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Abstract

With the EU aiming for carbon neutrality by 2050, electricity-based hydrogen pro-
duction via electrolysis is gaining importance. As this process generates excess heat,
waste heat recovery (WHR) from electrolysers presents an opportunity to improve
energy efficiency and lower heating and hydrogen costs. This study investigates
the integration of electrolyser waste heat into Gothenburg’s district heating system
and explores the cost-optimal energy system configuration for 2050. A linear pro-
gramming model was used to minimise the total system cost, considering two types
of electrolysers: Alkaline (AEL) and Proton Exchange Membrane (PEM), as well
as waste heat recovery technologies such as heat exchangers (HX) and heat pumps
(HP). The analysis included scenarios with and without WHR, varied electrolyser
options, and sensitivity analyses.

Results show that WHR reduces system, heat, and hydrogen costs. The model
favoured investments in HX for AEL at 90°C and HPs for AEL/PEM at 80°C,
replacing conventional heat sources. Electrolyser type influenced investment and
operation patterns, though differences in total cost were small. Sensitivity analy-
sis revealed that taxes on power-to-heat (PtH) technologies affect heat production
choices. A tax applied to all PtH technologies increases system costs and the share
of thermal generation, whereas a tax on individual heat pumps yields similar costs
compared to a case without a PtH tax, but eliminates all generation from individual
heat pumps. TES reduces costs, and hydrogen storage improves electrolyser flexi-
bility and reduces the need for peaking heat units.

In conclusion, the results of this thesis show that WHR integration is technically
and economically beneficial to the Gothenburg energy system in 2050. It also high-
lights the importance of technology choices and coordination between hydrogen and
district heating actors.

Keywords: Waste Heat Recovery (WHR), Electrolysers, District Heating, Hydro-
gen Production, Alkaline Electrolyser (AEL), Proton Exchange Membrane (PEM),
Linear Programming, Heat Pumps (HP), Heat Exchangers (HX).
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Nomenclature

Below is the nomenclature of indices, sets, parameters, and variables that have been
used throughout this thesis.

Sets and Indices

Notation Description

E Set of electricity regions

H Set of heating regions

I Set of all technologies

I Set of electricity generation technologies

Lojee Set of electrolyser technologies

Lee, A, Subset of AEL-type electrolysers

Iyap Set of heating technologies producing electricity
Theat Set of heat generation technologies
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L, Set of heating technologies with electricity input
Irgs Set of TES units
T Set of time periods

Parameters and Constants
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a Cost scaling exponent for heat exchanger sizing

Aiabie Reference surface area of heat exchanger

Cyx Cost of heat exchanger per unit of transferred heat capacity
CHx table Reference cost of a standard heat exchanger

CHx, tot Total installed cost of the heat exchanger

Cinv Investment cost of technology i

M Fixed O&M cost of technology i

crun Running (variable) cost of technology i

Clox tax on generation, technology i
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xii

Cost of imported electricity at time ¢
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Notation Description

bgf@ Battery charging in region e at time ¢

bicth Battery discharging in region e at time ¢

Ctot Total system cost to be minimized
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MC%VQg Average marginal cost of hydrogen production
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MC{JQ balance
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Installed capacity of technology i in heating region h
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Charging of TES unit ¢ in region h at time ¢
Discharging of TES unit ¢ in region A at time ¢
Imported electricity in region e at time ¢
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Introduction

In 2019, the European Commission (EC) presented the European Green Deal [1, 2],
which aims to make the European Union (EU) carbon neutral by 2050. Hydrogen
produced through the process of electrolysis, using renewable or nuclear electric-
ity to split water into hydrogen and oxygen, is a strategic technology for reaching
carbon neutrality by 2050. Electricity-based hydrogen can replace fossil-based hy-
drogen for transport and industrial processes, reducing greenhouse gas emissions
and environmental impact. Additionally, it can be used to produce new industrial
products, such as green fertilisers and steel. Hydrogen produced through electrolysis
and with the electricity stemming from renewables such as wind and solar power,
is considered a flexible energy carrier, i.e., the production and storage of hydrogen
allow for managing variations of electricity generation [3, 4].

The REPowerEU Strategy of 2022 [5] set out the aim of producing 10 million tonnes
(i.e., 40 GW of renewable hydrogen electrolysers) in the EU and importing 10 million
tonnes of renewable hydrogen to the EU by 2030. By 2050, renewable hydrogen is
expected to cover around 10% of the EU’s energy needs, significantly decarbonising
energy-intensive industrial processes and the transport sector.

The hydrogen production process through electrolysis also generates excess heat
as a byproduct. This thermal energy, which is currently wasted, represents an op-
portunity for energy recovery and utilisation as electrolyser capacities rise. Figure
1.1 illustrates the potential to utilise thermal energy losses, based on projected re-
coverable heat-loss values for proton-exchange membrane electrolysers (PEM) and
alkaline electrolysers (AEL) in 2050 [6]. It is assumed that 3% of the thermal energy
remains unrecoverable, denoted as Q;c and the rest can be used as a source of waste
heat, Quwpg. More details are covered in Figures 2.1a and 2.1b.
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AE from HHV to LHV

AE from HHV to LHV
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Qwn
Thermal Energy Losses

Qic

Figure 1.1: Sankey diagram displaying electrolyser energy use comparison. The
right side includes WHR, while the left side does not. Thermal energy losses account
for 15.9-19.9%.

Waste heat generated by electrolysers has the potential to supply heat to a diverse
number of applications, such as low-temperature industry processes and building
heating via district heating networks. District heating (DH) is prevalent in north-
ern European countries like Sweden, where 50% of all homes and buildings are
connected to DH networks [7]. Recovering waste heat from electrolysers and inte-
grating it with DHs can boost the decarbonization process in the heating sector,
and concurrently decrease dependency on biomass in this sector.

The potential synergies of electrolysis technologies and associated waste heat po-
tentials and demand are elaborated in a Swedish context under consideration of
national energy and climate plans. The study aims to represent the urban environ-
ment with an existing district heating network and a seasonal heat demand, such as
Northern and Eastern Europe.



1. Introduction

1.1 Aim and Scope

The aim of this project is to investigate the potential and implications of integrating
waste heat from electrolysers into an existing DH network for Gothenburg.

1.1.1 Research Questions

The aim can be achieved by answering the following research questions
o How does waste heat recovery impact the cost-optimal composition of the
energy system in Gothenburg?
o How does the choice of electrolyser influence the operation of heat and hydro-
gen generation, and what are the implications regarding the cost of heat and
hydrogen?

1.2 Limitations

The model used to optimise the total system cost of the energy system of Gothenburg
is a linear programming optimisation model developed in the software GAMS Studio.
To maintain the linear relationships required by the model, several simplifications
were necessary. One such simplification is that electricity prices are predetermined
and introduced into the model through fixed profile curves. While this allows the
model to maintain linearity, it also means these parameters cannot dynamically re-
spond to changes occurring within the modelled system. For instance, a substantial
rise in industrial electricity demand could, in reality, drive up the import price of
electricity. Although this effect is not captured in the model, any demand exceed-
ing the import capacity will require additional investments in domestic electricity
generation.

A particularly significant simplification for the WHR analysis is the fixed Coeffi-
cient of Performance (COP) for heat pumps. In reality, the COP is non-linear and
depends on the temperature difference between the heat source and the heat sink,
as well as the heat pump’s efficiency. Since both the heat pump’s output and the
DH system temperature are variables in the model, their actual relationship with
COP is non-linear. To maintain linearity, the COP is fixed and parameterised in a
profile curve. Heat exchangers can only operate if the waste heat is warmer than
the district heating supply temperature by more than the temperature drop across
the heat exchanger. This availability varies hourly based on temperatures, which is
also simplified in the linear model using a profile curve.

The operation of the electrolysers is limited to their allowable load range, specif-
ically assuming operation at or above minimum load. For Alkaline Electrolysers
(AEL), this means that full shutdowns of the electrolysers are not captured by the
model. This could potentially underestimate the true flexibility of electrolysers if
full shutdowns are feasible in practice. The exclusion of start-up costs is a direct
consequence of not fully modelling shutdown and restart behaviour. Additionally,
the model’s assumption of perfect foresight regarding future electricity prices and
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demands allows for operational patterns that may be more extreme than those in
reality. Real-world operators, facing price uncertainty, would likely use more con-
servative dispatch strategies, potentially leading to an overestimation of the sys-
tem’s flexibility and the cost savings from the resulting operation. Factors such as
degradation costs and thermal inertia for electrolysers and WHR operation are also
excluded, which could mask long-term performance limitations.

While assumptions about the future context of Gothenburg’s energy system in 2050
are necessary, the inherent uncertainty in these long-term projections also represents
a limitation on the certainty of the model’s results.

1.3 Outline

The report is organised as follows. Chapter 2 covers the literature review conducted.
Chapter 3 outlines the background of this work. Chapter 4 presents the methodology
applied in this project. The results are presented in Chapter 5, and they are further
discussed in Chapter 6. Finally, Chapter 7 summarises the conclusions drawn from
the outcomes of this work.



2

Literature review

This section analyses the status and development of electrolysis technologies and
their characteristics, as well as reviews the literature on waste heat recovery from
the hydrogen production process.

2.1 Overview of Electrolysis Technologies

To satisfy future demands for hydrogen, electrolysis powered by renewable energy
sources is considered a key technology for hydrogen production. At present, there
are four main types of electrolysis technologies: alkaline (AEL), proton exchange
membrane (PEM), solid oxide electrolysis cell (SOEC) and anion exchange mem-
brane (AEM) electrolyser technologies. These technologies differ based on various
physical, chemical and electrochemical aspects. Anion exchange membrane electrol-
ysers are at earlier stages of development: they are produced and commercialised,
but still at a small scale. In 2030, according to [8], 84% of electrolyser capacity is
presumed to be alkaline electrolysers (AEL), and 14% proton-exchange membrane
electrolysers (PEM). The remaining 2% is expected to be solid oxide electrolysers
(SOEC). Table 2.1 presents key characteristics of AEL, PEM and SOEC.

The cost of an installed electrolyser system can be divided into three main com-
ponents: the stack, the balance of plant and the installation cost. The stack cost
represents about 50-60% of the uninstalled electrolyser system, with the rest being
the power supply unit (including the rectifier), oxygen separator tank, circulation
pumps, piping, cooling system, valves, piping and various instrumentation, which
is usually referred to as the balance of plant (BoP) [9]. Based on the capacity in-
crease projections by announced projects, mass production and economies of scale,
in particular to the stack, could lead to a decrease in the capital cost of an installed
electrolyser system, with costs declining by 30% by the end of the decade according
to the IEA [10].

The lower heating value (LHV) describes the energy content in hydrogen, excluding
the latent energy content in the steam, which is released in combustion. The LHV
efficiency represents the electrolyser’s ability to convert electrical energy into hydro-
gen and is typically used when focusing solely on hydrogen production. Whereas,
the higher heating value (HHV) includes the latent energy content. It is an impor-
tant parameter when utilising the excess heat from a process because it reflects the
total energy needed for hydrogen production, and the portion available as heat.
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The operating temperature of an electrolyser impacts the potential for waste heat
recovery. The alkaline (AEL) and proton exchange membrane (PEM) electrolysis
is supplied by feeding liquid water and operating at temperatures usually below
100°C (50-80°C for PEM, 60-90°C for AEL [8]). Due to the low temperature lev-
els, options for waste heat recovery are limited. Taking additional losses of heat
transfer and transportation into account, spatially close applications and direct in-
tegration are considered to be the preferred options. Compared to low-temperature,
high-temperature electrolysis, such as SOEC, can be supplied with steam and thus
reducing the total energy demand by the heat of evaporation. However, typical op-
erating temperatures of 650-900 °C are significantly above common DH temperature
levels and partly contradict the intentions towards lower heat supply temperatures.

AEL has been commercially available since the early 1900s, offering a long lifes-
pan and low investment costs (275-475 EUR/kKW for year 2050 [6]) as it is often
described to not rely on expensive, rare metals for production [11], which is as-
sumed in this study. Instead, it utilises nickel alloys, as described in [12]. However,
it can rely on rare metals such as ruthenium and iridium [13, 12]. AEL is primarily
used by the fertiliser and chlorine industries and currently accounts for almost two-
thirds of the global electrolyser capacity [11].

PEM has recently gained popularity, primarily due to its wider range of load flexi-
bility (0-100%), and fast start-up times [11]. The production of PEM requires rare
metals such as platinum and iridium, which results in a higher investment cost com-
pared to AEL.

Solid oxide electrolysers (SOECs) achieve the highest efficiencies among electrolyser
designs, although they need to use an external heat source for steam generation.
SOECs are best placed where there is a heat source available (nuclear or indus-
trial facilities). The SOEC technology is still at the demonstration stage and faces
durability challenges, with a typical lifetime of around 2 years [14].

Table 2.1: Electrolyser properties.

PEM AEL SOEC  Source
Operating temperature [°C]  50-80 60-90  650-900 8]

Cold start-up time 5-10 min  1-2h Hours 8]
Load flexibility [%] 0-100 20-100 + 100 8]
LHV efficiency [%] 66.4 69.9 72.5 6]
HHV efficiency [%)] 80.1 84.0 89.3 6]
Investment cost [EUR/kW]  325-500 275-475 500-1100 6]

Since AEL and PEM are the technologies currently dominating the market, they
are selected as the electrolysers to investigate in this study. Moreover, the operat-
ing temperatures of these technologies are compatible for integration with the DH
networks of cities in Northern Europe, as will be further discussed in this thesis.

6
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2.2 Impacts of Integrating Electrolyser Waste Heat
into District Heating Systems

The interplay between the hydrogen production process via electrolysis and district
heating, as well as the potential heat integration between the two, has been inves-
tigated in some studies.

Bohm et al. [8] investigated the utilisation of waste heat from electrolysers in a
DH system in Austria. They found that it is feasible by 2030 to cover about 12% of
the current DH demand in Austria by waste heat recovery from electrolysers. How-
ever, they concluded that the operation of this heat source has a high dependency
on the electricity market. As temperatures drop, heat demand rises, and electricity
prices often follow the same trend. Electrolyser operation, however, is primarily
driven by hydrogen demand, storage capacity, and electricity prices. According to
Bohm et al., flexible production schedules may be completely misaligned with heat
demand, as hydrogen could be produced when heat is least needed. Conversely,
continuous hydrogen production would ensure a steady heat supply, but may still
not coincide with the heat demand in the DH network.

A techno-economic evaluation of WHR from an off-grid alkaline water electroly-
sis plant supplying heat to a Finnish city was conducted by Merildinen et al. [15].
The study investigated the optimal dimensioning of the WHR system to minimise
the levelised cost of heat. The system included a pit thermal energy storage unit
connected to a heat pump (HP) and an electric boiler (EB), as well as a separate
HP for direct heat supply. It was found that the EB had no or very low investment
in the cost-optimal solution, while HPs accounted for the largest single cost within
the WHR system. The analysis is limited to an electrolysis waste heat temperature
of 70°C.

Van der Roest et al. [16] examined different WHR system configurations for a
PEM electrolyser with a waste heat temperature of 57°C. Both heat exchangers
(HX) and HP for WHR were considered in the process. It was found that utilising
waste heat from hydrogen production could increase the electrolyser’s overall effi-
ciency by around 15%. The study also showed that heat utilisation is sensitive to
the transport distance. Recovering waste heat with HP is challenging compared to
HX due to the higher cost of installation and operation. However, the analysis only
considers the value for heat without including the value of hydrogen.

Jin et al. [17] investigated thermal management and heat recovery for low-temperature
electrolysers, considering both system safety in the electrolyser as well as operat-
ing the electrolyser at a high efficiency. The analysis showed that approximately
20% of the input energy is released as excess heat when producing hydrogen with a
low-temperature electrolyser. The use of HX and HPs was used for the integration
of waste heat from electrolysers to DH networks. The waste heat temperature was
assumed to be 79-80°C, with a DH supply temperature starting at 74°C. It was
found that effective heat recovery improved overall efficiency from the power to the

7
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hydrogen process by around 15%. This also improves the market competitiveness of
green hydrogen produced from renewable energy. Despite the promising potential,
the authors noted that challenges remain in thermal management and real-world
system design to fully realise the benefits of heat recovery in electrolysis systems.

Frassl et al. [18] studied the technical and economic potential of waste heat re-
covery from AEL operating at 80°C and powered by excess renewable energy by
using a simulation model for renewable power plants. The study examined the ef-
fects of heat utilisation from AEL in a DH system on economic viability, levelised
cost of hydrogen, and system efficiency. The revenues from heat sales were included
in the levelised cost of hydrogen, which resulted in hydrogen cost reduction dur-
ing the hours when excess heat was recovered and sold. The results show that
electrolyser efficiency, including hydrogen produced and heat supplied to the DH
system, was 88.2% for small-scale electrolysers (i.e. 2.13 MW) and 82.3% for larger
electrolysers (i.e. 6.39 MW). This can be compared to the maximum potential of
energy, hydrogen and total waste heat, which was 89.4% for small-scale and 88.4%
for larger electrolysers. The observed gap between the electrolyser sizes is primarily
due to limited district heating demand, particularly during the summer months.
Challenges related to the electrolyser’s cooling strategy were identified, including
oscillations in the cooling system under variable and partial load conditions.

The main findings of previous studies on WHR from electrolysers can be summarised
as follows: (i) recovery and utilisation of waste from hydrogen production leads to
an increase in the overall energy efficiency of the electrolyser, and (ii) reduction of
the costs of heat and hydrogen.

There are no published studies that account for variations in heat and hydrogen
costs across different electrolyser types with various waste heat temperatures inte-
grated with WHR and connected to the DH system. To fill this gap, we apply a
linear cost minimisation model using a Swedish city energy system to analyse the
effects of integrating an electrolyser WHR, process, taking into consideration the
various possible electrolyser installations.
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2.3 Waste Heat Recovery potential

As was mentioned in Section 2.1, the potential of heat recovery from an electrolyser
mainly depends on the underlying technology and mode of operation, which define
temperature levels of waste heat. Figure 2.1 shows potentials for heat recovery from
AEL (a) and PEM (b) electrolysers. E,.; represents the electrical energy input
needed per Nm?® hydrogen at the average waste heat temperature for the type of
electrolyser.

AE from HHV to LHV (14.1% of E.f) AE from HHV to LHV (13.7% of E,.¢)

H; (69.9% of Eqer) Eref H; (66.4% of Erer)

Qwn (15.4% of E,.p) Qwn (19.3% of Ef)

Qic (0.5% of E o) Qic (0.6% of Erer)
(a) (b)

Figure 2.1: Potentials for heat recovery from AEL at 75°C (a) and PEM electrol-
yser at 65°C (b).

Van der Roest et al. [16] investigated the integration of PEM electrolysers with
district heating using both HX and HP. They found that heat costs are lower for the
case when heat is recovered from PEM electrolyser with HX in comparison to HP
due to the higher investment costs and operating costs of HP. Heat recovery from
electrolysers with HP allows for a broader range of waste heat temperatures and can
adjust the temperature lift to match the district heating supply. The waste heat
temperature from low-temperature electrolysers ranges between 50-90°C. The waste
heat from a PEM does not exceed 80°C, while the waste heat from an AEL does not
fall below 60°C. The choice of heat recovery unit depends on the temperatures of
both the heat source and the heat sink. For the case when the electrolyser‘s waste
heat temperature (Ty ) is higher than the district heating supply temperature
(Tpy), also when accounting for the temperature drop over the HX (Tpy + ATy x),
only HX can be used as the heat recovery unit, see Equation 2.1. The district
heating supply temperature typically ranges from 80 to 96°C.

Twu > Tpu + ATux (2.1)

HP is used as a heat recovery unit in cases where the DH supply temperature is
higher than the electrolyser s waste heat temperature, see Equation 2.2.

Twa <Tpu (2.2)

A HP utilises the excess heat from the electrolyser to evaporate a refrigerant. The
refrigerant is then compressed isotropically, raising its temperature through mechan-
ical work. The heat is then transferred to the DH supply via the condenser, making
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use of the recovered energy. HX has a low investment cost compared to HP. HP
consumes electricity to produce heat, its running cost is related to the electricity
price. Figure 2.2 shows possible configurations for waste heat recovery from the
electrolyser with HX (a) and HP (b) as the heat recovery units.

E ~

E

H,0

Electrolyser [I Electrolyser [] l
Twu > Tpu + ATyx
o Twn < Tpu
2€ Qwn HX 06— Qwn HP
H, l
Qou

H,0

M 5H, i

QDH
(a) (b)

Figure 2.2: Possible configurations for heat recovery from electrolyser with HX (a)
and HP (b) as heat recovery units. E represents electricity demand for electrolyser
and WHR unit, H,O, O, and H, are water, oxygen and hydrogen, respectively. The
heat from the electrolyser is denoted as Qw g, and the heat delivered to the DH grid

by Qpr.

The coefficient of performance (COP) of HP is affected by the waste heat tempera-
ture. A smaller temperature difference between the waste heat and the DH supply
leads to a higher theoretical maximum COP, see Equation 2.3.

Tpu
COP.yrpot = ————— 2.3
' Tow — Twa (2:3)

The waste heat temperature further influences the efficiency properties of the waste
heat recovery process. Within the electrolyser stack, the efficiency of hydrogen pro-
duction is affected. Higher operating temperature corresponds to a reduction in cell
voltage and specific energy consumption, and therefore a higher LHV efficiency [19].
For both PEM and AEL, increased temperature reduces specific energy consump-
tion (y) by 0.02-0.24 kWh/Nm?3/10°C. The reduction was assumed to be at the
lower end of the range to avoid overestimating its impact, and the collected LHV
efficiency [6] was assumed to be for the average temperature of the electrolyser type.
The HHV-based efficiency increases proportionally with the LHV-based efficiency,
following the ratio between the higher and lower heating values of hydrogen [19].
Equations 2.4 and 2.5 display the calculation of these efficiencies.

B LHVyo (2.4)
nNLHV E'ref _ 1% . (TWH — TWH77~ef) .
HHVys
_ HHVy, 2.5
Nggv = NLHV LHVys ( )

10
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Waste heat efficiency (g ) is defined as the ratio of waste heat that is generated
per electrical input in the electrolyser, and is calculated as in Equation 2.6. The
thermal energy lost in the internal cooling system is represented as n;¢.

nwa = (1 —=naav) - nic (2.6)

Figure 2.3 shows LHV (a), HHV (b) and waste heat efficiency (c) for PEM and EAL
electrolysers for waste heat temperature range of 50 to 90°C. It was assumed that
3% of the heat is lost internally [6] and the factor for reduced energy consumption
is 0.03 kWh/Nm?/10°C [19].

83 4 —_
70 A 53 21 4
5 2 82 g
> 69 2 g 20 -
- [¥)
5 — M | 58 — PEM | £ 14 — PEM
= 68 e o JE— R
= AEL £ 804 AEL 2 AEL
T o v g
> > T
T 67 I 79 ]
3 T b=
m 177
66 78 1 =
T T T T T T T T T T 1-6 h T T T T T
50 60 70 80 90 50 60 70 80 90 50 60 70 80 0
Waste Heat Temperature (°C) Waste Heat Temperature (°C) Waste Heat Temperature (°C)

Figure 2.3: LHV (a), HHV (b) and waste heat efficiency (c¢) for PEM and EAL
electrolysers for waste heat temperature range of 50 to 90°C.

AEL output can fluctuate within the operational range of full capacity to 20% of
full capacity, while PEM electrolyser can be stopped and started relatively rapidly,
i.e., operational range of 0-100% [8]. Table 2.2 describes configurations for waste
heat recovery from electrolysers investigated in this work. Waste heat temperatures
ranging from 50 to 90°C are analysed. Evaluating WHR system performance across
the full temperature range allows for assessing the cost-effectiveness and performance
(i.e., hydrogen and heat production) of different configurations. It should be noted
that only one configuration corresponds to the conditions under which HX can be
used for recovery, seen in Equation 2.1.

Table 2.2: Configuration options for WHR process

Configuration | Electrolyser type | WHR Unit | Twu[°C| | neav (%] | nwa [%]
AEL90 AEL HX 90 70.6 15.8

AEL90(HP) AEL HP 90 70.6 15.8
AELRO AEL HP 80 70.1 16.5
AEL70 AEL HP 70 69.7 17.2
AELG60 AEL HP 60 69.2 17.8
PEMS0 PEM HP 80 67.1 20.0
PEM70 PEM HP 70 66.6 20.6
PEM60 PEM HP 60 66.2 21.1
PEMS50 PEM HP 50 65.7 21.7

11
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Background

This chapter provides an overview of Gothenburg’s current waste heat and hydrogen
production, along with future perspectives in these areas. The current status and
future projections of waste heat production are also outlined, with particular focus
on the integration of industrial excess heat. Finally, the chapter discusses hydro-
gen production in the city, focusing on the transition from fossil-based methods to
electrolysis within the refinery sector, and how this shift increases the availability of
waste heat.

3.1 Waste heat - current status and future per-
spectives

Over the past few decades, the development of district heating networks in Sweden
has played a major role in lowering CO, emissions from the heating sector, as de-
scribed by Werner et al. [20]. A significant part of this reduction comes from the
integration of industrial excess heat into these systems. Because the emissions asso-
ciated with this heat are usually attributed to the primary industrial products, its
use in district heating is generally seen as emissions-free. However, there is ongoing
debate whether such heat should be classified as COs-free or merely COs-neutral,
as highlighted by Pelda et al. [21]. In Gothenburg, approximately 70% of the heat
supplied to households today comes from recovered sources [22], including the ST'1
and Preem refineries and the Renova waste-to-energy CHP plant.

The Renova waste-to-energy (WtE) plant is located in Sdvenéds and handles com-
bustible waste, mostly from municipalities in the Gothenburg region, but also im-
ports waste from other regions in Sweden and Europe [23]. The waste primarily
consists of municipal solid waste (MSW). 550 000 tonnes of waste is burned each
year, and the Savends plant supplies a third of the heat in the Gothenburg DH
grid and 5% of the electricity demand. Regarding the future operation of the plant,
Renova states that they prepare for the future by at least 30 years [24]. While waste
generation is decreasing, the growing population in the area suggests that waste
levels will remain steady.

13
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Plastic usage has increased in Sweden by almost 30 kg per person and year from
2010 to 2017, which also leads to more plastic waste according to the Swedish En-
vironmental Protection Agency[25]. Most of the plastic waste is used for energy
recovery or fuel within the industry, and only about 10% is recycled. The plastic
content in the MSW stands for 40% of the carbon emissions from the WtE plant
according to Renova[23]. To address carbon emissions, strategies such as carbon
capture and storage (CCS) or carbon capture and utilisation (CCU) are considered,
where CCS aims to reduce emissions by storing CO,, while CCU focuses on making
better use of the captured carbon. In 2024, a decision in principle was made to
implement this on one of the four waste lines until 2030. In that case, around 100
000 tonnes of carbon dioxide can be captured [24]. Deploying CCS or CCU requires
additional electrical energy, 73.99 kWh per tCO, mitigated, according to Van der
Meer [26].

There is a growing demand in the market for plastics derived from non-fossil feed-
stocks. The chemical industry in Stenugnsund needs this type of feedstock in order
to reach its sustainability vision for 2030 [27]. Plastic that cannot be recycled
mechanically can be processed in a plastic recycling refinery, thereby avoiding in-
cineration and the associated carbon emissions. Furthermore, there are additional
initiatives aimed at reducing plastic usage and waste, such as replacing plastic with
alternative materials, extending its lifespan, avoiding single-use applications, and
promoting reuse for as long as possible [28]. It is estimated that 58% of MSW con-
sists of plastic [27]. Removing this plastic would result in a lower heating value for
the waste, which would, in turn, affect both electricity and heat generation at the
WtE plant. In equations 3.1-3.4, the heating value for waste with and without plas-
tic is calculated. The parameters used in the equation were found through Renova’s
2024 sustainability report [29].

Ee+Eh

LHV,, =~ 19134 MJ/kg (3.1)
12

- = 2

me = mco, - (3.2)

E,=me - f,- LHVe, = 802,076 MWh (3.3)

Eot By E

LHVgy = 22250 = B0 6 004 M kg (3.4)

My
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3.2 Hydrogen production - status and future per-
spectives

Sweden’s oil refinery sector is responsible for about 5% of the country’s total green-
house gas (GHG) emissions [30]. The majority of these emissions, around 70%, are
linked to energy use during refining processes, while the rest mainly result from
hydrogen production using natural gas. The industry is dominated by three compa-
nies: Preem, St1, and Nynés. The primary refinery sites are concentrated in Vistra
Gotaland (Preem and St1) and the Stockholm area (Nynés). Preem is the largest
actor, operating two major fuel refineries in Lysekil and Gothenburg. Together,
these facilities account for 80% of Sweden’s total refining capacity and roughly 30%
of the refining capacity in the Nordic region [31]. St1, which also focuses on fuel
production, runs a refinery in Gothenburg. In West Sweden, the installed capacity
for hydrogen production amounted to 760 MW in 2022 [32]. Half of the hydrogen
production capacity is produced as a byproduct of other processes. The other half
is produced by steam methane reforming (SMR), using natural gas [32].

Gothenburg City’s energy plan for 2022-2030 aims to meet the environmental goals
of reducing energy use of buildings, only producing energy from renewable sources
and reducing the climate impact of the transport sector [22]. This plan outlines
possibilities for future hydrogen utilisation within the city, such as its use for en-
ergy storage to balance renewable energy production, as fuel for the city’s vehicle
fleet, fuel for thermal generation, and for producing biofuels in refineries. Two key
ways for COy emissions reduction from hydrogen production are presented in the
plan: hydrogen production from natural gas through the SMR process combined
with CCS, and hydrogen production through electrolysis.

CCS technology can utilise considerable amounts of industrial excess heat. Eliasson
et al. [33] investigated the impacts of the recovery of available excess heat from the
refinery plant to drive the CCS capture unit on the cost of the CCS and district
heating network. They found that for the case where CCS is prioritised for the use
of excess heat over district heating, the capture cost results in 27 EUR /tCOs , while
in the case where maintaining the amount of district heating supplied is prioritised,
the cost is 40 EUR/tCO,. It should be noted that if excess heat at the industrial
plant is utilised by CCS technology, less heat could be available for district heating,
potentially reducing the supply to the network. This could lead to higher heating
costs. Implementing CCS on existing SMR would reduce carbon emissions [32].

15



3. Background

Renewable hydrogen, as defined by the EU, must come from non-biological sources
[34]. This means that the possibility for member states to provide support for bio-
genic hydrogen is limited and indicates that it is not perceived by lawmakers as an
important part of the future hydrogen supply. Electrolysis uses electricity and water
to produce hydrogen gas, oxygen gas and residual heat. The electrolysis process has
no direct emissions, but does require electricity, ca. 1.5 units of electricity per unit of
produced hydrogen [6]. In Gothenburg, both Preem and St1 are currently investigat-
ing the potential of implementing green hydrogen production [31, 35]. If refineries in
Viastra Gotaland were to fully transition their current fuel production, from utilising
hydrogen from SMR to electrolysers, the resulting hydrogen demand would amount
to 14 TWh annually [32]. The estimated share of demand for Gothenburg in this
scenario is 5 TWh/year, derived from Rosén et al. [36]. This would require ca. 7.6
TWh of electricity, i.e. 34% of the current (2024) Gothenburg electricity demand
[37]. The production of 5 TWh of hydrogen via AEL/PEM electrolyser allows to
utilise ca. 1.4 TWh of the excess heat per year. This heat would also be produced
in addition to pre-existing levels of waste heat generation from the refineries. The
SMR units currently used for hydrogen production are endothermic, meaning they
require heat to operate [38]. Therefore, waste heat recovery from electrolysers within
refineries (Preem and St1) would increase the amount of excess heat currently pro-
duced since electrolysers are exothermic and are direct replacements for the SMR
units. However, a combination of decreased production levels and processed raw
materials would lead to a lower hydrogen demand for the refineries in Véstra Gota-
land, estimated to 4.9 TWh/year [32]. Based on the distribution in [36], this would
amount to 1.7 TWh/year in Gothenburg,.
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Methodology

A linear cost minimisation model was applied to investigate the potential and im-
plications of integrating waste heat from electrolysers into the existing DH network
in Gothenburg. The model was originally developed by Heinisch et al. [39] to study
the interconnection between the electricity and heating sectors in cities. Bertilsson
et al. [40] further developed this model to study how different properties of cities,
such as the city’s electricity import capacity and the size of industry- and transport
sectors, impact energy system composition, i.e, heat and electricity generation and
capacity. Yu et al. [41] included the physical properties of the DH grid into the
model to analyse the losses and bottlenecks associated with the transmission of heat
in DH grids. The model applied in this work has been further extended to include
the electrolysers and accompanying WHR units described in Section 2.3. The model
minimises the total system cost and is constrained to produce zero net emissions for
the Year 2050 with an hourly resolution.

The city of Gothenburg and Moélndal municipality are divided into seven heat regions
in this study, see Figure 4.1 (left). This reflects the allocation of DH production
units across the city and aligns the district division in the program Goteborg En-
ergi uses [42]. The lines within the heat region indicate possible pathways for heat
transmission between regions. By modelling this spatial representation, heat trans-
mission between regions is limited by DH grid capacity within the city. Figure 4.1
(right) shows the four electricity regions modelled in this thesis. Each region has
a specific electricity import capacity from outside the geographical boundaries of
the modelled system, whose prices are described in Section 4.2.2. Each region fur-
ther has separate electricity demand profiles, representing demand for all hours of
the year. In addition, both electricity-consuming and generating technologies are
invested in these regions as added demand or generation, respectively.
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Electricity node 1 Electricity node 3

Sorred

Central

Frélunda

Figure 4.1: Seven heat regions (left) and four electricity regions (right).

Electricity and heat regions may coincide geographically. In such cases, a CHP
plant can, for example, deliver heat to the heat region and supply electricity to the
corresponding electricity region. These overlaps are indicated with a mark in Table
4.1.

Table 4.1: The overlapping of heat regions with electricity regions represented
along the top row and heat regions listed in the first column.

El E2 E3 E4
Central v
East v v
Frolunda v
Molndal v
North v v
Rya v
Sorred v

The composition of future heating units remains uncertain; however, some units
are currently under construction or have been recently commissioned. The units
assumed to be remaining in the system by 2050 are listed in Table 4.2. Additionally,
a thermal energy storage (TES) facility with a capacity of 1 GWh has been in place
in the East region since 2018 [43].
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Table 4.2: Preexisting heat regions and heat generation units within.

Regions | Plants Waste heat
Central

East Renova
Frolunda | Biomass-fuelled HOB
Molndal
North

Rya Biomass-fuelled HOB , Biomass-fuelled CHP, Industrial HP | Preem, ST1

Sorred

For other types of electricity and heat generation technologies and storage, the
model is formulated as a greenfield. Thus, no pre-existing production technologies
or storage systems for heat and electricity are assumed to be in place, and all
investment decisions are made based on the energy demands of the modelled year.

4.1 Model description

Equation 4.1 describes the model’s objective function, which is to minimise the total
investments and running costs of Gothenburg’s energy system. A full list of symbol
definitions is found in the nomenclature of this thesis.

min C* =YY" (C’im” + C'z.OMfm) CSiet DY (C’f"” + C'iOMm) “ Sih

i€l eeF i€l heH

FY DD O P+ D D O i

i€l eeEteT i€l heH teT (4 1)

+ 33 (et e

i€l teT

+ YN o wlr

ecE teT

The function minimizes total annual costs (C**) which is equal to the investment
cost (C™), fixed operations and maintenance costs (Cio My ) and the running cost
(Crem) of each technology . Start-up (cff"*) and part-load cost(c?4***) were imple-
mented for thermal generation technologies to represent cycling properties of these
technologies. The modelling approach, which represents flexibility-related proper-
ties of thermal generation, is based on the two-variable approach described in [44].
Here, s; . and s, denote the installed capacity of a certain technology i in electricity
region e and heat region h, respectively. The variables p; ., and g; »+ represent the
power output and heat output of a certain technology ¢ in electricity region e and
heat region h at time-step t, respectively. The variable wZ?p denotes the imported
amount of electricity to electricity region e at time-step t.
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The electricity demand must be satisfied for each time-step and electricity region,
which necessitates Equation 4.2.

Delt—l-z ( Z (qmt) +H2 ) +bg; < Z ( Z pzht) + Z pZet+deh ;nt%p’
hee \i€lpn Ti hee \i€lcup i€l
Vee B, VteT
(4.2)
The left-hand side of this equation is the sum of the assumed demand inputs for
each time-step t and electricity region e: hourly electricity demand (Dgft); the elec-
tricity for power-to-heat (calculated as the heat produced divided by the technology

efficiency;, q”?t) the electricity demand from electrolysers H Zi{t; and charging of

stationary batteries (bgﬁ). These demands must, in all regions e and all time-steps ¢
be less than or equal to the electricity generatated from CHP plants(>;c;.,,, Pint)
summed over heat regions h that overlap with the electricity region e; the electricity
generated (p; ) from power generating technologies (1;); the discharge of electric-
ity from stationary batteries (bgfth); and the import of electricity from outside the

system we ;" .

The heating demand must be met at every hour of the year and must be produced
by technologies within the city. Equation 4.3 defines the heat balance for each heat
region h € H and time-step t € T

Dyt + Y TES;?M—HP,’;:“’ S e Y TES,
i€lTEs i€l i€lrps (4.3)

VheH VteT

On the left-hand side, the total heat demand consists of: the specific heating de-
mand DZ?‘“; the heat charged to thermal energy storage units 7' ESi‘i’}m (for all TES
technologies Irgg); and the reduction in DH demand due to the use of individual
heat pumps, denoted by H Pheat md “This total demand must, in all regions h and
time-steps t, not exceed the heat Supply, shown on the right-hand side, The supply
includes: heat generation ¢;: from all heating technologies Ij, within the region;
and the heat discharged from thermal energy storage units TESdCh

The constraints which are applied to represent WHR from electrolysers in the model,

as well as a description of their functions, can be seen in Table 4.3. Additional con-
straints applied in the model can be found in Appendix A, Table A.1.
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Table 4.3: Constraints to represent WHR from electrolysers in the model

Constraints Description of constraints
Storage level, The H, storage level SOC’}? ; per heat region h
H, at time-step ¢ cannot exceed the H, storage level SOCht 1

at the previous time-step plus H, generation H2]5",

minus hydrogen demand Dh’t

SOC < SOCy:_ + Y H2, — D

1€1etec
Vhe HVteT
Maximum storage, The H, storage level SOC’ ; per heat region h
H, at time ¢ cannot exceed the capamty Shy.n Of the
H, storage.
S OCh < Sha,h

VhEHVtET

Maximum production, The production of Hy cannot exceed the installed
H, capacity of the electrolyser.

HQZant < Sih
Vi€l , Vhe HVteT

Minimum production, AEL electrolysers cannot operate below 20% load
Hs, agpL capacity. (see Table 2.1 for details.)

H2J3" > 0.2% 54,
Vie [elec, AEL7V h e H,Vte T

Maximum production, The heat produced from WHR units is less than the
WHR useful heat produced from its electrolyser.

> Qi ht + > q@ht<H21ht*nz i

i€lgpWHR i€lgx WHR

Vhe HVteT

Maximum production, WHR HP units can only operate when DH
WHRyp temperature is low enough.

> tht<H2g(Znt*n R« Pyp wor
i€lgpWHR
YVhe HVteT

Maximum production, WHR HX units can only operate when DH
WHRy x temperature is high enough.

gen WHR
> Qth_HQth*n *PHX,WHR

i€lgx WHR
YVhe HVteT
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4.1.1 WHR availability profiles

As mentioned in Section 2.3, eight electrolysers were added to the model, chosen
from both types of electrolysers, PEM and AEL, and chosen to span the tempera-
ture range.

To retain a linear programming formulation, several simplifications were made when
estimating the HX availability and the COP for HPs. Both parameters are influenced
by the DH supply temperature, which plays a central role in the model. Capturing
the thermodynamic properties causing limitations in the availability of WHR units,
described in Section 2.3, would introduce non-linearities: HX availability would re-
quire binary variables to model on/off behaviour based on temperature thresholds,
and the COP expression involves division by a variable. These elements would vio-
late the linearity requirements of the LP model and complicate the solution process.
To maintain linearity, DH supply temperatures from a reference model were in-
stead used to generate fixed hourly profiles for both HX availability and HP COPs.
The maximum COP was capped in accordance with [15]. Although this breaks
the feedback loop between heat production and DH temperature, it enables con-
sistent representation of waste heat recovery options while ensuring computational
efficiency. This trade-off supports the analysis of larger system-level interactions
without compromising solvability.

4.2 Data

The techno-economic data for investments and running costs for the available pro-
duction and storage technologies are collected from DEA [45]. The estimated control
values for the year 2050 for costs and lifetime have been used. The costs and lifetime
for the HP used for electrolyser WHR were also collected from DEA [45], but HX
costs were calculated as described in Section 4.2.1.

4.2.1 HX cost calculation

The required data for modelling HX used in the WHR system were the cost per
unit of transferred heat and the temperature drop over the HX. The temperature
drop was estimated to be 3°C as stated by Van der Roest [16]. The cost of heat
exchangers can vary depending on several different factors in the design process
of the technology. This means that an established universal value for the cost of
heat exchangers is hard to estimate. Consequently, this provided an incentive to
calculate an estimate of the HX cost based on the known design parameters in
the WHR system. Equation 4.4 shows how the required heat transfer area was
calculated. Since the annual demand of hydrogen was known, the annual amount
of usable heat (Q [W]) could be estimated based on the electrolyser HHV and LHV
efficiencies. Furthermore, the overall heat transfer coefficient (U) was estimated to
be 1200 [W/m?] because of water-to-water heat transfer. The mean logarithmic
temperature difference (AT, [°C]) was calculated based on known temperatures on
the DH side and required temperatures in the electrolyser to enable usage of HX.
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Q (T =) = (Tr — 1)
m where Aﬂm = In (T1—t2) (44)
(T2—t1)

AWHR -

The cost estimation per heat transfer area for shell and tube heat exchangers was
taken from Ulrich and Vasudevan [46]. The cost of a shell and tube HX (Crx, tapie[$])
is $ 85,000 if the heat transfer area (Asqpe[m?]) is 1000 m?2. Using equation 4.5, the
total cost of installing the required heat transfer area for the HX in the WHR system
could be calculated. The exponent a was set as 0.6 as stated in [46]. Lastly, the cost
per heat transfer capacity (Cyx [EUR/kW]) was calculated using equation 4.6.

AWHR )a

CHX, tot — C'HX table( (45)

Ambl e

rate C1HX, tot
Cux = CU;D, EUR * W (4.6)

4.2.2 Electricity spot price

The annual spot price of electricity, used in the model to depict Year 2050, is derived
from Goéransson et al. [47]. This electricity price reflects conditions in Sweden’s SE3
electricity region in 2050, under the scenario where no new nuclear power is required
(although it is permitted from 2040), and investments in offshore wind are allowed
along the entire Swedish coastline, including the southern Baltic Sea. The spot price
is visualised in Figure 4.2
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Figure 4.2: Electricity spot price.
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4.2.3 Hydrogen Demand and Storage

The hydrogen demand in Gothenburg was based on the lower estimate of 1.7 TWh
discussed in Section 3.2, and was allocated to the refineries located in the heat region
Rya. It was assumed that the hydrogen demand was evenly distributed across all
hours of the year to support continuous industrial processes. To meet the constant
demand, the electrolysers must either produce hydrogen continuously at a constant
rate or vary it’s production with the help of a hydrogen storage. The hydrogen
storage that is available for investments in the model is an LRC cavern.

The average annual marginal cost of hydrogen, used in the results as an indica-
tor of the cost of hydrogen, was calculated according to equation 4.7.

1
avg Hoy balance
MCH2 - 8760 = (Mct ) (47)

4.2.4 Heat demand

The estimated demand for heat in Gothenburg 2050 that was used in the model was
obtained from Statistics Sweden (Statistiska Centralbyran) [48]. The temperature
of the district heating supply is tied to demand, with increased load resulting in a
higher supply temperature, see Figure 4.3. However, the supply stream temperature
is also connected to the export and import of heat between regions, which is why
it is not constant but variable in the model. Additionally, because the export of
heat from one region to another takes time, depending on the velocity of the district
heating flow and the distance between the exporting and importing regions, the heat
must be produced before the actual increase in demand occurs.

Temperature of DH supply stream and Demand, Rya to Sorred
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Figure 4.3: Representation of the relation between DH supply temperature and
heat demand.
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The average annual marginal cost of heat, used in the results as an indicator of the
cost of heat, was calculated according to equation 4.8.

av, 1 ea alance
MO = =gy 2o 2 (MO ) (48)

heH teT

4.2.5 Industrial context of Gothenburg

In the industrial context of Gothenburg in 2050, it is assumed that the EU ETS emis-
sion cap has gradually decreased, leading to higher costs for emission allowances.
This is expected to drive industries toward lower emissions. In this study, it was
assumed that the refineries have reduced their fuel production as a result. In addi-
tion, it was assumed that all SMRs producing hydrogen for the refinery processes
in Gothenburg will be replaced by electrolysers to reduce emissions. Consequently,
since the demand for hydrogen will exist in conjunction with the refineries, the elec-
trolysers in the model are limited geographically to where the refineries are located
today.

The hydrogen demand is linked to the production level of the refineries, which
in turn is tied to waste heat generation. The amount of available waste heat per
unit of produced fuel, excluding heat from electrolysis, was assumed to remain at
current levels. This is because SMR is not an exothermic process, and replacing
SMR units with electrolysers, which are exothermic, increases the amount of heat
produced in the refinery. The rest of the refinery process was assumed to generate
the same amount of heat per unit of fuel as it does today. Refinery fuel production
was assumed to drop to one-third of today’s levels, to 940 GWh per year.

Furthermore, emissions from Gothenburg’s municipal waste were assumed to be
reduced by removing plastics and sending them to Stenungsund for recycling, as de-
scribed in Section 3.1. Municipal solid waste levels are assumed to remain the same
as today, which implies that excess heat from Renova decreases proportionally to
the reduction in lower heating value (LHV) of waste when plastic is removed. This
results in a heat production of 56.7% of the current heat production levels from Rya
in 2050, to 433 GWh per year.
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4.3 Investigated Scenarios

The scenarios investigated in this work can be divided into three main groups:
reference cases (i); cases with varying electrolyser availability (ii); and sensitivity
analysis. These are illustrated in Figure 4.4.

Varying Electrolyser

Reference cases
Availability

md Sensitivity analysis

~

. Added Tax on
With WHR Wf > Electricity-Consuming
Limited Waste Heat

Heat Generation
Temperature (no AEL90)

S Cost-competitiveness of > Added Flexibility: TES

Without WHR PEM (no AEL90/80)

Removed Flexibility:
> Only PEM (PEM) Hydrogen Storage

> Only PEM50 (PEM50)
Figure 4.4: Visual representation of the scenarios explored in the model.

Two reference cases were investigated in this study; a system with and without access
to WHR technology. The case without WHR represents the case when investments
in a waste heat recovery system are not allowed in the model. The case with WHR
represents a system in which investments in all nine WHR configurations described
in Section 2.3 are allowed. The WHR configurations vary depending on electrolyser
type, waste heat recovery unit and waste heat temperature. The aim of comparing
these two reference cases, a system with and without access to WHR, was to answer
the first research question; What is the cost-optimal composition of the energy system
in Gothenburg when integrating waste heat recovery from electrolysis?
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4.3.1 Varying Electrolyser Availability

To further analyse the results of the model, cases were constructed that limited the
available electrolyser technologies, and thus WHR configurations, that the model
could invest in. This was done to answer the second research question; How does
the choice of electrolyser influence the operation of heat and hydrogen generation,
and what are the implications regarding the cost of heat and hydrogen?

The combination of electrolysers and WHR units selected in the reference case With
WHR, under full electrolyser availability, allows investments in all WHR configu-
rations designed in this thesis, resulting in the most cost-effective model solution.
To explore the impact on the system level caused by the choice of electrolyser,
the model was adapted and compared to the cost-optimal combination. For each
configuration, the total system cost, cost of hydrogen, and cost of heat are evaluated.

The following cases with limited availability of electrolysers were investigated:

Limited Waste Heat Temperature (no AEL90): Removing the option to
invest in the AEL90 electrolyser excludes the configuration that provides the high-
est waste heat temperature, the only technology compatible with heat exchangers,
and the highest hydrogen production efficiency. This case allows for analysis of the
impact on the model results, i.e., total system cost, cost of hydrogen, and cost of
heat, when the most cost-effective WHR configuration among all designed (see Table
2.2) is excluded.

Cost-competitiveness of PEM (no AEL90/80): Both AEL90 and AELS0
are excluded, which limits investments into WHR configurations based on low-
temperature electrolysers, i.e, more expensive alternatives. This setup aims to in-
vestigate whether the model would invest in the most cost-efficient PEM electrolyser
(PEMS80) or opt for the third most cost-effective alkaline option (AEL70).

Only PEM (PEM): In this case, all AEL-type electrolysers were excluded, lim-
iting investments to PEM electrolysers only. While PEM technologies have higher
investment costs, they offer a more dynamic oporational performance.

Only PEM50 (PEM50):  For this case, only PEM50 is available. It is the
least efficient option (LHV and HHV), with the lowest waste heat temperature and
has a high investment cost compared to AEL alternatives, but it offers better dy-
namic performance than AEL and is the electrolyser which produces the most waste
heat per energy input. This case was constructed to investigate whether the model
would invest in PEM50’s corresponding WHR technology despite it being the least
cost-effective option.
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4.4 Sensitivity Analysis

The scenarios were constructed in order to test how sensitive the results from the
reference cases are to changes in key input parameters and assumptions.

4.4.1 Tax on Electricity-Consuming Heat Generation

The impacts of tax on electricity-consuming heat generation technologies on the
model results were investigated. Currently (2025), a tax of ca. 55 [EUR/MWHW] is
applied to PtH technologies [49] and could affect the results if still present in 2050.
The objective function of the model (Equation 4.1) was thus adapted with the ad-
ditional cost described in Equation 4.9.

> 2 2 G g (4.9)

heH teT i€l
In this added cost, summed over all heat regions h, time-steps ¢, and PtH technolo-
gies L, the tax (C}**) was applied to the heat generation (g; »+) of PtH technologies.
Two versions of the tax were modelled, one where all PtH technologies were taxed
equally, and one where the tax only applied to individual heat pumps. These cases,
i.e., tax for all PtH technologies and tax for only for individual HP, investigate how
a maintained tax level and a tax structure favouring DH would affect the system
composition, respectively. While the tax has steadily increased in Sweden over the
years [50], an assumption was made that the tax will be at similar levels in 2050
to avoid speculations in future policy decisions. These cases were selected based
on relevant policy developments: in Sweden, the tax has been in place since 1951
[51], while Finland recently implemented a substantial tax reduction specifically for
large-scale PtH technologies connected to district heating [52]. Given the poten-
tial for similar policy shifts in our region, these cases provide valuable insights into
possible future scenarios
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4.4.2 Investments in TES

Due to uncertainties about the future availability and potential placement of TES,
its use was deliberately restricted in the reference case. This sensitivity analysis
explored how a limited addition of tank-based TES could introduce some temporal
flexibility between heat generation and demand, and how this might influence the
energy system. Specifically, 1 GWh of tank TES was permitted in the heat region
East, reflecting the current real-life setup [53|, and up to 1 GWh of tank TES was
allowed in Rya. This case aimed to represent a scenario aligned with today’s storage

levels and to explore the interaction between TES and the electrolyser’s waste heat
recovery (WHR) in Rya.

4.4.3 No Investments in Hydrogen Storage

There are uncertainties surrounding the technical feasibility of hydrogen storage at
the scale required. According to Edvall [32], conditions for hydrogen storage using
LRC in rock caverns in western Sweden are not known. The case without invest-
ments in hydrogen storage allows investigation of the impact of inflexible hydrogen
production on hydrogen and heat costs.
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Results

Chapter 5 is organised as follows. Section 5.1 demonstrates how using waste heat
from hydrogen production in Gothenburg’s district heating system impacts the gen-
eration of and investments in heat generation technologies as well as the WHR sys-
tem. Section 5.2 illustrates how the heat production cost, hydrogen production cost
and total system cost differ between the scenarios investigated in this work. Section
5.3 presents the impacts of adding an electricity tax on power-to-heat technology,
allowing investments in thermal energy storage capacity and restricting investments
in hydrogen storage capacity on the model results.

5.1 Impacts of waste heat recovery from electrol-
ysis on the energy system

This section presents the effects of introducing excess heat from electrolysis on total
heat generation in the 2050 Gothenburg energy system. Table 5.1 shows total system
cost, hydrogen cost and heat cost for cases with and without a waste heat recovery
system, i.e., without WHR and with WHR. It can be seen that utilising heat from
hydrogen production, as applied in the with WHR case, leads to total system cost
(Equation 4.1) reduction of 0.8% in comparison to without WHR case. In the with
WHR case, the average marginal cost of heat and average marginal cost of hydrogen
(Equations 4.8 and 4.7) decrease by 2.3% and 2.6%, respectively compared to the
without WHR case. From the results, it can be concluded that it is cost-efficient to
invest in a waste heat recovery system to utilise heat from hydrogen production.

Table 5.1: Modelling results for total system cost, average marginal cost of heat
and average marginal cost of hydrogen.

Cost Without WHR ~ With WHR
C*! [MEUR] 361.4 358.5
Cheat [EUR/MW h] 12.9 12.6
Cl2 [EUR/MWh| 61.6 60

Figure 5.1 shows total heat generation in GWh in Gothenburg for the without WHR
(a) and with WHR (b) cases. In both investigated cases, large-scale HP covers over
33% and waste heat 38% of the heat generated. When investments in WHR systems
are allowed, as in the with WHR case, heat production by large-scale EBs reduces
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by 4% and large-scale HP by 6% compared to the case without WHR. Biogas-fuelled
HOB, biomass-fuelled HOB and individual residential HPs remain unchanged for
the investigated cases.

Electrolyser and WHR configurations are invested in to utilise heat generated from
hydrogen production in the with WHR case. Specifically, HX coupled with AEL90
covers 6% and HP coupled with AEL80 covers 1% of the annual heat generation for
the case with WHR. These two configurations are characterised by their relatively
high waste heat temperature, contributing to high hydrogen production efficiency as
well as the possibility of low-cost HX and high efficiency HP. Additionally, the lower
investment cost of the electrolyser of type AEL compared to PEM. The modelling re-
sults show that the AEL electrolyser with a high waste heat temperature (80-90°C)
is one of the most efficient configurations for utilising heat from hydrogen produc-
tion, leading to a reduction in heat generation from power-to-heat technologies such
as large-scale electric boilers and heat pumps.

Technology Technology
3500 — 3500 —
e HOB_WG B HOB_WG
EEE HOB_bio L BB HOB_bio L
3000 . HP L 3000 . HP L
HP_MFH_GW HP_MFH_GW
B waste_heat I waste_heat
2500 2500 BN HP_AEL 80
HX_AEL 90

2000 2000

1500 1500

Annual heat generation [GWh]
Annual heat generation [GWh]

1000 1000

500 500

(a) (b)

Figure 5.1: Total heat generation by technology and in Gothenburg without WHR
(a) and with WHR(b). Heat generation technologies are large-scale EBs (EB_L),
biomass-fuelled HOB (HOB_ bio_ L), biogas-fuelled HOB (HOB_WG_L), large-
scale HP (HP_L), individual HP for multifamily housing (HP_MFH_ GW), in-
dustrial waste heat (waste_heat), WHR HX connected to AEL90 (HX_AEL_90),
WHR HP connected to AEL80 (HP__AEL_80) and PEM80 (HP_ PEM_ 80).
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5.1.1 Operation of heat generation technologies

Hydrogen demand is connected to the refineries in Rya, where electrolysers with
potential for waste heat recovery are also installed. As a result, this region shows
the largest change in heat generation between the investigated cases. To illustrate
this difference, hourly heat generation in Rya was further analysed. Figure 5.2
shows hourly heat generation by respective technology in region Rya without (b)
and with WHR (c), during hours 650-950 with large price variations of the imported

electricity, with a maximum value of 660 EUR/MWh, and a minimum value of 25
EUR/MWh (a).
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Figure 5.2: Electricity prices (a) and heat generation in region Rya without WHR
(b) and with WHR (c), for hours 650-950. The electricity price varies between 25-660
EUR/MWh. Heat generation technologies are large-scale EBs (EB_L), biomass-
fuelled HOB (HOB_ bio_ L), biogas-fuelled HOB (HOB_WG_ L), large-scale HP
(HP_L), individual HP for multifamily housing (HP_ MFH_GW), industrial waste
heat (waste_heat), WHR HX connected to AEL90 (HX AEL_90), WHR HP con-
nected to AEL80 (HP__AEL_80) and PEM80 (HP__PEM_ 80).
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For both cases, biomass-fuelled HOBs have a higher generation during high elec-
tricity prices, and during peak prices, the biogas-fuelled HOB is operating as well.
These HOBs are not invested in by the model, but were pre-existing. The individual
multifamily housing HPs remain at a low level, and industrial waste heat is delivered
at a constant level for both cases. When introducing WHR, as in the with WHR
case, more variations are introduced in the generation profile. Large-scale EBs and
HPs operate in a similar pattern, however, at a smaller capacity. These are the two
technologies which is mainly replaced by electrolysis WHR. During the longest and
highest electricity price peak, around hours 675-725, waste heat from the WHR heat
exchanger (connected to AEL90) decreases as the electrolyser operates at minimum
load due to high electricity costs. The WHR heat pump (connected to AELSO0)
produces even less heat, constrained by both the electrolyser’s minimum load and
the additional electricity cost of running the heat pump.

The introduction of waste heat recovery from electrolysis is primarily replacing
large-scale electric boilers and heat pumps. Pre-existing biomass- and biogas-fuelled
HOBs continue to play a key role during high electricity price periods, while WHR
output is limited under these conditions due to reduced electrolyser operation and
the cost of running associated heat pumps.

5.1.2 Operation of waste heat recovery systems

Table 5.2 shows investments in electrolysers and hydrogen storage for the with WHR
and without WHR cases.

Table 5.2: Investments in electrolysers and hydrogen storage for with WHR and
without WHR cases.

Electrolyser without WHR  with WHR
AEL90 [MW] 206.4 239.8
AELS0 [MW)] 58.6
Hydrogen storage [GWh] 16.1 14.6

In the without WHR case, hydrogen storage is used more extensively, both in larger
capacity and with 4.5% more cycling over the year. The WHR paired electrolysers
have additional value in running since they also produce heat, while the non-coupled
electrolyser rather avoids operation during these hours and discharges the storage, to
then charge it at a higher rate. It is expected that a larger hydrogen storage is related
to a larger electrolyser capacity; however, the case with WHR has an 8.3% smaller
storage and a 2% larger electrolyser capacity. This is linked to the lower efficiency
of the AELS8O0 electrolyser, which is chosen as a second electrolyser in the with WHR
case because of its advantageous heat characteristics; its availability (as the heat
exchanger becomes unavailable when district heating supply temperatures exceed
the limit set by Equation 2.1), and the high efficiency of the AEL80’s connected
heat pump. For the case with WHR, AEL90 produces 80% of the hydrogen demand,
and AELS0 the remaining 20%.
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Figure 5.3 shows hydrogen production during hours 7150-7250 of the year, with a
price range of 12 to 115 EUR/MWh for imported electricity. The top panel shows
AEL90 operation for the case without WHR, the second shows AEL90 operation
for the case with WHR. Operation of AELSO for the case with WHR is disregarded,
since mainly the AEL90 satisfies the hydrogen demand. The third and fourth panel
displays electricity price and heat demand.
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Figure 5.3: Hours 7150-7250, corresponding to the imported electricity price range
of 12-115 EUR/MWh. The top panel shows electrolyser operation without WHR.
The second show operation with WHR. The third panel displays electricity prices,
and the fourth shows heat demand.

For both cases, the electrolyser is operating at maximum capacity continuously dur-
ing low electricity prices, as seen from hours 7150 to 7170. When the electricity
price exceeds 100 EUR/MWHh, as seen around timestep 7240, electrolysers for both
cases dip to minimum load. At mid-price levels (hours 7170-7240), operation differs
between the cases. In the with WHR case, electrolyser output is driven by both
electricity price and heat demand, sometimes increasing to supply heat and gen-
erate additional value, and sometimes decreasing when heat demand is low. This
reflects the influence of sector coupling, in contrast to the without WHR case, where
operation is primarily driven by electricity prices. Heat demand impacts hydro-
gen production when investments in WHR for electrolysis are allowed, as applied
in with WHR scenario. The model has perfect foresight of the electricity prices,
which impacts the operational strategy of electrolysers and sensitivity to electricity
prices, such as AEL90 rapidly ramping up to full load for a slight price drop around
timestep 7210, and reducing to minimum load in response to a minor price increase
before timestep 7220.

Introducing WHR from electrolysers shifts hydrogen production from being solely a

cost driven by electricity consumption to also generating revenue by supplying heat,
and replacing large-scale HP and EB generation.
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5.2 Impacts of waste heat recovery process con-
figurations

Figure 5.4 shows the increase in average marginal cost of hydrogen in % (y-axis), in
total system cost in % (colour gradient) and in average marginal cost of heat in % (x-
axis). For the no AELJ0 case, investments in alkaline electrolyser with waste heat
temperature of 90°C are not allowed. For the no AEL90/80 case, the possibility to
invest in alkaline electrolysers with waste heat temperatures of 80°C and 90°C was
removed. In the PEM case, the possibility to invest in all AEL units was removed,
and finally, in the PEM50 case, the only electrolyser availible for investment in the
model was a PEM electrolyser operating at 50°C. These cases are compared to the
reference case with WHR with all WHR configurations available (See Section 2.3,
Table 2.2).
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Figure 5.4: Increase in average marginal cost of hydrogen(Hs) in % (y-axis), in
total system cost in (colour gradient) and in average marginal cost of heat in %
(x-axis) for no AEL90, no AEL90/80, PEM and PEMJ50 cases in comparison to the
with WHR case.

As seen in the Figure 5.4, the differences in average marginal cost of hydrogen (ca.
0.7-5%), heat (ca. 1.8-11%) and total system costs(ca. 0-1.4%) are small between
the cases. The with WHR case, which is able to invest in all eight WHR configu-
rations studied, results in the lowest system costs and serves as the reference when
comparing cost increases between the cases. From Figure 5.4, it can be seen that
hydrogen and heat costs do not increase linearly between the cases. The no AEL90
and no AEL90/80 cases results in a 0.7% and 1.2% increase in the cost of hydro-
gen and a 1.6% and 4% increase in the cost of heat, respectively, compared to the
with WHR case. This shows that, as higher efficiency and operating temperature
AEL electrolysers are removed, both the cost of heat and hydrogen increase due
to investments in electrolysers with lower operating temperatures. Conversely, for
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the PEM and PEM50 cases, this relationship is not observed. The PEMS0 case
increases the cost of heat from the reference case to only 7.9%, whilst the PEM
case, where all PEM electrolysers are available, the cost of heat increases to 11.1%.
The cost of hydrogen increases as operating temperatures and efficiencies fall (2.3%
for the PEM case and 5% for the PEM50 case), which indicates that despite the
total system costs increasing as higher efficiency and operating temperature PEM
electrolysers are removed (0.6% for PEM and 1.4% for PEM50), the cost of heat is
reduced with lower efficiency and operating temperature PEM electrolysers.

Figure 5.5 shows the annual heat generation in Gothenburg. The Figure illustrates
when the electrolyser WHR is unavailable (a), and how heat generation shifts under
different electrolyser availability constraints is detailed in (b). Additionally, Table
5.3, shows the invested electrolyser and WHR capacities for each case studied.
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Figure 5.5: Annual heat generation in GWh in Gothenburg for the Without
WHR case (a) and the change in heat generation in GWh for with WHR, for
the reference case with WHR, no AEL90, no AEL9080, PEM and PEMS50 cases
in comparison to without WHR case (b). Positive values for the change in heat
generation reflect an increase in generation, whereas negative values indicate a de-
crease. Heat generation technologies are large-scale EBs (EB_ L), biomass-fuelled
HOB (HOB_ bio_L), biogas-fuelled HOB (HOB_WG__L), large-scale HP (HP__L),
individual HP for multifamily housing (HP_MFH GW), industrial waste heat
(waste__heat), WHR HX connected to AEL90 (HX_AEL_90), WHR HP connected
to AEL80 (HP__AEL_80), AEL70 (HP_AEL_70), PEM80 (HP_PEM_80) and
PEM50 (HP_PEM_ 50).
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Table 5.3: New electrolyser and WHR capacities for the cases studied

Case Type Technology  Capacity [MW]
Refererence with WHR,  Electrolyser AEL90 239.8
WHR HX AEL90 38.6
Electrolyser AELS0 58.6
WHR HP AELS0 1.4
No AEL90 Electrolyser AELS0 285.5
WHR HP AELS0 6.8
No AEL90/80 Electrolyser AELT70 286.2
WHR HP AEL70 7.3
PEM Electrolyser PEMS80 390
WHR HP PEMS80 11.3
PEMS50 Electrolyser PEMS50 387
WHR HP PEM50 22.7

As seen in Figure 5.5b, all of the studied WHR cases mainly replace large-scale HP
generation and, to a lesser extent, individual HP and EB generation when com-
pared to the reference case without WHR. The reference case with WHR invested
in both AEL90 with HX and AEL80 with HP, and was the most cost-effective ver-
sion of the studied cases. This case utilises the most efficient electrolysers in terms
of hydrogen production and as a result, the lowest producers of electrolyser waste
heat at 242 GWh/y, which replaces 213 GWh/y of mainly large-scale HP generation.

The no AEL90 case removed the model’s ability to invest in HX, and thus, the
generation of heat from WHR is only supplied with AEL80 with HP. As seen in the
figure, even though the annual generation of WHR heat in the no AELI0 case is
the same as the annual generation of heat in the reference case with WHR, the no
AEL90 case replaces more heat generation from other sources compared to the with-
out WHR reference case. The no AEL90 case replaces 12% more heat generation
than the reference case with WHR, and this is due to the increase in flexibility that
arises when utilising HP, which is always available, compared to HX. Furthermore,
HP has a higher efficiency in heat generation than HX, and thus can produce more.

The Figure also shows the similarities in heat generation from WHR between the no
AEL90 and no AEL90/80 cases. Table 5.3 shows that this is true with respect to
installed capacity as well, with the AEL80 (285.5 GW) with accompanying HP (6.8
GW) and AEL70 (286.2 GW) with accompanying HP (7.3 GW) being extremely
similar. The small increase in heat generation of 3% is caused by the electrolysers’
small difference in waste heat efficiency of AEL70 compared to AELS0 of 0.7%.
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The PEM case, where a PEMSO0 electrolyser is installed with a HP represents a
large increase in both heat generation (278 GWh) from WHR and replaced genera-
tion (276 GWh). This increase is caused by the difference in efficiency and ability to
utilise the hydrogen storage fully, thanks to the full load flexibility of PEM electrol-
ysers. This can be seen from the installed capacities of both the PEMS0 electrolyser
of 390 MW and the HP of 11.3 MW. The large increase in capacity is caused by the
PEMSO electrolyser being able to shut down fully as opposed to the AEL electroly-
sers, which can run at 20% load capacity at the lowest.

The PEMS50 electrolyser in the PEM50 case has similar, and even slightly lower,
levels of installed capacity at 387 GW. However, it produces more heat annually
(311 GWh) as seen in Figure 5.5b and even replaces some individual heat pumps
in addition to the increased replacement of HP and EB units (349 GWh of total
replaced technologies, of which 43 GWh is individual HPs). The lower efficiency
indicates that even though the installed capacity did not change, it needs to operate
for more hours of the year to deliver the same amount of hydrogen and thus the
generation of waste heat increases.
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5.2.1 Operational differences between AEL and PEM

Figure 5.6 shows how much available waste heat is produced for the no AEL90/80
case compared to the reference with WHR case.
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Figure 5.6: The left panel shows the available heat from electrolyser operation
for the no AEL90/80 case and for the reference case with WHR. The right panel
displays the corresponding load duration curves for the accumulated heat generation
from the WHR units for both cases.

The no AEL90/80 case results in approximately 7% more available heat over the
year compared to the reference case. As seen in the load duration curves, both
scenarios supply heat for a similar number of hours and operate at full capacity for
roughly the same duration. However, in the no AEL90/80 case, operation occurs
at higher levels during the full-capacity hours. This is due to improved efficiency
during specific hours, partly driven by a higher COP for the heat pump when the
waste heat and district heating supply temperatures are closer, allowing for more
efficient use of the available capacity.

In comparison, Figure 5.7 shows available heat from the electrolyser as well as the
load duration curve of the heat generated for the PEM case compared to the with
WHR reference case. The figures clearly illustrate the ability of the PEM 80 electrol-
yser to change its operational load from 0-100% compared to the AEL electrolysers
20-100%. The model opts to oversize the electrolyser capacity of PEMS80, leading
to higher generation volumes of both hydrogen and heat from the WHR technol-
ogy, but at fewer full load hours compared to with WHR reference case and the no
AEL90/80 case.

40



5. Results
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Figure 5.7: Available heat over a year (left) and load duration curve of heat
generated by electrolyser WHR units (right) for the PEM case compared to the
reference case with WHR.

Total available heat and how heat is generated by the WHR technologies are shown
in Figure 5.8 for the PEM50 case compared with the reference case with WHR.
The total available heat of the low temperature PEM electrolyser is higher than
the with WHR case due to the higher waste heat efficiency, which is directly linked
to the larger heat losses in hydrogen production. The load flexibility enables the
PEM electrolyser to go down to 0% of load, and thus the electrolyser requires a
higher capacity to produce all necessary hydrogen when it is operating. These
characteristics lead to either no electrolyser waste heat availability or a relatively
large amount of heat availability, as clearly demonstrated in Figure 5.8 (right).
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Figure 5.8: Available heat over a year (left) and heat generation during 100h by
electrolyser WHR units (right) for the PEM50 case compared to the reference case
with WHR
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5.3 Sensitivity analysis

The results from the sensitivity analysis are presented in this chapter. All scenarios
studied in the sensitivity analysis are compared to the most cost-optimal solution
from the results; the reference case with WHR. This is done with the aim of investi-
gating how the changes to certain inputs of the model alter the previously presented
results and to scrutinise them further. In the following subsections, three inputs used
for the sensitivity analysis will be introduced, and their results will be presented.

5.3.1 Tax on Electricity-Consuming Heat Generation

This sensitivity analysis explores the system changes that occur when introducing
taxation on PtH technologies. Table 5.4 shows the total system cost and average
marginal cost for heat and hydrogen for two different electricity tax schemes, com-
pared to the reference case with WHR. The two tax scenarios are: one where all
power-to-heat (PtH) technologies are taxed, and another where only individual heat
pumps (indHP) are taxed.

Table 5.4: Cost comparison across scenarios: reference case with WHR, tax on all
PtH technologies, and tax on private PtH technologies (indHP)

Cost WHR ref tax PtH tax indHP
C't IMEUR] 358.5 384.4 360.3
Cheat [EUR/MWh] 12.6 20 13.8
CH2 [EUR/MWh] 60 58.5 60

The scenario where all PtH technologies are taxed results in the highest system cost,
increasing by 7.2% compared to the reference case with WHR. The average heat cost
rises significantly, to €20/ MWh, while the hydrogen cost remains comparable. This
is caused by a larger share of the total heating demand being supplied by biomass
HOB plants with accompanying fuel costs, and the still present, now more expen-
sive, PtH technologies to a lesser extent. The tax on only indHP results in a total
system cost increase of 0.5%, indicating a more cost-efficient approach to steering
heat system design in favour of DH through targeted taxation. The small increase
in cost is caused by the system opting to invest in centralised DH heating, without
increased cost of taxation, instead of relying on individual heat pumps.

The changes in heat generation and technology utilisation are shown in Figure
5.9. The subfigures (a), (b) and (c) display the stacked heat load duration curves
for each scenario. The reference case with WHR (Figure 5.9a) is dominated by
electricity-based technologies, especially during mid- and low-load periods. When
all PtH technologies are taxed (Figure 5.9b), their utilisation drops substantially,
with combustion-based solutions increasing their shares instead. The tax on indHP
(Figure 5.9¢) causes a modest shift in generation but a drastic shift in source, pre-

serving much of the original load structure while removing the contribution from
individual HPs.
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Figure 5.9: Comparison of heat load duration curves across different tax scenar-
ios: (a) reference case with WHR, (b) tax on all PtH technologies, and (c) tax on
private PtH technologies only. (d) shows the corresponding share of total new heat
generation capacity by technology and scenario.

The tax scenarios clearly influence the system composition. As seen in Figure 5.9d,
the total new installed capacity is lowest in the scenario with a full tax on all PtH
technologies (763 MW), where a notable shift occurs toward increased reliance on
thermal generation. In contrast, the tax on individual heat pumps leads to the high-
est total new capacity (842 MW). In this case, individual heat pumps are completely
phased out and replaced by large-scale heat pumps, indicating a clear preference
for district heating infrastructure. This transition happens with only a marginal
increase in total system cost compared to the reference, suggesting that such a tar-
geted tax would favour district heating companies by reinforcing centralised heat
production without compromising economic efficiency to a large extent.
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5.3.2 Investments in TES

This sensitivity analysis explores the system changes that occur when allowing the
model to invest in tank TES in the Rya and East regions. This was done in order to
investigate the resulting costs, generation and system composition change compared
to the reference case with WHR when allowing current levels of installed capacity.
Specifically, the capacities of 1 GWh storage were allowed in conjunction with the
Renova WtE plant and in conjunction with the refineries in Rya, respectively. The
result is that the model utilises the full allowed capacity, and invests in 1 GWh
TES in East and Rya. The discharge of the two storages corresponds to 5% of
Gothenburg’s yearly heat demand, and the total system cost decreases by 0.5%
compared to the reference case with WHR. Figure 5.10a, 5.10b and 5.10c show
discharge of the two storages for three different import electricity price periods.
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Figure 5.10: Discharge from TES in East and in Rya. The Figure presents
three time periods selected based on differing electricity spot price ranges; (a) 0-

28 EUR/MWh,, (b) 112-126 EUR/MWh,; and, (c) 580-660 EUR/MWh,,

The TES discharge patterns in the two regions are similar, generally increasing when
electricity prices rise and decreasing when prices fall. The most notable change in
thermal generation compared to the reference case with WHR is a 10 GWh reduction
in large-scale EBs and a 6 GWh increase in large-scale HPs. The introduction of TES
also reduces heat overproduction by 3.5%. Combined with the higher PtH efficiency
of large-scale HPs compared to EBs, this leads to a 3% reduction in electricity use
in Gothenburg, lowering the overall system cost.
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5.3.3 No Investments in Hydrogen Storage

In this scenario, the ability of the model to invest in storage capacity for hydro-
gen is completely removed. This was done in order to investigate a scenario where
the possibility of constructing LRC storage is found to be infeasible in the Vas-
tra Gotaland region. Without storage, hydrogen must be produced and consumed
simultaneously, reducing operational flexibility and potentially affecting both hydro-
gen and heat generation from WHR systems. Table 5.5 compares the total system
cost and average marginal costs for heat and hydrogen between the reference case
and the no-hydrogen storage scenario. While the total system cost increases slightly
by 1%, the cost of heat actually decreases marginally. The average cost of hydrogen,
however, increases by 2%.

Table 5.5: Cost comparison between the reference case with WHR and the scenario
without access to hydrogen storage

Cost WHR ref no Hj storage
Ctot IMEUR] 358.5 362.1
Cheat [EUR/MWh] 12.6 12.5
Cl2 [EUR/MWh] 60 61.2

Figure 5.11 illustrates the changes in heat generation profiles and dispatch during a
high electricity price event (with a peak of 660 [EUR/MWHh]). As shown in the heat
load duration curve (Figure 5.11b), the system without hydrogen storage leads to
increased use of combustion-based technologies during peak-load events, compared
to the reference case (Figure 5.11a). This shift is due to the reduced ability of
electrolysers to operate flexibly and provide waste heat on demand. To further
demonstrate this, Figures 5.11c and 5.11d show the dispatch of heat by source to
meet the heating demand of the Sorred region, which imports heat from the Rya
region where the WHR system is located. In both cases, biogas boilers are used to
meet demand. However, a key difference lies in the operation of these generation
technologies. With access to hydrogen storage, the system achieves a smoother
production curve, resulting in lower investment in peaking capacity (13 MW versus
26 MW of biogas boiler capacity in Sorred). The dispatch of heat across all heat
regions during this event is provided in Appendix A.3.1.
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Stacked Load Duration Curves by Technology (ref: WHR) Stacked Load Duration Curves by Technology (no H2 storage)
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Figure 5.11: Comparison of heat load duration curves (with- and without access
to hydrogen storage) scenarios: (a) reference case with WHR, (b) and no hydrogen
storage. (c) and (d) shows the generation of heat in the Sorred region during a
high electricity price event (peak of 660 [EUR/MWHh]) with and without access to
hydrogen storage, respectively.
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Figure 5.12 shows installed electrolyser capacity as well as WHR load duration over
one year, comparing a system with hydrogen storage and without. The electrolyser
capacity is 34% smaller when no storage is available and the electrolyser operates
continuously. This means that waste heat from the electrolyser is always available,
and it is used at max capacity for most hours of the year. This shows that even
though the heat is delivered to the DH system more predictably from WHR, the
system has lost a flexibility measure that acted to dampen variations in generation.
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Figure 5.12: Installed electrolyser capacity (left) and load duration of associated
WHR units for reference case compared to case without hydrogen storage.
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Discussion

The implications of integrating waste heat from electrolysers into Gothenburg’s ex-
isting district heating network were investigated in this study. The main findings
from the modelling show that including WHR from hydrogen production can re-
duce total system cost by 1%, corresponding to 3 MEUR, in comparison to the
case without WHR and replace ca. 200 GWh of industrial HP heat generation. All
electrolyser types can supply a similar amount of waste heat, but differences in load
flexibility affect their hourly availability. PEM electrolysers offer high load flexibil-
ity, which results in a higher cost of heat. They are also more investment-intensive
than AEL electrolysers, contributing to a higher total system cost. However, their
dynamic properties make them well-suited for flexible electricity consumption, as
seen from their operational patterns of high peak production at lower occurrences
compared to AEL.

While the model provides valuable insights into the cost-optimal configurations of
electrolysers and WHR technologies, it operates under assumptions that must be
discussed. Since the system dispatch of heat, electricity, and hydrogen has perfect
foresight of electricity prices and future demands, the model’s operational patterns
may not fully reflect real-world behaviour, where limited predictability typically
leads to more cautious and less extreme dispatch strategies. Rapid changes, such as
electrolysers shifting from minimum to maximum load in response to small electric-
ity price signals, may therefore be overestimated, potentially overstating the cost
savings from electricity price-driven operation. While price forecasts and the abil-
ity of electrolysers to shift production load are reliable, the perfect foresight in the
model provides an operational advantage that doesn’t exist in reality.

Additionally, several key parameters in the model were based on estimated vari-
ations in district heating supply temperatures to maintain linearity. For example,
the coefficient of performance (COP) of heat pumps was set according to an assumed
temperature profile rather than modelled dynamically. This means the model does
not capture the full dynamics when integrating WHR, especially during periods with
significant fluctuations in supply temperature.

The current AEL constraint, which describes the minimum production (see Table
4.3), captures only the lower flexibility bounds. The constraint formulation can lead
to undervaluing AEL’s ability to shut down and restart. Moreover, the absence of
degradation costs, thermal inertia in electrolyser and WHR operation, and start-up
costs could conceal long-term performance challenges and investment risks.
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6.1 Electrolyser configuration’s impact on WHR
potential

The WHR system configurations comparisons indicate that a higher waste heat
temperature provides lower hydrogen and heat production costs in comparison to
a lower waste heat temperature. Utilising HX for WHR was found to be the most
cost-effective solution when available, primarily due to its low investment costs and
lack of running costs. While HPs are more capital-intensive and their operation
depends on electricity prices, access to high-temperature waste heat improves their
COP due to the lower required temperature lift.

The potential of integrating electrolyser WHR into a fourth-generation district heat-
ing (4GDH) system, characterised by supply temperatures below 70°C, needs to be
investigated further. For this type of system, HX could be integrated with a larger
share of electrolyser units.

Assuming current investment cost trajectories for PEM and AEL technologies by
2050, AEL is associated with lower total system and hydrogen production costs com-
pared to PEM electrolysers. The value of PEM’s dynamic load flexibility depends
on the ownership structure of the electrolyser. However, the modelled flexibility of
AEL is subject to certain limitations. Specifically, AEL can operate only within a
load range of 20-100%, but it can be shut down and restarted with a start-up time
of approximately 1-2 hours. Further investigation into the effects of integrating
both the ability of AEL to shut down and its accompanying start-up time would be
interesting for future research.

6.2 Actor Perspective in System-Based Energy
Planning

The aim of this thesis was to identify the most cost-effective composition of the
Gothenburg energy system in 2050 when integrating electrolyser WHR. To achieve
this, the system is viewed on a macro-level, without consideration for the ownership
structure of individual technologies.

While the results are cost-optimal on a societal level, conflicts may arise when con-
sidering the interests of specific actors within the system. A potential central point
of conflict could lie in the operation of the WHR system, which bridges hydrogen
production (typically owned by an industrial actor) and the DH system (operated
by a DH company). The results indicate an inverse correlation between periods of
optimal hydrogen production (driven by electricity prices and hydrogen demand)
and periods of peak heat demand. This temporal mismatch reduces the reliability
of heat supply from electrolyser WHR, from the perspective of a DH company. As
a result, the DH company would benefit from operational agreements that ensure
that the electrolyser, and therefore the WHR unit, runs during periods of high heat
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demand. If such agreements are not in place, there is a risk that the WHR unit may
be unavailable when most needed, reducing the technology’s value in supporting the
heat system. However, this mismatch can be addressed by introducing incentives
for flexible heat generation that is responsive to heat demand. Variable heat pricing
could support a more flexible heat market and increase the value of operating elec-
trolysis units coupled with waste heat recovery during periods of high heat demand.
Additional thermal energy storage would allow heat produced during periods of low
demand to be stored and used when heating needs are higher. Storage solutions can
improve the utilisation of surplus renewable electricity, such as from solar and wind,
for hydrogen production, thereby contributing to grid balancing.

Additionally, the sensitivity analysis involving taxation on PtH technologies (Section
5.3.1) highlights important policy-related implications for DH companies. The intro-
duction of a flat tax on PtH sources in the model resulted in increased investments
in thermal peaking technologies and maintained levels of privately owned individual
heat pumps. While the system is cost-optimal from a societal point of view under
these conditions, this outcome, as well as the reference case with WHR that also
has a large share of heat generation from individual HP, introduces operational un-
certainty for DH operators. If households can switch heating sources on demand,
the resulting fluctuations in DH heat demand complicate operational planning and
would lead to potential revenue losses for the DH company. This instability may
undermine the economic sustainability of centralised DH systems. The results also
suggest that removing taxes from PtH units owned by the DH company eliminates
this issue, preserving centralised coordination. However, this raises the question:
should policymakers intervene to support the economic stability of DH companies
at the expense of consumer choice and potential cost savings? While centralised
heat production offers potential benefits in terms of efficiency and emissions reduc-
tion, as outlined in Chapter 3, further research is needed to explore appropriate and
equitable policy interventions.

Coordination mechanisms will be key to aligning actor incentives and preserving

the benefits of a stable, centralised district heating system in a transitioning energy
system.
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Conclusion

This thesis aimed to assess the techno-economic implications of integrating waste
heat recovery (WHR) from electrolysers into the district heating system of Gothen-
burg. A linear optimisation model was applied to find the cost-optimal energy
system composition from a societal perspective in the year 2050.

The modelling results show that heat recovery from hydrogen production reduces
the total system cost of Gothenburg by 1%, corresponding to 3 MEUR, in compar-
ison to the case when heat from hydrogen production is not utilised. This indicates
that the integration of heat recovery from electrolysers is beneficial from a system
perspective and has an even greater potential for cost reductions with higher hydro-
gen demand. In addition, it was found that the average cost of hydrogen production
and average cost of heat production can be reduced up to 2.3% and 3.5%, respec-
tively, for the case when investments in the WHR system are allowed, with WHR,
in comparison to the case without WHR. The integration of the WHR system leads
to a reduction of PtH technologies (large-scale EB and HP). This confirms the value
of leveraging excess heat from hydrogen production to support the DH network.

Electrolysers with high waste heat temperature, such as Alkaline electrolyser (AEL)
operating at 90°C, result in the lowest total system cost compared to other electrol-
yser and WHR configurations (see Figure 5.4). For the cases when investments only
in PEM electrolysers are allowed, such as PEM and PEMS0, the total system cost
increases by 4.7% and 5.5% compared to the lowest total system cost case with AEL
operating at a temperature of 90°C with WHR. The higher system cost is primarily
driven by the larger investment cost of PEM electrolysers, rather than the cost of
electrolysis WHR associated with this technology.

When investments in hydrogen storage are not allowed, the model results show
that the cost of heat decreases by 1% and the cost of hydrogen increases by 2%, in
comparison to the with WHR case. Introduction of TES storage results in a 0.5%
reduction in total cost in comparison to the with WHR case. The modelling results
describe a need for cooperation between hydrogen production and heat generation
systems, which can lead to cost reduction of both hydrogen and heat as well as an
increase in energy utilisation of electrolysers.
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Appendix

A.1 Additional constraints used in the model

Table A.1: Description of constraints used in the model

Constraints

Description of constraints

Import /export capacity

Limits electricity import and export to the
grid import capacity of each electricity region.

_MeEl, cap S wZ;LP S ‘Z\JeEl7 cap
Vee E\VteT

Maximum production,
electricity

The generation of electricity by a technology is lower
than the installed capacity of said technology.

pi,e,tSSi,e
Viel,VecENteT

Maximum production,
heat

The generation of heat by a technology is lower
than the installed capacity of said technology.

Qiht < Sih
Vi€ lhw,Vee ENteT

Storage level,
batteries

The storage level of batteries at a certain timestep
is the storage level at the previous timestep,
plus or minus charging and discharging.

SOCY = SOCHL, + b, —bie"
Vee ENteT

Maximum storage,
batteries

The storage level in a battery cannot exceed the
capacity of the battery.

SOCS,? S Shat,e
Vee EVteT

Charging/discharging,
batteries

The electricity charged or discharged from a battery
cannot exceed its discharge capacity.

ch dch
be,t’ bet S Sbat, cap
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Constraint

Description of constraint

Vee E\NteT

Storage level,
TES

The storage level of a TES at a certain timestep
is the storage level at the previous timestep,
plus or minus charging and discharging.

SOCTFS = SOCTPS, + TESg, — TES{
Vhe HVteT

Maximum storage,

TES

The storage level in a TES cannot exceed the
capacity of the TES.

SOCKES < STESK
Vhe HVteT

Charging/discharging,
TES

The heat charged or discharged from a TES
cannot exceed its discharge capacity.

TES}CZ},Lp TESgifh S STES, cap
Veec EVteT
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A.2 Reference Case

A.2.1 No WHR
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Figure A.1: Annual generation- and export of heat in region Central (no WHR).
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Generation & Import in East
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Figure A.2: Annual generation- and export of heat in region East (no WHR).
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and export of heat in region Frolunda (no WHR).
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Generation & Import in Molndal
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Figure A.4: Annual generation- and export of heat in region Mélndal (no WHR).
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Figure A.5: Annual generation- and export of heat in region Northl (no WHR).
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Generation & Import in Rya
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Figure A.6: Annual generation- and export of heat in region Rya (no WHR).
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Figure A.7: Annual generation- and export of heat in region Sérred (no WHR).
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Stacked Load Duration Curves by Technology (ref: no WHR)
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Figure A.8: Load duration curve of heat generating technologies in Gothenburg
(no WHR).
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A.2.2 WHR

Generation & Import in Central

0.40 A

0.35

0.30

0.25 4

0.20

0.15 4

Generation Level [GWh]

0.10

0.05

0.00 -

4000 6000

BN import EEE HP L WM EB | WM HOB WG

Net heat flow in Central

0.3 1

0.2 9

0.1

0.0

Net Heat Flow [GWh]

—0.1 4

T T T T
0 2000 4000 6000 8000

Time Step
Heat used locally Export —— Demand

Figure A.9: Annual generation- and export of heat in region Central (WHR).
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Generation & Import in East
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Figure A.10: Annual generation- and export of heat in region East (WHR).
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Figure A.11: Annual generation- and export of heat in region Frolunda (WHR).
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Generation & Import in Molndal
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Figure A.12: Annual generation- and export of heat in region Mélndal (WHR).
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Figure A.13: Annual generation- and export of heat in region North (WHR).
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Generation & Import in Rya
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Figure A.14: Annual generation- and export of heat in region Rya (WHR).
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Figure A.15: Annual generation- and export of heat in region Sérred (WHR).
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Stacked Load Duration Curves by Technology (ref: WHR)
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Figure A.16: Load duration curve of heat generating technologies in Gothenburg

(WHR).
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A.3 Sensitivity analysis

A.3.1 No hydrogen storage
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Figure A.17: (a) and (b) shows the generation of heat in the central region during
a high electricity price event (peak of 660 [EUR/MWh]) with- and withouth access

to hydrogen storage respectively.
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Figure A.18: (a) and (b) shows the generation of heat in the east region during
a high electricity price event (peak of 660 [EUR/MWh]) with- and withouth access

to hydrogen storage respectively.

XIIT



A. Appendix

Generation & Import in Frolunda Generation & Import in Frolunda
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Figure A.19: (a) and (b) shows the generation of heat in the Frélunda region
during a high electricity price event (peak of 660 [EUR/MWHh]|) with- and withouth
access to hydrogen storage respectively.
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Figure A.20: (a) and (b) shows the generation of heat in the Mélndal region during
a high electricity price event (peak of 660 [EUR/MWh]) with- and withouth access
to hydrogen storage respectively.
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Generation & Import in North Generation & Import in North
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Figure A.21: (a) and (b) shows the generation of heat in the north region during
a high electricity price event (peak of 660 [EUR/MWh]) with- and withouth access
to hydrogen storage respectively.
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Figure A.22: (a) and (b) shows the generation of heat in the Rya region during
a high electricity price event (peak of 660 [EUR/MWh]) with- and withouth access
to hydrogen storage respectively.
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