weekdays. The variable costs considered in
the model are electricity costs, and fuel costs. Annual variable cashflows and heat output were
combined with fixed O&M costs and investment costs, and residual value to calculate the LCOH for
each system configuration, price lambda, and WH cessation scenario (see section 3.2.5). When the
expected lifetime of the technology was shorter than the study period, a replacement of the same size
was installed, resulting in additional CAPEX costs. Residual values at the end of the study period were
accounted for except for the WH from the iron foundry when it ceased operation within the study
period. Each LCOH was assigned a weight equal to the product of the weight of the energy price
scenario and WH cessation scenario being considered.

3.4.5 Biomass restriction scenarios

The system configurations analyzed for the case study model assume a relatively high share of biomass
in the DH system with both B1 and B2 having a relatively large installed capacity for the biomass HOB.
Furthermore, in the one-year simulation, an unlimited supply of biomass is assumed as the heat
supplied by the biomass HOB in any given timestep is only limited by the installed capacity. Finally, the
cost of the biomass is relatively low compared to other heat supply technologies attractive, making it
an attractive source for heat.

However, the availability of biomass may be limited in the future. Biomass can be used as a carbon
neutral alternative to fossil fuels for a wide range of applications. This includes high value applications
that are difficult to decarbonize otherwise such as the production of materials, feedstock for the
chemical industry, and production of fuel for aviation and heavy and long-distance transport [61]. Thus,
competition with other sectors or within the heating sector may limit the future availability of biomass
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for DH. Furthermore, it is possible that the use of biomass may be prioritized for use in sectors that are
difficult to decarbonize otherwise, which may further limit its availability for heating purposes.

To account for the uncertainty in the future availability of biomass as a fuel source, five scenarios were
modelled where the amount of biomass used was restricted. This was achieved by implementing an
artificial price increase for biomass during the economic ranking that occurs each timestep. Specifically,
the biomass price was multiplied by multiplier (here on referred to as biomass price multiplier). The
multiplier was constant throughout the entire one-year simulation. This made using heat from the
biomass HOB less attractive compared to other heat supply technologies. The biomass price multiplier
was only applied during the economic ranking which determines how much heat is supplied by each
technology, no change was made to the actual biomass price. Specifically, the five biomass restriction
levels considered were low, medium, high, very high, and maximum, corresponding to a biomass price
multiplier of 2, 3, 4, 5 and 10 respectively (see Table 3.13). The biomass price multiplier of 10 represents
a maximum restriction level because it results in biomass only being used when it is needed to meet
demand.

Table 3.13 Biomass price multiplier for each biomass restriction level considered in the case study

Biomass restriction level Biomass price multiplier
None (base scenario) 1
Low 2
Medium 3
High 4
Very high 5
Maximum 10
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4  RESULTS

The following section presents the results of the analysis, first for the general model and then the case
study. Results for the general model are presented from a high-level perspective, examining the key
performance indicators (KPIs) chosen (weighted average LCOH and standard deviation) for the various
system configurations modelled, and their sensitivity to the industrial WH price. Results for the case
study are presented on a general level by looking at the KPIs chosen but also delve deeper into each of
the methodological steps and levels of analysis.

4.1 GENERAL MODEL

4.1.1 Main results

Figure 4.1 depicts the weighted average LCOH in €/MWh on the horizontal axis and standard deviation
as a percent of the mean LCOH on the vertical axis for each configuration studied in the general model.
This allows for a comparison of average cost and economic risk across configurations. The different
shapes represent the base configurations, while colors indicate the AH and WH configuration. A pattern
is discernable which shows a transition from system configurations with low mean LCOH but high
standard deviation (indicating higher economic risk) to system configurations with high mean LCOH but
low standard deviation (indicating lower risk). This indicates a tradeoff between average cost and
economic risk for DH configurations. Additionally, it is evident that the mean LCOH and standard
deviation varies largely across the various system configurations analyzed. Specifically, mean LCOH
ranges from 54.88 to 137.00 €/MWh and standard deviation ranges from 0.83 to 9.87 percent of mean
LCOH (or 1.00 to 8.83 £/MWh, see Appendix A, Figure A.1 for a graph of LCOH against standard
deviation in €/MWHh). Thus, despite the high economic risk of technologies with lower LCOH, they often
still perform better than the high-cost technologies when the standard deviation is added to the mean
LCOH. The average mean LCOH across configurations is 94.79 €/MWh while the average standard
deviation is 3.12 % (or 2.68 £/MWh).

The variation in LCOH and standard deviation is also evident across base configurations and AH and WH
configurations. However, it appears that the base configuration has a larger impact on performance
and economic risk, as data points are clustered together based on base configuration rather than AH
and WH configuration. This is to be expected as base configuration technologies makes up a greater
portion of installed capacity and heat supply than the additional AH and WH technologies. They
therefore have a significant influence on investment and operational costs (and thus, LCOH) but also in
the system’s response to uncertainty in energy prices. Additionally, in comparing base configurations
to each other, it becomes evident that the different AH and WH configurations per base configuration
are sometimes clustered together more closely (see for example base configurations 13 and 17) and
sometimes more spread apart (see configurations 1 and 4). This indicates that the magnitude of the
effect of additional AH and WH heat supply technologies on the mean LCOH and standard deviation
varies based on the base configuration.
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Ambient and waste heat configuration: industrial waste heat (IWH), datacenter heat pump (DHP), wastewater heat pump (WHP), and/or air
heat pump (AHP), with 10 MWy, capacity if present
[0 A:None [0 C:DHP [ E:WHP [ G: WHP, DHP [ 1: AHP [ K: AHP, DHP, B M: AHP, WHP [l O: AHP, WHP, DHP

[ B:IwH [ D:DHP,IWH [ F:WHP,IWH [J H.WHP,DHP,IWH [ J:AHP,IWH [] L:AHP, DHP,IWH [ N:AHP, WHP,IWH [l P:AHP, WHP, DHP, IWH

Figure 4.1 Weighted average levelized cost of heat (LCOH) and standard deviation (expressed as a percent of mean LCOH) for
each of the configurations analyzed for the general model. The base configuration is indicated by the shape and the ambient
and waste heat configuration by the color.
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4.1.2 Comparison across configurations

Figure 4.2 and Figure 4.3 present the results from Figure 4.1 with a subplot per base configuration.
Figure 4.2 has the same axes across subplots, allowing for comparison of how base configurations
perform relative to each other, while Figure 4.3 has varying axes across subplots allowing for
comparison of how AH and WH configuration compare to each other across base configurations.®

Comparison across base configurations

Looking at Figure 4.2, it is evident that configurations with less technologies and lower installed capacity
have a lower mean LCOH but higher standard deviation. These are the configurations found in the top
left corner of Figure 4.1. They include base configuration 1-4 which consist of only the biomass HOB
and electric HOB or CHP and electric HOB and have an installed capacity exactly equal to peak demand
(100 MW). In contrast, configurations with more technologies and a greater installed capacity have
higher costs but lower economic risk. These are the configurations in the bottom right corner of Figure
4.1. This includes base configurations 13-17 which have the CHP, biomass HOB, and electric HOB and a
total installed capacity ranging between 133 and 200 MW, which significantly exceeds peak demand.
Greater installed capacities lead to higher investment costs, which are reflected in a higher mean LCOH.
However, the inclusion of more technologies and greater capacities leads to increased flexibility as
there is a greater number of options to be chosen from in economic ranking each timestep and the
lowest cost heat source can be used, even in timesteps with high demand as installed capacity is greater
than peak demand. This results in a reduced standard deviation as the system is more robust in the
face of changes in energy prices and WH availability. Especially the combination of a CHP and electric
HOB or HPs allow for this as the CHP is profitable and can be used when electricity prices are high while
the electric HOB or HPs can be used when electricity prices are low. When this is combined with a
biomass HOB, then the biomass HOB can be used when electricity prices are average, and neither the
CHP nor electric HOB is particularly cost-effective. The presence of a large biomass HOB also leads to a
generally lower standard deviation, likely partly due to the smaller variation in biomass prices across
energy price scenarios compared to electricity or biomethane prices.

The capacity of the CHP included in the base configuration also has a significant impact on the mean
LCOH. Base configurations with no CHP have a mean LCOH ranging between around 60 and 80 €/MWh
(base configurations 1-3 and 18), base configurations with a 33 MW CHP have a mean LCOH ranging
between around 80 and 100 £/MWH (base configurations 4-9) and base configurations with a 67 MW
CHP have a mean LCOH ranging between around 100 and 120 €/MWh (base configurations 10 to 17).
This is due to the relatively high investment cost for the CHP, which results in a significant increase in
LCOH. However, when comparing configurations, it is also clear that operational costs also play an
important role. For example, the configurations with the highest mean LCOH are configurations 10A
and 12A. Configurations 10 A and 12A both have an installed capacity of 100 MW, which is much less
than that of other configurations reaching up to 240 MW installed capacity (for example, configuration
17P). Yet, the mean LCOH is still higher for configurations 10A and 12A, indicating that operational costs
can also play a significant role in determining the mean LCOH of a system.

6 See Appendix A, Figure A.2 and Figure A.3 for the results from Figure 4.1 with a subplot per AH and WH
configuration with consistent axes and varying axes per subplot, respectively.
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In comparing base configurations to each other, it also becomes apparent that some have a greater
spread in mean LCOH and standard deviation across AH and WH configurations than others. For
example, base configurations 1, 4, and 10- 12 have a large spread while base configurations 7-9 and
13-17 have a lower spread. The base configurations with a higher spread tend to be those with only
two technologies, and an installed capacity that exactly meets peak demand. In contrast, base
configurations with a low spread, tend to have all three base configuration technologies installed, and
aninstalled capacity greater than peak demand. The inclusion of a biomass HOB also reduces the spread
across AH and WH configurations (see for example configurations 4, 6, and 7 which have an increasingly
greater biomass HOB installed capacity). For base configurations with a lower spread, the inclusion of
an additional AH or WH heat supply technology has a smaller impact on the cost and economic risk
than for those with a large spread. As previously mentioned, the inclusion of more technologies and
greater installed capacity in the base configuration leads to a greater degree of flexibility on the supply
side and ability to make the most out of the least cost heat sources, even in timesteps with high
demand. Therefore, the added flexibility offered by HPs by their ability to operate in low electricity price
scenarios or the relatively low cost industrial WH has less of an impact on the mean LCOH and standard
deviation of systems with all three base configuration technologies and large installed capacities. The
presence of a larger biomass HOB also leads to a lower spread since the cost for biomass is relatively
less expensive than other heat sources and does not vary throughout the year like electricity prices.
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Ambient and waste heat configuration: industrial waste heat (IWH), datacenter heat pump (DHP), wastewater heat pump (WHP), and/or air
heat pump (AHP), with 10 MWy, capacity if present

[ A:None [J C:DHP [ E:WHP [ G: WHP, DHP O I: AHP

[ J:AHP,IWH [] L: AHP, DHP, IWH

[ K:AHP, DHP, B M: AHP, WHP B O: AHP, WHP, DHP

[] B:IWH [0 D:DHP,IWH [ F:WHP,IWH [ H.WHP, DHP, IWH B N:AHP, WHP, IWH [l P: AHP, WHP, DHP, IWH

Figure 4.2 Weighted average levelized cost of heat (LCOH) and standard deviation (expressed as a percent of mean LCOH) for
each of the configurations analyzed for the general model. There is one plot per base configuration analyzed, and axes are the
same across plots.
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Comparison across AH and WH configurations

Looking at Figure 4.3, it is possible to see that the relationship between different AH and WH
configurations varies across different base configurations. However, some patterns are discernable.

Across multiple base configurations, the AH and WH configurations with red tones perform better than
those with blue tones, having a lower mean LCOH and standard deviation. Specifically, this is evident in
base configurations 1-9, 11 and 18, with the difference sometimes being very marked such as in base
configurations 2, 3, 8, 9 and 18. The AH and WH configurations with red tones have industrial WH as
one of the heat sources while those with blue tones do not. The industrial WH is a relatively low-cost
heat supply technology, not only in terms of investment and fixed O&M costs, but also in terms of
variable costs. At a price of 20 €/MWh the industrial WH is almost always one of the cheapest heat
sources (with an efficiency of 88%, the cost of heat from the biomass HOB ranges from 34.09 to 51.14
€/MWh, and that of the electric HOB and CHP is dependent on electricity prices). This contributes to
the lower mean LCOH for sources with industrial WH. Furthermore, the industrial WH price does not
vary across energy price scenarios. This may contribute to a decrease in standard deviation relative to
configurations without industrial WH as the WH can serve as a stable, low-cost heat source across
energy price scenarios. However, the industrial WH is affected by the WH cessation scenarios. Thus,
the decrease in standard deviation despite this indicates that the energy price scenarios have a greater
influence than the WH cessation scenarios. For other base configurations, namely 10 and 12-17, the
AH and WH configurations with red tones have a generally lower mean LCOH but not necessarily a
lower standard deviation compared to the AH and WH configurations with blue tones. This indicates
that the relatively low cost industrial WH contributes to a lower mean LCOH across all configurations.
However, as not all configurations show a lower standard deviation when industrial WH is present, it is
evident that the economic risk is also dependent on what other technologies are in the system.
Nonetheless, it is important to note that the price set for the industrial WH and the assumption that it
remains stable across energy price scenarios has a strong influence on the results of the analysis.

It is also notable that AH and WH configuration A, which has no AH or WH sources, is often one of the
AH and WH configurations with the highest mean LCOH. Specifically, it is the most expensive AH and
WH configuration across two thirds (12 of the 18) of the base configurations. This indicates that the
gains made in variable operational costs due to the inclusion of additional AH and or WH sources,
outweighs the added investment cost for those sources. In the remaining third of base configurations,
the most expensive AH and WH configuration is configuration M which has the air HP and WWTP HP.
In these cases, the added benefits from reduced variable costs does not outweigh the added
investment cost for air HP and WWTP HP. These two AH heat sources, have a lower COP than the
datacenter HP, which likely contributes to why the added operational benefits do not outweigh the
increased investment cost in some base configurations.

In contrast, the AH and WH configuration with the lowest mean LCOH relative to other AH and WH
configurations is configuration D, which has datacenter HP and the industrial WH. Specifically, it is the
least expensive AH and WH configuration across fourteen of the eighteen base configurations. In the
remaining four base configurations, the least expensive AH and WH is configuration H, which has the
WWTP HP, datacenter HP, and industrial WH. As previously mentioned, the industrial WH acts as a
stable, low-cost heat source across all energy price scenarios, leading to a lower mean LCOH. The
datacenter HP has the highest COP of the HPs and is therefore able to offer the greatest amount of
heat for the same amount of electricity, and the greatest cost efficiency at low electricity prices. The
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WWTP has the second highest COP. Thus, for these sources, the cost gains that are achieved due to
their inclusion in the system significantly outweigh the additional investment costs. However, it is
important to note that both the datacenter HP and industrial WH are affected by the WH cessation
scenarios as there is the possibility that the source is no longer available in the future, for example, due
to bankruptcy or relocation. This is sometimes reflected in a relatively higher standard deviation for
these configurations such as in configurations 13D, 14D, 16D and 17D.

When comparing the standard deviation of AH and WH configurations with the same base
configuration, it is apparent that AH and WH configuration C often has the highest standard deviation.
Specifically, it has the highest value in fifteen of the eighteen base configurations. AH and WH
configuration C consists of the datacenter HP which has a relatively high COP (an average of 4.12) and
can therefore provide heat at very low and competitive prices, especially when electricity prices are
low. This can lead to significant variable cost gains compared to the base scenario without AH or WH
sources. If an electric HOB is present in the base configuration, the datacenter HP provides much less
expensive heat for the same electricity price. While if an electric HOB is not present in the base
configuration, it offers even greater price gains as there was previously no technology that offered low-
cost heat at low electricity prices. However, the datacenter is subject to the WH cessation scenarios
where it is suddenly no longer available. Just as the cost gains are high once a datacenter HP is present,
the losses when it is suddenly no longer available are equally as high. This leads to a large variation
across WH cessation scenarios. Furthermore, as the datacenter HP is powered by electricity, it is also
subject to the impact of variation in electricity prices across energy price scenarios, further increasing
the standard deviation. For the remaining three base configurations where AH and WH configuration C
does not have the highest standard deviation, configuration A (with no AH or WH sources) has the
highest standard deviation. This indicates that in these scenarios. In these scenarios, the lack of
flexibility offered by additional AH or WH sources, results in configuration A being more strongly
affected by the energy price scenarios, and thus have a higher standard deviation. All base
configurations where A has the highest standard deviation (1, 4, and 11) have a 66 MW electric HOB,
making the gains from the datacenter HP smaller and reducing the standard deviation of AH and WH
configuration C, albeit it is the AH and WH configuration with the second highest standard deviation for
all three.

The AH and WH configuration with the lowest standard deviation is slightly more varied across base
configurations. AH and WH configuration M has the lowest standard deviation in three base
configurations, N in five base configurations, and P in ten base configurations. Configuration M consists
of the air HP and WWTP HP. These sources increase the flexibility of the system in the face of fluctuating
energy prices as they can be used in low electricity prices, driving the down the standard deviation.
Furthermore, they are not affected by WH cessation scenarios, further reducing the variation in the
LCOH. AH and WH configuration N has the air HP, WWTP HP, and industrial WH. In addition to the
benefits provided by the air and WWTP HP, the industrial WH is a low-cost heat source that offers
stability across energy price scenarios as the WH price remains constant, further decreasing the
standard deviation. The industrial WH is affected by the WH cessation scenarios, however in these cases
the this is outweighed by the benefits it provides in relation to energy price uncertainties and the
advantages from the HPs. Finally, AH and WH configuration P has all four AH and WH sources. In these
scenarios the added flexibility and low-cost heat provided by the additional inclusion of these sources
surmounts the variation in LCOH due to the WH cessation scenarios.
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Overall, one can observe that the inclusion of AH and WH sources within a DH system can provide
benefits in supplying low-cost heat and flexibility in the face of fluctuating energy prices, reducing both
the LCOH and standard deviation in many cases. However, the exact impact of the inclusion of AH and
WH sources varies depending on which other heat supply technologies are found in the system.
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CONFIGURATION LEGEND

Base configuration: CHP, biomass boiler (BMB), electric boiler (ELB) and capacity in MWy, (0: 000, 33: @00, 67: 82, 0r 100: 9 e @)
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Ambient and waste heat configuration: industrial waste heat (IWH), datacenter heat pump (DHP), wastewater heat pump (WHP), and/or air
heat pump (AHP), with 10 MW, capacity if present
[ A:None [ C:DHP [ E:WHP [ G:WHP, DHP

[ D:DHP,IWH [0 F:WHP, IWH

O 1: AHP [ K:AHP, DHP, B O: AHP, WHP, DHP

[ J:AHP,IWH [] L:AHP,DHP,IWH [ N: AHP, WHP,IWH [l P:AHP, WHP, DHP, IWH

B M: AHP, WHP

[] B:IWH [J H.WHP, DHP, IWH

Figure 4.3 Weighted average levelized cost of heat (LCOH) and standard deviation (expressed as a percent of mean LCOH) for
each of the configurations analyzed for the general model. There is one plot per base configuration analyzed, and axes vary

across plots.

54



4.1.3 Sensitivity to industrial waste heat price

Sensitivity of mean LCOH to industrial WH price

Figure 4.4 presents the results of the sensitivity analysis of the weighted average LCOH to changes in
the industrial WH price, plotted per base configuration.” Across all configurations, an increase in the
industrial WH price results in a higher mean LCOH. Furthermore, the change in mean LCOH is steeper
moving between a WH price of 0 to 40 €/MWh compared to a WH price of 40 to 60 €/ MWh. This is
likely because up to a price of around 40€/MWh, the industrial WH is consistently one of the cheapest
heat sources in the system. Thus, for industrial WH prices up to 40€/MWh, most of the capacity of the
WH will be used regardless of the price, and changes in the industrial WH price will directly impact OPEX
costs for industrial WH and be reflected in the LCOH. This is also evident in that the change in LCOH
when moving from a WH price of 20 to 0 €/MWh leads to a decrease in about 5 €/MWh across all
configurations. However, between a price of 40 and 60 €/MWH, other heat sources, such as the
biomass HOB, are competitive with the WH, and these will replace some of the heat otherwise supplied
by the industrial WH. Therefore, there is a smaller increase in the LCOH despite the same increase in
the industrial WH price. This already begins to be apparent at a price of 40 €/MWH, with a greater
variation in the LCOH across AH and WH configurations, as systems with more AH and WH sources, and
therefore more competition with the industrial WH, having a lower change in LCOH.

Across all base configurations, there is a consistent pattern in which AH and WH configurations are
more sensitive to industrial WH prices. The most sensitive configuration is configuration B, followed by
D, F; and J (exact order varies), followed by L, H, and N (exact order varies), and finally P. Configuration
B consists of only the industrial WH, configurations D, F; and J of the industrial WH and one HP,
configurations L, H, and N of the industrial WH and two HPs, and configuraion P has all AH and WH
sources. This shows that the more AH and WH technologies are in the system, the less sensitive the
mean LCOH is to changes in the industrial WH price either upwards or downwards. This is because a
greater number of technologies is able to offer greater flexibility and options for choosing the least cost
technology each timestep in the hourly simulation. Thus, the mean LCOH varies less with changes in
the industrial WH price.

As for AH and WH configurations, different base configurations have varying sensitivities to changes in
industrial WH price. For example, base configuration 1 has a greater variation in mean LCOH across WH
prices compared to base configuration 17. Generally, base configurations with more technologies or
greater installed capacity have lower variation in mean LCOH. Configurations with a CHP also have lower
sensitivities. This once again highlights the added value of having multiple technologies in making the
system more flexible on the supply side and robust to changes in industrial WH price.

The variations in sensitivity across configurations, indicates that the configuration of a system is not
only important in determining its cost and economic risk but also how it responds to variations in the
price of industrial WH. Moreover, it is also evident that the price of industrial WH directly influences
the mean LCOH of the system configuration.

7 See Appendix A, Figure A.4 for a figure showing percent change in LCOH with changes in industrial WH price
rather than change in €/MWh as shown in Figure 4.4.
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CONFIGURATION LEGEND

Base configuration: CHP, biomass boiler (BMB), electric boiler (ELB) and capacity in MWy, (0: 000, 33: @00, 67: @80, or 100: e e @)

A 1:CHPOOC BMBeco ELBeeo B 4: CHPe0O BMBOOO ELBee0 4 7: CHPe0O BMBeeo ELBOOO # 10: CHPeeO BMBOOC ELB#0O # 13: CHPee0o BMBeoO ELEecO % 16: CHPeeC BMBeeo ELBeCO
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Ambient and waste heat configuration: industrial waste heat (IWH), datacenter heat pump (DHP), wastewater heat pump (WHP), and/or air
heat pump (AHP), with 10 MWy, capacity if present
[ B:IWH [ D:DHP,IWH [ F:WHP,IWH [ H.WHP,DHP,IWH [ J:AHP,IWH [] L:AHP,DHP,IWH [ N:AHP, WHP,IWH [l P:AHP, WHP, DHP, IWH

Figure 4.4 Sensitivity of the mean levelized cost of heat (LCOH) to variations in industrial waste (WH) prices (expressed as change
in mean LCOH relative to the mean LCOH with a WH price of 20 €/MWh), plotted per base configuration.
56



Sensitivity of standard deviation to industrial WH price

Figure 4.5 presents the sensitivity of the standard deviation in mean LCOH to changes in the industrial
WH price, plotted per base configuration. This serves as an indication of the sensitivity of economic
risks to industrial WH prices. Unlike for the sensitivity of mean LCOH to changes in industrial WH prices,
there is less consistency across configurations.

When comparing configurations to each other, not all follow the same pattern across WH prices. Rather
this varies across base configurations and across AH and WH configurations. All configurations have an
increase in standard deviation with a decrease in the industrial WH price from 20 to 0 €/MWh.
However, changes in the industrial WH price from 20 to 40 or 60 €/MWh has different effects across
configurations. Sometimes it results in an increase in standard deviation (see for example plot for base
configuration 2), while sometimes it leads to a decrease (see base configuration 11), and sometimes a
decrease and then increase (see base configuration 14). Decreases in WH price may lead to increases
in standard deviation since scenarios where the WH drops out are relatively more expensive than
scenarios where it is present in a scenario where WH is free compared to a scenario where it costs 20
€/MWh. Increases in standard deviation with increases in industrial WH price may be because the WH
is used less compared to other sources, and therefore may be affected by variations due to different
energy price scenarios. Also, changes in standard deviation are often low moving from and industrial
WH price to 20 to 40 €/MWh, especially for configurations with more AH and WH sources, indicating
that changes within this price range do not significantly affect how the system performs across energy
price and WH cessation scenarios.

In comparing base configurations to each other, it is evident that different configurations have different
sensitivity to changes in industrial WH price. The pattern of sensitivity across WH prices varies. For
example, for some base configurations the standard deviation is high at a WH price of 0 €/MWh,
decreases at WH prices of 20 and 40 €/MWh, and increase again at a price of 60 €/ MWh (see base
configurations 1 through 9). In contrast other configurations experience a decrease in standard
deviation moving from a WH price of 0 to 60 €/MWh (see base configurations 10 and 11). Furthermore,
in contrast to average LCOH sensitivity to WH prices, the standard deviation of base configurations with
less technologies or lower capacities is generally less sensitive to changes in the WH price. For example,
base configuration 1 has lower variation across WH prices than base configuration 14.

When comparing AH and WH configurations to each other, it is apparent they do not follow a consistent
pattern in which is more sensitive to changes in industrial WH price like for mean LCOH sensitivity.
Rather, this varies across base configurations, and depending on if there is an increase or decrease in
the WH price. For example, for base configuration 8 the most sensitive configurations to both a
decrease or increase in WH price is AH and WH configuration B. In contrast for base configuration 13,
the most sensitive configuration to a decrease in industrial WH price is AH and WH configuration N,
while the most sensitive to an increase in industrial WH price are configuration B and F.

Finally, it is relevant to note that standard deviation across all configuration’s ranges between -1.72 to
1.32 €/MWh and between -55.89 and 98.36% when expressed a percent change (see Appendix A,
Figure A.5 for a figure showing percentage change in standard deviation with changes in WH price).
This indicates that variations in the WH price not only have a significant impact on the LCOH as
discussed above but also on the economic risk associated with the system. However, the exact effect
of changes in industrial WH price on standard deviation, both in terms of magnitude and direction,
largely depends on the system configuration being analyzed.
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CONFIGURATION LEGEND

Base configuration: CHP, biomass boiler (BMB), electric boiler (ELB) and capacity in MWy, (0: 000, 33: @00, 67: @80, or 100: e e @)
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Ambient and waste heat configuration: industrial waste heat (IWH), datacenter heat pump (DHP), wastewater heat pump (WHP), and/or air
heat pump (AHP), with 10 MWy, capacity if present
[ B:IWH [ D:DHP,IWH [ F:WHP,IWH [ H.WHP,DHP,IWH [ J:AHP,IWH [] L:AHP,DHP,IWH [ N:AHP, WHP,IWH [l P:AHP, WHP, DHP, IWH

Figure 4.5 Sensitivity of standard deviation (SD) of the mean levelized cost of heat (LCOH) to variations in industrial waste (WH)
prices (expressed as change in SD relative to the SD with a WH price of 20 €/MWh), plotted per base configuration.
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4.2 CASE STUDY

4.2.1 Main results

The weighted average LCOH of the configurations in scenario B1 range from 81.07 to 94.67 €/MWh
with a standard deviation of 2.34 to 2.36 €/MWh, those in scenario B2 range from 78.83 to 91.77
€/MWh with a standard deviation of 2.18 to0 2.20 €/MWh (Figure 4.6, Table 4.1). The standard deviation
across all scenarios is relatively low, ranging between 2.38 and 2.92% of the LCOH, indicating that the
economic risk associated with these systems is relatively low. When comparing systems with the same
base scenario the addition of a single HP and then both HPs leads to an increase in LCOH but a decrease
in standard deviation. This indicates that a greater number of different heat sources in the DH system
and the flexibility they offer leads to a reduction in economic risk. Furthermore, though the differences
between scenario B1 and B2 are small, each configuration in scenario B2 performs better than its
counterpart configuration in scenario B1, having both a lower LCOH and standard deviation. This is
largely because the WH from the iron foundry is relatively inexpensive at 20€/MWh, leading to
reductions in the mean LCOH. Furthermore, its cost does not vary across price scenarios unlike
electricity, biomethane, and biomass prices, resulting in a lower standard deviation. The lower standard
deviation of scenario B2 additionally indicates that the uncertainty in future WH availability does not
lead to significantly greater economic risk.
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Figure 4.6 Weighted average levelized cost of heat (LCOH) per system configuration in the case study with error bars indicating
standard deviation.
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Table 4.1 Weighted average levelized cost of heat (LCOH) and standard deviation (SD) per system configuration in the case study

LCOH [€/MWh] SD [€/MWh] SD [% of LCOH]

Base scenario 1 (B1): Biomass HOB & CHP

B1 81.07 2.36 2.92%

B1+ Air HP 87.48 2.35 2.69%

B1+ WWTP HP 88.20 2.35 2.67%

B1 + Air HP + WWTP HP 94.67 2.34 2.47%
Base scenario 2 (B2): Biomass HOB, CHP, and iron foundry WH

B2 78.83 2.20 2.79%

B2+ Air HP 85.28 2.19 2.56%

B2 + WWTP HP 85.28 2.19 2.56%

B2 + Air HP + WWTP HP 91.77 2.18 2.38%

Figure 4.7 shows the weighted average heat supplied per technology for all system configurations in
the case study. The heat production in all configurations is dominated by the biomass HOB, which
supplies over 80% of heat in all B1 configurations and over 65% of heat in all B2 configurations. This is
due to the large capacity of the biomass HOBs in both B1 and B2, relatively low cost of biomass
compared to biomethane and electricity, and the assumed unlimited availability in biomass supply. The
CHP can supply heat at a competitive price at high electricity prices due to the revenue from electricity
sales. However, this revenue must be large enough to offset the relatively high biomethane prices.
Similarly, the HPs supply heat a competitive price when electricity prices are low. Compared to Bl
configurations, B2 configurations also have a significant proportion of heat supply (over 20%) from WH
from the iron foundry. This is because at a price of 20 €/MWHh, the WH from the iron foundry is always
less expensive than the biomass HOB, which has an efficiency of 86.4% and therefore a cost ranging
from 23.15-40.5 €/MWh across energy price scenarios. In contrast, the CHP has a lower contribution in
B2 configurations compared to B1 configurations. This is due to the lower CHP capacity, which is about
a third of the CHP capacity in scenario B1, and displacement of CHP heat by the industrial WH.
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Figure 4.7 Weighted average heat supplied per technology for each system configuration in the case study expressed as the
percent of total heat supply
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When analyzing the weighted average LCOH of each system configuration broken down into CAPEX and
OPEX for each heat supply technology, it is evident that biomass also accounts for the largest share of
costs (Figure 4.8). This is to be expected as the biomass HOB is the technology with the largest installed
capacity and share of heat production across all configurations. Compared to scenario B1, the biomass
HOB CAPEX increases in scenario B2 due to a larger installed capacity, but OPEX decreases as a lower
share of heat is supplied by the HOB. For the CHP, OPEX shows the net costs considering electricity
revenue as well. The CHP CAPEX and OPEX are smaller in configuration B2 compared to B1, due to a
lower CHP capacity and lower production in scenario B2. Furthermore, due to inclusion of WH from the
iron foundry in B2, the CHP only operates when its cost is lower than both the biomass HOB and iron
foundry WH rather than just the biomass HOB. In scenario B2, the heat provided by the iron foundry
comes at a low cost also in terms of CAPEX which is much smaller than for the other heat supply
technologies. Interestingly, as HPs are introduced in the B1 or B2 system, the OPEX portion of the LCOH
still increases. The variable OPEX of the system decreases as every hour in the one-year simulation the
technology with the lowest cost is chosen in the one-year simulation. However, fixed OPEX does not
change for the biomass HOB or CHP and is relatively high for the HPs, leading to overall higher OPEX.
The CAPEX of the additional HPs also contributes to the higher LCOH in configurations with HPs.
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Figure 4.8 Weighted average levelized cost of heat (LCOH) per system configuration in the case study broken down into capital
expenditure (CAPEX) and operational expenditures (OPEX) per heat supply technology in the system OPEX costs for the CHP
show net cost, accounting for electricity revenues and biomethane cost).

4.2.2 Variation across energy price scenarios

To understand the variation in the techno-economic performance of the DH system configurations
studied across energy price scenerios, the heat supply per technology and LCOH was studied across
different price lamdas. The plots for system configurations B1 + Air HP + WWTP HP and B2 + Air HP +
WWTP HP across eleven price lambdas representing the range of energy price scenaros considered are
shown in Figure 4.9. Those for all other system configurations can be found in Appendix B (Figure B.1
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and Figure B.2). As energy prices increase, the LCOH increases. This is due to higher OPEX costs as only
biomass, biomethane, and electricity prices were varied in energy price scenarions and not investment
costs.

For both B1 and B2 systems, heat supply from the biomass HOB decreases as energy prices increase
due to higher biomass prices. The higher fuel costs also lead to an overal increase in OPEX from the
biomass HOB despite reduced heat production. Similarily, heat production from the both the air and
WWTP HPs decreases as electricity prices increase However, as for the biomass HOB, OPEX costs
increase despite the reduction in heat output. The decrease of heat production from the HPs is less
than that from the biomass HOB since the HPs may still be cost effective in timestpes where electricity
prices are low. In contrast, heat production from the CHP increases with the price lambda . This is
because with higher electricity prices, electricity revenues increase for the biomethane CHP. This is
seen in the reduction in CHP OPEX which shows net costs (biomethane fuel costs minus electricity
revenues). For lambda values of 0.905 and 0.995 under the B2 + Air HP + WWTP HP system
configuration, CHP OPEX is even negative as a net revenue is achieved. As WH prices are not affected
by the energy price scenarios, industrial WH output from the iron foundry and associatated OPEX costs
remains relatively constant across price lambdas. Heat output and therefore OPEX increase slightly at
first and then reduces as energy prices increase. This is due to the increased attractiveness of operating
the CHP due to high electricity revenues. This highlights the importance of the assumption that the
industrial WH price is agreed on bilaterally between the WH provider and DH system operator and does
not change with energy price scenarios. The stability in WH prices, allows for the WH to continue
providing over 20% of the heat supply without OPEX increases despite a higher energy price scenario.
It also means the CHP is used in timesteps where it is most favorable economically, when it is cheaper
than both the WH and the biomass HOB and not only when it is cheaper than the HOB. This contributes
to the lower increase in LCOH as the price lambda increases, as well as to a lower standard deviation
associated with the B2 system.
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Figure 4.9 Heat output per technology and levelized cost of heat (LCOH) broken down into capital expenditure (CAPEX) and
operation expenditure (OPEX) across energy scenarios for system configurations B1 + Air HP + WWTP HP and B2 + Air HP +
WWTP HP. The asterisk (*) indicates high price scenarios where the CHP had a net revenue (negative OPEX) which is not shown.
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4.2.3 Impact of uncertainty in energy prices and WH availability

Figure 4.10 presents a scatter plot of the price lambda against LCOH and the histogram of weighted
LCOH for each energy price scenario and WH cessation scenario modelled for system configurations B1
+ Air HP + WWTP HP and B2 + Air HP + WWTP HP. The same plots for all system configurations in the
case study can be found in Appendix B (Figure B.3). As also seen in the weighted average LCOH plots
above, for both configurations, an increase in the price lambda leads to an increase in LCOH. As the
probability of the price lambda is defined by the beta funciton, this pattern is evident in the histogram
of LCOH where average LCOH values are more likely than lower or hgiher values. The diagrams for B2
+ Air HP + WWTP HP also highlight the impact of the WH cessation scenarios on model outputs. For any
given price scenario, scenarios where the WH ceases operation leads to a higher LCOH as it results in a
stranded investment and higher operational costs as the relatively low-cost WH is no longer available.
This is evident in the vertical spread of the scatter plot as well as the right skewed distribution of the
LCOH histogram. However, scenarios where WH ceases operation are less likely to occur than the
scenario where WH is availble for the entire study period, indicated by the low frequencey of the upper
tail values in the LCOH histogram. The lower standard deviation of LCOH for system configuration B2 +
Air HP + WWTP HP compared to system configuration B1 + Air HP + WWTP HP, indicates that the
uncertainty in energy prices has a greater impact on economic risk compared to the uncertainty in WH
availability. However, as mentioned abover, this is also linked to the assumption that the industrial WH
price is stable and not affected by energy price scenarios, as well as the low annual WH cessation
probability.
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Figure 4.10 Plots showing price lambda vs. LCOH, and histogram of weighted LCOH for scenario B1 + Air HP + WWTP HP and
B2 + Air HP + WWTP HP
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4.2.4 Hourly heat supply

In analyzing hourly heat supply for an average energy price scenario (price lambda 0.505) across the
eight system configurations studied, it is once again evident that the biomass HOB dominates the heat
production across all configurations (Figure 4.11). Heat is produced by the CHP in timesteps with high
electricity prices due to the revenues from electricity sales. This occurs mainly over the summer and in
the fall. WH from the iron foundry is almost always used whenever it is available, with the pattern of
availability only during weekdays clearly visible on the chart. The only period where industrial WH is not
used is during the summer when production from the CHP is more cost effective and demand for heat
is relatively low, so it is not necessary to use both sources. The air and WWTP HPs are used sporadically
throughout the year whenever electricity prices are low, making heat production from the HPs
economically attractive.
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Figure 4.11 Hourly production for the eight system configurations studied for the case study under an average price scenario
(price lambda of 0.505) and no waste heat cessation for the iron foundry
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4.2.5 Sensitivity to iron foundry waste heat price

Results from the sensitivity analysis of LCOH to changes in the price of WH from the iron foundry are
shown in Figure 4.12. As the price of industrial WH increases, so does the LCOH as it leads to a higher
OPEX costs from the industrial WH. For WH prices between 0 and 30 €/MWh, an equal increase in WH
price results in the same increase in the weighted average LCOH. However, the increase is weighted
average LCOH is smaller when WH pries increase from 30 to 40 €/MWh. This is because at a price
between 0-30 €/MWh the WH is still one of the cheapest sources in the system, so an increase in WH
price leads to an LCOH increase that is directly linked to an increase in WH OPEX costs. However, at a
price at 40 €/MWh, heat from the biomass HOB is less expensive than the WH in most energy price
scenarios and will be used instead. Therefore, the LCOH is less affected by the increase in WH price.
The slope of the increase in LCOH is greatest for system B2, then B2 with a single HP (air or WWTP),
and finally for a system with both HPs. This highlights the benefit of having multiple technologies in the
system which create flexibility in prices and make the DH system more robust to changes.

Percent change in mean LCOH [%]

o 10 20 30 40
Industrial WH price [£€]

B2 B2 + Air HP B2 + WWTP HP B2 + Air HP + WWTP HP

Figure 4.12 Sensitivity of weighted average levelized cost of heat (LCOH) to variations in the iron foundry industrial WH price
across system configuration with industrial WH in the case study, expressed as percent change in LCOH relative to the scenario
where the WH costs 20 €/MWh. The values for the B2+Air HP are very similar to those of B2+WWTP and therefore not visible
on the graph.

In contrast, the standard deviation in LCOH increases with both a reduction and an increase in the price
of WH. Moreover, the change in standard deviation across WH prices is nearly identical across the four
configurations with industrial WH. When WH prices decrease, standard deviation likely increases
because scenarios where the WH ceases operation are now more expensive relative to scenarios where
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the WH is present. At higher WH prices, standard deviation probably increases since the WH price is
competitive with heat from the biomass HOB and other heat sources, and therefore the LCOH varies
more with changes in energy prices across the energy price scenarios studied.
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Figure 4.13 Sensitivity of standard deviation in weighted average levelized cost of heat (LCOH) to variations in the iron foundry
industrial WH price across system configuration with industrial WH in the case study, expressed as percent change in standard
deviation relative to the scenario where the WH costs 20 €/MWh

4.2.6 Impact of biomass restriction

Figure 4.14 and Figure 4.15 show the hourly heat production per technology for system configurations
B1 + Air HP + WWTP HP and B2 + Air HP + WWTP HP for the base scenario with no biomass restriction
and the five biomass restriction levels considered (low, medium, high, very high, and maximum) under
an average price scenario (price lambda of 0.505). Hourly heat production graphs for all system
configurations and biomass restriction levels can be found in Appendix B (Figure B.4-B.8). As to be
expected, the higher the biomass restriction level, the greater the role of technologies other than the
biomass HOB in the system. At the low biomass restriction level, the HPs and CHP are not used
simultaneously but rather at alternative times depending on their profitability. The CHP is used when
electricity prices and therefore electricity revenues are high, and the HPs are used when electricity
prices are low. However, from the medium biomass restriction level onwards the CHP and HPs
sometime operate simultaneously as both perform better in the economic ranking compared to the
biomass HOB with the artificial price increase. Under the maximum restriction scenario, where the
biomass HOB is only used when it is needed to meet demand, the biomass HOB is mainly used in winter
months where demand is high. The amount of industrial WH used in the system is B2 + Air HP + WWTP
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HP is the only quantity that stays relatively constant, as this technology was already more competitive
than biomass in the base scenario and being used to nearly its full capacity (except in times where very
low or very high electricity prices made the CHP or HP more competitive and demand was low enough
to where the iron foundry WH was not needed to meet demand). Of heat production from sources
other than WH from the iron foundry in system B2 + Air HP + WWTP HP, heat from the biomass HOB
occupies a relatively larger share than in system B1 + Air HP + WWTP HP. This is because the capacity
of the CHP in B2 configurations is only around a third as large as its capacity in B1 configurations. Thus,
the amount of heat from the biomass HOB needed to meet demand is relatively larger.
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Figure 4.14 Hourly heat production per technology for system configuration B1 + Air HP + WWTP HP in an average price scenario
(price lambda of 0.505) under the base scenario with no biomass restriction and the five biomass restriction levels studied.: low,
medium, high, very high, and maximum.
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Figure 4.15 Hourly heat production per technology for system configuration B1 + Air HP + WWTP HP in an average price scenario
(price lambda of 0.505) and no waste heat cessation for the iron foundry under the base scenario with no biomass restriction
and the five biomass restriction levels studied: low, medium, high, very high, and maximum.

To further understand the effect of biomass restrictions on LCOH, the share of heat production from
the biomass HOB for each configuration and biomass restriction level was calculated and compared to
the mean LCOH of that system (Figure 4.168). As the biomass share decreases, the mean LCOH of the
system increases. This is because the relatively low-cost biomass is no longer available and instead
relatively more expensive technologies need to be used (such as the CHP and HPs). At the maximum
biomass restriction level, the biomass HOB share reaches a minimum, which is the minimum amount

8 See Appendix B, Figure B.9 for the same figure plotting biomass share against mean LCOH but with error bars
showing standard deviation in mean LCOH.
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of biomass needed to always meet demand. This minimum is defined based on the capacities of the
technologies in the system. For B2 configurations, this minimum share is higher as the CHP capacity is
smaller and the biomass HOB capacity is larger than for B1 configurations. When comparing
configurations to each other, it becomes evident that as the biomass share decreases, configurations
with HPs become more competitive. For example, for configurations in scenario B1, configurations with
one HP (B1 + Air HP and B2 + WWTP HP) become more attractive than a configuration without a HP
(B1) at a biomass HOB share of around 65%. The configuration with both HPs (B1 + Air Hp + WWTP HP)
becomes more attractive than a configuration without HP at a biomass HOB share of around 52% and
then a configuration with one HP at a biomass HOB share of around 45%. Configurations under scenario
B2 follow a similar pattern. This shows the benefit that a system configuration with more technologies
under uncertainty in future developments, in this case the future development of biomass availability.
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Figure 4.16 Mean levelized cost of heat (LCOH) compared to the share of heat production from the biomass HOB as a percent
of total heat production across the eight configurations studied for the case study. Each of the points modelled per system
configuration represents a biomass restriction level (none, low, medium, high, very high, and maximum when moving from high
biomass share to low biomass share).
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5 DISCUSSION

5.1 SYNTHESIS OF KEY FINDINGS

In comparing the results from the general model and case study, it is possible to discern commonalities
across key research outcomes:

1. Techno-economic performance is strongly influenced by the system configuration.

Both in the general mode and case study, it is apparent that the system configuration plays a key role
in determining the average cost and economic risk of the modelled DH systems. This is not only evident
in the wide variation in mean LCOH and standard deviation across system configurations, but also in
their varied response to changes in WH prices and biomass availability.

In the general model, the least expensive configuration has a 60% lower mean LCOH relative to the
most expensive configuration (with an absolute reduction of 82.12 €/MWh from an LCOH of 137.00 to
54.88 €/MWh). Similarly, the configuration with the lowest economic risk has an 89% lower standard
deviation than the configuration with the highest risk (with an absolute reduction of 7.83 €/MWh
moving from a standard deviation of 8.83 to 1.00 €/MWHh). This highlights the magnitude of the
influence of system configuration on both average cost and economic risk.

This is also evident in the case study, albeit at a lower magnitude in part due to the lower variation
across system configurations modelled in the case study. The least expensive configuration has a 17%
lower mean LCOH relative to the most expensive configuration (with an absolute reduction of 15.84
€/MWh from an LCOH of 94.67 to 78.83 €/MWh. Similarly, the configuration with the lowest economic
risk has an 8% lower standard deviation than the configuration with the highest risk (with an absolute
reduction of 0.18 €/MWh moving from a standard deviation of 2.36 to 2.18 €/MWh)

2. There is a tradeoff between average cost and economic risk.

Especially in the general model, a tradeoff exists between minimizing average system costs and
minimizing system risks. Here, a clear pattern emerges which transitions from system configurations
with a low mean LCOH and high standard deviation to configurations with high mean LCOH and low
standard deviation. It is also evident in the case study: in both B1 and B2 configurations, as more HPs
are added to the system, mean LCOH increases but standard deviation decreases. The configurations
with high costs and low risks are generally those with more technologies and greater installed capacity.
It is notable that configurations with low cost and high risk may still perform better than the those with
high cost and low risk even when the economic risk is accounted for. For example, in the case study,
the worst case LCOH for configuration B1 which has low cost and high risk (calculated as mean LCOH
plus the standard deviation: 81.07 + 2.36 = 83.43 €/MWh ) is still lower than the best case LCOH for
configuration B1 + Air HP + WWTP HP which has high cost and lower risk (calculated as mean LCOH
minus the standard deviation: 94.67 - 2.34 =92.33 €/MWh ).

3. Industrial WH is beneficial to the techno-economic performance of DH systems.

Under the assumptions made, the inclusion of an industrial WH source in the DH system leads to a
reduction in cost and often also a reduction in economic risk. In comparing AH and WH configurations
across base configurations in the general model, configurations with industrial WH almost always had
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a lower cost than configurations without, and in over half the base configurations, also a lower standard
deviation, with the difference being very marked in some cases. In the case study, all base scenario 2
configurations, which have WH from the iron foundry, have a lower LCOH and standard deviation
compared to their counterpart configuration under base scenario 1. This is because the industrial WH
serves as a stable, low-cost heat source across energy price scenarios. The reduction in standard
deviation despite the presence of industrial WH and the associated uncertainty in its future availability,
also indicates that the WH cessation scenarios have a smaller influence compared to energy price
scenarios.

4. Assumptions related to modelling of industrial WH are important.

The above-mentioned benefits of industrial WH in DH systems are largely connected to the
assumptions made concerning industrial WH. Specifically, these are: the relatively low industrial WH
price, the lack of variation in the price of industrial WH across energy price scenarios, and the relatively
low annual WH cessation probability. The relatively low cost and stability across energy price scenarios
contribute to both the lower mean LCOH and standard deviation, while the low WH cessation
probability contributes to the low standard deviation. Thus, it is important to recognize the implications
of these assumptions and their weight in influencing the model outcomes.

This was considered through the sensitivity analyses concerning industrial WH prices, which indicated
that the WH price directly influences LCOH and standard deviation. Specifically, the sensitivity analysis
of LCOH to WH price in the general model and case study present the same patterns:

e Anincrease in WH price leads to an increase in mean LCOH,

e Theincrease in mean LCOH is initially steeper for the same change in WH price due to increased
OPEX of the industrial WH, but then flattens out due to competition with other heat sources at
higher prices and the replacement of WH with cheaper alternatives, reducing the impact of
increased WH OPEX costs, and

e Systems with a greater number of HPs are less sensitive to WH prices.

In relation to standard deviation, the sensitivity analysis in both the general model and case study
indicated that a reduction in industrial WH price relative to the base price of 20 €/MWh increased
standard deviation. However, the effects of an increase in industrial WH price varied.

5. High abundance and low prices of biomass reduce average costs.

In both the general model and case study, it is evident that the assumed unlimited availability of
biomass (only limited by the capacity of the biomass HOBs) and relatively low biomass prices (ranging
from 30-45 €/MWh and 20-35 €/MWh in the general model and case study respectively) led to lower
average costs for the DH systems. In the general model, base configurations with only the biomass HOB
and electric HOB (base configurations 1-3) or only a biomass HOB (base configuration 18) have the
lowest mean LCOHSs across all system configurations studied. In the case study, there is a heavy reliance
on biomass across all configurations, with the biomass HOB supplying over 80% of heat in all B1
configurations and over 65% of heat in all B2 configurations. This is due to the large capacity of biomass
HOB, assumed unlimited fuel availability, and relatively low fuel cost. Moreover, when looking at the
biomass restriction scenarios, as biomass use increase, mean LCOH decreases for all configurations
analyzed. This highlights how the assumed high abundance and low cost of biomass leads to lower
average costs.
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6. Increased supply side flexibility reduces economic risks.

Greater supply side flexibility though a larger and more diversified heat source portfolio leads to
increased robustness of the DH system in the face of future uncertainties, not only in relation to energy
prices and WH availability, but also WH prices and biomass availability. This is evident in the general
model as:

e Base configurations with more technologies and/or greater installed capacities have lower
standard deviation and lower variation across AH and WH configurations,

e Configurations with more HPs are less sensitive to changes in WH price, and

e The AH and WH configurations with lowest standard deviation across most base configurations
is AH and WH configuration P which has all AH and WH sources.

The benefits of supply side flexibility are evident in the case study in that:

e Inclusion of HPs or industrial WH lead to a reduction in standard deviation,

e B2 configurations with more HPs are less sensitive to changes in WH price, and

e As biomass restriction increases, systems with more HPs become competitive and have a
lower mean LCOH.

7. AH and WH supply technologies generally lead to lower economic risk.

The presence of AH and WH sources in the system configuration results in lower standard deviation. In
the case study, B2 configurations (with industrial WH) have a lower standard deviation than B1
configurations (with no industrial WH). Furthermore, within the B1 or B2 scenario, standard deviation
is lower the more HPs are in the system. In the general model, configurations with AH and/or WH
sources generally have lower standard deviation compared to configuration A, which has no AH or WH
sources. However, this is not always the case as the base configurations are also influential and the
effect of including additional AH and WH sources in the DH system varies across base configurations.
Additionally, AH and WH configuration C, which consists of the datacenter HP, has a notably high
standard deviation across base configurations.

There are also differences that become apparent when comparing the results of the general model and
case study which are noteworthy:

8. Input data strongly influences results.

The input data for energy prices, CAPEX and OPEX varied between the general model and case study
and had a direct impact on the results. For example, configurations with additional HPs in the case study
even saw an increase in operational costs due to high fixed OPEX costs. Similarly, the range for biomass
prices was lower in the case study (20-35 €/MWh) compared to in the general model (30-45 €/MWh)
making the biomass HOB the dominant heat source in the general model. Furthermore, electricity
prices were different in the two models, both in terms of absolute values but also the annual profiles
(e.g., the general model has high prices in winter while the case study has high prices in summer). This
directly influenced the profitability and therefore operating hours of the CHPs and HPs, and thus had a
significant influence on model outcomes.
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9. Inclusion of HPs does not always reduce costs.

Although industrial WH led to cost reductions in both the general model and case study, the effect of
AH with HPs on the mean LCOH varied. While in the general model, the inclusion of HPs in the system
generally resulted in a reduction in mean LCOH, in the case study, the inclusion of an additional HP
always led to an increase in mean LCOH. In the case study, there was even an increase in OPEX costs
with the addition of HPs due to high fixed operational costs. However, it is notable that in the general
model, in the five base configurations where AH and WH configuration A (no AH or WH) is not the most
expensive, the AH and WH configurations that are more expensive are AH and WH configurations M
(air HP and WWTP HP), O (air HP, WWTP HP, and datacenter HP), and occasionally | (air HP). This shows
that across some base configurations in the general model, AH and WH configurations with HPs were
also more expensive. This indicates that the effect is dependent on what other technologies are in the
system. Furthermore, it is important to note that HP operation and performance depends on the
electricity price and heat demand profile model inputs. This is also an influential factor for the
difference in HP performance between the general model and case study.

10. HP COP strongly influences average cost.

Results of the general model indicate that the HP COP has a strong influence on average cost. For each
base configuration, when comparing AH and WH configurations | (Air HP), E (WWTP HP) and C
(Datacenter HP), which have progressively higher average COPs, the mean LCOH decreases with
increasing COP. Specifically, the average COP of the air HP, WWTP HP, and Datacenter HP was 2.52,
2.84, and 4.12, respectively. The same pattern is also seen when comparing AH and WH configurations
J (Air HP and industrial WH), F (WWTP HP and industrial WH) and | (Datacenter HP and industrial WH).
This is to be expected as a higher COP means the HP can provide more heat for the same amount of
electricity (same cost). However, in the case study, very little to no variation is seen in the mean LCOH
of system configurations with the air HP compared to that of those with the WWTP HP. This is probably
related to the low variation in average COP across the two HPs in the case study (with an average COP
of 3.10 and 3.21 for the air HP and WWTP HP respectively), as well as the influence of OPEX and CAPEX
data which was similar for the two HPs in the case study. Additionally, the variation in electricity price
profiles between the general model and case study also has an influence on the cost of the HPs.

11. Datacenter HP leads to high economic risk.

Another difference between results is that in the general model, AH and WH configuration C
(datacenter HP), often has one of the highest standard deviations when comparing AH and WH
configurations across base configurations. In contrast, in the case study, the additional inclusion of all
AH or WH sources analyzed (air HP, WWTP HP, and iron foundry WH) all led to a reduction in standard
deviation compared to a system with no AH or WH sources. However, the datacenter HP is a unique
source as it is impacted both by the WH cessation scenarios and energy price scenarios. Furthermore,
it has a high COP and can therefore offer relatively cheap heat at low electricity prices compared to a
system without it.

12. Impact of additional AH and WH sources varies with system configuration.

Additionally, in the general model, there was a variation in the effect of AH and WH configurations on
the mean LCOH and standard deviation across base configurations. However, in the case study, the HP
variations on the two base scenarios analyzed had a similar effect both on mean LCOH and standard
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deviation. However, this is largely due to a much larger quantity and variety of system configurations
analyzed in the general model. In the case study, the two base scenarios were similar in that both
included of a large biomass HOB and CHP. Furthermore, it is important to note that in the case study,
base scenario 2 already included industrial WH as one of the heat sources in the system configuration,
and only the addition of HPs (AH) was varied equally across the two scenarios. Thus, the variation across
base configurations in the general model and base scenarios in the case study are not necessarily
directly comparable.

5.2 RESULTS IN THE CONTEXT OF LITERATURE

This thesis provides a techno-economic analysis of the employment of AH and WH as heat sources for
DH networks. It compares various types of AH and WH sources and the performance of decarbonized
DH systems with and without them. Furthermore, it accounts for the economic risk arising from
uncertainty in the future development of energy prices and WH availability. It is unique relative to other
studies in that it focuses specifically on AH and WH, analyzes these sources on a general level, and
guantifies the economic risk of DH systems with AH and WH. While the focus of this analysis is different
from other studies, it is important to consider the results in the context of existing literature on the
techno-economic performance of AH and WH sources, either individually or as part of a DH system, or
uncertainties and economic risk within DH systems. This section provides this contextual analysis.

In conducting this comparison, it becomes evident that there are various points of agreement between
the key findings of this work and existing literature:

Both the general model and case study indicate that the DH system configuration has a strong influence
on average cost and economic risk. The importance of the DH system configuration is supported by the
results of the various studies which also compare different technology combinations and find that
techno-economic performance varies across them. For example, Kontu et al. found varying average
heat production costs across DH systems with HPs depending on the DH network size and the other
technologies found in the system [4]. As another example, Yang et al. compared the LCOH of a DH
system supplied by a ground source HP, natural gas boiler, biomass boiler, or electric boiler with and
without thermal storage, and found the LCOH was dependent on the system configuration [20].

The tradeoff between average cost and economic risk found in the results of this work, is mirrored in
the results of Kienzle et al. [42]. Specifically, they found that the inclusion of storage, DSM or both in
an energy hub led to increased investment costs but also reduced the economic risk (measured as
percent standard deviation in the system’s present value).

Additionally, the cost effectiveness of WH as a heat source for DH systems, is widely present in techno-
economic analyses on WH. Bihler et al., Pakere et al., Morandin et al., and Su et al. all found WH sources
in DH systems to be profitable [5], [6], [22], [23]. Pakere even found a lower LCOH for systems with WH
compared to the reference scenario without, just like in the results of the case study and general model
for configurations with industrial WH. Similarly, Morandin found WH from the petrochemical sector to
be profitable even with an assumed decrease in availability due to greater internal heat recovery, just
as configurations with industrial WH were profitable despite the WH cessation scenarios modelled in
this work. However, Spirito et al., found that DH systems with steelwork WH had higher investment
costs due to the investment in the HPs that needed to be coupled to the steelwork [21].
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The benefits of increased supply side flexibility for having DH systems that are resilient to uncertainties
in the future development of key factors, indicated by the results of both the general model and case
study, is also widely reported in the literature. Fitd et al.’s results showed that a centralized DH heating
system with various supply sources was more robust to changes in heating demand, HP COPs, and
carbon constraints compared to a decentralized individual heat system with decentralized PV and HPs
[3]. Similarly, Marx et al. found that an interregional DH network was more robust compared to an
individual heating system(evidenced in a lower spread in LCOH). This was because the DH network
could make use of different technologies in the face of varying electricity prices depending on which
was the most cost effective [18]. Maribu and Fleten argue that CHPs are attractive heat sources because
of their ability to respond to high electricity prices [27]. This is directly evident in comparing heat
production share across energy price scenarios in the case study (see section 4.2.2). As energy prices
increase, the operation of the CHP increases and, in some scenarios, it even makes a net revenue due
to high electricity prices. In addition, studies have shown that supply side flexibility in DH systems is not
only beneficial for the heating system but also the electricity system. Both Fambri et al. and @stergaard
et al. find that through coupling the electricity and heat sectors, HPs can bring additional flexibility to
the electricity grid and increase renewable energy integration, which will be increasingly relevant with
a greater number of intermittent renewable electricity sources in the future [7], [9].

The importance of energy prices and input data, highlighted by differences between the general model
and case study, as well as the greater weight of energy price scenarios compared to WH cessation
scenarios in influencing standard deviation, is also reflected in the findings of Zhang et al. [35].
Specifically, they found that the performance of DH systems was most sensitive to changes in heat
demand and electricity prices while that of individual heating systems was most sensitive to equipment
efficiency and investment costs. The importance of electricity prices for DH systems links to the energy
price scenarios and maximum and minimum electricity price profiles included in the models, while that
of efficiency and investment costs to input data on technical and economic parameters.

Studies on the integration of HPs in DH networks found that the COP plays a key role in determining
operation and costs associated with HPs. In analyzing the performance of drinking water, WWTP and
sea water HPs in Copenhagen’s DH network, Bach et al. found that lower COPs led to higher operational
costs and reduced operation [8]. Furthermore, Fité et al. found that alongside heating demand, HP COP
was one of the two parameters with the greatest effect on total cost of the heating systems analyzed
[3]. Thisis also seen in the general model since for each base configuration, AH and WH configurations
with just an air HP, WWTP HP, or datacenter HP (which have a progressively higher average COP) have
a progressively lower mean LCOH. The same pattern is evident for AH and WH configurations with
industrial WH and just an air HP, WWTP HP, or datacenter HP.

The variation in economic attractiveness of system configurations with HPs, found in comparing the
general model and case study, as well as comparing different AH and WH configurations within the
general model, is reflected in the lack of consensus on the profitability of HPs in existing literature. For
example, while Fambri et al. found that groundwater-based HPs in Turin’s DH network not only help
balance the electricity distribution network but are profitable even without any incentives for flexibility,
@stergaard et al. found that a DH system with seawater HPs and storage increased renewable energy
integration but were less profitable compared to a biomass based DH system [7], [9]. Kontu et al.’s
results indicate that HPs are more profitable in small DH systems with just a HOB than in medium- to
large-scale DH systems with HOBs and CHPs [4]. This variation in profitability depending on system
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configuration and size is also seen in the wide variation in mean LCOH across configurations in the
general model. Furthermore, Kontu et al. found that HPs reduce variable costs in all configurations
studied. This is reflected in the general model, where AH and WH configurations with HPs often have a
lower mean LCOH relative to a system with no AH or WH, indicating that reductions in OPEX associated
with the HPs outweigh the additional CAPEX costs. However, the case study indicated higher average
costs for systems with HPs.

Finally, regardless of exactly which input parameters or technologies were varied, studies with a focus
on uncertainty modelling, agree that uncertainty modelling allows for the inclusion of more information
and knowledge, as well as the quantification and consideration of economic risks associated with
heating technologies and systems (see section 2.2). Furthermore, the failure to account for uncertainty
can lead to an overestimation of potential cost savings[29]. The importance and value of uncertainty
modeling is also apparent in the results of this thesis as LCOH varies across energy scenarios and WH
cessation scenarios. This demonstrates that these parameters have an impact on the techno-economic
performance of DH systems and that the uncertainty associated with their future development leads
to an economic risk. Moreover, the magnitude of this risk, measured through the standard deviation,
varies widely across configurations in the general model and not accounting for them may lead to an
underestimation of mean LCOH. It is therefore important to take these uncertainties into account in
designing resilient DH decarbonization strategies.

There are also instances where the results of the study do not agree with those within the literature:

Firstly, there were differences in the perceived relationship between HPs and industrial WH. Yuan et al.
argued that there is a tradeoff between HPs and industrial WH because HPs support renewable energy
integration in the electricity grid but have high costs while industrial WH does not lead to greater
renewable energy integration but has lower costs [17]. Although, this study did not consider renewable
integration as a KPI, results from the general model do not show a tradeoff between HPs and industrial
WH in terms of cost. Rather, a mix of the two leads to a decrease mean LCOH. This is evident that AH
and WH configurations with both industrial WH and HPs always perform better than AH and WH
configuration A which has no AH or WH. However, in the case study industrial WH reduces mean LCOH
while HPs increase mean LCOH. Nonetheless, results from both the general model and cased study
indicate a reduction in economic risk is associated with the combination of both heat sources, with AH
and WH configuration P (air HP, WWTP HP, datacenter HP and industrial WH) often having the lowest
standard deviation across base configurations in the general model, and the system with the iron
foundry WH, air HP and WWTP HP having the lowest standard deviation in the case study.

Secondly, results regarding the economic risk associated with a datacenter HP in DH systems varied
from those of Volodina et al. Specifically, they found that a DH system with a datacenter HP was more
robust than a system with a CHP or a CHP and datacenter HP [44]. In contrast, results from the general
model indicate that AH and WH configuration C (datacenter HP) often has the highest standard
deviation across base configurations. However, while Volodina et al. considered uncertainty in energy
prices and heat demand, this work considers uncertainty in energy prices and WH availability. The
uncertainty in the datacenter’s future availability increases the economic risk associated with it, which
is not reflected in Volodina et al.’s model.
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5.3 LIMITATIONS

This section discusses limitations identified regarding this thesis. First limitations pertaining to the input
data are considered, followed by those related to the model, and finally, other general limitations are
addressed.

5.3.1 Input Data

General model

Regarding the input data for the general model, technical and economic input data for the heat supply
technologies considered was mainly sourced from the DEA’s catalogue on Technology Data for
Generation of Electricity and District Heating. This ensured consistency across assumptions for the
technologies. However, the DEA data is often based on DH networks with an 80°C supply and 40°C
return temperature while the supply temperature of the DH network modeled in the general model
ranged between 80-100°C. Furthermore, the DEA catalogue only has data on HPs with air, excess heat
(cooling water cooled from 25 to 15°C), and seawater. Therefore, data on an excess heat HP was used
as a proxy for the WWTP HP and datacenter HP. This means that variations in investment, fixed O&M,
and other variable O&M costs that arise from sourcing heat from a WWTP compared to a datacenter,
are not reflected in the model. Furthermore, the DEA catalogue did not have data on heat recovery
from industrial WH. This means data was collected from a different source which may result in
differences in underlying assumptions. Furthermore, investment costs for the industrial WH were not
split between equipment and installation costs and there was no value given for additional variable
O&M costs.

Case study

Regarding input data for the case study, projections of hourly profiles for heating demand, air
temperatures, and DH temperatures for 2050 were not available. Rather, 2021 values were used since
the DH network operator provided hourly demand and DH network temperatures for this year and
using air temperature values for the same year reflected the correlation between air temperature and
heat demand. However, this does not reflect changes in air temperatures and heat demand that will
occur due to climate change. Moreover, since only daily air temperature averages were available for
the case study location, hourly data from a nearby town was used. Similarly, only estimated monthly
averages for the WWTP effluent temperature were available, which leads to a less accurate depiction
of the WWTP HP. Additionally, since projections for electricity prices in 2050 were also not available,
2022 hourly day ahead electricity prices were used. Although this can serve as a proxy for future
electricity prices for electricity networks with a high share of intermittent renewable energy prices due
to the large variation in electricity prices in 2022, it may not be the most accurate estimate.
Furthermore, the correlations between electricity prices and weather are not reflected in the model,
as it is a different year than the air temperature data.

WH cessation probability

Finally, for both the general model and the case study, the probability of WH ceasing to be available is
not directly measurable. Therefore, the probability that a company goes bankrupt each year was
calculated based on historical data and used as a proxy. However, this does not account for variations
across sectors and may not accurately reflect the probability of WH cessation scenarios occurring.
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5.3.2 Model

Limited number of technologies and configurations

A key conclusion from this work is that technical and economic performance is strongly influenced by
the system configuration. Thus, one of the main model limitations is that only a limited number of
configurations and technologies were considered. The inclusion of additional technologies and system
configurations would provide even further insight into the average cost and economic risks associated
with the incorporation of AH and WH sources in DH systems, as well as key patterns and influential
factors. Especially the inclusion of large scale seasonal thermal storage would be interesting because it
greatly increases the flexibility of the DH system and can help optimize the use of AH and WH sources
and maximize the benefits they provide. For example, HPs could be used to charge the storage over
the summer when electricity prices are low due to high solar energy production, and the stored heat
could be used in the winter months with high heating demand. Furthermore, the impact of including
additional renewable heat supply technologies such as geothermal or solar thermal energy would also
be relevant to consider. Additionally, the model did not include a biomethane boiler and the electricity
share of the CHP was fixed. This resulted in limitations since in timesteps with low electricity prices but
high heat demand, the CHP still had to operate to meet demand, even if producing electricity was
unprofitable. Consequently, the CHP plant incurred losses from selling electricity at low prices. In such
situations, it would be advantageous to have a biomethane boiler so that the biomethane can be used
solely to produce heat and no losses are made from electricity production.

Simple representation of technologies

Another limitation of the model is the simple representation of technologies. This was necessary to
minimize the model runtime and enable the risk assessment through modelling of all WH cessation
scenarios for all energy price scenarios. However, it also limited the accuracy of the model. For example,
technology ramp up and ramp down rates, as well as minimum runtime or downtime were not
modelled, even though these are important considerations for the operation of heat supply
technologies in DH networks. Furthermore, the electricity share of the CHP was fixed, which limited the
CHP’s optimal operation as explained previously. Also, the maximum power output from HPs was
calculated based on the HPs electric capacity and COP from temperature differences between the heat
source and the DH network supply temperature, not on the flow rate of water through the HP.

Additionally, the general model included representative AH and WH technologies modelled on a
general level. This is a strength of this work as a techno-economic analysis focusing on AH and WH
supply sources for DH on a general level was lacking in the literature. However, it is also a limitation
since it would also be interesting to understand and compare the performance of a wide variety of
different AH and WH sources on a specific level (e.g., including additional, specific AH and WH sources
like river water or ground sourced HPs or WH from supermarkets and subway tunnels).

Industrial WH

There were also multiple limitations in the way industrial WH and its future availability was modelled.
Temporal changes in industrial WH availability were not considered in the general model (it was
assumed that the full capacity was always available) and only considered to a limited extent for the case
study (only available during the weekdays). This means the temporal mismatch between industrial WH
supply and heat demand was not accounted for, which impacts the profitability of the industrial WH
source [22], [23]. Additionally, in modelling uncertainty in future WH availability, variation across
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sectors was not accounted for. In reality, the WH cessation probability will vary across sectors. For
example, smaller, less established businesses have a higher chance of going bankrupt than large,
established companies. Furthermore, in the WH cessation scenarios, the WH was either fully present
or not. Partial reductions in WH availability or changes in temperature were not considered. However,
this may be the case if industries increase internal heat recovery, increase efficiency, or decarbonize
their processes in such a way that WH temperatures are reduced [6], [50], [55].

Electricity grid

Another limitation is that the electricity grid is not included in the model. This is especially relevant
when considering large increases in electric heating (e.g., through electric HOBs and HPs) as this
increases electricity demand and can puts a significant burden on the electricity grid. Yang et al.
highlight this in their study as they found that electric heating more than doubled the electricity
demand in the case study they considered (Harbin, China) [20].

Simulation not optimization

Another source of limitations in the model is that it was based on simulations rather than optimization.
The use of simulations provided insight into the techno-economic performance of AH and WH as DH
heat sources considering economic risk arising from the uncertainty in the future development of
energy prices and WH availability. It was chosen due to its computational performance allowing for the
uncertainty analysis across energy price scenarios and WH cessation scenarios. However, it also led to
some limitations.

The use of simulations meant that system configurations were determined as inputs for the model. The
different configurations could then be compared to each other by looking at mean LCOH and standard
deviation as indicators of techno-economic performance and patterns across AH and WH
configurations and base configurations could be discerned. However, an optimization model would
allow for the calculation of the optimal system configuration to minimize costs and/or economic risks.

Furthermore, in the one-year simulation, the model steps through hourly timesteps and determines
the optimal technology operation in each timestep based on the economic ranking for each timestep.
It does not have an overview of the entire period that is modelled. This meant that it was difficult to
implement an absolute restriction on the total biomass quantity used, as biomass would have been
used as usual up until the timestep where the available biomass supply was depleted. This would result
in an optimal use of biomass up until the point where the supply was depleted but a non-optimal use
of biomass considering the entire duration of the one-year simulation. For this reason, the biomass
restriction was implemented through an artificial price increase in the economic ranking process.
However, as an optimization model would optimize over the entire study period, it would be possible
to implement such an annual restriction on total biomass quantity and obtain its optimal use
throughout the entire study period.

Optimization over longer time frames (such as one year) is also important for the modelling of the
optimal operation of a large-scale seasonal storage. Seasonal storage was not included as one of the
technologies modelled in this thesis but would be relevant to consider in future analyses.

Representativeness of the one-year model

In the model, the one-year simulation is assumed to be representative for the duration of the twenty-

year study period. Thus, for each year in the study period, the same hourly profile for heating demand,
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temperatures, and electricity prices is used. Similarly, fixed prices for biomass, biomethane, and
industrial WH in the one-year model are constant over the duration of the study period. This fails to
account for variations from year to year, or general trends that may emerge over a longer period.

5.3.3 Other

Consideration of additional uncertainty sources

Another limitation of this study is that uncertainty sources other than uncertainty in energy prices and
WH availability were not considered. This includes for example changes in air temperatures due to
climate changes which would not only impact heating demand in DH networks but also AH availability
for air HPs. Another possible source of uncertainty is changes in DH demand due to retrofitting of
buildings or changes in investment costs for heating technologies.

Consideration of environmental impacts

Additionally, this study did consider the environmental impacts of the configurations analyzed. This is
relevant to fully understand the potential of AH and WH to contributing to the decarbonization of DH
networks. For example, especially for electric heating sources, the electricity mix strongly influences
their potential CO; savings [20].

Mean LCOH and standard deviation as KPIs

Finally, average cost was measured through mean LCOH and economic risk through standard deviation
across energy price and WH cessation scenarios. These KPIs measure the central tendency and
magnitude of the variation in LCOH due to uncertainty in future energy prices and WH availability. The
right-skewed distributions caused by the WH cessation scenarios, are reflected in that the higher LCOH
of scenarios where WH ceases operation led to a higher mean and standard deviation. However, to
better understand the spread of LCOH across scenarios, additional measures could be used. For
instance, the median value or interquartile range can provide insight to where most of the datapoints
lie as these measures are less affected by extreme values. Moreover, to better understand the worst-
case scenario high LCOH values caused by WH cessation, other measures of risk such as value at risk or
conditional value of risk could be used.

5.4 FUTURE OUTLOOK

Many of the limitations identified in section 5.3 are factors that were not accounted for in the model,
all of which present opportunities for further research. This includes the modelling of additional
technologies (i.e., large scale seasonal thermal storage, geothermal energy, or cooling technologies)
and system configurations (i.e., systems with greater share of AH and WH), as well as the more detailed
modelling of heat supply technologies that are included (i.e., considering necessary ramp up and ramp
down times, or more detailed modelling of investment costs which are largely case-specific). Also,
further research on the effect of restricted biomass availability would be highly relevant since
competition across sectors or potential prioritization for higher value applications makes the availability
and cost of biomass for heating purposes highly uncertain in the future. Furthermore, it would also be
interesting to consider different operation strategies other than economic ranking.

This thesis considered uncertainty in future energy prices and WH availability. Future research could
look further into these two factors, for example at the range considered for energy prices, the volatility
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of electricity prices, and the assumption that energy prices are correlated with each other. It could also
consider changes in WH availability across sectors in terms of quantity and quality. Additionally, further
analysis of the definition of the probabilities associated with the energy price scenarios and WH
cessation scenarios could be carried out. The consideration of other uncertainty sources would also be
relevant such as uncertainties in investment costs, variations in heat demand and air temperature due
to climate change, reductions in DH supply temperatures, or variations in heat demand due to
retrofitting of existing buildings.

Furthermore, since the way industrial WH was modelled was key in determining the performance of
system configurations with industrial WH, the modelling of industrial WH is also a potential area for
future research. This includes greater detail in the temporal availability of WH to reflect the temporal
mismatch between heat demand and industrial WH availability, which impacts the effectiveness of
industrial WH as a DH heat source [22], [23]. It also includes the further analysis of how WH availability
may change in the future, considering the effect of industry decarbonization on WH production,
different WH cessation probabilities (across sectors and overall), partial reductions in availability, or
future changes in WH quality (i.e., temperature). Finally, the independence of the price of industrial
WH to changes in energy price scenarios may also be an area of further investigation.

An additional possibility for future research is the replication of the study on a closer timescale or
modelling of decarbonization pathways from now up to 2050, accounting for intermediate
decarbonization targets (e.g.,, 80% by 2040) and existing assets. Also, the consideration of the
environmental impacts of different system configurations is relevant for understanding the potential
of different strategies for contributing to decarbonization of the heating sector. The application of the
model developed in this thesis to additional case studies would also be interesting for understanding
the techno-economic performance and economic risk associated with decarbonization plans for real
DH networks. Additional research could also be done in comparing DH systems with AH and WH sources
to individual heating systems or considering the impacts of demand side flexibility in addition to supply
side flexibility.

Finally, an important area for future research is the use of optimization rather than simulation. A similar
study utilizing optimization would allow for:

o A further understanding of which system configurations and operation strategies are optimal
for minimizing costs and/or economic risk, considering both investment and operational costs,

e Modelling of the optimal allocation of limited fuels for heat production from CHP plants or
HOBs using biomethane or biomass as a fuel source, and

e Understanding and modelling of the optimal operation of large-scale seasonal thermal storage
to support the integration of AH and WH in DH networks.

Understanding optimal operation of technologies with limited fuel availability over the study period or
of a seasonal storage is difficult to do through simulation as an overview over the entire study period
is needed to determine the optimal timesteps for using biomass fueled heat sources or thermal
storage. Nonetheless this is key due to the high uncertainty regarding biomass availability and cost in
the future, as well as the large potential of thermal energy storage to increase the flexibility of heat
systems and make the most of varying supply sources. This makes optimization a key focus for future
research.
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5.5 INSIGHTS AND RECOMMENDATIONS FOR STAKEHOLDERS

The results of this thesis highlight that the implementation of renewable heat supply technologies, such
as AH and WH, in DH systems is subject to economic risks. These risks stem from increased coupling
with energy markets and the associated uncertainty in future energy prices, as well as the reliance on
WH sources with uncertain future availability. However, they also have the potential for contributing
to the resilient decarbonization of DH systems and possibly to reduced costs. Therefore, the findings of
this work are relevant for a wide range of stakeholders: not only the DH network operators, but also
end users relying on DH, companies and industries producing WH, and governments that aim to support
the decarbonization of the heating sector.

DH network operators

For DH network operators, a key research outcome is that uncertainties in the development of key
factors lead to economic risks that impact the techno-economic performance of the DH system.
Furthermore, the DH system configuration strongly influences the techno-economic performance and
magnitude of economic risk associated with the DH system. Thus, in planning the decarbonization of
their DH network, the careful consideration of different heat supply technologies and system
configurations accounting for uncertainty is highly beneficial. To do so, a methodology or model such
as the one developed in this thesis can serve as a useful tool. Furthermore, results indicate that AH and
WH sources are attractive heat sources as they can lead to reduced average costs and economic risk.
Also, a diversified portfolio and increased supply side flexibility can increase resilience to future
uncertainties. However, exact results are largely dependent on the system configuration as well as input
data, therefore it is advisable to conduct an analysis specific to the DH network in question.

DH end-users

End-users can benefit from the realization of DH networks that are resilient in the face of uncertainties,
as it can ultimately lead to improved security and affordability of heat supply.

WH providers

For companies and industries producing WH, this study highlights the potential for collaborations with
DH networks. As evidenced by the results, a fixed WH price that is stable across energy price scenarios
provides significant benefits for the DH network operators, evidenced in the lower mean LCOH and
standard deviation for configurations with WH. This shows companies and industries producing WH
that their WH can be sold as a valuable product and act as an additional source of revenue rather than
being dissipated in the environment. However, as the sensitivity analysis to WH prices indicated, the
WH must be offered at a competitive price for it to be attractive to DH network operators. Furthermore,
potential WH cessation has an impact on costs and economic risk and may deter DH operators from
considering WH as a heat source. Thus, offering a guarantee of continued supply (to the extent possible)
may increase the attractiveness of WH for DH network operators.

Governments

Finally, for governments that aim to advance the transition to decarbonized DH systems, it is evident
that to successfully realize the transition, it is necessary to tackle the risks arising from uncertainty in
future energy prices and waste heat availability. Therefore, policy tools should be set in place to:
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1.

Increase awareness and consideration of risks. Policy should ensure that there is awareness
that these risks exist and that these risks are considered in the planning of future DH system.
This could be implemented for example by requiring DH companies to make a decarbonization
plan that considers and accounts for economic risks arising from uncertainties in the future
development of key factors.

Support risk management. With the acknowledgment that these risks exist, policy tools should
be setin place that support risk management. For example, the French government established
a guarantee fund for geothermal operations to support risk management for deep geothermal
drilling. The fund is co-financed by the government and project beneficiaries. It provides
financial compensation to the beneficiaries in the event of a failure in either the quality or
quantity of the geothermal resource [62], [63]. By sharing the financial burden of potential
losses, a fund such as this once encourages investments in renewable energy sources despite
the risks associated with it. A similar fund could be set up for DH companies using WH sources,
to reduce the risk posed by potential WH cessation.

Support DH system diversification. Results indicated that system diversification and increased
supply side flexibility leads to greater robustness of DH systems. However, due to the tradeoff
between cost and risk, these options are often more expensive. Thus, offering support for
system diversification could be a beneficial in reducing economic risks associated with DH
systems.

Limit reliance on biomass. As the case study highlighted, the assumption that biomass will be
available for DH at a low cost, can make biomass fueled heat supply technologies appear as
attractive low-cost and low-risk heat sources. However, due to competition with other sectors
and prioritization for higher value applications, there is uncertainty in the cost and availability
of biomass for DH in the future. Therefore, policy measures should limit reliance of biomass in
DH networks. For example, German regulations limit the contribution of biomass to a maximum
of 25% of annual heat supply in new DH networks extending over 50 km, effective as of January
1, 2024 [64].
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6 CONCLUSION

The heating sector makes up a large portion of final energy demand and is heavily reliant on fossil fuels.
Therefore, its decarbonization is incredibly relevant for achieving climate neutrality and mitigating the
negative effects of climate change. DH networks have a strong potential to contribute to this, since they
enable the implementation of sustainable heating solutions on a large scale and the use of heat sources
that are difficult to integrate on a small scale. This includes AH and WH, which are heat sources with
large, untapped potential. However, a comprehensive analysis of the technical and economic
performance of DH systems with AH and WH was missing in existing literature. Furthermore, AH and
WH sources are subject to economic risks arising from uncertainty surrounding the future development
of key factors, such as energy prices and WH availability, but a quantification of these risks was also
missing from the literature. Accordingly, this thesis evaluated the technical and economic performance
of AH and WH sources employed for the resilient decarbonization of DH networks considering
economic risks due to uncertainty in future energy prices and WH availability.

This was achieved by developing a model to simulate DH systems with and without AH and WH sources
and evaluate their LCOH in the context of a general model and a case study application for a small city
in northwestern Poland. For each system configuration analyzed, the DH system was simulated for all
possible WH cessation scenarios for each of the one hundred energy price scenarios considered. Each
LCOH was assigned a weight based on the probability of the WH cessation scenario and energy price
scenario occurring. The mean LCOH and standard deviation across the results for each system
configuration were used to measure the central tendency and magnitude of the variation in LCOH due
to uncertainty in future energy prices and WH availability. This provided an indication of average cost
and associated economic risk across the configurations analyzed.

A main conclusion is that the DH system configuration plays a key role in determining the average cost
and economic risk of the DH system. Furthermore, results indicated that a tradeoff exists between
minimizing average cost and minimizing economic risk. The presence of industrial WH proved to be
beneficial to the techno-economic performance of DH systems, leading to reduced mean LCOH and
often also a reduction in standard deviation. However, this is largely due to the assumptions concerning
the modelling of industrial WH. Namely: the relatively low industrial WH price, the lack of variation in
the price of industrial WH across energy price scenarios, and the relatively low annual WH cessation
probability. Results also evidence that increased supply side flexibility, through a greater variety and
installed capacity of heat supply sources, leads to reduced economic risk in the face of future
uncertainties. The inclusion of AH and WH sources also generally led to reduced economic risk both in
the general model and case study. However, it is important to note that results are directly influenced
by the input data for the model.

Key directions for future research are the consideration of a greater variety of heat supply technologies
and DH system configurations, as well as increased detail in the representation of the technologies and
DH system in the model. Additionally, further research into other uncertainties in the future
development of key factors can further the understanding of economic risks that arise from these
uncertainties and the resilience of DH systems in the face of them. Another relevant direction for future
research is the use of optimization rather than simulation, allowing for the identification optimal
configurations to minimize costs and/or economic risks, as well as modelling the optimal operation of
large scale seasonal thermal storage and biomass-based heat supply technologies under restricted fuel
availability.
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The principal insight for stakeholders in planning the resilient decarbonization of DH systems is the
importance of the careful consideration of different heat supply technologies and DH system
configurations, accounting for uncertainty surrounding future developments in key factors like energy
prices and WH availability. The model developed in this thesis exemplifies an effective tool for such
analyses and offers valuable insight into key patterns that emerge when incorporating AH and WH in
DH systems. However, as outcomes largely depend on the system configuration and input data for the
model, it is important to conduct an analysis specific to the DH system in question.
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APPENDIX A: GENERAL MODEL ADDITIONAL FIGURES

1 S
ol
B>
E]" A [
= >3
= >
Eﬁ- M Aﬂ. [ >
44

5 A A > » x | ©
™ 51 b1 Bp
g A . v ¥
St ol o
S 41 N Y O o o°
Y O o 0 *
W

50 EIO 70 a0 a0 160 1]|.D 120 130 140
Mean LCOH [€/MWHh]

CONFIGURATION LEGEND

Base configuration: CHP, biomass boiler (BMB), electric boiler (ELB) and capacity in MWy, (0: 00, 33: @00, 67: @80, or 100: 08 @)

A 1:CHPooO BMBeco ELBeec B 4:CHPecO BMBoOO ELBee0 4 7:CHPe0O BMBesoELBOOO * 10: CHPeeo BMBooO ELB#0O 4 13: CHPeeO BMBeco ELBecO # 16: CHPeeO BMVBeeo ELBeOO
¥ 2:CHPoco BMBeeOELBeoC @ 5:CHPecoBMBeco ELBecO & 8:CHPeoo BMBeeoELBeco & 11:CHPeeoBMBOOO ELBeeo e 14:CHPeeo BMBecOELBeec @ 17.CHPeeO BMBeeCELBeeO
4 3:CHPoOO BMBesOELBeeO % 6:CHPe0O BMBeOO ELBee0 @ 9:CHPe0O BMBesOELBeeo 4 12:CHPee0BMBeoO ELBOOO 4 15:CHPeeO BVIBeeo ELBOOO M 18: CHPOOO BMBee e ELBOGO

Ambient and waste heat configuration: industrial waste heat (IWH), datacenter heat pump (DHP), wastewater heat pump (WHP), and/or air
heat pump (AHP), with 10 MWy, capacity if present
[0 A:None [ C:DHP I E: WHP [ G: WHP, DHP [ I: AHP ] K: AHP, DHP, B M: AHP, WHP B O: AHP, WHP, DHP

[ B:IWH [0 D:DHP,IWH [ F:WHP,IWH [] H.WHP,DHP,IWH [ J:AHP,IWH [] L AHP,DHP,IWH [ N:AHP, WHP,IWH [l P: AHP, WHP, DHP, IWH

Figure A.1 Weighted average levelized cost of heat (LCOH) and standard deviation for each of the configurations analyzed for
the general model. The base configuration is indicated by the shape and the ambient and waste heat configuration by the color.
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CONFIGURATION LEGEND
Base configuration: CHP, biomass boiler (BMB), electric boiler (ELB) and capacity in MWy, (0: &0, 33: @00, 67: @8, or 100: e e @)

A 1:CHPooO BMBeco ELBeeo b 4:CHP®0O BMBOCO ELBee0 4 7: CHPeoO BMBeeo ELBOOO  * 10: CHPe®0 BMBOOO ELB®0O  # 13: CHPee0 BMBeoO ELBe0O # 16: CHPeeO BMBeeo ELBe0O

¥ 2:CHPocO BMBeeo ELBeCcO @ 5:CHPe0O BMBeOO ELB#0O 4 8: CHPe0O BMBeeC ELBe00 @ 11:CHPee0 BMBOOO ELBee0 + 14:CHPeeCBMBeoOELBeeO @ 17:CHPeeO BMBeeCELBeeO

« 3:CHPoco BMBeeo ELBeec % 6: CHPeOO BMBeoO ELBeec @ 9: CHPeoO BMBeec ELBesc 4 12:CHPeeo BMBeoo ELBooo & 15:CHPeeoBMBeeo ELBooO M 18: CHPooo BMBeee ELBOCO
Ambient and waste heat configuration: industrial waste heat (IWH), datacenter heat pump (DHP), wastewater heat pump (WHP), and/or air

heat pump (AHP), with 10 MWy, capacity if present
[0 A:None [ C:DHP [ E:WHP [ G: WHP, DHP [J 1: AHP [ K: AHP, DHP, W M: AHP, WHP [ O: AHP, WHP, DHP

[ B:IWH [0 D:DHP,IWH [J F:WHP,IWH [] H.WHP,DHP,IWH [@ J:AHP,IWH [ L:AHP,DHP,IWH [ N:AHP, WHP,IWH [l P: AHP, WHP, DHP, IWH
Figure A.2 Weighted average levelized cost of heat (LCOH) and standard deviation (expressed as a percent of mean LCOH) for

each of the configurations analyzed for the general model. There is one plot per ambient heat and waste heat configuration

analyzed, and same axes across plots.
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CONFIGURATION LEGEND

Base configuration: CHP, biomass boiler (BMB), electric boiler (ELB) and capacity in MWy, (0: &0, 33: @00, 67: @8, or 100: e e @)

A 1:CHPooO BMBeco ELBeeo b 4:CHP®0O BMBOCO ELBee0 4 7: CHPeoO BMBeeo ELBOOO  * 10: CHPe®0 BMBOOO ELB®0O  # 13: CHPee0 BMBeoO ELBe0O # 16: CHPeeO BMBeeo ELBe0O
¥ 2:CHPoOO BMBeeO ELBeCC @ 5:CHPe0O BMBeOO ELB#0C 4 B: CHP#0O BMBeeOELBe00 @ 11: CHPee0 BMBOOO ELBe#o « 14:CHPeeOBMBeoOELBesO @ 17:CHPesO BMBeeo ELEseO
« 3:CHPoco BMBeeo ELBeec % 6: CHPeOO BMBeoO ELBeec @ 9: CHPeoO BMBeec ELBesc 4 12:CHPeeo BMBeoo ELBooo & 15:CHPeeoBMBeeo ELBooO M 18: CHPooo BMBeee ELBOCO

Ambient and waste heat configuration: industrial waste heat (IWH), datacenter heat pump (DHP), wastewater heat pump (WHP), and/or air

heat pump (AHP), with 10 MWy, capacity if present
[0 A:None [ C:DHP [ E:WHP [ G: WHP, DHP [J 1: AHP [ K: AHP, DHP, W M: AHP, WHP [ O: AHP, WHP, DHP

[ B:IWH [@ D:DHP,IWH [ F:WHP,IWH [] H.WHP,DHP,IWH [@ J:AHP,IWH [] L:AHP,DHP,IWH [ N:AHP, WHP,IWH [ P: AHP, WHP, DHP, IWH

Figure A.3 Weighted average levelized cost of heat (LCOH) and standard deviation (expressed as a percent of mean LCOH) for
each of the configurations analyzed for the general model. There is one plot per ambient heat and waste heat configuration
analyzed, and different axes across plots.
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CONFIGURATION LEGEND

Base configuration: CHP, biomass boiler (BMB), electric boiler (ELB) and capacity in MWy, (0: 0G0, 33: @00, 67: @80, or 100: e e @)

A 1:CHPOOO BMBecO ELBe#0 B 4: CHPe0O BMBOOO ELB#e0 4 7: CHP#0O BMBe#0 ELBOOO * 10: CHP##0BMBOOO ELB#00 4 13: CHPeeo BMBe0O ELBe0O ¥ 16: CHPe#o BMBe 0 ELBe0O
¥ 2:CHPoOC BMBeeOELBecO @ 5:CHPeOO BMB#COELB#OO 4 8:CHP#OOBMBeeOELBeCO ® 11:CHPe#0BMBOOC ELBe#0 « 14:CHPeeOBMBeCOELBesO @ 17:CHPesc BMBesoELBesO
<« 3:CHPoOC BMBe#OELB##0 % 6: CHPeoO BMBecO ELBes0 @ 9:CHP#OO BMBeeoELBeso 4 12:CHPe#OBMBeoo ELBOOO 4 15:CHPeec BMBesoELBoco M 18: CHPOGO BMBess ELBOOO

Ambient and waste heat configuration: industrial waste heat (IWH), datacenter heat pump (DHP), wastewater heat pump (WHP), and/or air
heat pump (AHP), with 10 MWy, capacity if present
[J B:IWH [ D:DHP,IWH [ F:WHP,IWH [ H.WHP,DHP, IWH [@ J:AHP,IWH [] L:AHP,DHP,IWH [ N:AHP, WHP,IWH [l P:AHP, WHP, DHP, IWH

Figure A.4 Sensitivity of the mean levelized cost of heat (LCOH) to variations in industrial waste (WH) prices (expressed as
percent change in SD relative to the SD with a WH price of 20 €/MWh), plotted per base configuration.
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CONFIGURATION LEGEND

Base configuration: CHP, biomass boiler (BMB), electric boiler (ELB) and capacity in MW, (0: ©C0, 33: @00, 67: @82, or 100: e & @)

A 1:CHPooO BMBeco ELBeeo B 4: CHPe0oO BMBOOO ELBeeo 4 7: CHPe0O BMBeeo ELBOOO % 10: CHPe#0 BMBOOO ELB#00 4 13: CHPeeo BMBeoO ELB#cO # 16: CHPeeo BMBeeo ELBecO
¥ 2:CHPcoc BMBeec ELBeco @ 5:CHPeoo BMBeco ELBeco 4 8:CHPeoo BMBescELBeco e 11:CHPesoBMBocoELBeso = 14:CHPeecBMBecoELBseo @ 17:CHPeecBMBescELBeso
4 3:CHPooO BMBesOELBeeCo % 6:CHPeoO BMBeCO ELBee0 @ 9: CHP#OO BMBeeo ELBeec 4 12: CHPeeO BMBeoo ELBOOC & 15: CHPeeOBMBeeo ELBoco M 18: CHPOCO BMBeee ELBOOO

Ambient and waste heat configuration: industrial waste heat (IWH), datacenter heat pump (DHP), wastewater heat pump (WHP), and/or air
heat pump (AHP), with 10 MWy, capacity if present
[J B:IWH [ D:DHP,IWH [ F:WHP,IWH [] H. WHP,DHP,IWH [@ J:AHP,IWH [] L:AHP,DHP,IWH [l N:AHP, WHP,IWH [l P:AHP, WHP, DHP, IWH

Figure A.5 Sensitivity of standard deviation (SD) of the mean levelized cost of heat (LCOH) to variations in industrial waste (WH)
prices (expressed as percent change in SD relative to the SD with a WH price of 20 €/MWh), plotted per base configuration.
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APPENDIX B: CASE STUDY MODEL ADDITIONAL FIGURES
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Figure B.1 Heat output per technology and levelized cost of heat (LCOH) broken down into capital expenditure (CAPEX) and
operation expenditure (OPEX) across energy scenarios for system configurations in scenario B1.
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Figure B.2 Heat output per technology and levelized cost of heat (LCOH) broken down into capital expenditure (CAPEX) and
operation expenditure (OPEX) across energy scenarios for system configurations in scenario B2. The asterisk (*) indicates high
price scenarios where the CHP has a net revenue (negative OPEX) which is not shown.
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Figure B.3 Plots showing price lambda vs. levelized cost of heat (LCOH) and histogram of weighted LCOH for each energy price
scenario and each WH cessation scenario modelled for the eight system configurations in the case study.
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Figure B.4 Hourly heat production per technology for the eight system configurations in the case study in an average price

scenario (price lambda of 0.505) and no waste heat cessation for the iron foundry under the low biomass restriction scenario
(biomass multiplication factor: 2).

98



B1 B2

—
~

=

r~

=
o

=

o

-3}
3

ES

Heat produced [MWh]
(=2l
IS

Heat produced [MWh]
[=2]

o
[N}

Hour of the year[h] Hour of the year[h]

B1 + Air HP B2 + Air HP

[
~

=

r~o

=
o

=

o

3}
-3

~

Heat produced [MwWh]
(=]
IS

Heat produced [MWh]
(2]

[}
[N}

Hour of the year[h] Hour of the year[h]

B1+ WWTP HP B2 + WWTP

—
N

=

[}

=
S}

=

o

3}
o

~

Heat produced [MWh]
[=a]
IS

Heat produced [MWh]
(2]

o
S}

Hour of the year[h] Hour of the year[h]

B1 + Air HP + WWTP HP B2 + Air HP + WWTP HP

—
~

=

r~

=
S}

=

o

-3}
3

IS

Heat produced [Mwh)]
[l
IS

Heat produced [MwWh]
[ea]

o
[N}

Hour of the year[h] Hour of the year[h]

M Biomass HOB ®CHP ®AirHP ®WWTPHP  ® Industrial WH

Figure B.5 Hourly heat production per technology for the eight system configurations in the case study in an average price
scenario (price lambda of 0.505) and no waste heat cessation for the iron foundry under the medium biomass restriction
scenario (biomass multiplication factor: 3).
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Figure B.6 Hourly heat production per technology for the eight system configurations in the case study in an average price

scenario (price lambda of 0.505) and no waste heat cessation for the iron foundry under the high biomass restriction scenario
(biomass multiplication factor: 4).
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Figure B.7 Hourly heat production per technology for the eight system configurations in the case study in an average price

scenario (price lambda of 0.505) and no waste heat cessation for the iron foundry under the very high biomass restriction
scenario (biomass multiplication factor: 5).
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Figure B.8 Hourly heat production per technology for the eight system configurations in the case study in an average price

scenario (price lambda of 0.505) and no waste heat cessation for the iron foundry under the maximum biomass restriction
scenario (biomass multiplication factor: 10).
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Figure B.9 Mean levelized cost of heat (LCOH) compared to the share of heat production from the biomass HOB as a percent of
total heat production across the eight configurations studied for the case study. Each of the points modelled per system
configuration represents a biomass restriction level (none, low, medium, high, very high, and maximum when moving from high
biomass share to low biomass share). Error bars indicate standard deviation in mean LCOH.
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