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Abstract

This thesis investigates the potential for integrating waste heat from green hydrogen production
into Sweden’s district heating (DH) systems. The main goal is to understand how this integration
supports sector coupling and to identify key economic barriers. The study focuses on three main
issues identified in the HyCoGen final report: the future compensation of hydrogen, the value of
residual heat, and investment costs. The findings show that using waste heat from hydrogen
production can increase energy efficiency by linking electricity and heating networks. However,
the economic value of the heat is low, and temperature upgrades using heat pumps raise costs.
Electricity price volatility adds further difficulty. Hydrogen prices are still uncertain, and the
equipment needed is expensive. While the technology is available, better support through clear
regulations, market incentives, and financial aid is necessary to make such integration feasible.
This work highlights the need for coordinated planning and policy to achieve effective sector

coupling in Sweden.
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Summary

This master's thesis investigates the potential integration of waste heat from green hydrogen
production into Sweden’s district heating (DH) systems, with a focus on its role in enhancing
sector coupling and overcoming economic and regulatory barriers. Green hydrogen, created
using electrolysis driven by renewable energy, produces a significant amount of low- temperature
waste heat is produced, and if we can capture and use it effectively in district heating networks, it
could boost overall energy efficiency and help us reach our sustainability goals and the objective
of Sweden’s carbon neutrality by 2045. The study centers on three barriers identified by the
HyCoGen project: the future compensation of hydrogen, the limited economic value of residual
heat, and the high investment costs associated with hydrogen production infrastructure. Based on
a extensive review of literature as well as project data and professional expertise, the research
confirms significant uncertainties about market prices, and electricity prices, as well as
obstructing capital investment implementation despite the maturity of integration technology.
Findings show that while sector coupling through hydrogen waste heat integration can
significantly raise system efficiency potentially increasing hydrogen production efficiency from
66% to 95% when heat and oxygen by-products are fully utilized while, the economic incentives
are presently misaligned. Also, the research stresses that good policy regimes, financial
motivation schemes, and cross-sector plans may form a useful choice. Sweden can develop green
energy with hydrogen waste heat integration into DH systems. The findings aim to inform energy
planners, policymakers, and industry stakeholders about the conditions necessary for the

successful adoption of such systems.
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|.INTRODUCTION

A big change needs to happen in the world's energy systems to make them more sustainable. This
is mostly because of climate change and the need to move away from fossil fuels (IEA, 2019).
Green hydrogen is a promising technology that is helping with this change, which is produced by
splitting water through electrolysis using renewable electricity. Sectors like heavy industry and
transport, where decarbonization is particularly challenging, this clean energy carrier offers a
viable solution for reducing emissions (Smolinka et al., 2015).

The production of green hydrogen produces waste heat, which is sometimes ignored but has the
potential to increase the efficiency of the energy system as a whole if it is properly captured and
used. District heating networks are one real-world use for this residual heat. Sweden has
established highly advanced DH systems globally, with over half of its heating needs met
through the renewable energy sources and energy recovery from waste (Werner, 2017).
Nevertheless, integrating excess heat from innovative processes like green hydrogen production
into these networks, further reductions in carbon emissions could be possible.

The idea of integrating hydrogen production with DH systems is a great example of sector
coupling, where synergies between electricity, heating, and industrial systems can improve
overall energy system efficiency (Bohm et al. 2021). However, realizing this potential requires
addressing several technical, economic, and regulatory challenges that currently hinder effective
integration. The HyCoGen 1 project (Wickstrom et al.,2023) conducted a thorough examination
of the perspective system for production of hydrogen and determined it to use in connection to
district heating, identifying eight key barriers to successful integration. Considering all these
merit factors, this thesis focuses mainly on three barriers that are particularly critical for the
economic viability of hydrogen-DH integration: future compensation of hydrogen, the value of
residual heat, and investment costs. By presenting these challenges, this study hopes to give
useful information that can make it easier for Sweden’s district heating systems to use hydrogen
waste heat recovery.

This thesis investigates the opportunity to repurpose waste heat from green hydrogen production
for use in Sweden’s district heating infrastructure. It examines how such integration might be
realized in practice, while also addressing the financial constraints and policy-related obstacles
that could hinder implementation. The study’s primary aim is to study the feasibility of such
integration. Also, the research aims to bolster the creation of sustainable energy strategies aligned
with Sweden's climate goals, especially its aim to achieve carbon neutrality by 2045. The
information presented is intended to assist policymakers, energy planners, and industry experts in
facilitating successful sector coupling within the framework of the country’s larger energy
transformation.



|.I BACKGROUND OF THE PROJECT

District heating (DH) systems, which supply heat to both urban and rural areas, are a vital
component of Sweden’s energy infrastructure, providing heat to both. These systems are
comparatively sustainable because they mostly use renewable sources, such as biomass and
waste incineration. Still, there is a lot to do to increase these system’s efficiency and de-carbonise
them even further.

One of the main facilitators of the worldwide energy shift is green hydrogen, which is created by
electrolyzing utilizing renewable electricity. Large volumes of waste heat are produced by
electrolyzers used to produce hydrogen; if this heat is collected and incorporated into DH
networks, it might greatly increase the system's overall efficiency. Moreover, by integrating
green hydrogen waste heat into DH systems, it can be facilitated by sector coupling which helps
in improving coordination across the sectors like industrial, heating, and electrical.

The climate targets in Sweden are ambitious, e.g., carbon neutrality by 2045 and according to the
Paris Agreement. It is in order to achieve such targets that innovative solutions that can balance
technological innovation with economic viability must be developed. De-carbonizing space
heating, enhancing energy efficiency, and strengthening Sweden’s energy system to better handle
variability and change requires tremendous potential in green hydrogen waste heat integration in
DH systems.

1.2 AIM

The purpose of the project is to identify the barriers and analyze, associated with integrating
waste heat recovery from green hydrogen production into district heating networks in Sweden.
The goal is to understand the financial, technological, and infrastructural barriers obstructing the
effective use of hydrogen waste heat in DH systems. By way of enhanced effectiveness and
resilience of DH networks, the study will also investigate viable strategies and solutions to
overcome these impediments and help enable Sweden's transition to a low-carbon economy.

|.3 OBJECTIVES

The most important objective of this master thesis is to take a close look at the detail of three out
of eight identified barriers for market introduction of green hydrogen sector coupling identified
on HyCoGen project 1 (Wickstrom et al.,2023). Based on this main objective, a series of related
topics is touched upon in this work. The objectives are listed as follows:

1. To describe hydrogen production through electrolysis and the associated generation of waste
heat.



2. To analyze the temperature levels of waste heat from hydrogen production and assess its
compatibility with district heating networks.

3. To examine the different configurations of district heating generation and the potential
integration of waste heat from hydrogen.

4. To evaluate the magnitudes and relative shares of energy involved in waste heat recovery from
hydrogen production.

5. To identify and assess the technical, economic, and regulatory challenges and barriers to
integrating hydrogen waste heat into Sweden’s district heating systems.

6. To explore opportunities for sector coupling through the utilization of hydrogen waste heat
within district heating infrastructure.

Based on these objectives, two key research questions were formulated, which constitute the
primary focus of this thesis, Research Questions are:

1. How can waste heat recovery from green hydrogen production in district heating systems
contribute to sector coupling?

2. What are the challenges and barriers for recovering waste heat from hydrogen production and
integrating it into district heating systems in Sweden?

|.4 DELIMITATION

This study limits its scope of integrating green hydrogen waste heat into Swedish district heating
(DH) systems, specifically examining three key barriers: future compensation of hydrogen, value
of residual heat, and investment costs. The focal point of this research is the integration of
economic viability, deliberately excluding technical implementation challenges and alternative
uses of waste heat beyond DH applications. Geographically confined to Sweden's unique energy
context, the study does not transfer to other Nordic or international markets, nor into broader
sector-coupling possibilities beyond the electricity-heating. By resisting this constricted
perspective, the research aims to offer focused observations on Sweden-specific financial and
regulatory context for sustainable hydrogen-DH integration.

1.5 DISPOSITION

Framework is then provided, and this provides the theoretical framework required for the
study's purpose. It discusses key concepts such as district heating, green hydrogen, and waste
heat recovery. Chapter 3: Methodology defines the research approach, including a step-by-step
flowchart and exposition of methods utilized in probing the research questions. Chapter 4:



Barriers talks and interprets three key obstacles to incorporating waste heat from green hydrogen
production into Swedish district heating namely, future compensation for hydrogen, residual heat
value, and investment cost. Chapter 5: Results gives findings based on the previous chapter's
analysis. Chapter 6: Discussion explains these results critically. Chapter 7: Conclusion offers
straight forward clear answers to the research questions and highlights the main findings of the
study. The thesis concludes with a references list and an appendix for further data.



2. THEORETICAL FRAMEWORK

This chapter presents the theory for this thesis. The chapter briefly discusses district heating,
green hydrogen and waste heat recovery.

2.1 DISTRICT HEATING

District heating and cooling (DHC) systems have undergone major transformations over the
centuries, beginning with basic steam networks and gradually advancing toward energy-efficient,
low-temperature systems that incorporate renewables (Lake et al., 2017). The concerning history
of progress in district heating and cooling can be separated into four phases. The earliest systems,
developed between 1880 and 1930, utilized steam generated by coal combustion. From 1930 to
1980, the second generation emerged, defined by the use of combined heat and power (CHP)
technologies fueled by coal and oil (Lake et al., 2017). The third phase, spanning 1980 to 2020,
introduced larger CHP plants that began incorporating biomass, waste, and traditional fossil fuels.
The most recent generation (2020-2050) is focused on maximizing energy efficiency through
heat recovery and the integration of renewable energy sources (Lund et al., 2014).

To decarbonize energy systems, the potential of DHC systems has been widely explored.
According (Connolly et al., 2014), using district heating and improving heat savings could
reduce heating and cooling costs across the EU by around 15%. These approaches also help cut
down CO: emissions and reduce the demand for primary energy, offering benefits similar to
other proposed solutions. The study also emphasizes how crucial it is to bring district heating
into busy, high-density city areas, where they can replace inefficient individual boilers and utilize
surplus heat from power plants and industrial processes. Along these lines, Lund et al. (2014)
present the concept of fourth-generation district heating (4GDH), which advances this approach
by incorporating low-temperature heat sources and enhancing system flexibility which combines
smart thermal grids with renewable energy sources to enhance system flexibility and efficiency.
This approach aligns with global efforts to transition to low-carbon energy systems.

According to (Lake et al., 2017) emphasize that district heating and cooling (DHC) networks
provide both environmental and financial advantages, particularly when integrated with
renewable energy. Renewables currently make up more than half of the district heating supply in
nations like Sweden, where the use of sustainable sources like biomass has largely replaced oil-
based heating. In densely populated areas, where centralised infrastructure can effectively service
a high number of consumers, these systems are particularly economical. However, it is less
feasible to apply them in low- density or rural areas because the costs of expanding infrastructure
frequently outweigh any possible advantages.

Regulations and the framework of policies are crucial to the implementation of DHC systems.
(Connolly et al., 2014) Emphasise the need for policies that support the growth of district heating,



particularly in regions where fossil fuels make up the bulk of the energy mix. For DHC systems
to work with the future renewable energy grids, integrated energy planning is recommended by
(Lund et al., 2014). A good example of these ideas in action is the Tallaght District Heating
Scheme in Ireland, which captures waste heat from industrial sources to offer a more eco-friendly
heating solution (O’Shea, 2018).

Performance evaluations of district heating and cooling (DHC) systems often center on how
efficiently they use energy and exergy. One key way to reduce energy loss is by fine-tuning the
supply and return temperatures within the network, ensuring the system runs as effectively as
possible (Lake et al. 2017). Advanced technologies, such as absorption chillers and thermal
storage, further enhance system performance by balancing supply and demand (Lake et al., 2017).
For example, thermal storage systems can store excess heat generated during off-peak periods for
use during peak demand, improving overall system efficiency (Rezaie et al., 2015).

(Mazhar et al. 2018) conduct a state-of-the-art review focusing on the technical, economic, and
environmental dimensions of district heating systems globally. Their work categorizes
developments into generations, from traditional steam-based systems to advanced 4th generation
systems capable of integrating low-grade renewable and waste heat sources. The review includes
a comparative analysis of global best practices, policy frameworks, and technological
innovations. Notably, the paper emphasizes the future potential of DHC systems in smart energy
infrastructures, advocating for the integration of ICT and smart grid technologies.

Access to the EU-28, district heating and cogeneration are examined in terms of their present
state, future potential, and strategic direction (Colmenar-Santos et al., 2016). The authors
examine how DHC has spread throughout the various member states, pointing its differences
brought on by political, economic and infrastructure considerations. They propose a
comprehensive energy strategy that includes expanding cogeneration capacity, modernising
existing infrastructure, and enhancing regulatory frameworks. Their study stresses the need for
financial incentives and EU-wide cooperation to increase the uptake of DHC systems,
particularly in regions with low market penetration.

Sven Werner (2017) presents a comprehensive analysis of Sweden’s district heating and cooling
(DHC) sector, highlighting its evolution into one of the most advanced and sustainable systems
around the globe. Motivated by the need for energy stability and bolstered by deliberate
government measures, the book charts the development of DHC in Sweden from the 1950s to its
notable expansion after the oil crisis of the 1970s. Strong local ownership, early carbon tax
implementation, and the change from oil-based fuel to renewable energy sources like biomass,
municipal garbage and industrial excess heat are some of the main reasons for Sweden’s success.
The execution of Combined Heat and Power (CHP) systems, alongside the transition to low-
temperature, high-efficiency networks (3rd and 4th generation), enhanced performance and
possibility for integration with renewable energy sources. Werner highlights how this shift is
made possible by supportive legislative frameworks and public acceptance. The report does,



however, also note certain obstacles that could hinder future expansion, such as market
liberalization and growing competition from other heating methods. When you look at the big
picture, Sweden's approach to building sustainable and efficient district heating and cooling
systems could offer some useful lessons for other countries trying to do the same.

(Wahlroos et al. 2017) take a close look at how waste heat from data centers could be fed into
district heating systems a topic that’s especially relevant as Sweden moves toward a more
sustainable energy future.Their research focuses on evaluating energy efficiency gains and
system-level economic impacts using the city of Espoo, Finland as a case study. Through
simulations based on actual heat demand and production data, the authors explore various
scenarios of waste heat integration, including marginal cost-based pricing and full utilization
cases. A notable finding from the study is that even moderate levels of waste heat (18.7 MW—
23.4 MW) can lead to operational cost savings ranging from 0.6% to 7.3% in DH systems,
primarily by reducing the reliance on fossil fuel-based heat boilers only and combined heat and
power (CHP) plants. The study emphasizes that data centers provide a stable and continuous
source of low-grade heat, which aligns well with the evolving low-temperature DH networks
aiming to serve near-zero energy buildings. However, challenges related to heat quality
(temperature), economic incentives, and integration infrastructure, particularly the investment
responsibilities for heat pumps—remain critical barriers. The research underlines that the success
of such integration largely hinges on predictable and mutually beneficial pricing models and the
compatibility of waste heat with lower DH return temperatures. The authors advocate for
strategic planning and techno-economic modeling to realize the full potential of data center heat
reuse, drawing parallels to the prospective reuse of waste heat at low temperature from the
hydrogen manufacturing facilities, thus providing important insights for this thesis topic
(Wahlroos et al., 2017).

2.2 GREEN HYDROGEN

Green hydrogen generation technologies and their potential contributions to a sustainable energy
future are thoroughly reviewed by (Anand et al.,, 2025). The review categorizes hydrogen
production methods into traditional and innovative approaches, emphasizing that using
renewable energy for water electrolysis is currently the most practical solution for large-scale
green hydrogen production. It highlights solid oxide electrolysis, proton exchange membrane,
and alkaline electrolysis as the most mature and efficient technologies available. Furthermore,
the authors explore advanced processes such as photo electro chemical (PEC) water splitting and
plasma-assisted methods, recognizing their potential for integration with renewable sources. The
recognition that SOE and other high-temperature activities naturally produce waste heat that may
be recovered and used in district heating systems is very pertinent to my research. The study also
emphasizes how employing green hydrogen across industries has both financial and
environmental advantages. including transportation and energy storage, promoting a broader
vision of de-carbonization (Anand et al., 2025).



(IRENA 2020) shows the potential for systemic integration across several sectors and describes
the strategic policy frameworks required for scaling up green hydrogen technology. The study
focuses on how green hydrogen may strengthen energy system flexibility through energy storage
and assist hard-to-electrify industries like steel, cement, and long-haul transportation. The focus
on designing policies for leveraging sector coupling—more especially, utilising excess heat and
energy from electrolysis processes in urban energy infrastructures like district heating networks
is one noteworthy feature. IRENA suggests national policies and regulations that give
infrastructure development—Iike electrolysis centers with integrated heat recovery—priority.
This is particularly relevant in places like Sweden, where district heating is an essential
component of urban energy systems. In order to fully realize the climate and economic potential
of green hydrogen, the paper says that policy cooperation, electrolyzer cost reduction, and heat
integration innovation are necessary. (IRENA, 2020).

Hassan et al. (2024) examine the growing significance of green hydrogen in global energy
transitions, highlighting its use in a variety of fields, such as industrial, heating, and power. Their
comparison of regional strategies from the EU, Australia, and North America demonstrates how
governments are starting to connect hydrogen projects with current energy networks. High-
temperature electrolysis is one of the technologies that stands out in their analysis because of its
efficiency in producing hydrogen as well as the useful thermal energy it produces. They contend
that systems such as Sweden's sophisticated district heating networks can successfully integrate
this thermal waste. To facilitate this integration, the authors call for more investment in
innovation and coordinated policy development. They also point out that, in addition to lowering
emissions, these policies can boost national economies by boosting employment, enhancing
energy security, and advancing long-term climate goals especially in nations with developed heat
distribution systems.

(Kannaiyan et al., 2023) green hydrogen can be a crucial energy source for reaching significant
emissions reductions in a variety of industrial sectors. Their research outlines the existing
obstacles in scaling up hydrogen technologies, including hurdles related to its production, storage,
transport, and end-use. Although steam methane reforming currently dominates due to its lower
cost, the study stresses that expanding electrolysis-based hydrogen—despite being at an early
stage—is essential to meeting global climate targets by mid-century. The authors also point out
that mixing hydrogen production with wastewater recycling and renewable energy could make
the whole process greener. But they also warn that the high upfront costs for building the
infrastructure and the low energy efficiency when storing hydrogen remain big challenges.
Strong legislative support, financial incentives, and cross-border collaboration are needed to
overcome these obstacles and facilitate a widespread transition to a hydrogen-driven energy
future, according to the paper.



(Maka & Mehmood, 2024) describe green hydrogen production technologies with an emphasis
on how they contribute to the global energy transition. The authors highlight water electrolysis as
the main method for green hydrogen production, using renewable energy sources such as solar,
wind, and hydro-power. The study highlights how green hydrogen is great for the environment
since it doesn’t produce any direct greenhouse gas emissions, but it also points out that the high
costs of making it and the need for a lot of water are still major hurdles. Together, they highlight
the need for technological innovation, infrastructure development, and policy support to
overcome existing barriers and fully realize the potential of green hydrogen.

2.3 WASTE HEAT RECOVERY

Gomez-de-Arteche-Botas et al. (2025) present a comprehensive technical and economic analysis
on integrating heat pump technology with waste heat from a 20 MWe green hydrogen production
plant located in Puertollano, Spain. The study evaluates the waste heat derived from a polymer
electrolyte membrane (PEM) electrolyser, including compression stages for hydrogen and
oxygen, which together account for up to 37.4% of the plant's total energy input at an average
temperature of 56.5 °C. By applying heat pump technology, the study demonstrates an increase in
plant efficiency from 56.5% to 90.1% by the electrolyser’s end of life (EoL), significantly
contributing to district heating supply at 90 °C. The authors argue for the environmental and
economic viability of using heat pumps for heat valorization, suggesting that such integration not
only reduces hydrogen production costs but also enhances CO: emissions savings, making the
system technically and economically sustainable (Gomez-de-Arteche-Botas et al., 2025).

Van der Roest et al. (2023) explore local optimization strategies for utilizing waste heat from a
2.5 MWe PEM electrolyser in Nieuwegein, the Netherlands. The research compares three
scenarios: direct local heat use, heat pump-enhanced utilization, and integration into a district
heating network. Each approach significantly increases system efficiency to 90% HHV, with CO:
emission reductions ranging from 0.08 to 0.28 tonnes/MWh of heat delivered, depending on the
setup. A key insight is the sensitivity of economic feasibility to the distance between heat source
and end-user. The study also shows that the levelized cost of energy (LCOE) for recovered heat
(8.4-36.9 €/MWh) is competitive with other industrial low-temperature heat sources, supporting
the idea that district heating networks can effectively harness electrolyser waste heat to enhance
system-wide energy efficiency (van der Roest et al., 2023).

Longoria et al. (2021) assess the systemic impact of deploying hydrogen electrolysers for
residential heating within the Irish power grid, using an optimal power flow (OPF) model. Their
findings indicate that large-scale integration of electrolysers increases electricity demand, slightly
raises prices (1-2%), and affects renewable generation curtailment. Notably, depending on the
carbon intensity of the electrical mix, electrolyzers might paradoxically raise net emissions in



some configurations, even while they aid in the renewable energy resources by facilitating
decarbonization providing heating loads. In order to optimize advantages and minimize negative
impacts in the power system, the study highlights the significance of strategic siting and
operational planning. It provides important infrastructure and policy insights relevant to
Sweden’s energy transformation.(Longoria et al., 2021).
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3. METHODOLOGY

The overview of methodological flow chart of this master thesis is shown in figure 1.

Topic

— Research Question

Research Question 1 Research Question 2
I Theoritical framework |- S—
Data C;Hection
Statiétical data Literature Survey Professioilal Expertise
L Data Analysis

Result & Discussion

i

Conclusion

Figure 1: Overview flow chart of methodological approach

In this master thesis, the research methodology is systematically structured to investigate how
green hydrogen waste heat can be integrated into district heating (DH) systems in Sweden, while
addressing the associated challenges and barriers. The flowchart represents a clear, step-by-step
process that guides the study from initial conceptualization to final conclusions, ensuring all
relevant aspects of the research problem are systematically addressed. The process begins with
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the identification of the topic, focusing on waste heat integration from green hydrogen
production. From this, a central research question is formulated, aimed at understanding both the
contributions to sector coupling and the potential challenges. This main research question is
further divided into two sub-questions: Research Question 1, focusing on how green hydrogen
waste heat contributes to sector coupling, and Research Question 2, examining the challenges
and barriers to integration. Following the framing of the questions, a thorough literature review is
conducted to build foundational knowledge and identify existing research gaps.

The next phase involves data collection, sourced through three channels: statistical data
(quantitative insights on DH and hydrogen systems), literature survey (academic and technical
findings related to waste heat and DH integration), and professional expertise (interviews and
expert opinions to gather industry insights). Importantly, this study also builds upon the findings
of the HyCoGen project (HyCoGen — System Perspective for Efficient Production and Use of
Hydrogen in Connection to District Heating), conducted by Miélardalen University, which
investigated the efficient production and utilization of hydrogen integrated with district heating
networks. The HyCoGen project provides critical insights into technical configurations, energy
system interactions, and practical challenges in linking hydrogen production with DH systems,
offering a strong foundation for further analysis and validation in this thesis. Relevant results,
models, and recommendations from HyCoGen are incorporated to support deeper investigation
into waste heat recovery potentials and sector coupling opportunities.The collected data is then
subjected to data analysis, where the findings are processed and interpreted. Insights from
analysis is then merged into the results and discussion section, where findings are critically
evaluated against the research questions. Finally, the study is synthesized into a conclusion,
summarizing key results, addressing the research questions, and providing recommendations for
future policy, technical strategies, and research directions. This structured approach ensures a
comprehensive examination of both the potential and challenges of integrating green hydrogen
waste heat into Sweden’s district heating infrastructure, directly supporting the country's goals
for carbon neutrality and sustainable energy transition by 2045.
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4. RECOGNIZED THREE BARRIERS

The HyCoGen project started in December 2020 and concluded in 2023. It was led by RISE
(Research Institutes of Sweden) and involved other organizations like Maélardalen University,
Karlstads Energi, Tekniska Verken, Stockholm Exergi, Mailarenergi, Goteborg Energi, and
Siemens Energy . The project was co-financed by the Swedish Energy Agency and Goteborg
Energi’s Foundation for Research and Development. Its main goal was to investigate how
residual flows (especially heat and oxygen) from green hydrogen production can be integrated
with district heating systems, improving overall system efficiency and creating new revenue
streams.

In this research they have identified eight barriers for the integration of waste heat from green
hydrogen production to district heating. They are as follows: (Wickstrom et al., 2023)

1. Future electricity prices: Electricity costs are highly uncertain, and fluctuations greatly
impact hydrogen production profitability. Uncertainty in future electricity price levels
makes it difficult to evaluate the economic viability of hydrogen projects and associated
heat recovery.

2. Future compensation of hydrogen: The evolving and unpredictable value of hydrogen
in different sectors creates uncertainty for investments.

3. Classification of renewable hydrogen: Future EU regulations will affect how electricity
must be sourced and priced for hydrogen production to be labeled "renewable," impacting
feasibility.

4. Value of residual heat: The benefit gained from using waste heat varies significantly
depending on district heating system characteristics, fuel types, and alternative costs.

5. Investment costs: Electrolysis and hydrogen storage costs are still high, and the sizing
needs to match complex factors like electricity price volatility and customer demand.

6. Future revenue from system services: Although hydrogen plants could earn money
from providing ancillary services (like frequency regulation), the future size and value of
these markets remain uncertain.

7. Taxation of electricity: Current tax rules in Sweden cause unfair differences in
electricity costs for hydrogen plants depending on the owner's business type,
complicating investment decisions.

8. Overall complexity of sector coupling: Integrating multiple energy flows (electricity,
heat, hydrogen, oxygen) into a district heating system creates operational complexity that
makes financial planning and control more difficult.

Based on discussions with the professional team involved in this research, three out of the eight
identified barriers will be the focus of this thesis. They are future compensation of hydrogen,
value of residual heat and the investment cost.
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4.1 FUTURE COMPENSATION OF HYDROGEN

Green hydrogen is essential in driving the global transition towards sustainable energy solutions.
In the future, hydrogen will likely be used in many sectors such as industry, transport, and energy
storage. Because of this, the value or compensation of hydrogen is expected to increase over time.
In the context of integrating waste heat from green hydrogen production into district heating
systems in Sweden, it is important to understand how hydrogen can create economic value in the
future. One of the main ways is through the sale of hydrogen itself. The market for hydrogen is
expected to grow as different sectors such as industry and heavy transport begin to replace fossil
fuels with green hydrogen. This creates an opportunity for district heating companies that
produce hydrogen to earn revenue by selling it, while also using the waste heat and by-products
to support their existing systems.

4.1.1 Green hydrogen Infrastructure

To better understand the future value of green hydrogen in Sweden, it is helpful to look at where
hydrogen projects are being developed. The Clean Hydrogen Observatory’s GeoMap shows
hydrogen production sites, storage facilities, and refuelling stations across Europe. When
filtering the map to only show Sweden, we can see that many hydrogen projects are already
planned or under construction. This means that Sweden is actively investing in hydrogen as a
future energy carrier. For district heating companies that want to produce hydrogen, this is a
positive sign. It shows that the market for hydrogen is growing, and that it may be possible to sell
hydrogen at a good price in the future. At the same time, these projects can make use of the waste
heat and oxygen by-product from hydrogen production, which fits well with the goals of sector
coupling. Therefore, the development shown in the GeoMap supports the idea that green
hydrogen production combined with district heating can be a smart and valuable solution for
Sweden’s energy system. Figure 2 illustrates Sweden's hydrogen production landscape,
highlighting active and under-construction water electrolysis plants. Out of seven, four water
electrolysis plant is in operation and rest is under construction.
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Figure 2 : Geomap of green hydrogen infrastructure in Sweden 2024

Source: (European Hydrogen Observatory,2025 b)

4.1.2 Hydrogen production and consumption projects in Sweden

Hydrogen production through electrolysis not only produces hydrogen but also generates waste
heat and oxygen. In a well-integrated system, all three outputs, hydrogen, heat, and oxygen can
be used effectively. While hydrogen can be sold for energy or industrial purposes, the waste heat
can be fed into the district heating network, increasing system efficiency. At the same time, the
oxygen generated (about 8 kg of oxygen per 1 kg of hydrogen) (Lindborg et al.) can be used in
waste incineration plants or water treatment facilities. This adds even more value to the overall
process and strengthens the business case for hydrogen production in connection with district
heating.
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Table 1 shows the projected production and consumption of hydrogen in Sweden. As the data
indicates, hydrogen demand is expected to grow in many sectors, especially in heavy transport,
industrial processes, and energy systems. This rising demand means that hydrogen will likely
become more valuable in the future, which makes the investment in production facilities more
attractive, particularly when integrated with district heating systems.

Table 1: Hydrogen Production and consumption projects in Sweden

Source: (European Hydrogen Observatory,2025 c)

Name City Start | Productio | Production | End-use | Consumpti | Project
year n process on stage
capacity capacity
MW/MW (tonnes/ye
el ar)
Stegra Boden | 2026 740 Water Steel 122309 | Constru
(Phase 1) electrolysis ction
H2 for Hofors | 2023 20 Water Industrial 3306 Operati
Ovako steel electrolysis heat on
mill
HYBRIT Lulea | 2021 4.5 Water Steel 744 Operati
pilot (Phase electrolysis on
1)
Sandviken | Sandvi | 2012 4 Water Mobility 661 Operati
ely ken electrolysis on
Strandmolle | Ljungb | 2024 3 Water Mobility 496 Constru
n Ljungby y electrolysis ction
Oskarshamn | Oskars | 1992 0.7 Water Mobility 116 Operati
electrolyser | hamn electrolysis on
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4.1.3 Break- even price of green hydrogen

A key determinant of hydrogen's economic potential is whether market prices can consistently
surpass the break-even cost of production. These costs depend largely on electricity prices, which
can vary widely from year to year. In years with low electricity prices, hydrogen production can
be profitable at a lower selling price. But in years with high electricity prices, the break-even
price goes up, which can reduce profitability.

Figure 3 compares the break-even price ranges of green hydrogen across key sectors oil refining,
primary steel making, maritime applications, and heavy-duty trucks for 2022 and 2023. It
highlights a general downward trend in costs, especially in oil refining and heavy-duty transport,
suggesting improving economic viability. The observed decline in the break-even price of green
hydrogen, is closely linked to changing electricity market conditions. As renewable electricity
prices drop due to increased generation capacity and favorable market regulations, the cost of
producing green hydrogen via electrolysis becomes more competitive. For this reason, hydrogen
producers, especially those connected to district heating must consider smart operation strategies,
such as running electrolysers mainly during low-price hours and storing hydrogen for later use or

sale.
Break even price of green hydrogen 2022-2023
12
10
8
R
g 6
=
! 1 i
o ||| . | Il II
: gI®l _
Oil refining Primary steel making ~ Maritime applications Heavy-duty trucks
B2022 Min 3.54 2.597 1.16 7.1
W2022 Max 3.14 2.597 2.21 11.06
Wm2023 Min 2.74 4.68 1.5 2.4
2023 Max 5.57 4.68 2.7 4.4

Figure 3 : Sector-wise Break even price range of green hydrogen 2022-2023
Source: (European Hydrogen Observatory,2025 c)
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4.]1.4 Value of H2 in different Sectors

Another important point is the value of hydrogen across different sectors. Some sectors are
willing to pay more for clean hydrogen, especially when they lack low-carbon alternatives.
Transport and industry, in particular, are expected to be key customers in the Swedish hydrogen
market. For district heating companies, targeting these high-value sectors can improve financial
returns and support the overall viability of hydrogen projects. Projected hydrogen consumption
across building, industrial, and transportation applications for 2050 is presented in Figure 4
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Figure 4: Projected hydrogen demand by sector in Europe by 2050
Source: (European Hydrogen Observatory,2025 d)

European hydrogen demand forecasts by the industrial sector are systematically organized in
appendices 1. It is clear that the industrial sector, including steel production, chemical processes,
and refineries, will require the largest volume of hydrogen in the coming years. This is because
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these industries already use large amounts of fossil-based hydrogen (grey hydrogen) and will
need to switch to green hydrogen to meet climate goals. However, when considering the
economic value or price per kilogram that sectors are willing to pay, the transport sector—
particularly heavy-duty vehicles, often provides higher compensation. For instance, the price of
hydrogen at refuelling stations in Sweden is currently around 90 SEK/kg, compared to a much
lower value of around 30 SEK/kg in industrial applications (Wickstrom et al., 2023). This higher
price is due to the lack of low-carbon fuel alternatives and the high cost of diesel, which
hydrogen can replace. Therefore, even though industry has the highest demand, transport may
offer the best value per unit sold. For producers integrating hydrogen production with district
heating, this supports a dual strategy: selling high volumes to industry and maximizing price
returns from transport, while also using the waste heat and oxygen locally for improved system
efficiency.

4.1.5 Summary

In summary, the future compensation of hydrogen is closely linked to demand growth, electricity
prices, and the ability to use all outputs from electrolysis. When integrated with district heating
systems in Sweden, green hydrogen production can offer multiple revenue streams not only
through hydrogen sales but also by utilizing waste heat and oxygen. This makes sector coupling a
promising solution for both energy efficiency and economic sustainability.

4.2 VALUE OF RESIDUAL HEAT

The next barrier for integrating the waste heat from green hydrogen production to district heating
is the value of residual heat.

4.2.1 Green Hydrogen Production

Green hydrogen production fundamentally relies on water electrolysis systems driven by carbon-
free power generation.The three primary electrolysis technologies, Alkaline electrolysis, Solid
Oxide Electrolysis and Proton exchange membrane differ in operating conditions, efficiency, and
waste heat characteristics.

Alkaline Electrolysis (AEC): AEC systems operate at temperatures around 60-90°C, utilizing a
liquid alkaline electrolyte such as potassium hydroxide. These systems are mature and cost-
effective but have lower current densities and slower dynamic response compared to other
technologies. The waste heat generated is at a low temperature, typically below 100°C, which
limits its utility for industrial applications but may be suitable for low-grade heat recovery
systems (Qi et al., 2022).

Proton Exchange Membrane Electrolysis (PEMEC): PEMEC operates at temperatures between
50-80°C and uses a solid polymer electrolyte. This technology offers high current densities and
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rapid response times, making it well-suited for integration with variable renewable energy
sources. The waste heat produced is also of low grade, similar to AEC, and may be utilized for

preheating feed water or in district heating systems with low-temperature requirements (Qi et al.,
2022).

Solid Oxide Electrolysis (SOEC): SOEC systems function at significantly higher temperatures,
typically between 700-850°C, using a solid ceramic electrolyte. Operating at these elevated
temperatures allows SOECs to achieve higher electrical efficiencies, as a portion of the required
energy is supplied as heat. The high-temperature waste heat produced can be effectively utilized
in industrial processes or for electricity generation through combined heat and power systems,
enhancing overall energy efficiency (Ni et al., 2007). Table 2 shows the summary of green
hydrogen production including the operating temperature and waste heat temperature.

Table 2 : Summary of Electrolysis technologies and their waste heat characteristics

(Qi et al., 2022) (Ni & Leung, 2007)

Technology Electrolyte Operating Waste Heat Key Features
Type Temperature | Temperature Level
Alkaline Liquid alkaline 60-90°C ~60-90°C Mature, low cost,
Electrolysis (e.g., KOH) slower dynamic
(AEC) response
Proton Exchange | Solid polymer 50-80°C ~50-80°C High efficiency, fast
Membrane membrane response, compact
Electrolysis design
(PEMEC)
Solid Oxide Solid ceramic | 700-850°C ~700-850°C High electrical
Electrolysis electrolyte efficiency, suitable for
(SOEC) industrial heat
recovery
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4.2.2 District Heating

In a district heating network, heat generated from large-scale facilities is distributed efficiently to
multiple buildings, reducing the need for individual boilers and optimizing energy use. This
method improves energy efficiency by utilizing waste heat from electricity generation, industrial
processes, or dedicated renewable sources (Werner 2017). DH systems are particularly effective
in urban areas with high heat demand density, reducing reliance on individual boilers and
lowering greenhouse gas emissions (Lund et al. 2014). The primary energy sources for DH
include biomass, waste incineration, geothermal energy, and excess heat from industrial
operations (Swedish Energy Agency 2022). By integrating renewable and waste heat sources,
DH plays a crucial role in decarbonizing heating sectors, especially in colder climates like
Sweden.

Sweden’s DH networks are largely municipally owned and are increasingly powered by
renewable energy, industrial waste heat, and biomass. According to the Swedish Energy Agency,
in 2022, over 90% of heat supplied in DH networks was from non-fossil sources, with waste heat
contributing approximately 8-10% (Energimyndigheten, 2023). DH networks are technically
designed to accommodate variable heat sources, which makes them particularly suitable for
integrating waste heat from hydrogen production facilities.

Table 3 shows the generation of district heating including its key features, supply and return
temperature. From the history of district heating system development, it can be understood that
supply temperature and return temperature play a significant role to emphasize the efficiency and
compatibility of heat integration. Supplying at lower temperatures reduces the thermal
distribution loss, and returning at lower temperatures increases the efficiency of the heat source
as well as circulation network, ultimately to increase the overall system efficiency (Werner,
2017). This becomes particularly important when integrating residual heat from green hydrogen
production, which is typically available at low temperatures due to the electrolysis process. Since
such low-grade heat cannot be directly used in conventional district heating systems, heat pumps
are required to elevate the temperature, but this introduces a dependency on electricity, a major
concern given the volatility in electricity prices (Lund et al., 2014). Consequently, energy
systems must become more resilient by minimizing exposure to price fluctuations. One
promising approach is to complement waste heat utilization with combined heat and power (CHP)
systems fueled by bioenergy, which can generate both heat and electricity efficiently and flexibly,
while reducing reliance on the grid and enhancing system sustainability (Rezaie and Rosen,
2012).
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Table 3: Evolution of district heating with their operating temperature

Generation Supply Return Key Characteristics References
Temperature | Temperature
Q®) °0)

Ist 120-150 60-80 Steam-based systems, high|Werner (2017)
Generation temperature and losses, outdated

infrastructure.
2nd 90-130 50-70 Pressurized hot water systems, more|Werner (2017)
Generation stable and safer than steam, still

have high losses.
3rd 70-100 40-60 Modern water-based systems, better| Werner (2017)
Generation control, lower losses, compatible

with CHP.
4th 50-70 2040 Reduced temperature networks,Lund et al.
Generation optimized for clean energy, waste|(2014), Werner

heat integration, and smart control.

(2017)

4.2.3 Economic value and integration potential of residual heat

In the context of green hydrogen production, residual heat is an inevitable by-product of the
electrolysis process, particularly in alkaline systems where large amounts of low-grade heat
(<100°C) are released. This waste heat, if left unutilized, represents lost energy and potential
economic inefficiency. However, when integrated into Sweden’s advanced district heating (DH)

systems, it can gain economic value and contribute to improved overall energy system efficiency.
The average consumer tariff for DH in Sweden is approximately €8§7/MWh, one of the lowest in
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Europe (DBDH, 2022). Yet, for a DH operator, the actual value of supplied waste heat typically
falls within €20-40/MWh, depending on factors such as temperature, infrastructure cost, and
need for upgrading through heat pumps (Buildings, 2020). Studies estimate the levelized cost of
integrating residual heat into DH networks in Sweden to range from €10 to €23/MWh, making it
a competitive alternative to traditional heating fuels (Rezaie and Rosen, 2012).

Nonetheless, the integration of low-grade residual heat may require heat pumps to elevate the
temperature to match the DH network’s supply level (typically 65-120°C depending on
generation), introducing a dependency on electricity whose cost and tax burden especially under
fluctuating market conditions, can significantly affect economic feasibility. As illustrated in
figure 5, the Levelized Cost of Hydrogen (LCOH) calculation for Sweden, electricity costs and
taxes account for more than 50% of the total LCOH (€9.69/kg), highlighting the sensitivity of
hydrogen production and heat upgrading processes to power prices. This further underscores the
need for integrated approaches, such as combining waste heat utilization with biofuel-based CHP
plants, which can buffer electricity demand and offer more stable, dispatchable heat and power
supply (Werner, 2017).

Stack durability:
Stack degradation:

Other OPEX:

Electricity source
Operating hours:

Stack replacement costs:

h

% per 1000h
% CAPEX
% CAPEX

h/year

80,000
0.12%
15.00%
2.00%

4,000

Units Default values User specified values
General parameters
Cost of capital: % 6.00% 6.00%
Economic lifetime: Years 25 25
Electrolysis unit
Installed power: kw 20,000 20,000
CAPEX: EUR/KW 2,310 2,310
Energy consumption: kWh/kg 52.40 52.40

80,000
0.12%
15.00%
2.00%

4,000

LCOH cost (€/kg)
[4]

CAPEX

Electricity

Other OPEX

Grid fees

Taxes

Subsidies

Figure 5: Levelized Cost Of Hydrogen in Sweden
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4.2.4 Residual heat recovery from Green hydrogen production

Heat recovery from green hydrogen production, particularly through water electrolysis, presents
a significant opportunity to enhance system efficiency by utilizing the low-grade waste heat
released during the process. In alkaline and PEM electrolyzers, approximately 20-30% of the
input energy is lost as heat, typically at temperatures between 60—80°C (IEA, 2022). Instead of
being dissipated, this residual heat can be captured and integrated into low-temperature district
heating networks, particularly in countries like Sweden with mature infrastructure. Such
integration not only improves the overall energy efficiency of hydrogen systems but also
supports decarbonization efforts in the heating sector by replacing fossil-based sources (Thiel et
al., 2020). Moreover, effective heat recovery can reduce the levelized cost of hydrogen (LCOH)
by providing additional revenue streams or offsetting energy costs in co-located heat applications
(Emonts et al., 2022).

4.3 INVESTMENT COST

4.3.1 Production cost for green hydrogen

Understanding the production cost of hydrogen is very important when evaluating the feasibility
of integrating it into district heating systems in Sweden. A key part of this cost is the investment
cost, or CAPEX, which includes the cost of building the electrolyser system and supporting
infrastructure. The figure 6 and figure 7 below compare the cost components of hydrogen
production for the years 2022 and 2023, based on different electricity sources.

Figure 6 shows green hydrogen production using grid electrolysis technology for the year 2022
and 2023. In 2023, the CAPEX is the largest cost component, at 2.8 €/kg, followed by wholesale
electricity costs at 0.9 €/kg. In 2022, the total cost was more affected by high electricity prices,
with electricity costs reaching 1.6 €/kg, while CAPEX was lower at 1.2 €/kg. This shows how
both capital costs and energy prices can change the economics of hydrogen production.
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Figure 6: Green H2 production cost using grid electrolysis technology 2022-2023
Source: (European Hydrogen Observatory,2025 c)

The figure 7 presents the cost of producing hydrogen from a dedicated renewable source, such as
a solar or wind farm. In this case, electricity is not taken from the grid but directly from
renewable generation. In 2023, CAPEX remains high at 2.8 €/kg, and electricity cost is 2.1 €/kg,
which is slightly lower than the grid-connected case in 2022. However, in 2022, the electricity
cost from renewable sources was very high, at 3.6 €/kg, likely due to limited availability or
fluctuating output.
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For this projects that integrate hydrogen production with district heating systems, understanding
these differences is critical. A higher CAPEX may be acceptable if it allows for better control
over electricity input costs and the ability to operate flexibly. Additionally, such systems also
benefit from the recovery of waste heat, which is not reflected in the €/kg values but can
significantly improve overall efficiency and cost-effectiveness when used in the district heating
network. By capturing and using this heat, and possibly the oxygen by-product, the overall
economic performance of the investment improves. This creates a more robust business case for
sector coupling, especially in areas where electricity prices are unstable or grid access is limited.

4.3.2 Electrolyzer cost

One of the most significant barriers to integrating waste heat from green hydrogen production
into district heating systems in Sweden is the high capital expenditure (CAPEX) associated with
electrolyser technologies. According to data from the Clean Hydrogen Observatory (2024), the
total CAPEX for alkaline electrolysers in Europe was approximately 2310 EUR/kW, while for
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proton exchange membrane (PEM) electrolysers it was 2503 EUR/kW. These figures reflect not
only the cost of the electrolysis stacks 323 EUR/kW for alkaline and 563 EUR/kW for PEM—
but also the additional infrastructure required, including balance of plant (BoP), other utilities,
and miscellaneous CAPEX, which significantly inflate the total investment cost. These high
upfront costs can deter stakeholders from pursuing integration projects, especially when the
economic value of the recovered heat is uncertain or undervalued (Clean Hydrogen Observatory,
2024). While this thesis refers to the European Union average, its important to note that national
values may vary across different sources. Figure 8 shows the alkaline electrolyzer cost in 2024.

Alkaline electrolyser cost

2000 601
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g 2310 EUR/KW
L OPEX:
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0
b33 In 2024, total alkaling water electrolyser
500 CAPEX in Europe was 2310 EURIKW, spl
between 323 EURKW for the stack, 693
EUR/KW for BoP, 693 EURIKW for other
0 Utlties and 601 EURIKW for other CAPEX.

Sk B Oher Ober Toa  MeO ckanounedlodsEURKHea:
uilies CAPEX excluding electricity costs.

Figure 8: Capital cost break down for Alkaline electrolyzer in Europe 2024

Source: (European Hydrogen Observatory,2025 f)

Moreover, the cost of operation and maintenance (OPEX)—46.2 EUR/kW/year for alkaline and
50.06 EUR/kW/year for PEM—adds an ongoing financial burden, further complicating the
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business case for coupling hydrogen production with district heating. In the context of Sweden,
where district heating is already a mature and efficient system, retrofitting or co-locating
infrastructure to integrate relatively low-grade residual heat from electrolysers may not be
economically justified without policy support or heat compensation mechanisms. As highlighted
in the HyCoGen Final Report (2024), investment cost is among the key structural barriers that
must be addressed to unlock the full potential of sector coupling through waste heat recovery.
Figure 9 shows the proton exchange membrane electrolyzer cost in 2024.
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Figure 9 : Capital cost breakdown PEM electrolyzer in Europe 2024
Source: (European Hydrogen Observatory,2025 f)

To mitigate these challenges, innovative financial models, subsidies, or regulatory incentives are
required to reduce the perceived risk and enhance the return on investment in hydrogen-district
heating integration projects. Until then, the high CAPEX of electrolysers will remain a
formidable barrier to the widespread adoption of such systems in Sweden and beyond.
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4.3.3 Economic viability of waste heat recovery

While the integration of waste heat from green hydrogen production into district heating
networks offers environmental benefits, the economic viability remains a critical barrier to
widespread adoption. The relatively low temperature and intermittent nature of residual heat
from electrolyzers, notably when variable renewable energy functions, may restrict its usefulness
and decrease market value in high-performance district heating systems like those located in
Sweden. Investment in heat recovery infrastructure must be justified via sufficient revenue from
heat sales or energy savings. This infrastructure includes heat ex-changers, buffer tanks, as well
as piping systems. However, the financial return is often modest. Studies show that the payback
period for waste heat recovery projects can exceed 10 years unless there are strong heat off-take
agreements or policy incentives in place (Gottsche et al., 2021). In the context of Sweden, where
district heating optimizes operations as well as relies on competitive and low-cost heat sources
such as biomass and heat pumps, low-grade waste heat from hydrogen production may not
economically create enough value to attract private investment (IEA, 2022).

The lack of even a structured market and of a compensation scheme for the recovered industrial
heat weakens even more the economic case. Furthermore, this lack of creates further issues.
Without recognition of the heat’s environmental value in energy taxation or carbon pricing
mechanisms, stakeholders face difficulty in monetizing the benefits of waste heat recovery
(Lindborg et al.2024). To improve the viability, future frameworks must consider integrating
hydrogen heat recovery into Sweden’s energy planning, introducing incentives or applying
carbon pricing that rewards avoided emissions from displaced fossil heat sources.

4.3.4 Electricity price variations in Sweden

Volatility of electricity prices in Sweden then impacts understanding whether producing green
hydrogen makes economic sense and waste heat utilization. As figure 10 shows, consumer
electricity prices have also fluctuated significantly during 2010-2023, reflecting overall market
trends impacting industrial power prices too. The said fluctuation matters because electrolysis
that is used for green hydrogen production is very electricity-intensive and when prices peak,
operating costs rise quickly. This reduces the profitability of hydrogen projects and makes
recovery waste heat less economically appealing. While higher prices could some times makes
this projects more viable, unpredictability creates uncertainty for investors. This price volatility
highlights one of the main challenges found in this study: the need for stable electricity supply,
pricing or compensatory mechanisms to make hydrogen-DH integration financially sustainable.
The data reinforces why investment decisions must account for electricity market risks and why
policy interventions may be necessary to mitigate these fluctuations.
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Electricity prices for households in Sweden from 1st half 2010 to 2nd half 2023 (in
euro cents per kilowatt-hour)
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Figure 10: Historical electricity prices for Swedish households 2010-2023

Source: (Statista, 2025)
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5. RESULT

This study looked at how waste heat from green hydrogen production can be used in Sweden's
district heating (DH) systems. It also examined the economic barriers to making this work. The
research focused on three barriers from the HyCoGen final report: Future compensation of green
hydrogen, value of residual heat and the investment cost. Information from reports, Swedish data,
and the HyCoGen project was used to find the following results:

Sector Coupling Potential: Using waste heat from hydrogen production can connect the
electricity and heating sectors. This can make the overall energy system more efficient.
According to the HyCoGen report (Wickstrom et al., 2023), this can increase the efficiency of
hydrogen production from 66% to 95%. Other benefits include using the oxygen by-product and
helping with power grid stability.

Future Compensation of Hydrogen: The money earned from selling hydrogen in the future is
uncertain. Hydrogen will likely be used in green industries like steel and transport. But changing
rules and unclear market prices make it hard to plan and invest.

Economic Value of Residual Heat: Sweden's district heating systems can use low-temperature
waste heat. But the price this heat can fetch is not very high. The integration process often
necessitates thermal upgrading, where heat pumps increase the temperature from a base of 70°C
to the 85-90°C threshold. This uses more electricity and adds cost.

Investment Costs: The equipment needed to make and use hydrogen is expensive. According to
HyCoGen, (Wickstrom et al., 2023) a 20 MW electrolyzer can cost approximately 190 MSEK,
with an additional 30 MSEK for heat pump systems. These costs are high for local heating
companies. While cost-sharing with industrial partners and access to green investment funding
may mitigate some burden, current economics still pose a barrier.
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6. DISCUSSION

The integration of waste heat from production of green hydrogen into Sweden’s district heating
(DH) network presents a technologically promising yet economically and regulatory challenging
proposition. The findings from this study, supported by literature, market data, and insights from
the HyCoGen project, confirm the potential of such integration to enhance sector coupling.
However, several barriers, economic, infrastructural, and regulatory continue to impede scalable
implementation. This discussion analyzes these aspects under structured themes to offer deeper
insight into the findings and propose directions for overcoming identified challenges. This
discussion chapter is subdivided in to various subheading sector coupling potential and systemic
benefits, Economic uncertainty, value and utilization of residual heat, investment cost challenges,
Policy and regulatory landscape, Strategic implications and next steps.

6.1 Sector Coupling Potential and Systemic Benefits

A major advantage identified through the study is the opportunity for sector coupling—Ilinking
electricity, heating, and hydrogen systems to maximize overall efficiency. Green hydrogen
production through electrolysis generates substantial low-grade waste heat, which, if captured
and channeled into DH systems, can reduce overall energy waste and improve the round-trip
efficiency of hydrogen energy systems. As the HyCoGen report shows, production efficiency can
be boosted from 66% to as much as 95% if waste heat and by-products (e.g., oxygen) are
utilized. Increased, enhanced efficiency 1is what Sweden's long-term ambitions
for decarbonization need, especially in sectors of difficult electrification like transportation and
heavy industry.

Additionally, integrating hydrogen based waste heat into district heating system enhances the
flexibility and resilience of the overall energy network. This allow operators to better manage
heat production by reacting to changes in electricity prices, shifting energy demands, and the
availability of renewable energy sources. Such an approach suggests the goal of smart energy
systems and the next generation of district heating, which focus on using energy more efficiently
and flexibly.

6.2 Economic Uncertainty: Hydrogen Compensation and Market Volatility

Despite the technical feasibility, the economic case for integration is undermined by the
uncertainty surrounding the future value of hydrogen. Market volatility in electricity pricing, lack
of a well-defined pricing mechanism for hydrogen, and the absence of long-term purchase
agreements all create investment risk. Sweden’s hydrogen economy is in early development
stages; although demand from steel production, heavy transport, and industrial applications is
expected to rise, the variability in break-even prices driven largely by fluctuating electricity costs,
complicates revenue modeling.
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In particular, electricity prices can swing significantly in Sweden due to market deregulation and
seasonal supply-demand imbalances. For electrolysis-based hydrogen, which consumes vast
amounts of electricity, this makes operational planning and cost estimation precarious. When
electricity is cheap, hydrogen can be produced profitably, and waste heat becomes an
economically viable by-product. However, during periods of high prices, both hydrogen and heat
recovery become less competitive.

Strategic operation (e.g., running electrolysers during low-price hours) and power purchase
agreements (PPAs) may reduce risk, but such solutions require financial flexibility and advanced
management conditions that many small municipal DH operators may lack.

6.3 Value and Utilization of Residual Heat

The economic value of residual heat from electrolysis is another critical barrier. In Sweden’s
mature DH networks, the prevailing heat value ranges between €10 and €40/MWh, depending on
the local system design, alternative heat sources, and temperature levels of the waste heat.
However, much of the heat generated by hydrogen electrolysis especially from AEC and PEM
systems is low-grade (60-90°C), often below the supply temperature thresholds required by
existing DH systems.

Upgrading this heat using heat pumps introduces an added layer of cost and electricity
dependency. These costs reduce the net benefit of waste heat utilization and may even negate the
savings if electricity prices for heat pumping are high. While 4th generation DH networks are
better suited for low-temperature heat integration, retrofitting existing infrastructure or
selectively developing new low-temperature zones would require long-term capital investment
and planning.

Nevertheless, when considered alongside environmental benefits and avoided emissions from
fossil heating alternatives, there may be a compelling climate case for integration provided that
policy and fiscal instruments (e.g., carbon pricing, green heat tariffs) are in place to monetize
these non-market benefits.

6.4 Investment Cost Challenges and Financial Risk

The third major barrier identified is high capital investment (CAPEX), particularly for
electrolysis and heat recovery systems. Electrolyser technologies, especially PEM, remain
capital-intensive, with costs ranging from €2,000 to €2,500 per kW in 2023. Additionally,
integrating heat pumps, storage units, and connection infrastructure with existing DH networks
adds further expense. According to HyCoGen estimates, a 20 MW system could require upwards
of 220 MSEK (~€19 million) in combined equipment and integration costs.
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These costs are particularly burdensome for municipal DH operators, who typically operate on
modest profit margins and limited access to risk capital. Unless public funding, EU grants, or
industrial partnerships are secured, the business case for such integration remains tenuous.
Importantly, the relatively low financial return on low-grade heat recovery even when used
further extends payback periods, reducing investor interest.

In order to counter this issue, innovative business models like partnership between hydrogen
producers and DH operators, which have a joint financing of infrastructure, or energy
cooperatives at the district level can be explored. Further more, feed-in tariffs for waste heat, or
green certification schemes for heat that pay for carbon-free sources, can be introduced to make
profitability higher and gives an identity for the company.

6.5 Policy and Regulatory Landscape

A recurring theme across all barriers is the absence of a clear, supportive regulatory framework.
As it stands, Sweden lacks a structured market for industrial residual heat, and there is no
mandated mechanism for recognizing the environmental value of waste heat recovery. Similarly,
taxation differences in electricity procurement based on the ownership and sector of hydrogen
plants create further distortion, distinctiveness integrated projects.

At the EU level, tweaking taxonomy rules and hydrogen labeling rules (e.g., the definition of
"renewable hydrogen") will influence investment and operation decisions. In order to be sold as a
green fuel, hydrogen would need to be produced under stringent conditions on renewable energy
source, association with time, and spatial location. These conditions could constrain operating
flexibility and reduce profitability, unless fully embedded with Sweden's energy planning.

To support useful integration, sector specific rules must be harmonized at national and EU levels,
offer stable and long term funding support (e.g., tax credits, subsidies), and simplify project
approval and grid interconnection processes. Taking this steps is essential to lower the financial
risk for pilot projects and to assure investors that the regulations will stay steady.

6.6 Strategic Implications and Next Steps

This study highlight a typical scenario a promising technology facing challenges before it can
fully take off. Although hydrogen-DH integration promises considerable system efficiency,
decarbonization, and innovation potential, its eventual roll-out is subject to a complex interplay
of economic feasibility, technological maturity, and policy adequacy.

In Sweden, where there is a well-established DH network and ambitious climate targets,
collecting waste heat from green hydrogen has the potential to unlock significant value. At first,
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projects might need to be carried out in carefully controlled environments to built market
confidence, establish technical standards and gather performance data from real world use cases.

In the near future, regulators and municipalities, energy companies, hydrogen developers, and
other stakeholders will have to collaborate on planning, facilitated by interdisciplinary research.
Additionally, scenario-based techno-economic models could guide policymakers in shaping
targeted support programs.
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7. CONCLUSION

This study investigated the feasibility of integrating waste heat from green hydrogen production
into Sweden's district heating infrastructure. The study focused on answering two main research
questions. The first question looked at how waste heat recovery could help connect different
energy sectors. This study reveals that the system integration of green hydrogen waste heat into
into district heating network that allows effective synergy between the electricity and heating
sectors. The hydrogen production plants can improve their overall energy by recovering and
recycling the low grade waste heat and oxygen, byproducts. This procedure is consistent with the
principles of fourth-generation DH systems and Sweden's decarbonization targets and also a
demonstration of a shift towards circular economy thinking. Instead of allowing valuable thermal
energy to be wasted, it is cycled back into the energy system, decreasing primary energy demand
and the need for other fuel sources. On a global scale, such strategies enable the accomplishment
of resource conservation and emissions reduction, easing the transition to sustainable, closed-
loop energy systems.

The second research question explored the challenges of integrating hydrogen waste heat into
district heating. The study identified three major barriers. First, the future potential return of
hydrogen is highly uncertain due to fluctuating electricity prices and fluctuating industry and
transport demand that render it difficult for investors to plan and make a return on investment.
Second, it is difficult for district heating firms to price residual heat since its quality, temperature,
and availability are highly unpredictable. Lack of standard monitoring and evaluation protocols
makes it hard to determine its economic worth and safely integrate it into existing systems.
Thirdly, even though DH companies are not directly engaged in hydrogen production, the
significant initial investment in electrolyzers and supporting infrastructure creates uncertainty
around future cooperation. Without a clear compensation mechanism for recovered heat, it is
difficult for DH companies to be motivated to invest in long-term cooperation with hydrogen
producers.

To overcome these challenges, the study suggests the following measures. Governments must
enact clear, policy and financial incentives to reduce investment risks and support early-stage
integration efforts. Technological innovation can potentially lower the cost of hydrogen
production and improve overall system efficiency. At the same time, the creation of a fair and
transparent pricing system, at the regional level, for residual heat would make its use more
economically attractive to district heating companies. Additionally, long-term, realistic, and
stable financial support mechanisms like grants, subsidies, or guaranteed funding programs, that
enable stakeholders to plan confidently over extended periods are required. Lastly, integration
will be successful only with tight coordination between energy companies, industries, and
policymakers in harmonizing technical, economic, and regulatory frameworks to facilitate sector
coupling.
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Appendices

Table 4: Green H2 demand in Europe 2050
Source: (European Hydrogen Observatory,2025c)

Demand forecast Industry  Transport Building Power TOTAL
DEMAND (in

TWh/year)

2030  Guidehouse - EHB (2021) 294 21 12 12 339
Deloitte/CHJU - Conservative

2030  (2023) 266 13 0 0 279

2030  Deloitte/CHJU - Moderate (2023) 303 30 0 0 333

2030  Deloitte/CHJU - Ambitious (2023) 353 35 0 0 388

2030  CHJU Roadmap - BAU (2019) 427 9 30 15 481

CHJU Roadmap - Ambitious

2030  (2019) 497 70 33 65 665
2030  Awurora - Low (2021) 400 4 13 0 417
2030  Aurora - Central (2021) 451 18 23 0 492
2030  Auwurora - High (2021) 485 58 41 0 584
2030  ENTSOG - Distributed (2022) 200 33 57 0 290
2030 224 53 45 0 322

ENTSOG - Global Ambition
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2030
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2030

2030

2030

2030

2030

2030

2030

2030

2040

2040

2040

(2022)

BP - Net-zero (2020)

CAN - 1.5°C (2020)

DNV - Net-zero (2021)

EUCalc - Tech (2020)

IFS - 1.5 scenario (2019)

JRC TIMES - Net-zero (2021)

JRC - GECO (2021)

McKinsey - Cost Optimal (2020)

McKinsey - Breakthrough (2020)

EC - Fit-for-55 (2022)

EC - REPowerEU (2022)

Guidehouse - EHB (2021)

Deloitte/CHJU -  Conservative

(2023)

Deloitte/CHJU - Moderate (2023)

315

445

292

263

279

284

270

263

271

130

387

857

284

397

47

17

322

50

154

208

15

15

93

170

141

106

210

17

10

18

35

15

77

53

59

16

37

301

349

767

304

313

468

492

304

278

301

223

670

1352

390
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2040

2040

2040

2040
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2040

2040

2050

2050
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Deloitte/CHJU - Ambitious (2023)

ENTSOG - Distributed (2022)
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(2022)

BP - Net-zero (2020)
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DNV - Net-zero (2021)
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563

514

374
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264

413

588

311
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1200

341

494

48
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300

387

413
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140

124

217
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189

351

285

202

388

145

166

363
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103

151

27
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212

210
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27

626

975

1239

1490

941
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388
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CHJU Roadmap - BAU (2019)

CHJU Roadmap - Ambitious
(2019)

Aurora - Low (2021)

Aurora - Central (2021)

Aurora - High (2021)

ENTSOG - Distributed (2022)

ENTSOG - Global Ambition
(2022)

EC - Baseline (2018)

EC - Energy Efficiency (2018)

EC - Circularity (2018)

EC - Electrification (2018)

EC - Hydrogen (2018)

EC - PtoX (2018)

725

445

885

424

545

746

759

776

1584

165

49

526

85

675

71

242

746

547

715

198

264

297

330

1584

297

494

207

579

148

222

524

199

462

1221

43

112

240

477

231

198

198

429

396

1745

780

2251

642

1010

2015

1745

2430

198

495

495

528

4818

858



2050

2050

2050

2050

2050

2050

2050

2050

2050

2050

2050

2050

2050

2050

2050

EC - COMBO (2018)

EC - 1.5TECH (2018)

EC - 1.5LIFE (2018)

EC - MIX (2020)

JRC - LCEO Net Zero (2020)

BP - Net-zero (2020)

CAN - 1.5°C (2020)

DNV - Net-zero (2021)

EUCalc - Tech (2020)

IFS - 1.5 scenario (2019)

JRC TIMES - Net-zero (2021)

JRC - GECO (2021)

McKinsey - Cost Optimal (2020)

McKinsey - Breakthrough (2020)

EC - Fit-for-55 (2021)

495

957

858

528

528

529

630

750

265

451

674

296

328

708

919

50

660

1056

924

1155

1782

559

622

433

168

204

856

333

596

596

550

231

231

231

429

310

191

181

10

225

581

351

264

297

264

66

792

253

121

155

73

1650

2541

2277

2178

3102

1398

1252

1374

433

1089

1530

639

1270

2040

1893



	1.INTRODUCTION
	1.2 AIM
	1.3 OBJECTIVES
	1.4 DELIMITATION
	1.5 DISPOSITION

	2. THEORETICAL FRAMEWORK 
	2.1 DISTRICT HEATING
	2.2 GREEN HYDROGEN
	2.3 WASTE HEAT RECOVERY

	3. METHODOLOGY
	4. RECOGNIZED THREE BARRIERS
	4.1 FUTURE COMPENSATION OF HYDROGEN
	4.1.1 Green hydrogen Infrastructure
	4.1.2 Hydrogen production and consumption projects
	4.1.3 Break- even price of green hydrogen
	4.1.4 Value of H2 in different Sectors
	4.1.5 Summary

	4.2 VALUE OF RESIDUAL HEAT
	4.2.1 Green Hydrogen Production
	4.2.2 District Heating 
	4.2.3 Economic value and integration potential of 
	4.2.4 Residual heat recovery from Green hydrogen p

	4.3 INVESTMENT COST
	4.3.1 Production cost for green hydrogen
	4.3.2 Electrolyzer cost
	4.3.3 Economic viability of waste heat recovery
	4.3.4 Electricity price variations in Sweden


	5. RESULT
	6. DISCUSSION
	6.1 Sector Coupling Potential and Systemic Benefit
	A major advantage identified through the study is 
	Additionally, integrating hydrogen based waste hea
	6.2 Economic Uncertainty: Hydrogen Compensation an
	6.3 Value and Utilization of Residual Heat
	6.4 Investment Cost Challenges and Financial Risk
	In order to counter this issue, innovative busines
	6.5 Policy and Regulatory Landscape
	At the EU level, tweaking taxonomy rules and hydro
	To support useful integration, sector specific rul
	6.6 Strategic Implications and Next Steps

	7. CONCLUSION
	References
	Appendices

