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Abstract
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“Heat is half” of the global final energy consumption, and the decarbonization of the heating
sector is critical to achieving climate goals. This thesis employs a system modelling approach
to evaluate renewable heating systems. The overarching goal is to reduce fossil fuel reliance by
integrating renewable energy technologies, such as solar thermal, photovoltaics, photovoltaic
thermal, heat pump, and thermal energy storage in different system concepts. Two primary
sectors are addressed: buildings, with a focus on utilizing solar collectors and heat pumps for
heating systems in multifamily houses by recovery of waste heat; and industries, utilizing solar
collectors for steam generation below 200 °C. The work is centred around five primary research
questions, addressing the technical and economic feasibility of the mentioned technologies and
their roles in decarbonization.

Two system arrangements were simulated to address the heating demands of buildings: a)
Centralized heat pump that utilizes ventilation air as a heat source, serving three multifamily
buildings, and b) A fifth generation district heating system that utilizes industrial waste heat
as its source. The techno-economic performance of these systems was evaluated. The results
suggest that the economic viability of such arrangements largely depends on critical factors
that include the costs of heat pump sub-stations, prevailing electricity prices, and the cost of
waste heat. Incorporating solar air heating collectors and optimizing flow controls enhance both
component and system energy efficiency. Moreover, integrating photovoltaic systems, up to a
specific capacity, is advantageous as it offers reductions in heating costs.

For industrial steam generation, the importance of the solar fraction in technological
comparisons is highlighted. Parabolic trough collector and heat pump for steam generation
are compared for 34 locations in the European Union, using solar fraction as an indicator.
The results highlight the economic competitiveness of both technologies for a wide range of
boundary conditions. However, heating costs from solar thermal collectors increase at higher
solar fractions, primarily due to the storage costs. This trend sets an economic limit on the
maximum feasible solar fraction. As a result, hybrid systems combining solar thermal collectors
with steam heat pumps offer a promising combination to achieve a high renewable fraction for
industrial applications.

Concerns about CO, emissions from the electricity grid, and its reliability in many countries,
necessitate the exploration of alternative system concepts to meet a higher fraction of heating
demand. One such novel energy system combines a parabolic trough collector, photovoltaic,
and thermal energy storage (using water and sand as storage media) to reach a combined solar
fraction of 90 %, while remaining cost-competitive with fossil fuels. The techno-economic
performance of solar thermal collectors is system dependent, largely influenced by their
integration within industrial systems. Two novel indicators are introduced to quantify the
integration incompatibilities, offering insights into the dynamics for specific integration point.
Using this method for a case study resulted in an optimized configuration, improving the overall
system performance.

Collectively, the results are expected to be leveraged by relevant stakeholders to advance the
cause of heating decarbonization in buildings and industries.
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Preface

This PhD thesis was carried during a period of four years, starting from Octo-
ber 2019, and concluding in October 2023. This research is a product of an
arrangement between Dalarna University and Uppsala University. The re-
search activities were undertaken at the school of information and engineering
at Dalarna University. However, the formal admission to PhD studies and the
examination process are overseen by Uppsala university, specifically within
the PhD subject of engineering science with a specialization in civil engineer-
ing and built environment. My journey at Dalarna university was mainly
guided by my supervisors Xingxing Zhang and Frank Fiedler, while the for-
mal principal supervisor was Joakim Widén at Uppsala university. This col-
laboration across both universities enriched my journey and provided a robust
foundation for the thesis.

A cornerstone of this research journey has been the symbiotic relationship
between academia and industry. While this thesis might not officially bear the
hallmark of an industrial PhD thesis, the immense contributions from various
industrial partners cannot be emphasized enough. Their willingness to share
technological insights and feedback surely enriched the depth of this research.
I am deeply grateful for this collaboration, specifically to Absolicon solar col-
lectors (Sweden), Polar night energy (Finland) and Fluidit-Heat (Finland).

Equally important has been the collaboration with academic institutions
and research organizations in this thesis Journey. The insights obtained from
experts from Applied science university (Switzerland), Eurac (Italy), Tallinn
university of technology (Estonia), and Denmark technical university (Den-
mark) were useful in shaping this research. Additionally, the research meet-
ings, brainstorming, and site visits under the aegis of IEA SHC Task 64 and
Task 65 provided a broader perspective, infusing the work with global bench-
marks and best practices. The narrative of this thesis is also influenced and
shaped by specific research projects (Energy Matching and Agent GIS
5GDHC) that not only defined some of the core research questions but also
framed the technological and spatial boundaries in few papers.






1. Introduction

Humans have a disproportionately adverse impact on Earth’s delicate balance,
and this realization should compel us to urgently shift our actions and ideolo-
gies. Our planet's well-being relies on both collective and individual contribu-
tions. This thesis pivots on one such significant contribution: exploring the
potential of renewable energy. By focusing on the energy sector, this thesis
aims to advocate for a transition away from the detrimental dependence on
fossil fuels and toward more sustainable sources, promoting a path to a more
harmonious relationship with our planet.

The global energy mix remains heavily dominated by oil, coal, and gas,
with these fossil fuels accounting for 82 % of the global energy use in 2022
[1]. Even though the renewable energy sector has seen significant growth in
past years, the global greenhouse gas emissions continue to increase [2].
Nearly three-quarters of these emissions are a result of fossil fuel usage. This
trajectory is contrary to what is needed to fulfil the Paris agreement commit-
ments. Despite this, nearly 7 trillion dollars were allocated to fossil fuel sub-
sidies in year 2022 [3][4]. It is imperative to accelerate the transition to re-
newable sources if we are to address the looming climate crisis.

Fortunately, the investments in clean energy technologies have surged,
reaching 1.7 trillion dollars in 2023. For every 1 € spent globally on fossil
fuels today, twice as much is invested in the clean energy sector [5]. Specifi-
cally, in the solar energy sector, investments are projected to surpass those in
the oil sector by 2023. While this transition is promising, it still requires a
significant boost to ensure a liveable planet in the future.

Final energy refers to the energy that is available to the end user after all
transformations and transmissions have taken place. Most of the final energy
is consumed by buildings, industries, and for transportation. In European Un-
ion (EU), the breakdown of final energy use for the year 2021 is shown in
Figure 1. The three aforementioned sectors account for 97 % of the total final
energy use [6].
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Figure 1. Final energy use in the EU for year 2021 [7] (Reproduced with permis-
sion from the copyright owner).

EU has set an ambitious goal of becoming the first continent to achieve carbon
neutrality by 2050 [8]. Carbon neutrality signifies achieving equilibrium be-
tween the release of carbon and its absorption from the atmosphere by natural
reservoirs such as soil, forests, and oceans. The transition to carbon neutrality
focuses on various energy vectors, including electricity generation, transpor-
tation, and heating.

The development and integration of renewable electricity sources, such as
solar PV and wind turbines, have been instrumental in decarbonizing electric-
ity generation. At present, they contribute approximately 12 % to the global
electricity mix [9]. While the decarbonization of electricity is crucial, it only
addresses a fragment of the broader emissions scenario. In the EU, a substan-
tial proportion of emissions can be attributed directly to heating. This form of
energy is indispensable for several applications, ranging from heating residen-
tial and commercial spaces to facilitating various industrial processes. To put
it in context, heating accounts for about half of the world's final energy use
and is responsible for 40 % of global CO, emissions [10].

Despite the magnitude of CO, emissions from heating, this area has re-
ceived comparatively less attention in decarbonization efforts. One reason for
this imbalance is the complexity of addressing heating systems. Unlike elec-
tricity generation, which can be centralized and transformed on a large scale,
heating systems are diverse, and often deeply entrenched in existing infra-
structure [11]. Another reason is the traditionally low cost of heating fuels,
which makes it difficult for renewable heating sources to compete. This
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complexity presents challenges in implementing effective decarbonization
strategies for heating. Decarbonizing heating in both industrial settings and
buildings presents a significant challenge without a one-size-fits-all solution
[12].

Under the Renewable energy directive, the EU underscores the importance
of renewables in heating systems by establishing mandatory targets for their
share in the heating and cooling sector. The directive is a component of the
"Fit for 55" package, which commits to a minimum 55 % reduction in green-
house gas emissions by 2030 relative to 1990 levels. Within this framework,
specific measures target the heating sector, promoting a shift to low-carbon
alternatives [13]. The identified technologies to drive this transition of heating
sectors include solar thermal (ST), electrification via heat pumps (HP) and
direct heating, biomass, thermal energy storage (TES), and district heating
(DH) [14]. This thesis focuses on the use of these renewable heating technol-
ogies and analyses their techno-economic performance in energy systems de-
signed for buildings and industries.

1.1 Technologies for renewable heating

The transition to heating decarbonization starts with energy efficiency
measures, which can achieve a certain level of reduction in energy use and
carbon emissions. After these measures are implemented, the next step is the
use of renewable heating technologies. Lastly, to eliminate the remaining
emissions, capturing or compensating for the caused emissions is necessary.

In 2020, biomass accounted for up to 60% of the EU's renewable energy
[15]. The 1997 Kyoto protocol recognizes biomass as CO, neutral. Yet, while
burning biomass instantly releases carbon, new trees require decades to a cen-
tury to re-absorb it [16]. Given the urgency of climate change, which doesn’t
allow for large time constants, there is a need to explore renewable heating
alternatives for true decarbonization [17]. The use of biomass should primarily
focus on waste biomass, especially for hard to abate sectors like transporta-
tion, steel, metal, and concrete production [18].

Hydrogen, often perceived as an extension of the fossil fuel narrative, is
being promoted as a one-to-one replacement of gas boilers for household and
low temperature industrial heating. However, several independent studies
have concluded that heating below 250 °C with hydrogen is much less efficient
and more expensive than using alternatives such as heat pump, district heating,
and solar thermal [19]-[21]. The economic feasibility of hydrogen is 2-4 times
less than the currently available heating alternatives in the market [22]. This
suggests limited potential for its use in heating applications, except in high-
temperature sectors [23].

The responsibility for providing clean heating largely falls on technologies
like solar thermal, heat pump, photovoltaic, and thermal energy storage. When
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integrated into centralized systems such as district heating, as well as decen-
tralized systems, these technologies can facilitate a significant share of renew-
able heating while offering system flexibility. Figure 2 presents an analysis by
the renewable thermal collaborative on the levelized cost of heating (LCOH)
for these technologies, specifically for heating applications within the food
sector [24]. The results emphasize that ST and HP are the most promising
heating solutions, considering the learning rates of these technologies and fu-
ture gas price projections.

60 -

%

LCOH ($/MMBtu)
8

2020 2030 2040 2050

—& RNG (<1,950°C) 8- Waste biomass (<1,000°C) Solar thermal (<700°C) == NG - US avg. (6% growth)
=~ Elec. resistance (<1,800°C) Heat pump (<160°C) seees NG - US avg. (2% growth) NG - California (3% growth)

Figure 2. Projected LCOH of various technologies if used in the food and beverage
sector for heat generation [24] (Reproduced with permission from the copyright
owner).

Solar collectors can be categorized based on their use: PV for electricity, ST
for heating, and photovoltaic thermal (PVT) for both electricity and heating.
As of 2022, solar heating stood as the third most predominant renewable en-
ergy source globally, following solar photovoltaic and wind energy [25]. The
global solar thermal market has been primarily driven by building applica-
tions, specifically for space heating (SH) and domestic hot water (DHW). The
residential heating market has been growing steadily in the EU countries.
However, it has experienced shrinking market shares in China and India in
recent years due to the pandemic and competition from PV systems for roof
area. Overall, a promising outlook is seen for large-scale solar thermal for dis-
trict heating (DH), and the use of PV/PVT collectors with HPs [26].
Industries are increasingly adopting solar thermal systems for their heating
and cooling process needs [27]. This transition is fueled by the intent to re-
duce dependence on fossil fuels and to shield themselves from fuel price vol-
atility. However, when integrating solar collectors in industrial contexts, the
dynamics differ substantially from those in residential settings. This thesis
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focuses on the techno-economic aspects of using solar thermal collectors
within industrial heating systems.

Escalating fossil fuel prices has catalyzed the growth of the high tempera-
ture HP market. Over the past few years, various commercial HP products
have emerged, capable of reaching steam temperatures of up to 200 °C [28],
[29]. These temperatures are suitable for sectors such as food and beverage,
dairy, and textile, amongst others. Given the potential competition between
ST collectors and HPs, this thesis seeks to address the pivotal question: "Under
varying industrial conditions, which is the more cost-effective solution: solar
thermal or heat pumps?".

Solar thermal collectors can be integrated with thermal energy storage.
Low-temperature storage, whether short-term (as with water tanks) or long-
term (like pit and borehole storage), is commonly utilized [30]. In contrast,
steam storage has seen limited commercial development and implementation.
The considerable costs, especially in high-temperature storage systems, pre-
sent hurdles for attaining high solar fractions. This brings a need for cost-ef-
fective storage solutions that can support industries towards deep decarboni-
zation. Such a solution is explored in this thesis.

Large-scale solar thermal systems, when paired with seasonal storage for
DH applications, have demonstrated significant potential for achieving high
solar fractions and are both well-researched and broadly implemented [31].
However, as the DH sector evolves towards new generations, which are
marked by lower supply temperatures, minimized heat loss, and enhanced
flexibility, there exists a notable research deficit regarding the know-how for
integration of solar technologies [32], [33]. This thesis seeks to bridge that gap
by exploring the techno-economic aspects of a 5™ generation district heating
(5GDH) system utilizing PV/PVT collectors.

In addition to solar thermal, HPs are widely used in single family house
(SFH) buildings, and at large capacities for district heating systems. Sweden
is a world leader in HP installation, with the majority of them in single-family
houses (SFHs) [34]. The HPs in multi-family houses (MFH) have traditionally
held a small market share, but this trend has been shifting in recent years. This
change is attributed to the saturation of the HP market for SFH buildings and
a shift in consumer preferences toward greater energy autonomy [35]. The
broader integration of heat HPs in MFH buildings faces certain technical and
administrative challenges, one of which is the limitation of heat sources for
HP. Due to the dense locations of MFHs, there is insufficient space for bore-
hole drilling to secure adequate source heat. Therefore, the diversity of heat
sources that can be utilised for HP can assure a wider implementation for
MFH. This thesis addresses this aspect by introducing an energy system har-
nessing exhaust air ventilation from apartments as a source for HPs to serve
SH and DHW demand.

In summary, this thesis focuses on renewable heating technologies (solar
thermal, electrification using heat pumps or PV, and thermal storage) which
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are brought together in different energy systems to serve heating demand in
the building and industrial applications.

The core research questions and analysis of heating systems for buildings
in this thesis were shaped by two projects. The "Energy Matching" project
(2017-2022), funded by the EU Horizon 2020, brought together 17 partners
from 7 EU countries to develop innovative solutions for the built environment
[36]. A particular work package investigated solutions utilizing solar assisted
ventilation and its incorporation into overall energy systems. A notable imple-
mentation was at Sunnansjo, Sweden, where a ventilation heat recovery sys-
tem, central to Paper I, was coupled with a centralized heat pump, exploring
solar air collector integration possibilities.

Project "Agent-GIS-SGDHC" (2020-2022), supported by Nordic Energy
Research, targeted the promotion of the 5" generation district heating and
cooling systems in the Baltic and Nordic regions [37]. This multidisciplinary
research looked at SGDHC's performance in cold climates and the integration
potential of renewable technologies. A distinct objective, foundational to Pa-
per 1, evaluated the techno-economic performance of such a system through
a simulation for Tallinn, Estonia.

1.2 Aims and research questions

The thesis is structured around two separate themes: "Heating systems for
buildings" and "Heating systems for industries." The former focuses on
MFHs, providing heat for both space heating and domestic hot water. Indus-
trial heating systems are addressed to steam generation below 200 °C for pro-
cess heating. The central theme is to meet heating demands using energy sys-
tem concepts, incorporating various renewable energy technologies, such as
ST, PV, HP, PVT, and TES, as main components in the systems. These tech-
nologies, whether used individually or combined, are assessed for their
techno-economic viability within the overarching system concepts.

The generalized aim of the thesis is to facilitate the wider adoption of re-
newable heating systems to reduce dependence on fossil fuels. The energy
system concepts for buildings and industries are identified, evaluated, and op-
timized. Specifically, the main aims of the thesis are as follows:

a) Evaluate the performance of the energy systems consisting of heat
pumps and solar collector technologies for their use in MFH
buildings.

b) To perform a techno-economic assessment of the energy systems
to decarbonize the industrial process heating using solar thermal
collectors with supplementary technologies.
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To establish the thesis aims, a top-down hierarchical approach is used. This
methodology allows one to systematically dissect the broader context into
more specific and focused topics. In this research, the broader context, or
macro level, pertains to carbon-neutral districts. At the meso level, the focus
shifts to specific sectors, namely buildings and industries. Within each of these
sectors, the focus narrows further to micro levels to address distinct niches or
sub-sectors. This approach enables the pinpointing of specific challenges and
the identification of emerging concepts that demand further evaluation.

In the building sector, the identified niche involves utilizing solar collectors
and HPs for heating applications in MFH buildings. Within the industries, the
identified application area is the use of solar collectors for steam generation.

The focus of this comprehensive summary is to present a complete and
compact outline of the conducted research appended in Papers I-V. Five main
research questions are pursued in this thesis. The RQs, along with their corre-
sponding objectives and scope, are presented in Table 1. The table also indi-
cates the appended papers in which each RQ is investigated.
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Table 1. Summary of the research questions with their objectives and scope.

RQ1 How can HPs be effectively utilized to meet the heating needs of
MFHs across various spatial scales?

Objectives | Assessment of technical and economic performance. To analyze the
possibility of solar energy integration and quantification of the sys-
tem’s performance improvements.

Scope Load: Space heating and hot water. Spatial scale: 3-11 MFH build-
ings. Locations: Sweden and Estonia. Simulation based study.

Paper(s) L 1I

RQ2 In the context of emerging SGDH systems, what are the key techno-
economic dynamics, and what role can solar energy technologies play
in these systems?

Objectives | Modelling of SGDH network, and its techno-economic performance.
Quantification of the uncertainties and sensitivities of results, and the
impact of solar PV/PVT technologies.

Scope Load: Space heating and hot water. Spatial scale: 11 MFH. Location:
Estonia. Simulation based study.

Paper(s) I

RQ3 What is the economic feasibility of using solar thermal collectors for
steam generation in industries, and how does it compare to other re-
newable heating solutions under diverse boundary conditions?

Objectives | Evaluation of solar collector performance for steam generation, and
comparison with steam heat pump. Identification of the comparative
indicator for evaluations.

Scope Load: Industrial load from the food and beverage sector. Spatial scale:
Single industrial plant. Several locations in EU. Simulation based
study.

Paper(s) 1L, vV

RQ4 How can industrial heating systems be decarbonized to a large extent,
and what role do solar thermal, storage, and other renewable technol-
ogies play in facilitating this transition?

Objectives | Economic assessment of solar heating systems. Understanding of the
TES dynamics. To design a system to achieve high solar fraction.

Scope Load: Industrial load from food and beverage. Spatial scale: Single
industrial plant. Location: Spain. Simulation based study.

Paper(s) L Iv

RQS How to better assess the techno-economic performance of solar ther-
mal integration for industries?

Objectives | Identification of the incompatibilities, and quantification of their im-
pact on the system performance.

Scope Load: Industrial load from food and beverage. Spatial scale: Single
industrial plant. Location: Spain. Simulation based study.

Paper(s) \%
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The research conducted is aligned with the objectives of the United Nations
sustainable development goal 7, which actively advocates for the utilization
of solar energy technologies for decarbonization of both the building and in-
dustrial sectors. Specifically, the thesis pushes the boundaries of existing
knowledge by providing insights into using solar heating technologies in in-
novative system concepts, their competition, or possibilities for hybridization
with other heating or storage technologies, and new methodologies for evalu-
ating their techno-economic feasibility. All the advancements presented in the
form of research papers are expected to be leveraged by relevant stakeholders
to foster sustainable heating systems.

1.3 Overall methodology

The overall method is the analytical evaluation of the identified energy system
concepts. The following methods are used in Papers [-V: techno-economic
optimization, uncertainty analysis, sensitivity analysis, and computer model-
ling of complete energy systems. The insights and findings from initial studies
form the foundation for subsequent analyses. The relevant modelling tools and
key performance indicators (KPIs) are used and explained in later sections.
Papers I and II address the first two research questions. The systems ana-
lyzed in Paper I and II are linked by the common function, i.e., to recover
waste heat, sourced from buildings in Paper I and industries in Paper II, and
subsequently upgrade this heat via a HP to meet heating demand in MFH. The
core objective shared by both papers is the techno-economic analysis of the
overall system and the evaluation of the influence of solar technologies on the
system's performance. While the function and objective remain consistent
across both papers, they address diverse contexts as shown in Figure 3. This
diversity emerges from variations in spatial scale, the configuration of the heat
source, and the design of the heat supply system. Other factors include the
specific solar collector type and the evaluation methodology employed.
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Figure 3. Overview and scope of analysis for the heating systems in buildings, ana-
lyzed in papers I-11.

In Paper I, the research provides insights into how a centralized exhaust air
heat pump (EAHP) can be utilized with solar collectors for three MFHs. The
specific collector technology investigated is an unglazed transpired solar col-
lector (UTSC), and the analysis focuses on the retrofitting of these collectors
for the system’s performance improvement. The paper uses the transient sys-
tem simulation (TRNSYS) tool to develop a system model and conduct annual
simulations. The economic evaluation of using only the thermal collector (spe-
cifically UTSC in Paper I) lays the foundation for the exploration of PV/PVT
collectors in Paper II. Paper II expands on the substation model and controls
introduced in Paper I, integrating it with a network model. A major emphasis
of Paper Il is the economic assessment of the SGDH system. This assessment
is further broadened to include uncertainty and sensitivity analyses, executed
using the Monte Carlo method (MCM).

Papers I1I to V are dedicated to the topic of industrial decarbonization, each
addressing different aspects of the subject as shown in Figure 4. These aspects
encompass both the competition and hybridization of solar thermal collectors
with other renewable heating technologies (discussed in Papers III and 1V).
Additionally, Paper V offers an analysis of the techno-economic dynamics
associated with solar thermal collectors when integrated with industrial heat-
ing systems.
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Figure 4. Overview and scope of analysis of the industrial heating systems analyzed
in papers I1I-V.

Paper III seeks to address RQ 3 as listed in Table 1. Insights from Paper III
set the stage for RQ 4, thus evaluating the performance of a hybrid system to
achieve deep decarbonization of heating systems for an industrial facility. The
economic perspectives from Papers III and IV converge in Paper V, introduc-
ing a novel method to quantify the incompatibilities of solar thermal collectors
for various integration scenarios. While Papers III to V consistently use the
same solar collector model and technology type, each paper has its unique
system models tailored to the specific objectives and technological focus of
the study.

Collaborations with academic and industrial partners within Europe were
important in shaping the RQs and the fine-tuning of the solutions proposed in
all the papers. Specifically, industrial collaboration helped to obtain the tech-
nological specifics, brainstorm ideas, and valuable feedback on the research.
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1.4 Summary of the appended papers

Paper I

This is a techno-economic analysis of an energy system used in a multi-family
residential building cluster located in Sweden. The investigated system is
based on a centralized exhaust air heat pump that utilizes exhaust ventilation
air from buildings as a source for its evaporator. Performance simulations for
the system are conducted, and the effect of using an additional heat source
from an unglazed transpired solar collector is evaluated. Flow control algo-
rithms are developed, and their effect on the overall system performance is
assessed. The study is conducted within the framework of the EU Horizon
project Energy Matching (project duration 2017-2022). The research pro-
motes the feasibility of using centralized heat pumps in multifamily houses in
Sweden and provides insights on the role of solar air heating collectors in such
systems.

Paper 11

This paper addresses the techno-economic aspects of a 5™ generation district
heating system. A computer model is developed for a system that uses low-
grade industrial waste heat to provide a heat source for decentralized heat
pumps. The primary aim of the analysis is to evaluate the energy and eco-
nomic performance of the system. The secondary aim of the study includes
understanding the effect of solar technologies such as photovoltaic (thermal)
collectors on system performance. The analysis concerns energy and eco-
nomic performance and the uncertainty analysis using the Monte Carlo
method. The research provides insights on the feasibility of using low-tem-
perature networks and their associated economic uncertainties. The work is
conducted within the Nordic energy research project Agent GIS 5GDHC.

Paper 111

This study explores the decarbonization of industrial heating systems by com-
paring the economics of two steam generation technologies: parabolic trough
collectors and steam heat pumps. Both technologies were modelled using data
from market-available products. System simulations were conducted for var-
ying load profiles, economic input parameters, and geographic locations. Re-
sults are compared using the solar fraction as a key indicator to establish an
economic distinction, rather than relying solely on heating costs. The results
can assist industries and system designers in making technology selections.

Paper IV

The paper introduces a novel system that combines four distinct renewable
energy generation and storage technologies. This combination holds potential
for significantly decarbonizing industrial heating. The technologies encom-
passed are solar thermal parabolic trough collectors, photovoltaic panels,
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pressurized water storage, and sand storage. The system's configuration is ap-
plied for a case study in Spain, and the paper presents its techno-economic
outcomes. These results highlight the need for hybrid heat generation systems
in industries moving away from fossil fuel boilers.

Paper V

This paper presents a method to evaluate the compatibility of solar thermal
integration in industrial processes. Compatibility is defined by two indicators.
These are used to quantify the divergence of energy and economic perfor-
mance from an ideal case. These indicators can be used to better understand
the dynamics of a particular integration and possible improvements. The
methodology is applied to a case study for a brewery, and the paper presents
both the technical and economic outcomes.

1.5 Thesis structure

The thesis is organized into six chapters. Due to the diversity of energy sys-
tems covered in this work, the methodology, model specifics, and results are
compartmentalized into individual chapters, one dedicated to heating system
in MFH buildings, and another to heating systems for industries. A brief over-
view of each remaining chapter is as follows:

e Chapter 2: Provides a theoretical background on relevant technol-
ogies and their market development. It discusses previous research
within the identified system’s scope, laying the foundation for the
research questions addressed in this work.

e Chapters 3 and 4: Provide details about the heating systems for
buildings and industries, respectively. It discusses the energy sys-
tems, their boundaries, model specifics, and the KPIs used. Chapter
3 covers the energy system of Papers I-II, while Chapter 4 focuses
on systems studied in Papers III-V. Both chapters ends with simu-
lation results and their summary.

e Chapters 5 and 6: These concluding chapters summarize the dis-
sertation's main findings, offer insights into its potential impact and
limitations, and recommend future research pathways.

The comprehensive summary points out key findings and shows how different

parts of the studies connect. For more detailed information, readers are en-
couraged to refer to the appended papers.
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1.6 Limitations and terminology

Before going deeper into the subsequent chapters of this thesis, it is important
to outline the constraints that shape the content of each chapter. The research
work in this thesis is subject to the following primary limitations:

30

The term 'heating systems for buildings' specifically refers to mul-
tifamily residential buildings in this thesis. The findings should not
be applied to other building types like single-family homes or com-
mercial buildings.

Similarly, the term "Heating system for industries" specifically
means industries or units that require steam at or below 200 °C for
their operations. Common examples of such sectors include food
and beverage, textile, dairy, pharmaceuticals, and chemicals,
among others. However, there are sectors, e.g., cement and petro-
chemicals that need higher temperatures than those covered in this
thesis, and therefore results should not be extended to these high-
temperature sectors.

The literature often uses various terms to describe different tem-
perature ranges linked to heating types. For instance, while "low
temperature" typically refers to residential building heating, the
same term can denote temperatures up to 150 °C in an industrial
setting. These interchangeable terms can lead to confusion and in-
consistency. To avoid this, the thesis consistently references spe-
cific temperatures rather than using generalized terms. If such
terms appear in articles, it is advisable to examine the article's de-
tails to understand the context.

Because of collaborative articles and journal practices, there are
occasional differences in terminology and their corresponding ac-
ronyms. In this thesis, an effort has been made to reduce these in-
consistencies. A detailed nomenclature related to the thesis can be
found at the beginning of the thesis.

The heating demand type served in all the papers consists of space
heating, domestic hot water, and process heating demand in indus-
tries. The electricity demand is met when PV/PVT technologies are
used, such as in Paper II. The cooling demand is not dealt with in
any of the studies.

Each article includes the theoretical simulations of energy systems
constrained within specific techno-economic limits. Therefore, the



results can be highly specific, and should be interpreted within
their given context. Though the simulation model in some cases
aims to replicate a real system, none of the studies have undergone
validation through experimental means.

The selection of technology (solar collector, storage etc.) for vari-
ous energy systems is influenced by multiple factors. These include
the involvement of industrial partners in the project, collaborations
with different technology providers, and the accessibility of data.
In any given system, the chosen technology can theoretically be
substituted with another that might be equally intriguing and can
fulfil the same role within the system.

When considering the entire value chain, CO; emissions from a
unit of natural gas are comparable to other fossil fuels like coal
[38], [39]. Therefore, moving forward in this thesis, natural gas
will be referred to as "fossil gas."
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2 Background

This chapter offers a concise overview of the most relevant theoretical back-
ground. This section is by no means aimed at providing an in-depth review,
but rather offers an overall picture with a focus on topics that are relevant to
the research in the thesis. It includes an overview of the heating sector for both
buildings and industries and proceeds to discuss specific technologies and en-
ergy system concepts.

2.1 Heating landscape in EU buildings

In 2022, buildings used 42 % of all final energy, making them a major source
of greenhouse gas emissions [7]. Within buildings, households stood out as
the predominant users, accounting for nearly two-thirds of this energy use. To
understand where this energy is mainly utilized in EU households, refer to
Figure 5, which clearly shows that household heating, both for SH and DHW
significantly contributes to overall energy use.

In simpler terms, addressing CO, emissions in buildings requires finding
solutions for heating, as 57 % of it still relies on fossil fuels such as fossil gas
(39 %), oil (15 %), and coal (4 %).

Figure 5. Final energy use and corresponding energy sources in EU households for
the year 2022 [7] (Reproduced with permission from the copyright owner).
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There is no obvious solution to the heating problem, and the solution lies in
the rapid uptake of diverse technological solutions that exist today, with par-
allel efforts of energy efficiency measures. In the EU, biomass is a major con-
tributor (up to 80 %) to renewable share in heating, whereas ST, PV, HP, ge-
othermal, and biogas provide the rest of it. Specifically, the Scandinavian and
Baltic countries have more than 50 % renewable heating share, mainly due to
biomass. While the generalized trend of “fossil to biomass” is adopted by
more EU countries, there are growing concerns over biomass’s carbon neu-
trality [40]. High demand in sectors like construction and transportation could
strain solid biomass availability [41]. The EU stresses enhancing the sustain-
ability criteria for biomass contributing to renewable energy targets [42]. Con-
currently, there is a pronounced focus on solar energy technologies and HPs
as alternatives to biomass combustion.

2.2 Heat pumps for multifamily houses

HPs, while gaining popularity in the US and Japan, initially struggled to find
a market in the EU during the 1980s. The surge in oil prices during this decade
provided a brief boost to the European heat pump industry, however, this was
short-lived mainly due to the influx of inexperienced sellers and technicians,
which unfortunately resulted in many substandard installations [43]. This
compromised the reputation of HPs, leading to customer dissatisfaction and a
decline in sales. The tides have turned in the last half century and the EU has
recorded a record-breaking sale of HP, with more than 3 million HPs sold in
2022 (40 % growth compared to 2021), bringing the total installed stock to 20
million units [44]. The Nordic countries show the biggest market penetration
for heat pumps in the building stock. Sweden is the leader in HP installation
with approximately 650 000 heat pumps installed by the end of 2020, and 90
% of the new houses are built with HPs installed [45].

In Sweden, the heating source preference until the 1950s was wood-fired
furnaces, which during the 1970s changed to oil boilers being the primary
heating source. Since the 1970s, due to the expansion of nuclear power, the
oil boiler was replaced by DH and electrical heating. The global oil price in-
crease in the 1980s pushed the demand for small-sized heat pumps in the Swe-
dish residential sector. Since the 1990s, Sweden has witnessed a remarkable
surge in HP installations driven by a combination of favourable policies, tech-
nological advancements, and environmental consciousness.

In the 20™ century, DH was the main source for MFH whereas HP was the
focus only for single family houses in Sweden [46]. In the post-2000 period,
heat pump manufacturers started expanding into the commercial, industrial,
and multi-family building sectors, which are traditionally dominated by DH
systems [47]. This started momentum to shift from DH to HP, and now it is
common in Sweden to combine DH with a secondary heat source. DH is used

33



for peak loads, whereas HP is used to serve base loads [48]. In most cases, this
heat source is an EAHP which covers the partial heating demand of the build-
ing. In the last decade, the number of HPs installed in Sweden for MFH has
increased by 50 %, bringing a total of 42 000 units installed in 2021 [49].
Nearly 50 % were ground source heat pumps (GSHP), while the rest were
EAHP. The installation trends for Sweden are shown in Figure 6.

Figure 6. Annual trends for HPs installations in Swedish MFH buildings (The upper
and lower ends of black solid line represent the uncertainty in the data. No data avail-
able for year 2015 and 2017)[49] (Reproduced with permission from the copyright
owner)..

This transition of HP installation was mainly driven by customer’s preference
to increase their energy autonomy, and their perception of DH companies as
monopolistic entities that restrict negotiation control over heating prices. De-
spite the optimistic trends, HPs are still primarily seen as a technology for
SFH. For MFH, there are still some challenges which need to be addressed as
follows:

e Ownership and decision making: In single-family houses, the decision
to install a HP lies with the homeowner, allowing for individual pref-
erences and choices. Homeowners have more control over their heat-
ing systems, and they may prioritize energy efficiency and long-term
cost savings, driving the higher adoption of HPs [50]. In MFH, deci-
sions regarding heating systems are often made collectively by build-
ing owners or housing associations, which may involve more complex
decision-making processes and considerations [51].

e Building regulations and incentives: In Sweden, financial incentives,
such as subsidies and tax benefits, have been primarily targeted
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towards SFH, which may have incentivized homeowners to adopt heat
pumps. The availability of similar incentives specifically tailored for
MFH could potentially drive greater adoption in this segment.

e Initial costs and investments: HPs have a higher upfront cost, that
must gain consensus among multiple stakeholders which is often dif-
ficult to reach in MFH settings. Private developers who manage the
MFH, are driven by minimizing the upfront energy system cost, and
renewable heating system is not often the top priority.

e Cost of the fuel: HPs consume electricity, the price of which directly
affects the heating cost. The electricity price in many countries is
higher than the gas price, which decreases the cost competitiveness of
HPs. This trend, however, is changing in favour of HPs due to increas-
ing fossil gas prices, high-performance HP products in the market,
and a reduction in capital expenditure (capex) cost due to standardi-
zation. Figure 7 shows the coefficient of performance (COP) required
of an HP to attain operational expenditure (opex) parity with a gas
boiler in different countries. The worst-performing country is the UK
due to very high electricity prices, which results in higher heating
costs compared to fossil gas. Sweden demonstrates favourable condi-
tions for the use of HP due to very similar prices of gas/electricity,
which make HP a very suitable option for heating [52].
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Figure 7. COP required by HPs to attain the opex parity with fossil gas boilers (at
90% efficiency) in various countries [52] (Reproduced with permission from the
copyright owner).
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e Heating system: MFH typically consists of older building stock, con-
structed between 1950-1975 in Sweden. These buildings have heating
systems that require high temperatures, potentially reducing the per-
formance of HPs. In many countries, typical HPs are designed for
heating capacities below 50 kW. They are optimized for energy-effi-
cient buildings, not older structures that may need higher capacities.
This mismatch means that the centralized heating production in old
MFH buildings requires higher capacities. Retrofitting heat pumps in
such buildings may necessitate significant changes to the existing in-
frastructure. This process can be technically challenging and costly,
creating additional barriers to heat pump adoption in MFH.

e Access to heat sources: Many MFHs are constructed in urban areas
characterized by high building density. Accessing a geothermal heat
source can be a complex and time-consuming process due to the need
for drilling permits. In the case of air-source HP, a collective heat
source often becomes the only viable solution to avoid the installation
of multiple, visible outdoor units, which can be challenging to inte-
grate from an architectural perspective. To promote the adoption of
heat pumps in MFH, it is crucial to explore additional heat source op-
tions.

GSHPs are widely used for MFH. The largest project in Europe is in Saltsjoba-
den, Stockholm where 26 GSHP of capacities between 40-60 kW are used to
serve the heating demand for 500 apartments in 52 buildings [53]. Limited
space availability is often a concern in dense urban areas which restrict the
number and depth of boreholes that can be drilled. One solution is to use PVT
collectors as an additional heat source, which can reduce the spacing and drill-
ing length required for a borehole field. With a PVT assisted HP system, bore-
hole length reduction of up to 80 % is reported in various studies [35], [54]—
[57].

Heat recovered from exhaust ventilation air is also widely used as a source
for HPs. The exhaust ventilation used for HPs has several advantages com-
pared to an air/air heat recovery system such as a) need for only one fan and
less ducting b) possibility to meet DHW demand c) higher heat recovery com-
pared to air/air HX d) low pressure in the building which reduces the risk for
mold [58]. EAHPs are being utilized in a few large projects for multi-family
houses. For instance, a project in Stockholm has incorporated 140 HP units,
with each unit having its heat recovery system situated in the attic. The heat
building's exhaust air is recovered and transferred to the brine loop for HP
[53]. The separation of HP and ventilation heat recovery unit can enable heat
recovery from multiple heat sources.
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The HPs use in MFH can vary significantly depending on the level of inte-
gration. The integration solution can be completely centralized on a building
scale, where both HP and backup sources are used to supply SH/DHW de-
mand in all apartments of one building. The other side of the spectrum is a
completely decentralized system, where one or more HP(s) are used within
the individual apartment of MFH. Within each solution type (centralized/de-
centralized), several sub-solutions/integrations are possible depending on the
type of demand served by HP and backup. Such a solution matrix is developed
within I[EA HPT annex 50, and several case studies are analyzed [51]. How-
ever, the scale of centralization is often restricted to one HP for one MFH.
There are possibilities to use a centralized HP to supply several MFHs, thus
mimicking a mini-DH grid. This would provide a larger flexibility to use mul-
tiple heat sources from within/outside the buildings, and thus the possibility
for a high heating fraction from HPs. Centralized HP also provides cost effi-
ciency due to economy of scale, providing single-point maintenance and re-
pairs. Such integration is implemented in demonstration sites in the Energy
Matching project. The Swedish demo site consists of a centralized HP, heating
source for which is exhaust air from 3 MFH buildings. This project represents
one of the energy systems analyzed in Paper I of the thesis, where the energy
system's performance is simulated, and the impact of utilizing UTSC collec-
tors is assessed.

2.3 Fifth generation district heating system

The lack of availability of a heating source is a limiting factor for HP installa-
tions. Consequently, centralized HP systems without any backup are typically
suited only for small MFHs with 4-10 apartments per building. When employ-
ing EAHP, the flow rate of exhasust air usually falls short of providing an
adequate heat source to fulfil the complete needs of average sized MFH (11-
20 apartments) and larger MFH buildings with more than 20 apartments. In
the absence of an auxiliary heating source, the inclusion of a backup boiler
becomes a necessity.

It is possible to achieve a higher proportion of heating from HPs by facili-
tating energy exchanges among various “agents” within an urban system, thus
supplementing each other's energy needs. These agents can be categorized into
consumers, suppliers, and prosumers, all of whom can engage in thermal in-
teractions through a heating grid as shown in Figure 8. For instance, consum-
ers are heat end-users, such as residential buildings. Suppliers are entities that
produce heat, like existing DH networks or industries that process excess heat.
Meanwhile, prosumers are unique in that they use heat but can occasionally
produce it; examples include data centers and shopping malls [S9]-[62]. These
agents either extract or feed heat into the thermal network within a temperature
range of 5 °C -40 °C. This heat is subsequently utilized as a source for HPs to
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cater to diverse heating and/or cooling demands at various temperature levels.
Such an arrangement is often termed as 5" generation district heating sys-
tems/cold district heating/ultra-low temperature district heating/ambient tem-
perature district heating/bidirectional district energy systems and bidirectional
low-temperature networks [63]. For the sake of consistency, this thesis will
use SGDHC for these networks.

Figure 8. A conceptual schematic of a SGDHC system.

The key features of the 5SGDH system include a) low heat losses in the network
(typically less than 5 % of transported heat), b) the possibility of low temper-
ature waste heat recovery, such as from industrial entities and ambient air c)
the possibility to meet both heating and cooling demand using one network d)
efficient integration with renewables, making more effective due to use of low
temperatures ¢) significant cost reduction in piping costs due to the low level
of insulation required. These advantages are, however, negated by certain
challenges such as the high costs associated with substations, primarily due to
the use of HPs [32]. Furthermore, the low temperature difference in the net-
work leads to increased pumping expenses [64], [65]. The economic viability
of the SGHDC system is heavily influenced by electricity costs, given its
higher electricity consumption compared to conventional DH networks.

In the EU, approximately 100 networks for the SGDH system have been
established, yet comprehensive data are available only from a selected number
of case studies [66]. Most of these projects are at the pilot scale, with HP ca-
pacities not exceeding 3 MW. Nearly 75 % of these systems are in Germany
and Switzerland. There has been limited implementation in other countries
such as Italy, the Netherlands, Belgium, England, Sweden, and Norway. Up
to 60 % of these projects employ sea water, ground water, or river water as
their primary heat source within the network. The remaining projects predom-
inantly harness heat from various industrial entities and ambient air. The op-
erational temperature of these networks typically ranges from -5 °C -35 °C,
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with a temperature difference (dT) of 5 °C -10 °C between the warm and cold
pipes.

In Sweden, there is a growing interest in SGDHC technology. The open
DH project, initiated in Stockholm in 2014, was designed to recuperate waste
heat from three data centers and a supermarket, integrating it into the DHC
network [67]. This network has heating and cooling capacities of 1.6 MW and
1.2 MW respectively. A four-pipe network is built where two separate supply
pipes are installed to work at a temperature suitable for direct heating and di-
rect cooling respectively, as shown in Figure 9 [68].
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Figure 9. Overview of an open DHC project installed in Stockholm [68] (Reproduced
with permission from the copyright owner).

The “Fossil free energy districts” project (2016-2019) in Gothenburg was de-
signed to connect cooling, heating, and electricity into a single system for en-
ergy trading between 50 buildings and production units [69].

The multi-utility company E.ON has developed a commercial solution for
5GDH called “Ectogrid™”. As a demonstration, 15 commercial and residen-
tial buildings in Medicon Village, Lund, Sweden are interconnected using a
low-temperature grid to deliver both heating and cooling [70]. 11 GWh of
energy balancing is achieved between heating and cooling demand, thus sig-
nificantly reducing the net energy purchase.

A substantial knowledge base for the SGDH concept is established by sev-
eral projects, including D2Grids, Flexynets, REWARDheat, LIFE4Hea-
tRecovery, and Agent GIS-5GDHC [71]-[73]. Numerous review studies have
been pivotal in outlining the characteristics of these functional networks [74]—
[77]. However, there remains a significant research gap that needs to be
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addressed to further advance this concept, especially in areas of techno-eco-
nomic understanding, large-scale implementation, and the development of ap-
propriate business models. The potential for implementing renewable technol-
ogy has not been extensively explored. Some of these research gaps are ad-
dressed in Paper II of this thesis.

2.4 Heating landscape for industries

A wide range of industries rely on process heat for their operations. Manufac-
turing, chemical production, refining, food processing, and many other sectors
involve processes that require heat as an input. The required heating tempera-
ture varies depending on the industry and specific applications as shown in
Figure 10. For example, heavy industries such as steel and concrete industry
often require extremely high temperatures exceeding 1000 °C for smelting and
forging processes, while the food processing industry, textile, and dairy,
among others, typically lower temperatures below 200 °C for most of their
applications. Globally, 74 % of the total final energy in industries is used as
heat, and 30 % of this heat use requires temperature below 150 °C [78].
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Figure 10. Temperature levels and heat sources used for industrial process heating
(data for the year 2021) [78] (Reproduced with permission from the copyright owner).

The increasing interest of industries towards the utilization of renewable heat-
ing solutions for process heat is attributed to numerous factors. First, it reflects
their commitment to environmental sustainability, which improves their pub-
lic image and appeals to environmentally conscious stakeholders. Second, this
transition is important in the long term to mitigate the substantial risks linked
to high price volatility in fossil fuel prices. In Year 2022, the price of fossil
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gas has reached a record high. Oil prices hit their highest level since 2008 [79],
[80]. As a result, industries relying on fossil fuels for heating have faced in-
creased costs. Despite the decline in gas prices by March 2023 to pre-Ukraine
war levels, as shown in Figure 11 [81], industries have nonetheless received a
significant message. The experience has underscored the importance of diver-
sifying their energy sources to minimize the vulnerability to geopolitical
events. This has resulted in increased interest from these industries in explor-
ing alternative heat sources, with low price volatility and CO, emissions.

Figure 11. Fossil gas price development in the EU (price is not inclusive of any taxes).
The dashed horizontal line indicates the average price of fossil gas before the Ukraine
war [81] (Reproduced with permission from the copyright owner).

The cost competitiveness of renewable heating technologies is dependent on
the present and future cost of the fossil fuels currently used. The future of
fossil gas prices in Europe remains uncertain, and the long-term implications
of the current situation on energy supply and security are yet to be fully un-
derstood. The recommended strategy put forward by the EU is a) Efforts to
diversify its energy sources, b) invest in renewable energy, and c¢) reduce its
dependency on Russian gas [82]. Industries need to explore alternative heating
solutions, particularly renewable heating options such as solar thermal, steam
heat pump, PV electrification of heating, thermal storage, biomass, etc., which
make them less prone to fluctuation in fuel price.

2.5 Solar thermal for industrial applications

This section is divided into two sub-sections: one focusing on technical in-
sights and the other on market insights related to the industrial applications of
solar heat. Finally, a SWOT analysis is presented.
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2.5.1 Technical insights

The renewable share in industrial heating is only 10 %, which needs to be
increased in the next years to meet climate goals [25]. The transition can be
achieved by:

e Process optimization e.g., using heat recovery, reduction in process
temperature, and switching to more efficient heat transfer units.

e System optimization e.g., pinch analysis for heat exchanger network
for a total production site, and recovery of waste heat from the cooling
process.

e Integration of renewable heat generation technologies to meet part of
the heating demand, and then increase the fraction using storage tech-
nologies.

Solar thermal collectors are a prominent renewable heating technology that
can support the transition to sustainable industrial heating. Broadly, solar pro-
cess heat technologies can be categorized into concentrating collectors and
non-concentrating collectors. Non-concentrating collectors, such as flat plate
collectors, evacuated tube collectors, and vacuum flat plate collectors, are typ-
ically employed for temperatures below 120 °C. Concentrating collectors such
as parabolic trough collectors (PTC), linear fresnel reflectors, dish collectors,
and fresnel lens collectors are especially suitable for steam applications. Con-
centrating collectors offer high thermal efficiency, improved control mecha-
nisms to prevent stagnation, and the capability to generate steam [83], [84].

While the core concentrating principle is consistent across many collector
types, there are notable variations in their designs to cater to specific condi-
tions. For instance, an inflatable PTC is developed to ensure rapid installation
and reduced costs [85]. Similarly, GlassPoint has devised a system where mul-
tiple PTCs are enclosed within a transparent housing, shielding the collectors
from wind and dust [86]. Swedish manufacturer Absolicon has designed a
smaller concentrating collector with a glass cover on top to minimize heat
losses [87].

The operational temperature of a collector profoundly influences its ther-
mal performance. The operational temperature is further governed by the col-
lector's integration in the overall system. Solar heat can be integrated at mul-
tiple points, which can be categorized into two levels: supply level and process
level as illustrated in Figure 12 [88]-[90]. Supply level integration entails the
integration for steam into the central heat distribution line (integration point
4, and 5) or in the feed water system (Integration point 1-3). Process Level
integration involves the direct coupling of solar heat to a specific process or
to process heat storages (Integration point 6).
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Figure 12. Various integration points of ST collectors in the existing boiler network
[91] (Reproduced with permission from the copyright owner).

Supply level integration for steam offers the advantage of addressing a larger
fraction of the heating demand as often the whole plant demand can be tar-
geted. The disadvantage is that collectors operate at much higher tempera-
tures, which decreases the thermal performance. Process level integration can
allow for a high solar fraction for a specific process, with lower operational
temperature. However, its contribution to the overall heating demand is typi-
cally limited [92]. Sometimes, integration at the process level may necessitate
substantial modifications to the existing system such as converting a steam
system to a hot water one, and the need for additional heat exchangers (HXs),
and controls, which adds to the costs.

As industries increasingly expect solar thermal solutions to meet a large
fraction of their heating needs, steam generation via solar collectors often
emerges as the preferred integration point. The dynamics of a solar thermal
system designed for steam generation differ markedly from those intended for
hot water integration. Notably, the influence of thermal storage on heating
costs is substantial, reducing the cost-effectiveness of solar heating for indus-
trial process (SHIP) systems when the solar fraction (SF) exceeds 20-25 %
[93]. There is no universal rule for determining the optimal integration point
due to the varied nature of heating systems, temperature ranges, and customer
expectations. A recommended approach is to simulate the system to gain a
better understanding of techno-economic dynamics of a specific integration.
This simulation should account for the effects of incorporating thermal stor-
age, fluctuating heat loads, and different system control strategies. A compre-
hensive system analysis should form the foundation for economic evaluations
and for comparing the heating costs with other renewable alternatives.

LCOH is a common indicator to compare different designs and technolog-
ical solutions with one another and is thoroughly used in papers in this thesis.
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LCOH is influenced by several factors, with the key determinant being the
amount of heat supplied to the heating process. This delivered heat funnels
through various inefficiencies or non-idealities, which subsequently influence
the heating cost. For instance, these inefficiencies may include a) mismatch
between collector production and user demand, leading to heat spillage, the
necessity for a storage tank, or both. b) The inability to seamlessly integrate
solar thermal energy at the process level, necessitating higher temperatures in
the collector circuit and consequently resulting in increased heat losses. ¢) The
financial implications of additional HXs or components needed to ensure com-
patibility of the integration point with the solar thermal collector. In the ab-
sence of these inefficiencies, one would achieve an "ideal" yet feasible inte-
gration, yielding the lowest possible LCOH for any given integration point.
By comparing the LCOH of a specific integration to this ideal LCOH, one can
assess the effects of these inefficiencies, providing a deeper understanding of
solar thermal system dynamics, and better decision making for integration
points. Such a methodology is proposed and applied for a case study in Paper
V of this thesis.

2.5.2 Market, costs, and challenges

As of 2023, there are currently 1100 operational SHIP systems worldwide.
These systems encompass a collector area of 1.22 million m? with a total ca-
pacity of 856 MW, In Year 2022, SHIP project developers reported a total of
114 systems (total capacity of 30 MW), an increase compared to preceding
years, which recorded 71 systems in 2021 and 85 systems in 2020. The top
five markets for SHIP in 2022 were the Netherlands, China, France, Mexico,
and Germany [94].

The installation cost for the SHIP systems varies significantly due to the
wide range of system diversity. However, the general trend shows a 68 % de-
crease (during 2014-2020) for SHIP installations. Figure 13 illustrates the
weighted average total installed costs (black line) of 101 SHIP plants in Eu-
rope [95]. The major factor driving this cost decrease is economies of scale,
as much larger heating capacities (represented by the diameter of circles) have
been installed in the past years.
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Figure 13. Weighted average cost per kW of SHIP installations from the year 2014 to
2020 [95] (Reproduced with permission from the copyright owner).
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Figure 14. Weighted average LCOH for SHIP projects in various geographical loca-
tions. The grey band represents the upper and lower limits, and the black line repre-
sent the weighted average value [95] (Reproduced with permission from the copyright
owner).
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The cost of heating can vary considerably, primarily influenced by geographic
location and the required supply temperature levels. Figure 14 showcases the
weighted average LCOH for SHIP plants from 2014 to 2020, segmented by
region. In Asia and Mexico, the weighted LCOH is USD 3.9/kWh and USD
4.4/kWh, respectively. The higher installation costs and solar irradiation var-
iability in the EU result in a broader LCOH range when compared to Asia and
Mexico.

Significant growth in the SHIP sector is anticipated in the coming years
[96]. Several large-scale installations for process heating are currently under-
way, which can serve as examples for broader implementation across indus-
tries. For instance, a SHIP plant of 30 MW capacity with 43 000 m? parabolic
trough collectors is commissioned for steam generation at a brewery in Spain
[97]. The system utilizes thermal storage of 68 MWh, resulting in a 60 % solar
fraction. Multiple smaller-scale installations for steam generation are demon-
strated in the brewery and other sectors, showcasing the feasibility of SHIP
systems [97]-[99].

Despite the positive trends, the economic competitiveness of solar heat is
complicated by LCOH variation and the fluctuating prices of fossil fuels. As
such, it is essential to evaluate each scenario individually to reach valid eco-
nomic conclusions [100]. The sector also grapples with multiple challenges
such as the lack of large-scale installations for steam applications, constraints
in land availability for collector installations, and the presence of alternatives
(HP/PV, etc.) which complicate the decision-making process.

However, the viability of SHIP can be improved through several strategies.
Larger solar fields, for instance, can lead to proportional cost reductions in
materials, engineering costs, and logistics. Similarly, large-scale installations
for steam generation applications can yield significant learnings that can be
disseminated among technology players in the market for mutual gains. The
market focus can be directed towards customers with high fossil fuel prices,
located in regions with high solar irradiation. These conditions result in a
shortened period for return on investment, thereby expediting the decision-
making process. The integration focus can incorporate systems designed for
continuous demand, as the batch processes requiring storage result in in-
creased LCOH. Furthermore, the adoption of innovative financial structures,
such as heat purchase contracts and the build-own-operate-transfer model, can
further improve the business case for SHIP [101][102]. A SWOT analysis,
formulated based on both literature and practical experience, is provided as
follows:

Strengths:
e Low CO; emissions: Significantly lower CO, emissions per unit of
heat generation on a life-cycle basis compared to conventional and
other renewable technologies [103].
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Availability: Solar heating technologies have achieved a high tech-
nology readiness level, indicating maturity and high deployment lev-
els.

Cost-efficiency: SHIP has achieved cost parity with fossil fuels in re-
gions, and it also offers stable heating costs, insulating users from
price volatility [104].

Versatility in supply: Solar heating systems can deliver a broad range
of supply temperatures (50-400 °C), making them adaptable to various
industrial needs.

Manufacturing: The EU has a strong manufacturing base for solar
heating components, with local supply quality, expertise, and capacity
[105].

Weaknesses:

Solar fraction: The amount of heating that can be met with the SHIP
system is dependent on thermal storage, which limits the solar frac-
tion.

Implementation: Solar heating projects often have long execution
times, especially when compared to some alternative energy solutions
[106].

Market limitations: Currently, the market implementation scale is lim-
ited, particularly for large-scale steam installations.

Standardization: The industry lacks standardized protocols for perfor-
mance simulations and installations, potentially complicating scala-
bility.

Bankability: Solar heating projects sometimes face challenges in se-
curing funding due to concerns regarding return on investment or lack
of investor familiarity with the technology.

Threats:

Complexity: Potential users may perceive SHIP systems as complex,
in terms of installation, maintenance, or general understanding.
Awareness gap: There is a significant lack of comprehensive aware-
ness campaigns or education targeting stakeholders, which may slow
adoption rates.

Rising competition: As alternative heating solutions emerge and
evolve, the competition intensifies. There is a gap in understanding
how SHIP measures against these competitors.

Fossil fuel prices: Periods of low fossil fuel prices can reduce the eco-
nomic appeal of SHIP systems.

Land competition: Increased competition to secure land for installa-
tion with other technologies such as PV.
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Opportunities:

e Learning curve: As the number of solar heating projects increases, the
industry can capitalize on shared learnings, potentially driving down
costs [96].

e Storage technology: Advancements in thermal storage technologies
can significantly improve the value proposition for SHIP.

e Hybrid system potential: There is a growing opportunity to integrate
solar thermal systems with other heat solutions such as Pit TES, PV,
HPs, etc., to meet a large fraction of the heating demand.

e Economic and environmental trends: Rising fossil fuel prices and in-
creasing global emphasis on emissions reduction mandates can im-
prove the case for solar heating.

e Supportive legislation: Favourable policies, incentives, and legisla-
tion can accelerate the growth and adoption of SHIP systems.

2.6 Steam heat pumps

Solar thermal systems often meet only a fraction of industrial heating needs.
This limitation stems from: a) restricted land or roof space, and b) rising heat-
ing costs at higher solar fractions due to the necessity for thermal storage.
When designed without thermal storage, solar collectors can achieve solar
fractions of 20 % to more, if heat demand remains consistent year-round. As
such, solar thermal should be viewed as a supplementary solution alongside
traditional boilers. For deep decarbonization, integrating diverse renewable
heating technologies with ST is the way forward. Steam heat pumps represent
one such promising technology discussed in this section.

HPs, commonly used in residential settings, remain less recognized for in-
dustrial applications. Various terms exist in the literature for non-residential
heat pumps, including "industrial," "large scale," "high temperature," and
"very high temperature" HP. This thesis specifically addresses heat pumps for
steam applications below 200 °C, consistently termed "steam heat pumps"
(SHPs). Among the diverse types, closed-cycle mechanical HP employs re-
frigerant compression for temperature increase, while open-cycle mechanical
vapor compression HP pressurizes waste vapors. Other thermal-driven types
include thermo-compression heat pumps (for flash steam recovery) and ab-
sorption heat pumps [107], [108]. While other types may be equally relevant,
this thesis specifically concentrates on closed-cycle mechanical HP.

Steam heat pumps can be used as a one-to-one replacement for fossil fuel
boilers, significantly reducing CO, emissions. These HPs can use industrial
waste heat streams such as cooling processes, cooling towers, sewage heat,
etc., and then lift them to higher temperatures [109]-[111]. A growing number
of manufacturers now offer steam heat pumps (Figure 15) which deliver heat
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sink temperatures between 90 °C and 200 °C. Heating capacities span from
20 kW to 20 MW, influenced by factors like cycle design, refrigerant, com-
pressor type, and internal heat exchangers. COP values are between 1.5 and 5
for temperature lifts of 130-40 °C respectively. The IEA HPT Annex 58 pro-
ject lists at least 25 such manufacturers, with product technology readiness
levels between 4 and 7. Investment costs range from 200 to 2000 €/kW,, with
a wide range due to technological and installation variations. The lifetime of
steam heat pumps averages 10-35 years, with those over 5 MW capacity last-
ing up to 30 years [112].

Figure 15. Industrial heat pump manufacturers, product capacities, and temperature
range [111] (Reproduced with permission from the copyright owner).

A major dynamic in the steam heat pump market is observed in the past few
years fuelled by the energy crisis. Several small-scale installations are evalu-
ated within projects such as DryFiciency, Friendship, and SuPrHeat utilizing
steam heat pumps for drying, and steam generation for process heating up to
200 °C [113]{115]. A majority of the demonstrations are focused on the food
and beverage sector, which is particularly attractive for HPs due to heating
and cooling loads, bringing the possibility to use heat recovered from the cool-
ing process as a source for HP evaporators. One such notable project was im-
plemented for a dairy plant in Norway, making it the first dairy without fossil
fuel use or direct electric heating [109]. The total heat demand of the plant is
served by Ammonia HPs, and all dairy processes are integrated, resulting in
95 % of the waste heat utilization. A similar solution is in operation at the
Austrian brewery which has installed a 370 kW heat pump including a heat
storage unit. The heat pump saves the burning of 1.8 GWh/a of fossil fuels
[116]. Several other large projects using HPs in industries have been
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announced in the upcoming years [117]. Despite the available technology,
there are very few commercial projects for steam applications. Therefore,
there is a significant effort needed to develop and demonstrate the required
variety of solutions at the scale needed by industries.

Some challenges need to be overcome such as limited awareness among
industries about HP products, knowledge gaps in integrating heat pumps into
existing processes, low fossil fuel prices, and a scarcity of compressors suited
for high temperatures and eco-friendly refrigerants. Furthermore, HP requires
electricity for its operation. This electricity can be associated with high emis-
sions, especially in countries where the grid primarily relies on fossil fuels. In
some regions, there might be electricity shortages or unavailability. Given the
current European average CO emission intensity for electricity generation,
employing heat pumps can lead to a reduction in emissions by one-third in
comparison to using fossil gas boilers. As the proportion of renewable energy
sources in the electricity mix grows and the COP of HP improves, the potential
for emission reductions is set to further escalate.

Both solar thermal and steam heat pumps target the same market. This often
raises the question: "Which is more economical in generating heat, solar ther-
mal or heat pump?" Paper III of this thesis primarily addresses this question
by providing a comparative analysis of parabolic trough collector and steam
heat pump within various techno-economic boundaries. Specifically, the study
captures the dynamic variation of solar fraction with the heating cost for solar
thermal collectors, filling a research gap highlighted in earlier studies [118],
[119].

2.7 Thermal storage for industrial applications

Thermal storage is a key technological element to increase the solar fraction
in SHIP installations. If a solar system is designed for steam applications, the
storage is often done using water stored in pressurized tanks, which is then
flashed to steam. Water as a storage medium has the advantage of high heat
capacity. However, despite the low cost of the heat transfer medium, the tanks
themselves are costly due to the pressure this storage type requires, and cus-
tomized manufacturing which limits their use for larger scales [120], [121].
The storage dynamics in the SHIP system are highly dependent on the di-
mensioning of storage. If the storage is sized to store all available heat on the
day with the highest solar irradiation, it must inevitably lead to the storage
being drastically oversized for the remaining days of the year. Since cost
scales with size, this will naturally lead the storage to not be cost efficient.
Thus, even though a theoretical approach might favor storage sized for the
peak day of the year, any approach that aims to have real life value must find
a trade-off between cost and wasted heat. To achieve a higher SF, the most
common approaches involve either increasing the storage volume with a low
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utilization factor or spilling excess energy to optimize the storage volume.
However, these options can result in a higher LCOH, thus decreasing the eco-
nomic appeal of the system.

To effectively reduce the impact of storage on the LCOH, it is important to
reduce storage-associated costs. One primary expense is the procurement of
commercial pressurized tanks, which typically range between 1500-3000
€/m’. Nearly half of this expenditure can be attributed to factors such as insu-
lation materials, heat exchangers, and installation processes. Further reduction
in these costs is difficult, although standardization could reduce installation
and integration costs. A critical factor influencing storage utilization is the
temperature difference (AT), present within the storage system. An increased
AT can result in better utilization of the storage system. For steam generation
with solar collectors, the storage maximum charging temperature is inherently
limited by the maximum operational temperature of the collector. Conversely,
the storage system's minimum temperature is predominantly dictated by the
steam's temperature. One challenge to consider is that an increase in opera-
tional temperature will increase the collector heat losses. As a result, the tem-
perature difference, AT, typically fluctuates within a narrow band of 10-40
oC.

A more efficient storage utilization method is demonstrated in a project
implemented for a brewery in Italy, where a solar thermal collector produces
steam during daytime [122]. Any surplus heat can be stored in a pressurized
tank of 30 m3, maintaining temperatures up to 150 °C. The system discharges
by supplying hot water, which is subsequently employed in the pasteurization
process, reducing the storage temperature to 80 °C. This results in a tempera-
ture differential of 70 °C in the storage, ensuring its effective use. A similar
installation is done for a brewery, where ETC collectors charge storage of 55
m3 up to 115 °C, and then discharge at multiple temperature levels such as
supplying 90 °C hot water for the bottle washer, 60-90 °C preheating for
brewing, domestic hot water and 45—65 °C for space heating [123]. However,
such configurations are only advantageous if the industry in question has a
process that can utilize the hot water.

To achieve high SF, a low cost storage is needed, which can be charged
using excess heat from the ST collector. Phase change materials are under
development for steam use, however, they are not commercially available.
Solid sensible storage (i.e. sand, or stone storage) systems can reach very high
temperatures without the need for pressurization, however, their use with ST
collectors is limited [124], [125]. As solid storage media typically have lower
heat capacity than water, achieving a high temperature difference in the stor-
age is crucial for obtaining an economic advantage over water-based systems.
However, this is difficult to achieve with ST collectors due to their limited
maximum temperatures.

An alternative method for generating renewable heating is using PV elec-
tricity for steam generation. Although PV has a lower efficiency than ST
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collectors, resulting in reduced economic feasibility and land use efficiency,
it offers some unique advantages. For example, electrical resistance heaters
(that can be powered by PV) can achieve higher fluid temperatures, enabling
the charging of high-temperature, low-cost TES systems. Thus, the PV+TES
system is especially valuable for meeting heating demands during non-sunny
hours due to the possible use of low-cost storage systems [126]. The higher
temperature from PV-driven heating increases the economic feasibility of
storage due to a large effective temperature difference in the storage medium,
and the possibility of using cheap and abundant materials such as sand or
stones as storage media. These storage solutions have been commercialized
by several suppliers in past years, which are typically charged by low-cost
electricity, and then discharged for industrial process heat.

The integration of technologies, specifically solar thermal and PV-high
temperature storage, can lead to a system that delivers a high solar fraction.
Coupling PV with high-temperature storage can bridge the gaps in solar ther-
mal storage systems. A potential system configuration could encompass both
solar thermal and pressurized water storage, tailored for an optimal solar frac-
tion. Any additional heating requirements can be fulfilled by the PV-high tem-
perature storage combination. This system configuration is further analyzed
in Paper IV of this thesis.

The next two chapters provide an overview of how various studies have
addressed the identified research gaps. Chapter 3 deals with systems for MFH
buildings, while Chapter 4 focuses on heating systems for industries.
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3 Heating systems for buildings: Boundaries,
methods, and results

This chapter introduces two types of heating systems for buildings detailed in
Paper I and Paper II. An overview of these systems is presented in Section 3.1.
This overview is essential for gaining a better understanding of both systems,
as they share similarities but have distinct differences that can sometimes cre-
ate confusion in the reader's mind. Section 3.2-3.3 presents component mod-
els, HP control, flow control strategies, building descriptions, economic in-
puts, and relevant KPIs. The results are explained in Section 3.4, and a sum-
mary of the results is provided in Section 3.5.

3.1 Overview

The primary focus of the appended Papers I-1I in this part is the techno-eco-
nomic performance of HPs that utilize waste heat to meet the heat demand in
MFH buildings. Both systems share similarities in terms of heat generation
technology (using HPs), the type of demand they serve (SH and DHW), and
the incorporation of solar energy technologies. However, they differ in system
configuration, e.g., the source of waste heat, supply network configuration,
and spatial scale. A summary of the key aspects of both papers is provided in
Table 2.

Table 2. Overview of the system specifics in papers I and I1.

Paper [ Paper 11
Buildings type MFH MFH
Heating demand type SH and DHW SH and DHW
Heat pump Centralized: One Decentralized: One wa-

Heat source for HPs

brine/water HP to serve
all buildings

Decentralized:  Exhaust
ventilation air from each
building.

ter/water HP for each
building

Centralized: Waste heat
source from industry
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Heat exchange between | Air/brine HX located in Centralized water/water

heat source and heat | each building HX
pumps
Number of buildings in | 3 14

the network
Analyzed location Sunnansjo, Sweden Tallinn, Estonia

Type of solar collectors | UTSC PV and PVT
used in the system

Scope of analysis Techno-economic, effect Techno-economic, sen-
of flow controls on collec-  sitivity, and uncertainty
tor and sensitivity analy- analysis.

sis

Primary simulation tools | TRNSYS, Excel. TRNSYS; Fluidit-Heat,
used for analysis Python, Excel.

In Paper I, the system recovers ventilation heat from buildings using decen-
tralized air/brine heat exchangers located in each building. This recovered heat
is then transferred to a brine loop used as a source for a centralized brine/water
HP. In contrast, the second system captures heat from a centralized heat source
from an industrial facility and uses it as a source for decentralized water/water
heat pumps. Paper I focuses on three MFH buildings in Sweden as its case
study. Paper II evaluates the feasibility of a SGDH system that encompasses
14 MFHs located in Tallinn. The choice of solar collector technologies de-
pends on the medium being heated in each scenario and varies in both papers.
In Paper I, which uses an air heating source for HP, unglazed transpired col-
lectors are designed to pre-heat the air. On the other hand, Paper Il employs
thermal (PVT) collectors using water as the heat carrier. In addition, the fea-
sibility of PV and PVT collectors is compared.

In Paper I, TRNSYS is primarily used for model development [127]. In
Paper 11, the heat source and its distribution network are modelled with the
specialized tool, Fluid-It Heat [128]. The modelling process for Paper II be-
gins by outlining the district heating network topology, which encompasses
elements such as pipes, valves, pumps, and heat sources. Given that the per-
formance of the HP and the network are interconnected, a simulation frame-
work is established in the Python environment. This framework links the out-
puts from Fluid-It models to the HP substation simulation in TRNSYS.

The substation model in Paper Il expands on the model introduced in Paper
I, incorporating HP control strategies to switch between various HP modes.
The subsequent subsection provides specific details of each HVAC system.
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3.1.1 Overview of exhaust air heat pump based system

The system analyzed in Paper I is based on an existing HVAC system installed
as one of the case studies within the Energy Matching project. This system
served as an inspiration to develop a computer model, albeit with certain sim-
plifications. The model replicates the real system in terms of HP control, sys-
tem size, distribution network, and temperatures. However, the existing sys-
tem lacks the installation of transpired solar collectors. Investigating the im-
pact of a hypothetical UTSC installation on system performance is the primary
objective of Paper I. The secondary objective is to quantify the impact of air
flow control strategies for UTSC on the overall system performance.

The HVAC configuration of the buildings consists of a centralized heating
system that meets both SH and DHW demand for all three buildings using a
distribution network. Each building is equipped with one ventilation heat re-
covery unit in the attic, and the circulation loops from all these units are con-
nected to a single HP located in one of the buildings. Ventilation air is ex-
tracted from various building zones, and the fresh air enters the buildings us-
ing trickle vents. As illustrated in Figure 16, a split HP is utilized; therefore,
the ventilation heat recovery unit and heat pump units are separate. The HP
has a capacity of 45 kW, limited by the volume of exhaust air that can be
reclaimed from the buildings. Given that the buildings have a peak demand of
198 kW, an existing biomass boiler of 200 kW is utilized alongside the HP to
meet the heating demand.

Figure 16. HVAC system configuration for EAHP-based system analyzed in Paper I.

The ventilation fan in the building's attic run continuously, extracting air from
ventilated spaces. This air is ducted to the air-brine heat exchangers where it
is cooled before being released into the atmosphere. The heated brine from the
cooling coils is pumped to the EAHP. For modelling, the extraction rate is set
at 0.5 air changes per hour. The HP has two operational modes: SH and DHW.
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The mode is selected based on the DHW tank's charge level, prioritizing a full
charge. The hot water produced by the HP can either be directed to the SH
circuit or stored in a tank connected to the DHW circuit.

The SH emission terminals include wall mounted radiators with a designed
supply /return temperature of 60/40 °C respectively at the lowest ambient tem-
peratures. Supply temperature and the temperature drop across the radiator are
dependent on the ambient temperature and are defined by the heating curve.
To provide thermal capacity when the heat pump operates in DHW mode and
cannot supply heat to the SH circuit, a buffer tank with a capacity of 0.35 m?
is installed in the SH loop. This buffer tank acts as an interface between the
SH distribution and the primary circuit.

The DHW loop is configured to supply users with hot water at 55 °C. A
storage tank of 2.5 m? is hydraulically connected to the EAHP. DHW is pre-
pared using an external heat exchanger with a variable speed pump. The elec-
tricity consumption of the pumps is determined from the component models,
using nominal power values for flow rate and pressure drop under design con-
ditions.

EAHP contains a multi-frequency compressor, the operation of which can
be actively adjusted based on its mode. When in DHW mode, the compressor
frequency is maximized to quickly charge the DHW tank. In contrast, the SH
mode operates with a variable capacity to match the desired SH temperature.
The brine's maximum inlet temperature to HP is 20 °C. Consequently, the
cooling coil is controlled to bypass a portion of the incoming air, ensuring the
brine temperature remains below the maximum limit.

In the reference system, the integration of the UTSC is evaluated in con-
junction with the existing HVAC setup. With UTSC installation, a fan draws
ambient air through the collector’s perforations. This heated air is then mixed
with the building's exhaust ventilation air at the entrance of the cooling coil
unit. As a result, the UTSC's pre-heated ambient air supplements the exhaust
ventilation air as a heat source for the HP evaporator. The elevated enthalpy
of this combined air stream transfers the heat with the brine loop. Energy
transfer on the cooling coils results in the increased inlet brine temperature,
leading to an enhanced COP and capacity of EAHP.

The heat gains from UTSC collectors are obtained at the expense of addi-
tional pressure drops and fan power consumption for airflow. The fan power
consumption of UTSC can be optimized by implementing various flow con-
trols. Two control strategies are compared and elaborated in the next sections.
The first control strategy is considered in the reference system, where the air-
flow rate behind the collectors is actively changed based on time-dependent
and fixed input parameters. This reference case's outcomes are then compared
with another scenario that utilizes a constant flow control for the UTSC.

The model includes a few simplifications. The heating load files for both
SH and DHW are utilized as inputs in the model, without simulation of indi-
vidual buildings. In addition, while each building has its cooling coil, the
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model consolidates them into a single coil designed to take airflow from all
three buildings. A central UTSC installation is assumed to be located on the
southern wall of one of the buildings. Additionally, the simulation model uses
an electrical boiler as a backup instead of the actual system's biomass boiler.
The emphasis is on determining the required backup energy, irrespective of
the heat source.

3.1.2 Overview of the fifth generation district heating system

In Paper II, a 5SGDH system model is developed to meet the heating demands
of MFH located in Tallinn, Estonia. The existing system is connected to DH.
However, with renovations planned, stakeholders are curious to evaluate al-
ternative options for DH for future energy scenarios. An industrial plant situ-
ated near these buildings is identified as a potential source of low-temperature
waste heat, which can be recovered using the SGDH system. There is no cool-
ing demand within the building, therefore the network is used to serve only
heating demand.

The primary objective of this Paper II is to conduct a techno-economic
analysis of a SGDH system capable of recovering low-temperature waste heat.
The secondary objectives are to assess the impact of PV/PVT technologies on
economic performance and to perform an uncertainty analysis using MCM.
Unlike Paper I, the model in this paper lacks a reference system to establish
its boundaries. Instead, the model's boundaries are determined either by exist-
ing literature on SGDH systems or by inputs from experts involved in the pro-
ject.

The network's supply temperature is set at 25 °C serving as the source for
decentralized HP sub-stations. This temperature is limited by the waste heat
water stream available from the industrial plant, which is at 30 °C. The net-
work is designed as a 2-pipe system with a total length of 0.8 km, resulting in
a total pipe length of 1.6 km. Regulation valves at each sub-station determine
the flow rate at the HP evaporator, and the return from the HP is then fed into
the return line. The system configuration is shown in Figure 17.
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Figure 17. System configuration for the 5GDH system analyzed in Paper I1.

In decentralized substations, water-water HPs are modeled with controls and
operational modes similar to those in Paper I. On the network side, a pump
introduces water at the evaporator inlet with a mass flow rate determined as,

. _ Qev
mev - ATépCp’ (l)

where m,,, is mass flow rate, AT,,, is the temperature differential across the
evaporator maintained at 5 °C, G, is the specific heat capacity of water and
Q. is the heat rate. Consequently, the mass flow rate at each substation is
adjusted to deliver the necessary heat Q,,,. The heat rate is influenced by the
COP and the heating load on the condenser. These parameters are dynamically
simulated on an annual basis. The COP and HP capacity are interpolated for
the given temperature lift based on HP performance map. The building heat
load (separate for SH and DHW) available at 15 minutes resolution is used as
input in the sub-station model in TRNSYS.

The network is simulated using Fluidit-Heat to model the thermo-hydraulic
properties of various components, including pumps, junctions, pipes, insula-
tion, and ground temperature. A framework is developed in Python, enabling
data exchange between the sub-station and network model. Fluidit-Heat sim-
ulates the supply temperature for each sub-station, which is then sent to the
TRNSY'S model for simulating the sub-station. The TRNSY'S model produces
output data, including return temperature and mass flow rate, for each build-
ing. These outputs are structured within the Python framework and sent back
to Fluidit-Heat, which signals the central pump to adjust the flow rate in the
network and calculates thermal performance parameters, such as heat losses.
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The capex and opex costs are used to calculate the LCOH from the network.
Sensitivity and uncertainty analysis of different variables is conducted using
MCM, which uses the stochastic optimization method to quantify the effect of
independent variables on the objective function. A total of 7 variables are cho-
sen for analysis, and the model is implemented in Python.

The potential for reducing the LCOH using PV/PVT is analyzed. The out-
puts from the system models, which include a) total electricity consumption
and b) heating load on the network, are used as inputs for a separate TRNSY'S
model that simulates the PV/PVT components. The electricity produced by
the PV/PVT system is primarily utilized within the system itself, powering the
central fluid pump, user-side fluid pumps, and HPs. The thermal output of
PVT collectors heats the return water from the network to the network's supply
temperature.

3.2 Model description

This section offers a concise overview of solar collectors and their simulation
models (3.2.1 and 3.2.2), the heat pump model and associated controls (3.2.3),
and the fan flow control strategy for UTSC (3.2.4).

3.2.1 Transpired solar collector model

Paper I and Paper II utilize solar collectors to supplement the heat source for
HP evaporators. In Paper I, a UTSC is employed, using air as the working
medium. These collectors are primarily used for ventilation air heating, with
a few installations for crop drying and pre-heating combustion air for burners.
The collector is akin to a metal wall with perforations on its surface, creating
an air gap between the perforated sheet and the building envelope as shown in
Figure 18. Exterior air is drawn into the plenum through these perforations
using a fan, and as the air passes over the front surface of the perforated sheet,
heat is transferred by convection from the sheet to the air.
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Figure 18. Working principle of a UTSC collector.

The collector is simulated using Type 201 in TRNSY'S, which is a PV/Ther-
mal transpired air collector [129]. The model is based on a previous UTSC
model, but modifications have been made in the calculation model to account
for the effect of wind speed on collector performance. The PV mode is disa-
bled for simulations, allowing operation only in thermal mode. The model
simulates a Trapezoidal profile with circular perforations, which is a good fit
for the target product within the study [130]. A collector area of 208 m? is
chosen to fit on the south wall of one building. A sensitivity analysis is carried
out to examine the effect of the collector area on the system performance. An
air gap of 70 mm is maintained between the building wall and the collector
surface.

The energy balance in the UTSC is written as,
m: Cp T €hy " (Tout - Tamb) =aAGr — A *hegqa(Teor — Tamp), (1)

where 1 is the mass flow rate of the air (kg/s), C,, is the specific heat of air
(J/kg K), epn, 1s heat exchange effectiveness of absorber, T,,,; is outlet air
temperature from collectors (°C), Ty, 1S ambient air temperature (°C), a is
absorptivity of the collector surface, 4 is collector area (m?), G is global tilted
irradiance on the collector surface (W/m?), h,.q is linearised radiation heat
transfer coefficient (W/m?K), T,,; is collector surface temperature (°C)
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Equation 2 can be re-written to calculate the instantaneous efficiency (E) of
the collector as

_ a
e T iy Cp)) ©

where pg;, is the density of air (kg/m®) and v is the suction velocity at the
collector inlet (m/s). The model assumes uniformity of temperature over the
collector surface, without accounting for thermal gradients. In practice, a ther-
mal gradient does exist; however, its impact on collector performance is lim-
ited. The model does not consider any outflow, i.e. when the heated air in the
plenum exits through a section of the UTSC absorber, resulting in heat loss.
Therefore, outflow prevention is incorporated in the control strategy, by main-
taining a minimum flow rate to ensure sufficient suction face velocities.

The model's parameters are based on the SolarWall™ UTSC collector, with
input parameters shown in Table 3.

Table 3. Model parameters for UTSC collector [130].

Parameter Value Unit
1. Length of the base of the trapezoid 0.068 m
2. Length of the top of the trapezoid 0.036 m
3. Ribs height 0.035 m
4. Plate porosity 0.0025 -
5. Hole pitch 0.014 m
6. Collector height for installed configuration 20.8 m
7. Distance between two corrugations 0.15 m
8. Gap between the transpired plate and the wall (or roof) 0.07 m
9. Emissivity of the wall 0.2 -
10. Thickness of the transpired plate 0.001 m
11. Transpired plate absorptance 0.95 -
12. Transpired plate front surface emissivity 0.90 -

3.2.2 Photovoltaic/thermal collector models

In Paper II, the impact of using PV and PVT collectors on system performance
is analyzed. PVT is a hybrid of PV and thermal collector, thus capable of sim-
ultaneously producing thermal and electrical energy. In general, hybrid tech-
nologies tend to have lower specific efficiency (whether thermal or electrical)
compared to standalone PV or ST collectors. However, a key advantage of
this technology is that the total combined solar conversion efficiency can be
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significantly higher, with conversion ratios reaching up to 90 %. This allows
for high area specific output (per m” of roof/land) compared to using only PV
or thermal collectors. An exploded view of a typical liquid-based PVT collec-
tor used in Paper Il is depicted in Figure 19.

Figure 19. Exploded view of a liquid based PVT collector [131] (Reproduced with
permission from the copyright owner).

Type 50 is a commonly used PVT model in TRNSYS and is available in the
default library. However, it contains certain constant parameters that nega-
tively affect the simulation. Therefore, the PVT model is simulated using
TRNSYS Type 560 for a glazed fin-tube PVT collector. This electrical model
relies on linear factors that relate the efficiency of the PV cells to the cell tem-
perature and incident solar radiation. The cells are assumed to operate at their
maximum power point condition. The thermal model of this collector is based
on algorithms provided in [132]. The critical thermal input values for Type
560 were derived from testing conducted by [133] and used for parameteriza-
tion. The collector specifications are based on a commercial PVT product
from a manufacturer [134]. The rated power of the collector is 365 W at stand-
ard test conditions, with a collector area of 1.96 m? consisting of 72 mono-
crystalline cells.

Pumps are simulated using Type 540 to calculate the electricity demand
based on pressure drop and flow rate correlations from collector specifica-
tions. Collectors are assumed to be installed in parallel, and thus flow is di-
vided among the number of collectors for pressure drop calculations.
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PV collectors are simulated using Type 562, as it implies a similar elec-
trical model as in Type 560. The optimal tilt for both PV/PVT collectors is
chosen from [135]. The collector area is varied for both collector types to
assess the impact on LCOH. The input parameters for both PV/PVT are
shown in Table 4.

Table 4. Model’s input parameters for PV/PVT collectors.

Parameter Value Unit
1. Gross collector area 1.96 m?
2. Number of PV cells (monocrystalline) 72
3. Rated power 365 W peak
4. Electrical efficiency at standard test conditions 17 %
5. Thermal efficiency at standard test conditions 70 %
6. Temperature coefficient of power -0.41 %/ °C
7. Coefficient of thermal losses, a; 5.98 W/m*K
8. Coefficient of thermal losses, a; 0.021 W/m?K?
9. Mean fluid temperature for simulation 28 °C
10. Inverter efficiency 96 %
11. Collector’s tilt 42 Degrees

3.2.3 Heat pump and controls

In both papers, a performance map is used for HP models. For EAHP, the
performance parameters are derived from tests conducted on a 16 kW HP. To
adapt these parameters to the HP capacity under analysis, a scaling function is
employed. This performance map considers compressor frequency, brine flow
rate, and the inlet temperatures of both the heat source and load as input vari-
ables. These variables are used to calculate the HP's heat capacity and elec-
tricity consumption during operation. Specifically, Type 1927 is used to inter-
polate input data points on the performance map, yielding corresponding out-
put data points.

In Paper 11, the HP capacity is sized based on the peak heating demand of
the building. The reference HP used is an irreversible water/water heat pump
with various capacities offered by the manufacturer, ranging from 70 kW to
266 kW [136]. A performance map for a 93 kW HP is employed, and the ca-
pacity is scaled to match the heat demand for each sub-station. The designed
temperature drop across the evaporator is 5 °C. The HP can produce water up
to 70 °C, with the maximum possible source temperature being 40 °C. The HP
has a variable-speed compressor using T134a as a refrigerant. The HP COP is
specified at 3.8 with sink and source temperatures of 35 °C and 5 °C,
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respectively. The performance map contains data for 7 heat source tempera-
tures and 5 different sink temperatures, operated over 6 different frequencies.
Interpolation is used to derive capacities and COP at any given operational
conditions in the model. HPs are sized based on the peak demand of the build-
ing using a 10 % safety factor. The total installed thermal capacity of HPs for
all buildings is 1271 kW, with minimum, maximum, and average capacity (per
HP) of 50 kW, 120 kW, and 85 kW, respectively.

The HP control strategies are consistent in both papers, as illustrated in
Figure 20. The HP can operate in either SH or DHW modes. In DHW mode,
the HP activates when the water temperature at the DHW tank drops below 60
°C, and the compressor runs at maximum speed to expedite tank charging.
Once the DHW tank is full, the HP shifts to SH mode. In the model, a PID
controller modulates the compressor speed to meet the set point temperature,
and a variable-speed pump in the SH network ensures the designated AT is
maintained. The HP shuts off when the DHW tank is full and there is no SH
demand. In Paper I, an auxiliary electric boiler maintains the set temperature
if the thermal load exceeds the HP's capacity, whereas no backup is used in
Paper II.

In addition to the HP, the sub-station model for SGDH includes DHW and
SH buffer tanks. The DHW tank has a fixed volume of 1 m3, while the buffer
tank has a volume of 0.3 m*. These volumes remain consistent across all sub-
stations in the Paper Il model. The tank sizes were determined based on sizing
guidelines for similar sub-stations provided by previous projects [137]. For a
building with 10 dwellings, as in Paper II (categorized as a small MFH), a
minimum DHW volume of 0.4-0.5 m3 is recommended. However, to ensure
optimal performance, oversizing is recommended within the guidelines.
Therefore, a volume of 1 m? for the DHW tank is considered reasonable and
used in the model.
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3.2.4 Flow control strategy for transpired solar collector

For air pre-heating in buildings, the prevalent strategy for USTC is thermo-
static control. Here, a thermostat on the collector surface activates the fan
when the internal collector temperature attains a set point, drawing air through
the collector into the building. Another approach is differential thermostatic
control, where the fan turns on if the temperature difference between two sen-
sors (one inside the building and one on the collector surface) surpasses a spe-
cific value. Fixed flow control strategies, while straightforward, struggle to
adjust to fluctuating ambient and irradiation conditions, often leading to in-
creased fan power consumption. Hence, in a reference case in Paper I, a vari-
able flow control rule was introduced and then compared against a fixed flow
strategy.

Since the UTSC is utilized for brine heating in a heat pump rather than
building air heating, standard control strategies require modification. For ex-
ample, the UTSC's airflow rate must be varied to ensure that the brine inlet
temperature remains within the HP limit. Additionally, a minimum flow rate
in the collector is essential to prevent outflow. The threshold air velocity at
which outflow occurs is referred to as the critical suction velocity. Maintain-
ing a suction velocity between 0.0125 m/s and 0.02 m/s prevents outflow
[138]. Consequently, the implemented control strategy incorporates a mini-
mum airflow rate of 20 kg(h.m?), based on a minimum suction velocity of 0.02
m/s and a safety factor. The maximum operational flow rate is set at 80
kg/h/m?, based on the trade-off between flow rate and collector thermal output
increase.

Once the fan is ON, governed by the minimum solar irradiance, and HP
status, then the air mass flow rate (1) is calculated to maintain the collector
air outlet temperature equal to the exhaust air temperatures (T, ) from the
buildings. This ensures that a higher mass flow rate of the mixed stream, at
the same temperature, will facilitate greater heat transfer to the brine, raising
its temperature. If the required m is negative (when Toyp, < Tgmpient) OF €X-
ceeds the maximum value, the fan runs at the maximum speed, allowing the
outlet air temperature to surpass the T,,,. In this mode, if the outlet brine tem-
perature from HX surpasses the maximum limit, then the damper is opened to
bypass the heated air from UTSC.

In the fixed control strategy, a standard flow of 60 kg/(h.m?), as typically
used in other installations, is adopted. The sole fan control is based on mini-
mum radiation, turning the fan on. The damper's operation is contingent on
the brine temperature. Both control strategies are implemented using equation
blocks in TRNSYS.
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3.3 Method and boundaries
3.3.1 Heating loads

The buildings analyzed in Paper I consist of 53 apartments spread over two
floors and a basement, covering a total gross floor area of 4488 m?*. All build-
ings have similar architecture, with long and narrow footprints. The build-
ings’s combined annual thermal energy demand is approximately 527 MWh,
with the SH accounting for 424 MWh (110 kWh/m?) and the DHW load of
103 MWh (26 kWh/m?).

The input heating load profiles used in Paper I are derived from a previous
study, which employed a 3D model using TRNSYS 3D to represent four dis-
tinct zones within a building: the living space, stairwell, store room, and attic.
The SH demand determined from this model was then applied to two other
buildings, assuming consistent boundary conditions across all three buildings
[139]. However, even with similar thermal properties, buildings can differ in
internal loads, orientation, shading, and other factors influencing heating de-
mand. These variations were not addressed in the model. The DHW demand
was estimated through a stochastic approach [140]. The model's outcomes
were then validated against actual boiler fuel consumption data, and adjust-
ments were made to the building parameters for calibration. Subsequently,
data with a 1-minute resolution for both SH and DHW was extracted and used
in the HVAC model of Paper I.

In Paper II, the demand profiles for both SH and DHW were used as the
primary data source. Metered data from 2015 temperatures and flow rates for
SH and DHW circuits was available to determine the heating demand. The
cumulative heating load for the buildings is 2460 MWh, with SH constituting
77 % and the remainder attributed to DHW. The buildings can be classified as
small MFH with 10 dwellings per building over 3 floors. Figure 21 displays
the variation in monthly heating demand for both building clusters. The heat-
ing load should not be compared between building clusters due to differences
in climate and building characteristics, among other factors.
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Figure 21. Monthly variation in buildings heating loads for analyzed systems in Pa-
per I and Paper I1.

3.3.2 Simulation tools and approach

The model in Paper I is developed and simulated using TRNSYS. Paper II's
methodology divides the total model into two parts: the substation model is
simulated in TRNSYS, while the network model uses Fluidit-Heat.

Fluidit-Heat, commercialized by a Finnish company, is preferred due to its
specialization in DH network simulations. It integrates the EPANET hydraulic
network simulator with a proprietary energy transfer model. This tool offers a
user-friendly interface, realistic scenarios, material banks, and system controls
typically found in real DH plants.

Each model functions as a black box, producing specific inputs and outputs.
These are exchanged through a Python framework that organizes the data to
be compatible with each simulation tool. The simulation process initiates with
Fluidit-Heat, which determines supply temperatures for each building and
then exports this data to the framework. TRNSYS retrieves this data via the
interface, after which the substation model simulations are carried out. The
resulting output, which includes flow rate and return temperatures from sub-
stations, is directed back to the Python framework. Subsequently, the data is
formatted into readable files for Fluidit-Heat, where the network simulation
occurs. This framework streamlines the data exchange process between tools,
reducing the efforts required to process the data. The Python interface utilizes
the TRNSY Spy library. The simulation framework is shown in Figure 22.
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Figure 22. Overview of simulation method used for SGDH system simulations.

3.3.3 Economic analysis approach

The extent of economic analysis in Paper I and Paper II differs due to their
distinct objectives. Paper, I emphasize the energetic performance and offer
only a very brief overview of the collector's economic feasibility. Paper II an-
alyzes the economic implications of system performance in more detail.

The MCM is employed to give an overview of the uncertainties present in
economic calculations in Paper 1I. A total of 7 independent input variables
were chosen for analysis. These variables include the cost of the sub-station,
piping, waste heat, and electricity, all of which are defined using a continuous
distribution. The costs of the sub-station and piping are considered key factors
in the overall capex and can vary widely based on specific project details. The
most likely cost value for the analyzed system configuration was selected
based on the experience of project partners and previous studies [137], [141].
The remaining three variables of discount rate, heat losses, and the time frame
for LCOH are described by a triangular distribution. The goal of this analysis
is to understand the effect of these variables on LCOH. The model is set for
20 000 iterations, chosen after a parametric study where iterations ranged from
5000 to 30 000 in 5000 step increments until the output stabilized. Simulation
results are presented as they depict the sensitivity and reliability of the various
input variables, as well as the probability distribution of LCOH.

A breakdown of the capex for various system components is provided in
Table 5. Opex is divided into fixed and variable cost components. The elec-
tricity price throughout the system's lifetime is assumed constant, primarily
due to the inherent challenges in forecasting future electricity prices.
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However, the potential impact of electricity price variability and its effects are
subsequently addressed through MCM.

Table 5.Economic inputs parameters for 5GDH system’s components.

Component Description Value units

Heat plant Capex of HX 90 €/kW

Network pipe and installation

cost including installation. DN200 534 €/m
DN125 364 €/m
DN100 307 €/m
DN80 191 €/m
Capex of fluid pumps 35 €/(m*.h)
Sub-station Total installed cost of HP 700 €/kW
substation
User side Total installed cost of 200 000 €
piping (fixed)
Solar technologies PV 880 €/kW e
PVT 2013 €/kW e

3.3.4 Key performance indicators

The following KPIs are relevant to understand the results of both studies.

a) Coefficient of performance (COP): Used to determine the performance
of HP in Papers I and II. the COP of a heat pump is the ratio of its
steady-state heating capacity and its electricity use. The annualized
COP is referred to as seasonal coefficient of performance (SCOP).

b) Seasonal performance factor (SPF) is used to compare the effects of
different control strategies and energy systems. The effect of electricity
savings due to variable control strategies is reflected in SPF. It is de-
fined as the ratio of the total useful thermal energy supplied to the user
(Qsu + Qpuw) and the total electricity use (Wgp). Wq the electricity
consumption of HP, water pumps, auxiliary heater, and fans respec-
tively.

ftffo[an(tH Qpuw ()] dT

SPF =
ST W (0)).ar
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¢) Solar fraction: The fraction of heating demand met by PV/PVT collec-
tors is determined using SF. Therefore, SF. and SF; refers to the elec-
trical or thermal solar fraction of the system as defined as,

W P
SF. = utllLsed’ 2
= utee @)
SFt — Qutilised’ (6)
sts

where Wiy tiiiseq and Queiriseq refers to the quantity of electricity and heat-
ing generated by PV/PVT that is utilized in the network, respectively. @y is

the total heating supplied by the network to HP sub-stations i.e. network heat
load.

d) Net present value (NPV): In Paper I, the main aim is to analyze if the
investment in the solar collector is cash positive over its lifetime, there-
fore NPV is used as an indicator. A positive NPV indicates that the
projected earnings, generated by a project or investment, exceed the
anticipated costs,

NPV =Yg =" — 7

=0 (14t O

where CF; r, n, t, Cy are the cash flows of a particular year (SEK), the discount
rate, the number of years, the year of NPV evaluation, and the capital cost
respectively.

e) LCOH: The choice of economic indicator for the DH system varies
widely and depends on the specific aim of the study. While some pre-
vious studies have employed annualized costs, Paper II utilizes LCOH
as its economic indicator. LCOH normalizes the costs with energy and
accounts for the time value of money. Such a formulation simplifies
benchmark comparisons and makes it easier to compare with other rel-
evant systems. Therefore, LCOH is used indicator in Paper II and is
determined as,

N N
. Wsys OPEX +v
CAPEXgys+Pricegy E (—(1 + Dﬁ)n)+ E <—(1 - m';)n>
n=1 n=1

LCOHHP = N -
DI (e

) ®)

71



where CAPEX y is the capital cost of the complete system including installa-
tion and commissioning, OPEX ,,, is the operation cost of the complete sys-
tem including fixed and variable O&M, Price,; is the unit price of electricity,
Ws,sis the annual power consumption of heat pumps and fluid pumps, DR is
the discount rate in %, N is the project lifetime in years, and Qy;zq is the
thermal demand met by the DH network.

3.4 Results

The key results and analysis from Paper I and Paper II are presented in this
section. A summary of the results is presented in Section 3.5.

3.4.1 System performance: Exhaust air heat pump

The building cluster's total heating demand is 527 MWh, which includes both
SH and DHW demands. Simulation results show that the EAHP's designed
capacity can cater to 51 % (270 MWh) of the overall demand. Specifically,
the EAHP annually addresses 96 % of the DHW demand and 37 % of the SH
demand. The heat pump's COP demonstrates notable seasonal fluctuations
(Figure 23), influenced by its operating mode. When the HP mainly functions
in the SH mode, its COP is higher compared to when it is in the DHW mode.
This variation stems from the typically lower set point temperatures in SH
mode than in the DHW mode. From July to August, with a significant reduc-
tion in SH load, the DHW mode becomes prevalent. Conversely, from April
to June and September to October, the COP range is wider due to the operation
spreading more uniformly in both modes.
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Figure 23. Monthly Variation of EAHP COP for the analyzed system in Paper I. The
horizontal line in each box of the chart represents the median value of the COP and

divides the 1st and 3rd quartiles of the data set, whereas cross (x) represents the
mean value of COP.

The Sankey diagram of the heat flows characterizing the studied system over
one year is shown in Figure 24. As the EAHP capacity is limited, the rest of
the demand is met by the auxiliary electrical boiler. The total electricity use
of the complete system, including auxiliary heating is 368 MWh. On an annual
basis, the auxiliary electric boiler uses more than 80 % (298 MWh) of total
electricity as it must cover a major fraction of the SH demand. Other system
components such as fans and pumps account for about 2.1 % (7 MWh) of the
total electricity consumption.
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3.4.2 Effect of flow control strategy on system performance

Results show that the variable flow rate strategy is energetically superior com-
pared to fixed flow control. The improved performance of the variable flow
control strategy is reflected by an increase in the SCOP of the EAHP and a
reduction in fan electricity consumption. This is due to the active flow mod-
ulation for the UTSC collector to provide an airflow and temperature combi-
nation which can increase the inlet brine temperature to EAHP, and thus the
COP. The variation in HP COP for both control strategies is shown in Figure
25.

Figure 25. Variation of monthly average EAHP COP with fixed and variable
control flow strategies.

The SCOP of the EAHP for variable and fixed flow strategy are 4.36 and 4.25
respectively. A higher relative increase in COP can be seen for months with
high irradiation and ambient temperatures. However, as the overall heating
demand is low during summer, the effect of increased COP is not significant
on electricity savings. The system SPF is 0.5 % higher for the variable airflow
case compared to a fixed flow case.

During winter, the gains in HP capacity and performance with UTSC are
very small compared to only using ventilation heat. In the summer, the oper-
ational hours of the HP are limited due to only DHW demand, therefore lim-
iting the potential utilization of solar heat. On an annual basis, the UTSC col-
lector with variable flow yields electricity savings of 1700 kWh/year com-
pared to scenarios without UTSC, normalized to thermal output. Economic
evaluations indicate a negative NPV for the UTSC across the examined range
of specific collector costs. To achieve a positive NPV, the collector cost would
need to be 48 €/m?, substantially below the market prices.
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In summary, while UTSC integration improves the energetic outcomes, its
economic viability remains low. The control strategy improves the system per-
formance, leading to an 82 % reduction in fan electricity consumption com-
pared to fixed flow, and improves the system SPF by 0.5 %.

3.4.3 System performance: Fifth generation district heating

The heating load of the district is 2433 MWh. The combined annual electricity
consumption for the HP and fluid pumps is 792 MWh. HPs account for 91 %
of this consumption, while fluid pumps (on both user and network sides) con-
tribute the remaining 9 %. The HP's SCOP is 3.3 with similar seasonal behav-
ior as observed in Paper L.

The variations in supply and return temperatures at the heat source, as well
as two network points (0.4 km and 0.8 km away), are depicted in Figure 26.
The average temperature decrease to the farthest point is 0.15 °C. Similar find-
ings apply to the return flow, averaging at 19.8 °C with an average drop of
0.13 °C. The annual heat loss in the network is 107 MWh, which is 4.4 % of
the heat delivered to the user.

Network supppy temperature (°C)

Jan Feb Mar Apr May TJune July Aug Sep Oct Nov Dec Jan
2015 2 2016

—— 0Okm — 0.4 km —— 0.8 km
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Figure 26. Variation in supply (upper) and return temperature (lower) at 3
different points in the network.

The economic results indicate the cost of the heat per unit heat delivered to
the user is 80 €/MWh. Figure 27 shows the various cost components that con-
tribute to LCOH, categorized based on capital and operational cost types.

Total cost of heating

Opex electricity use heat pumps
Capex Heat pump substation
Capex Pipe+insulalation cost
Opex waste heat

Opex Electricity use fluid pumps
Capex user side piping

Opex variable

Opex fixed

Capex heat exchanger central plant

Capex Pump cost (network + user)
0 10 20 30 40 50 60 70 80 90
Levelised cost (€) per MWh user's heat

Figure 27. Contribution of various cost components to LCOH.

The LCOH value that is most likely to occur, based on the MCM analysis, is
85.9 €/ MWh as shown in Figure 28. This is higher than the LCOH in the ref-
erence scenario (80 €/ MWh), which represents that the actual operational or
financial conditions may be less favorable than considered. The LCOH has a
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probability frequency of 4.8 %. This indicates that out of all the simulations
run using MCM, in 4.8 % of them, the LCOH was found to be 85.9 €/ MWh.
The minimum and maximum LCOH obtained is 58.8 € MWh and 117 €/MWh
respectively. These values set the absolute best-case and worst-case scenarios
for financial planning and risk management.
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£ 0,030
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(=T
0,000 ,,_..-III I"In.. .
’ S (e o (] (] (] (e (]
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Figure 28. Probability distribution of LCOH for analyzed case study.

A sensitivity analysis is performed to see the impact of input variables on
LCOH. The results are visualized using the Spearman correlation coefficient
in Figure 29. A higher value of coefficient represents a higher influencing ex-
tent on LCOH.

Discount rate [ 058 |
Cost of electricity [ 0.57]
Cost of waste heat [ 0.38]
Cost of sub station [ 0.29 |

Opertional years
Cost of piping-tinsulation [ 01s]
Heat loss % [o.o1
S 0z 2z z 2 3z = =

Correlation coefficient to LCOH

Figure 29. The statistical dependence of various parameters on LCOH, represented
using the Spearman correlation coefficient.
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The discount rate and electricity cost are fundamental financial and opera-
tional parameters that influence the LCOH. A higher discount rate signifies
that future costs are valued less, which could make the project seem less eco-
nomically viable. Cost of waste heat and sub-station are 3" and 4™ most influ-
encing variables while heat losses have the least impact on LCOH. The nega-
tive correlation between operational years and LCOH implies that the longer
the system operates, the more the initial investment is spread out, leading to a
reduced LCOH. Conversely, shorter operational spans might not provide
enough time to recoup the initial investment, leading to a higher LCOH.

The integration of PV results in a decrease in LCOH. The minimum LCOH
is obtained at an installed PV capacity of 79.2 kW, resulting in a 1 % reduction
when compared to the base case LCOH. however, if the PV capacity is in-
creased to 204 kW, nearly 15 % of the electricity demand can be met by solar
PV, without any increase in LCOH compared to the base case as shown in
Figure 30.

81,5
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Figure 30. Effect of PV capacities on LCOH of the system.
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The optimal PV capacity for the analyzed system is a subjective decision. For
the most economical outcome, smaller PV systems and lower solar fractions
might be favored. But if NPV is a priority, larger systems are viable until the
LCOH surpasses the base, which occurs at 204 kW.

The integration of PVT systems into the SGDH network does not decrease
the LCOH within analyzed boundary conditions. This is because the thermal
output from the PVT replaces the low-cost waste heat in the network. How-
ever, as the cost of waste heat rises, the LCOH decreases due to PVT heat
utilization. As shown in Table 6, at a heating cost of 50 €/ MWh, LCOH de-
creases compared to the base case.
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Table 6. Effect of PVT capacities on system’s LCOH.
Source Heat cost (€/MWh)

10 25 50 75
Base case 79.9 91.1 109.8 128.5
PVT 25 kW 80.0 90.9 109.1 1272
LCOH PVT 50 kW 80.3 91 108.7 126.6
EMWh) byt 100kw 813 91.7 108.9 126.6
PVT 150 kW 828 93 109 126.6

Given that SGDH systems are primarily designed to exploit waste heat, such
as that from data centers, heating costs are seldom as high as 50 € MWh. Thus,
PV systems, focusing solely on electricity generation, are more economically
viable. Regions with high solar irradiation could benefit more from PVT, lev-
eraging increased thermal output at the same module costs. In cases where
waste heat supply fluctuates or falls short of network heat demand, a PVT
system paired with storage becomes relevant.

3.5 Summary

Both papers outline varying boundary conditions for using solar energy tech-
nologies with HP, due to different system types. Yet, the conclusions indicate
that when solar collectors’ heat output is used with waste heat sources (such
as ventilation or industrial heat) for given system configurations, the economic
returns are low. This stems from a combination of the low waste heat cost,
high collector costs, and system dynamics characterized by the mismatch of
heat production and demand.

Conventionally, in the absence of waste heat, solar thermal collectors are
sized for base load and cater to summer demands. However, if the waste heat
is sufficient to cover the summer base load, as in Paper I, then solar heat from
UTSC has low utilization due to limited HP operational hours in summer.
Even though the heat pump operates at a high COP, the final effect on annual
electricity savings is not significant, resulting in negligible economic savings.
During winters, despite the higher heating demand, lower irradiation, and
lower ambient temperature limit the temperature differential between mixed
air and the brine inlet, resulting in a very small increase in HP COP.

These obtained results can be compared with previous studies [36]. For ex-
ample, the integration of UTSC with an air source HP was examined in the
Energy Matching project for the Italian case study. The HP either utilizes pre-
heated air from the UTSC or draws from the ambient air as its heat source.
The reported savings align with those of Paper I, showing a 2.5 % reduction
in HP electricity consumption when compared to the HP relying solely on
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ambient air. Most of these savings occur in the winter when ambient air tem-
peratures are low. During summer, most of the heat is vented to the ambient
since the HP operates in cooling mode. Another aspect to note is that unven-
tilated UTSC during summer can result in overheating of air in the plenum,
potentially increasing the building's cooling demand.

The optimal application for UTSC collectors tends to be the pre-heating of
ventilation air in buildings, representing the most common use case for UTSC
installations. A study on the use of UTSC in the Swedish climate, specifically
for pre-heating ventilation air in industrial buildings, reported a 51 % collector
utilization ratio on an annual basis [142]. This resulted in a simple payback
period of 5 years when compared to a heating price of 60 €/ MWh.

The cost of heating from the SGDH network is calculated at 80 €/MWh,
consistent with findings from a previous project [143]. The cost dynamics of
the SGDH system suggest that reducing both sub-station and electricity costs
can improve its economic performance. In the reference case, the assumed
sub-station cost is 700 €/kW. Standardization of sub-stations and subsequent
cost reduction can significantly reduce the heating cost, estimated at less than
60-70 €/ MWh. Higher HP’s COP and a higher network temperature could fur-
ther decrease these costs. The maximum network temperature is highly de-
pendent on the type of thermal loads in the networks, distribution typology,
and heat source temperature. Using a 3-pipe or 4-pipe system, which serves
heating and cooling demands through separate pipes, can accommodate higher
temperatures.

Compared to 3GDH/4GDH systems, the SGDH system transitions network
loads from thermal to electrical, making electricity costs play a major role in
overall heating cost. Using PV for electricity is more economically viable than
PVT collectors, although the potential decrease in LCOH is constrained by
mismatches between electricity demand and production. The use of thermal
energy storage systems can improve the performance of the proposed PV/PVT
systems and should be evaluated in future work. Shifting HP operation to high
solar irradiation hours using thermal storage can result in a high solar fraction
and savings. The economic viability of PVT largely depends on the cost of the
heat source within the network. Increased utilization of PVT is possible with
thermal storage, especially in networks with limited heat source availability.
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4 Heating system for industries: Boundaries,
methods, and results

This part of the thesis deals with industrial heating systems. The central ob-
jective of the work can be summarised as “to offer a comprehensive under-
standing of the techno-economic dynamics surrounding ST collectors and
other renewable heating technologies for industrial steam generation”, which
fulfils the second aim of this thesis. To achieve this central objective, several
sub-objectives are framed which are pursued in papers III to V. Each paper,
while distinct in its approach, addresses specific research questions that col-
lectively contribute to the central objective.

The research is centred around solar thermal solutions for process heating
at the system level. Some papers further explore the cost dynamics to deter-
mine how solar thermal competes with or complements other renewable tech-
nological solutions for heating. These "other" solutions include steam heat
pumps, PV, and TES. Paper III presents a comparative analysis with steam
heat pump, highlighting the significant potential of their complementary as-
pects. This aspect is further explored for technologies such as PV and TES,
leading to the development of a hybrid system that offers a compelling value
proposition from both technological and user perspectives. The overarching
insight from these papers is that a competitive solar heating system can have
profound implications for industries. Consequently, Paper V delves deeper
into the techno-economic aspects of solar thermal integrations, pinpointing
limitations in widely used KPIs and introducing a novel method to supplement
the KPI. The goal is to offer a holistic understanding of techno-economic dy-
namics, enabling more informed design decisions. Before going deeper into
the specifics of the research, an overview of the research conducted in Paper
III-V is presented in Section 4.1.

4.1 Overview

The focus of all the papers in this section is on steam generation for industrial
process heating. The heating load and temperature boundaries are either gen-
eralized (Paper III) or based on a real plant data (Paper IV, V). Paper III pro-
vides an analysis for large geographical boundaries, encompassing 35 differ-
ent European cities.
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The geographical focus for the analysis in Papers IV and V is Spain. Both
papers utilize case studies from a brewing plant with specific boundaries to
validate their system concept and methodology. The brewing sector is a good
representation for applications of renewable heating technologies since the re-
quired steam temperature level often remains below 200 °C.

The concentrating PTC represents the solar thermal technology in all pa-
pers. When a boiler system is used, it is fuelled by fossil gas. When relevant,
an electricity-driven steam heat pump is used. Thermal storage technologies
include tank storage using water (up to 200 °C ) and sand (up to 600 °C ) as
storage media.

The simulations primarily focus on techno-economic outcomes. The objec-
tives across the papers are diverse: a comparative analysis in Paper 111, a novel
hybrid system analysis in Paper IV, and a new methodology for the evaluation
of solar integrations in Paper V. Table 7 provides an overview of the appended

papers 11I-V.

Table 7. Overview of the focused studies for industrial heating systems.

Paper 111 Paper IV Paper V

Objective Techno-economic  Techno-eco- Development of
comparative anal- nomic analysis a new method to
ysis of PTC and of a proposed quantify the in-
steam heat pump hybrid system compatibilities in
for steam genera- to reach high a solar thermal
tion across diverse solar fraction in integration by us-
boundary condi- industries ing a case study
tions. as an example

Location(s) 35 cities across Seville, Spain Madrid, Spain
Europe

Heat carrying | Steam Steam Steam

media

Steam temper- | 140 °C 160 °C 140-200 °C

ature

Heat genera- | PTC, Steam heat PTC, PV, PTC, boiler

tion technolo- | pump Boiler

gies

Storage tech- | Pressurized water Pressurized wa- Pressurized wa-

nologies storage ter and sand ter storage

storage
Simulation TRNSYS, Python, TRNSYS; Py- TRNSYS; Py-
tools Excel thon, and Excel thon, and Excel
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In Paper III, a techno-economic comparison between PTC and steam heat
pump is presented. The analysis is conducted at the system level, where both
PTC and HP are simulated for steam generation, considering specific indus-
trial load profiles, temperatures, and economic constraints. This analysis in-
troduces the 'solar fraction limit', which represents the maximum SF that the
PTC can achieve before its LCOH exceeds that of the HP under the specified
conditions. After conducting simulations across various locations and load
profiles, the SF limit is plotted against the annual direct normal irradiation
(DNI) to generalize the findings for different geographical locations. As a re-
sult, users can reference these findings to determine the maximum SF achiev-
able with a PTC for a given load profile, location, and target LCOH. For in-
stance, if an industrial load operates 24/7 with a target LCOH of 45 €/ MWh,
a PTC (with a capex of 350 €/m?) can achieve an SF limit of 15 % in Mont-
pellier, France. In contrast, the same conditions in Seville, Spain would result
in a 39 % SF limit. These findings facilitate technology comparison and sim-
plify decision-making for users.

To conduct the comparison, initial boundary conditions are established.
Three load profiles are selected to represent weekly variations: a) constant
load, b) constant load with weekends off, and c) constant daytime load with
weekends off. The steam generation temperature is set at 140 °C, a typical
requirement at the boiler level or post-pressure reduction valve.

PTC simulations are carried out across 35 cities. Pressurized water thermal
storage is used with PTC collectors, and its size is optimized for each simula-
tion. The PTC product from a commercial manufacturer is used for model
parameterization. The economic comparison is conducted for 3 different
capex values.

Heat pumps are simulated assuming a 100 °C temperature lift from a 40
°C industrial wastewater stream. The economic comparison is done for three
capex values and electricity prices. Technical specifications provided by a
commercial heat pump manufacturer are used for the COP calculations. The
LCOH of the heat pump is subsequently compared to that of the PTC under
similar boundaries, leading to the determination of the SFimit for each location.

When using ST collectors for steam generation in industries, there is an
economic constraint on the maximum achievable SF. This constraint arises
due to the increased LCOH at higher SFs. The rise in LCOH results from the
interplay between the heat dynamics of production-load mismatches and the
cost implications of pressurized water thermal storage, thus limiting the po-
tential for both cost and carbon reduction for users. To address this challenge,
Paper IV proposes a system solution that integrates ST + TESyaeer With a par-
allel PV + TESganqa system. The sand storage is charged by PV modules during
the daytime and discharged when the combined ST and TESyawr cannot meet
the heat demand. As a result, ST + TESyaer caters to a limited SF, ensuring a
low LCOH, while the PV + TESgna system extends the solar fraction by ad-
dressing night-time demand. The sand storage can be charged to higher

84



temperatures, thus offering a high temperature difference and energy density
compared to pressurized water systems. These advantages potentially flatten
the LCOH curve of the combined system, even at increased SFs.

The system concept proposition is supported by a case study focused on a
brewery in Spain in Paper IV. The current steam system boundaries dictate
the operational temperature and pressure to be served by the solar integrated
system. Both ST and TES.r are simulated for steam generation, with a boiler
used as a backup. These results are then compared with scenarios using only
PV with TESng, again backed up by a boiler. Finally, the combined system is
simulated, and its outcomes are compared with the rest of the systems. A de-
tailed description of the method and boundaries can be found in subsequent
sections.

In the economic evaluation of ST systems, LCOH is often used as a key
evaluative metric, typically compared with existing fuel costs. In numerous
studies, solar system design choices and simulations are somewhat obscured,
treated as a 'black box,' with LCOH presented as the sole output. Beyond fixed
constraints like annual DNI and technology specifications that influence
LCOH, there are other factors, termed "compatibility," that affect the LCOH.
The lack of compatibility can result in various non-idealities in the ST system
design, spanning from both technical and financial aspects. Technical non-
idealities, e.g., include a mismatch between collector production and demand,
elevated temperatures in collectors relative to the required process tempera-
tures, or energy wasted/spilled due to storage costs. Financially, incompati-
bilities might stem from the expenses associated with retrofitting components,
and procuring thermal storage, among other related costs that will not present
in an ideally compatible integration. The LCOH, when used as a standalone
KPI for any specific integration, fails to capture the extent of these techno-
economic non-idealties within the system. An LCOH of 60 €/ MWh, for ex-
ample, doesn't specify the impact of these non-idealities or distinguish be-
tween energy and cost factors.

To gain a clearer understanding of these non-idealities, one often needs to
explore supplementary metrics such as SF, wasted heat, storage efficiency,
and retrofitting costs. However, the interpretation of these metrics can be sub-
jective. This ambiguity is exacerbated by a general lack of user understanding
regarding these parameters. Quantifying these non-idealities, both from tech-
nical and economic viewpoints, can offer insights into the compatibility of a
specific integration. In Paper V, a method is presented to contextualize ener-
getic and financial non-idealities through mathematical correlations. Two key
indicators are introduced: 'energy compatibility' to measure the energy per-
spective of any integration against an ideal benchmark, and 'financial compat-
ibility' which evaluates how the LCOH of a given case compares to an ideal
scenario. The indicators can facilitate more informed decision-making, en-
couraging designers or users to reassess process characteristics or retrofitting
approaches for a better fit with solar thermal systems. The method is
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subsequently applied in a case study to understand the implications of the in-
troduced indicators.

As the boundaries of analysis for case studies vary in all 3 papers, the in-
formation ahead is structured as follows: Section 4.2 provides model details
of the PTC collector, steam heat pump, TESwater, and TESgmg. Section 4.3 pro-
vides details about the method used in each paper and the relevant KPIs. The
results are presented in Section 4.4 followed by a summary of results in Sec-
tion 4.5.

4.2 Model description

This section outlines the models used for solar collector components and sys-
tems, including the solar thermal collector, steam heat pump, and PV-sand
storage models.

4.2.1 Solar thermal collector

Parabolic trough collector from a Swedish manufacturer Absolicon AB is used
in all the papers as ST technology. The collector is a glass covered single axis
tracking PTC with an aperture size of 5.5 m”. The collector can generate steam
up to 200 °C. The collector performance simulations are done separately for
component and the system. First, component performance is modelled using
TRNSYS based on the collector model which is validated with experimental
data [144]. The thermal output of the collector (Q) is determined using a quasi-
dynamic model with (coefficients a3 to ag set to zero) resulting in,

Q
= =M0pKp(0,01)Gy + NopKaGa — a1 (T — To) — @z (T = T)%  (9)

where % is the collector yield per area (W/m?), G, is the beam solar radiation

in the collector plane (W/m?), G, Is the diffuse solar radiation in the collector
plane (W/m?), T,,, is the mean fluid temperature (°C), T, is the ambient tem-
perature near the collector., 8; and 01 are the biaxial incidence angles for
beam radiation onto the collector plane in longitudinal and transversal direc-
tions from the normal, respectively, 7, is the zero loss efficiency of the col-
lector for beam radiation, at a normal incidence angle, K}, (6, 07) is the inci-
dence angle modifier (IAM) for beam solar radiation, K, is the incidence an-
gle modifier for diffuse solar radiation, a; is the first-order heat loss coeffi-
cient (W/m.K), and a, is the temperature dependence of heat loss coefficient
(W/m’k?)

IAM is determined as,
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K, (6.,6r) = K,(6,) K, (67), (3)

For single axis collectors, the IAM can be written as,

Kp(8,) = 1= bo (———1), “)

cosOy,

The collector parameters used in the model are derived based on solar
keymark test results, as shown in

Table 8.

Table 8. Performance parameters for PTC collector.

Parameter Value Unit
No.b 0.7661 -
bo 0.210 -
K, 0.08586 -
a, 0.3677 W/ gperure K
a, 0.003224 W/ aperture K2)

The collector model uses climate data from Meteonorm. It also assesses pri-
mary shadow losses within a collector array using the Type 30. The interface
between the simulated collector performance and the overall system is estab-
lished through the mean operating temperature. This is defined in the model
as an average of the inlet and outlet temperatures from the collector field, ad-
justed based on the system integration scheme. System performance, which
accounts for interactions with the load, thermal storage optimization, and eco-
nomic inputs, is evaluated using a model in Octave.

Octave is a command-line interface for addressing both linear and nonlin-
ear problems. This separation of the component and system model facilitates
the implementation of various controls and optimization techniques while lev-
eraging the already validated TRNSY'S model for the collector. The Octave
model computes all energy flows associated with solar integration, consider-
ing the thermal output from TRNSYS, and the heat demand, and conducts
multiple iterations to determine the optimal collector area and storage volume.

Storage volume optimization is an important factor in solar thermal inte-
grations. This optimization is achieved in Octave, which performs multiple
iterations over various storage tank volumes to achieve a specific objective
function. This function is represented using the loss factor, which defines the
maximum permissible heat spillage. As various tank volumes are evaluated,
the algorithm identifies a volume that meets condition 4 in Figure 31. Once
this condition is fulfilled, the corresponding tank volume and associated field
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size are returned as output. This method is then repeated across a spectrum of
solar fractions, ultimately producing a curve that depicts the requisite collector
area and storage volume for varying solar fractions.

Figure 31. Overview of the method for storage volume optimization.

The collectors are designed to generate steam using an indirect method, spe-
cifically through a HX in the steam vessel. The pressurized water in the col-
lector loop delivers heat to this vessel. The mean temperature input for the
collector model is determined by both the steam temperature and the collec-
tor's maximum operational temperature. For instance, to produce steam at 140
°C, it is assumed that the solar steam vessel generates steam at 145 °C to main-
tain an overpressure. To achieve this 145 °C, the return water in the field is
estimated to be at 150 °C, while the supply temperature is set at 170 °C, re-
sulting in a mean temperature of 160 °C, used as input in the model.

The water storage operates between the collector's inlet and outlet temper-
atures, resulting in a 20 °C temperature difference. This storage is modeled
using two temperature nodes, with an overall heat transfer coefficient of 0.3
W/m?K. The heat losses in the user-side piping are not modeled. The losses in
the collector loop are factored into the component performance model. The
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pressure drop within the collector loop and the resulting power consumption
are calculated and included in the opex for LCOH calculations.

4.2.2 Steam heat pump model

The COP of HP is determined based on the performance map provided by the
manufacturer [145]. The HP is commercially available, with a few installed
sites for steam generation. The HP can achieve a maximum temperature of
165 °C. The load and temperature boundary conditions outlined in Paper I1I
ensure that the HP operates at a fixed capacity and temperature lift. As a result,
the COP was obtained using a linear correlation between the COP and the
temperature lift. This COP was then implemented using an equation block in
TRNSYS. Temperature differences of 6 °C and 30 °C on the evaporator and
condenser sides, respectively, were used to determine the required flow rate.
Subsequently, the pump’s power consumption is calculated. The heat pump is
designed to meet the peak heating demand under operational conditions. For
the given load profile, both HP electricity consumption, and pump power con-
sumption are calculated. LCOH is calculated based on capex and opex. A
timeframe of 15 years is assumed for LCOH; therefore no replacement costs
for HP are considered.

4.2.3 Photovoltaic and sand storage model

The TESsand model is based on a commercial product from Polar Night Energy
[146]. The heat storage consists of a steel tank filled with sand and the heat is
stored in a sensible form. The heat transfer to and from the storage media is
achieved using internal HX in the tank using air as a heating fluid. The pipes
are inside the storage medium, so that the air and the storage medium are not
in direct contact, and the storage medium is completely static. A resistance
heater powered with PV heats the air the storage is charged up to a maximum
temperature of 600 °C. During discharge, the heat is transferred to air/water
HX for steam generation.

The sand storage model has been developed using Python. This model in-
corporates a heat balance that takes into account the heat available from PV,
the heating load, and heat losses. The maximum storage temperature for sand
is capped at 600 °C. The minimum temperature is determined by the steam
temperature added to the pinch across the HXs. The tool computes the poten-
tial power output based on a given state of charge or average temperature. This
calculation uses a simplified function derived from the COMSOL multiphys-
ics model, that encompasses the HX located inside the sand and the HX for
steam generation.

PV component is simulated in TRNSYS using the model developed in Pa-
per II; using typical meteorological year data for the weather station in Seville.
The hourly output of the PV system (normalized to kW peak) and the heating
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load are used as inputs in the sand storage model, which iterates the PV ca-
pacity and storage volume as shown in Figure 32, and explained as follows:

90

e The PV capacities input are set by specifying both the maximum and
minimum values. Additional inputs include the number of steps for
PV capacity iteration, maximum and minimum storage temperatures,
and economic parameters.

e The iteration count for storage capacity is then specified. From a par-
ametric study, the iteration number for capacities has been set at 250,
as a compromise between optimization results and simulation time.

e Atagiven PV capacity, the model iterates 250 distinct storage sizes.
Simulations are run for each storage capacity to calculate the annual
heat delivered. Capacity corresponding to minimum LCOH is se-
lected and simulation progresses to the next PV capacity iteration.

e The results are plotted as SF and LCOH, which are used for economic
analysis while considering the backup system.

PV capacity was varied from 1 MW to 20 MW with a step of 0.5 MW.
The storage iterations were set to 250. Therefore, the model runs 10 000
scenarios to plot the simulation results for the analyzed case study.



Figure 32. Overview of method used for PV and sand storage sizing.

4.3  Method and boundaries

This section explains system boundaries, simulations approach, and KPIs used
in Papers I1I-V.

4.3.1 Solar thermal and steam heat pump comparison

The simulation approach is shown in Figure 33. System models for steam
heat pump and PTC, as explained in the previous section, are used for simu-
lations. The results are then exported in Microsoft Excel for comparative anal-
ysis. By comparing the LCOH for both PTC and SHP, the SFiimi; for each lo-
cation is determined. The SFiimi; is then plotted against the annual DNI to vis-
ualise the results.
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Figure 33. Method for comparative analysis of PTC and steam heat pump used in
Paper I11.

For the analysis, three load profiles with a fixed peak heat demand of 500 kW
are utilized, as shown in Table 9. The three load profiles were selected to rep-
resent different industrial operational patterns: continuous demand (profile 1)
typical of large production factories like pharmaceuticals, weekday demand
(profile 2) resembling food and beverage sector operations, and daytime de-
mand (profile 3) characteristic of small to medium production facilities.
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Table 9. Load profiles used for analysis in Paper I1I.

Load Operational Load days Load hours Annual heating
profile days per week per day load [GWh]

1 365 7 24 4.38

2 261 5 24 3.13

3 365 7 10 1.82

This study restricts its geological comparison to the EU due to the wide range
of annual solar irradiation. The countries with significant DNI variation, e.g.,
France, Italy, and Germany, necessitated the selection of multiple cities for a
more accurate representation. The simulated locations are shown in Figure 34.

Figure 34. Map representing the various locations used for PTC simulations in Pa-

per 111

The economic input parameters are selected based on inputs from manufac-
turers, and previous studies. PTC has capex values ranging from 250 to 450
€/m? with a yearly O&M cost of 1 % of its capex. Meanwhile, SHP's capex
ranges from 500 to 1500 Euro/kW, with an opex at 5 %. These selections aim
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to provide a comprehensive comparison across different cost scenarios for
both technologies.

4.3.2 Hybrid system analysis

In Paper IV, a systematic analysis was conducted to evaluate the performance
of four different configurations shown in Figure 35 and explained as follows:

94

Case 1, Reference Case: This scenario serves as the baseline and
involves a boiler system without the integration of any solar or
storage technologies. The boiler is modeled using the Type 659,
and the resulting annual efficiency is subsequently utilized to cal-
culate the existing heating costs.

Case 2, Integration PTC+TESyater: This configuration is simulated
using the method explained in 4.2.1. The primary objective is to
determine LCOH varying solar fractions using PTC+TESyr. The
load not met by PTC+TESyar is assumed from the boiler, and the
resultant LCOH is calculated.

Case 3, Integration of PV+TESsuq: This scenario incorporates a
PV system with TESnd. The optimization of this configuration is
achieved using the methodology detailed in 4.2.3. The resultant
LCOH at varying SF is evaluated. Any residual demand is met by
the boiler.

Case 4, Hybrid System: In this combined system, the PTC is prior-
itized to meet the heating demand due to its lower LCOH compared
to the boiler and sand-based TES. For each specific configuration,
the output from the PTC+TESyater System is subtracted from the
annual heating demand. The remaining demand is used as input for
the simulation model for PV+TESnd. This model adjusts the PV
and storage capacities to obtain LCOH/SF results. The combined
LCOH/SF results are then compared with previous simulated
cases.
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4.3.3 Quantifications of incompatibilities

In Paper V, two indicators are introduced to measure the degree of incompat-
ibilities in ST integrations. An ideal scenario is defined within specific bound-
aries to serve as a benchmark for comparing the results of the analyzed inte-
gration (termed optimal case). This ideal scenario envisions no mismatch in
collector production and heat demand, eliminating waste heat and the need for
storage tanks. Consequently, the heat is directly transferred to the process tem-
perature, reducing the collector temperatures. The solar collector meets the
entire process demand, achieving a 100 % SF. The demand is met by the col-
lector system without incurring additional retrofitting costs. Thus, the ideal
scenario is devoid of any integration incompatibilities stemming from process
characteristics. For each integration analyzed, the ideal LCOH is determined.
The deviation between the ideal and the optimal LCOH is then calculated and
normalized to both the ideal and no-integration scenarios. This produces a fi-
nancial/economic compatibility indicator, providing context and significance
to the LCOH. The financial compatibility @ is calculated as,

S _
D = F Xopt’ (5)
1= Xideal

where Si is the solar fraction for optimal case (between 0 and 1) and y is a
dimensionless parameter, represented as,

X= TI/QOF 5 (6)

where Q is the annual heating demand of the process (MWh), F is the fuel
cost (E/MWh), I; are investment expenditures in the year t for ideal/opti-
mized/no integration case, and r is the annuity factor represented as,

1
r=o—1—, (7

=1+t

where a is the discount rate. From equation 5, it is evident that the value of
financial compatibility is bounded between 0 and 1. This value is contextual-
ized by comparing the current energy price with the best possible price achiev-
able using solar thermal, i.e., the ideal case. This indicator encompasses both
technical and financial aspects, highlighting the deviation from an ideal
LCOH. An indicator based purely on energy can be defined, which correlates
the heat delivered to the load, solar fraction, and heat spilled due to incompat-
ibilities, such as limited storage size. This energy-based indicator (V) is de-
termined as,
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Y=1-— J(1 — )2+ (ﬂ)2 (8)

1-Cr

where, Cy represents the capacity reserve, which is the ratio between the heat
spilled and the heat available from the collector. This parameter ranges be-
tween 0 (no integration) and 1 (ideal integration).

(8 reflects that energy compatibility solely comprises energy variables. As
such, it doesn't reflect the economic aspects of the integration, even though
these factors play a significant role in determining the optimal case. Therefore,
Y is particularly valuable for understanding incompatibilities from an energy
perspective.

Both indicators, ¥ and @, can assist in making informed decisions regard-
ing various possible integrations for ST. For instance, the LCOH of a specific
integration might be competitive compared to existing fuels, prompting a cus-
tomer to opt for ST integration. However, a low value of ¥ and ® could indi-
cate potential incompatibilities. This insight can guide designers to explore
alternative integrations to minimize these incompatibilities. For example,
switching from a steam pasteurizer in a brewery to hot water can reduce costs,
facilitate heat storage, and enhance collector performance, leading to a higher
value of W. However, such an integration might necessitate additional retro-
fitting, causing @ to increase/decrease based on the energy gains.

Similarly, if a decision-maker must choose between two ST projects that
offer the same LCOH but have different indicator values, the project with the
higher ¥ and ® should be selected. Additionally, opportunities to reduce in-
compatibilities in the unselected project can be identified. Such analyses are
crucial for informed integration decisions. This method has been applied to a
case study on a brewery, as detailed in Paper V

4.3.4 Key performance indicators

SFiimit, used as an indicator in Paper III, refers to the point on the SF-LCOH
curve of a PTC when the LCOH of the steam heat pump for the analyzed con-
dition becomes equal to the LCOH of the trough collector. Simply put, a
higher SFiimit indicates better cost feasibility and more favorable conditions for
PTC installation for analyzed boundaries.

4.4 Results

The results from Papers I1I-V are summarized in this section. The results are
presented sequentially. First, the comparative results of solar thermal and
steam heat pump systems are presented, followed by key findings from the
hybrid system analyzed in Paper IV. Finally, the results of the compatibility
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method applied to an industrial case study are presented. A discussion con-
cludes this chapter, offering reflections on the findings.

4.4.1 Economic results for steam heat pump and parabolic trough

As shown in Figure 36, the LCOH for HP varies between 45 € MWh and 130
€/MWh. This fluctuation is influenced by the capital expenditure (denoted as
'C', with values of 500, 1000, and 1500 €/kW) and electricity prices (labeled
as 'E', set at 70, 100, and 150 €/ MWh). A total of 27 LCOH combinations are
derived from varying 'C', 'E', and load profiles. Notably, a reduced number of
operational hours leads to an increased LCOH. Consequently, load profile 3
(LP3) consistently has a higher LCOH than other load profiles, assuming
equivalent capex and electricity prices.
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Figure 36. Steam HP LCOH for analyzed boundaries of capex (C) and electricity
prices (E) for 3 different load profiles.
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For given boundaries, the LCOH of ST is predominantly influenced by the
DNI, the type of load profile, and the temporal mismatch between demand and
production. Figure 37 illustrates the impact of three distinct SF values on
LCOH. Due to LP1's consistent demand, a higher SF requires a more exten-
sive storage tank, consequently increasing the LCOH. In contrast, LPR3
demonstrates a narrow LCOH range. Its daytime-only demand aligns well
with solar heat production, even at a high SF of 50 %. For LP2, The need for
storage during both daily intervals and weekends mandates a comparatively
large storage volume, which, in turn, affects the LCOH.

Figure 37. LCOH for PTC collector at 3 different SF values, and 3 different load
profiles (results are shown for PTC capex of 350 €/m?).

4.4.2 Solar fraction limit for parabolic trough collector

Using the results for both PTC and SHP performance, the SFimit is determined
for each load profile, PTC’s capex, and HP’s capex-electricity price combina-
tion. The results are shown in Figure 38 to Figure 40, for 3 different PTC
values, load profiles, and 9 different combinations of HP’s capex and electric-
ity price (cap-elp).

The general trend indicates that an increase in PTC capex results in a de-
crease in the SFimit. This is particularly evident when examining the plots in
Figure 40, which represent a PTC capex at 450 €/m*. These plots have fewer
markers for 'n' (indicating cities with any SFimit) in comparison to other capex
levels. For the same PTC capex, the SFiini: improves with an increase in both
HP capex and electricity prices. LP2, when combined with a high PTC
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CAPEX of 450 €/m?, the SFjimi is at its lowest. This is attributed to a higher
mismatch in collector production and load demand, resulting in the lowest
count of cities with any SFiimit.
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The SFimit results obtained are plotted against annual DNI for each load pro-
file, HP’s cap-elp combination. Figure 41 shows results for PTC SF of 350
€/m?* and 3 load profiles.

An increasing trend in SFjimic corresponds with rising DNI levels. The user
can refer to these charts to estimate the SFymi based on load profile/HP capex
and electricity prices for easy decision making.
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Load profile 3
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Figure 41. SFiimie vs DNI for 3 load profiles at PTC capex of 350 €/m’.

4.4.3 Hybrid system performance: Photovoltaic sand storage and
trough collector

The results from Paper IV highlight the potential of using a hybrid system that
combines PTC, PV, TESyaer, and TESgnd. The findings align with the progno-
sis that, within given boundaries, PTC+TESyaer offers a lower LCOH com-
pared to the PV + TESgnq system, but only up to a limited SF. The LCOH for
the PTC + TESyateer increases significantly at high SFs due to thermal storage
cost dynamics, a trend also noted in Paper III. In contrast, the PV + TESnd
system has a relatively flat LCOH curve even up to SF of 90 %, due to low
cost. Consequently, the PV + TESgna + boiler system delivers a lower LCOH
at high SFs than the PTC + TESyuer + boiler system as shown in Figure 42.
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Figure 42. Variation of boiler integrated system’s LCOH for both PTC and PV.

The low LCOH of the PTC+TESyqer System, up to a limited SF, can be lever-
aged to reduce the overall LCOH of a combined system. Key results, illustrat-
ing the benefits of integrating PTC+TESyater collectors with the PV+TESgng
system, are presented in Figure 43.

In summary, the combined system achieves a high solar fraction (90 %)
and offers the lowest LCOH compared to only PV + TESgng + Boiler system
(shown by 0 % PTC SF). This suggests that the combined system has high
economic feasibility compared to the individual systems.
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Figure 43. Land savings and LCOH decrease in the hybrid system due to the use of
PTC+TES vater
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The use of PTC not only results in lower LCOH but also in significant land
area savings. With increasing PTC fraction, the land area requirement contin-
ues to decrease due to higher PTC efficiency. At minimum overall system
LCOH of 83.5 €/ MWh, the PTC fraction is 30 %, and the land area require-
ment is 196 230 m?, a 10 % decrease in land area w.r.t base case. After 30 %
PTC SF, the land area requirement continues to decrease and reaches its min-
imum value at 46 % PTC SF, resulting in 17 % less land area usage compared
to the base case.

A land area of 10 % can be saved with PTC, with a further decrease of 6
€/MWh in the overall system LCOH. This clearly shows the advantage of
combining these technologies to result in economic and land use benefits. Im-
portantly, the complete system results in a high decarbonization level (90 %
solar fraction) and helps industries to reduce their emissions.

4.4.4 Case study results for the use of compatibility indicators

The compatibility indicators detailed in Paper V are applied to a case study
from the brewing sector. Initially, solar thermal integration is undertaken for
steam generation, and the LCOH of the entire system is determined. The over-
all LCOH decreased from 110 €/ MWh (in the no solar case) to 98 €/ MWh
with solar integration for steam. Subsequently, the ideal LCOH and compati-
bility indicators are assessed for the steam system, resulting in ¥ and @ values
of 21 % and 13 %, respectively. If we assume ideal values to be 1, the observed
integration deviates from these ideals, suggesting incompatibilities.

To address this, another alternative integration scheme is analyzed. system
simulations are executed for both the steam and hybrid (pressurized hot water
+ steam) systems. Here, pressurized hot water catered to all brewing processes
except mashing and wort boiling, due to process quality control concerns.
Therefore, when additional heat is available from collectors, it is used for
steam generation. The reduced mean temperature in the collector for hot water
facilitated improved performance, allowing for heat storage with increased
temperature difference and a high solar fraction. However, the system's added
retrofitting investments amounted to 3.8 M€ in addition to only the steam case.
Consequently, techno-economic simulations are carried out, and the ¥ and ®
values are compared with the steam case. The chosen system configurations
and their indicator values are depicted in Figure 44 and Figure 45 for both
steam and hot water scenarios respectively.
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Figure 44. Variation of compatibility indicators for steam integrations case. The red
star represents the selected system configuration.
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Figure 45. Variation of compatibility indicators for hybrid (steam+hot water) inte-
grations case. The red star represents the selected system configuration.
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Table 10 shows the results for the financial and energy compatibility for both
steam and hybrid cases.

Table 10. financial and energy compatibility of each integration’s optimal case.

Steam Hybrid
y 21 % 43 %
P 13 % 29 %

The hybrid system has significantly higher capability compared to the steam
case. This observation is further mirrored in the LCOH of the hybrid system,
which stands at 82 €/ MWh, compared to 98 €/ MWh in the steam case.

The energy compatibility for both cases surpassed the financial compati-
bility. This suggests that achieving ideal conditions for integration is more
straightforward energetically than economically.

To summarise, based on the indicators introduced in this study, choosing a
hybrid system as the heat carrier offers notable advantages from both an eco-
nomic and financial standpoint over using solely steam for the considered so-
lar thermal integration. These indicators evaluated for the steam case were
instrumental in pinpointing system incompatibilities, guiding the exploration
towards a hybrid of hot water and steam. This hybrid approach presents a
compelling synergy of both energy and financial compatibility with the sys-
tem, thereby improving the overall system’s economic performance.

4.5 Summary

The solar fraction is often overlooked in comparisons of the ST systems with
other technologies. This parameter is particularly crucial when using ST col-
lectors for steam generation, owing to the limited and expensive options for
high-temperature storage. This oversight can lead to erroneous conclusions.
Technologies with differing SFs will have varying influences on the final heat-
ing cost to the user.

For instance, while both PV and ST technologies might have the same
LCOH, a customer might lean towards PV because of its simplicity. However,
PV is less efficient than ST, meaning that for the same installed area, the SF
provided by PV will be lower. Consequently, the final heating cost (weighted
average LCOH of solar and backup) would be higher with a PV installation.

Papers I1I-V of the thesis noted that all systems experience an increased
LCOH with an increasing solar fraction. Therefore, any comparative analysis
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of ST with other technologies can specify the "SFiimit" as an indicator. This
aspect, overlooked in prior studies, is pursued in Paper III.

Moreover, relying solely on LCOH as an indicator does not capture the full
extent of potential incompatibilities in solar thermal integrations [147]. Even
if the LCOH is competitive with current fuel costs, there may still be room for
further reduction. This potential reduction is quantified using the unified indi-
cators ¥ and ®, which account for both technical and financial aspects. Typi-
cally, such evaluations rely on various metrics, and decisions based on them
are often subject to individual interpretation and understanding. Therefore, us-
ing ¥ and @ as metrics to quantify incompatibilities can facilitate improved
decision-making, as shown in Paper V. The method is a novel way of using
commonly known KPIs towards the goal of providing designers and end users
with a better understanding of solar thermal integrations.

Paper III offers valuable insights for the industrial heating sector by com-
paring solar thermal with steam heat pump on system level to answer the ques-
tion of “Solar thermal or HP?””. While the steam heat pump serves as a refer-
ence in this study, the results can be utilized to compare any other heat gener-
ation technology with a known heating cost.

The way forward involves leveraging the low cost of ST systems up to a
limited SF and pairing it with the competitive heating cost of HPs. Such a
combined system can exhibit high synergies. It can meet 100 % of a custom-
er's heating demand while ensuring cost-effective heating. In the hybrid ar-
rangement, the ST system can operate during the day to generate steam, with
any excess stored in a non-pressurized storage tank. This tank can then serve
as a source for the steam heat pump. By integrating the ST system, HP oper-
ates for fewer hours compared to its operation as a standalone system. Yet, the
combination of the low LCOH from the ST and the improved COP due to high
temperature source can make a hybrid system more appealing.

While HPs represent a promising technology, their operation depends on
grid electricity. In many countries, the electricity grid has high CO; emissions.
This situation can negate the environmental advantages of using HPs, poten-
tially leading to even higher emissions than using boilers alone [148]. Addi-
tionally, concerns about grid stability cannot be overlooked, which limits the
use of HP for industrial use.

PV panels can be used to power HPs, however, a storage solution would be
necessary to achieve a high renewable heating fraction. In the absence of HP,
an alternative system design is proposed in Paper IV using a low-cost sand
storage with PV which can meet the non-PTC hour demand. The results indi-
cate that this system is more economically feasible compared to standalone
systems of both solar thermal and PV-TESg,n¢ meeting up to 90 % of process
demand. PTC results in 10 % land area savings while lowering the LCOH by
6 €/ MWh compared to only PV+TESgnatboiler system.
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In summary, this research can serve as a valuable tool, assisting industries
and system designers in making more informed decisions and furthering the
cause of industrial decarbonization.
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5. Discussion and future work

The thesis advances the existing knowledge sphere by promoting the cause of
renewable heating technologies in buildings and industries. The key message
is that, instead of viewing these technologies as competitors, there is a clear
need for integrated synergy, where each technology has a vital role to play. To
reach the climate goals, heating with fossil fuels needs to be a thing of the
past. Therefore, the true battle is against our dependence on fossil fuels, not
between renewable technologies. However, several challenges regarding cost,
complexities, and lack of awareness exist, which need to be overcome to make
a large impact with RH technologies in the heating market.

Heat pump will play a significant role in the heating systems of the build-
ings. However, there is a need to identify more synergies between HP and DH
systems. Currently, these technologies are perceived as competitors. Yet, there
is potential for combined integration, emerging as an attractive option for
MFH building owners. These owners consider installing HPs for a base load
with a backup system for peak (either DH or a biomass boiler) to achieve a
level of energy independence and cost savings. Such system based on EAHP
with boiler backup was the focus of Paper I. The level of synergies is even
higher in the 5GDH system discussed in Paper II, as both HP and DH are
integral parts of the overall heat supply system.

In the first part of the thesis, the simulations of heat pump systems in dif-
ferent arrangements are made for Swedish and Estonian climates. Both sys-
tems were capable of meeting between 51 % and 100 % (Paper I and Paper 11
respectively) of the heating demand for residential clusters by upgrading waste
heat. The availability of industrial waste heat is a big advantage; however, this
can be risky due to the potential for operational shutdowns or closures. Hence,
diversifying waste heat sources, like data centers, sewage heat, shopping cen-
ters with refrigeration demand, and boreholes, becomes essential.

In Paper 1, the evaluation of EAHP based system is limited to a scale of
only three MFH buildings. However, it's important to consider the evaluation
from a broader system perspective. If heat pumps handle the base load, DH
systems will have to manage a larger portion of the peak load compared to the
annual demand. This situation could increase the heating costs for DH systems
and cause combined heat and power plants to operate at part load capacities.
This shift would further affect the techno-economic results of the overall sys-
tem [149]. Therefore, considering the implications of scaling the analyzed
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system based on a large-scale energy system is important, an aspect not ad-
dressed in this work.

Solar technologies have the potential to improve HP's performance. How-
ever, the techno-economic performance of solar collectors is highly system-
dependent, as evident from the results of the first two papers. The economic
feasibility of using ST collectors doesn't align well with EAHP. As we transi-
tion to electricity-reliant heating systems, such as SGDH, renewable electric-
ity technologies combined with thermal storage can play an important role.
The feasibility of using solar heating collectors as a heat source in these sys-
tems is greatly influenced by the cost of the available heat sources. If the heat-
ing cost is below 50 €/MWh, then using PVT collector isn't economically vi-
able. However, if the SGDH network sources its heat from only boreholes,
PVT collectors can be beneficial, as they can be used to replenish or charge
these boreholes with heat. In summary, technologies like PVT require cost
reductions to find a role in the 5GDH system, especially as these systems are
optimized for waste heat recovery at low cost.

The findings from Paper II align with previous research, which concluded
that most heat costs borne by end consumers stem from substation installations
connecting to the network [150][151]. These findings reflect overall heat costs
ranging between 80 and 120 €/ MWh. The possibility of using low temperature
industrial waste heat in DH network, as shown in Paper II, can offer DH com-
panies an opportunity to change their approach, i.e., instead of just selling
heat, they can sell services [152]. This opens the door for third party access to
DH networks, providing a win-win for all players involved.

Given the limited number of studies regarding the techno-economic analy-
sis of SGDH systems, the results of this thesis can be leveraged to understand
the feasibility of such systems, the factors affecting them, and the role of solar
energy technologies in DH transition.

Employing the TRNSYS and Fluidit-Heat allows a detailed simulation
from an energy perspective and offers an alternative to other tools used for
5GDH system modelling. TRNSYS provides a detailed simulation of the sub-
station model for each building, where as Fluidit-Heat allows for controls
based on realistic DH plants. This model can serve as a solid foundation for
further integration of the cost optimization models. Future research should
also consider the impact of network temperature, the temperature difference
across warm and cold pipes, and the effect of HP COP on economic perfor-
mance.

Since the start of this doctoral work in 2019, the industrial heating market
has seen significant dynamics. Fossil gas, coal, and biomass have reached their
highest prices in decades. This surge has prompted industries to explore alter-
native solutions, making the techno-economic evaluation of different techno-
logical options more important than ever. For sectors requiring steam below
200 °C, common heat generation options include electric boilers powered by
renewable power purchase agreements, solar thermal systems, and steam heat
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pumps, among others. Solar thermal collectors and heat pumps are both viable
technologies for industrial heating applications. In Paper III, a comparison
was made between these two technologies, using the SF as a primary metric
for comparison. This shifted the question from "solar thermal or heat pump?"
as posed in earlier studies, to "Up to what solar fraction for solar thermal vs.
heat pump?" [153]. The findings revealed that both technologies are viable
with competitive heating costs. However, their effectiveness is largely contin-
gent on the specifics of the system in place. For HPs, the LCOH ranges from
45-130 €/MWh. The most influential factors determining this are capital ex-
penditure and the cost of electricity, a conclusion also drawn in Paper II. On
the other hand, the LCOH for PTC varies and is influenced by almost all the
variables considered in this study. It reaches a minimum of 28 €/ MWh when
all the produced heat is utilized.

When analyzing the extremes for comparison, specific insights can be ob-
tained. For instance, in conditions that favor HPs (low capex and high elec-
tricity prices) while disadvantaging PTC (high capex), a threshold irradiation
of 1500 kWh/m? is essential to obtain any SFymi. Conversely, under conditions
that favor solar thermal (low capex) and disadvantages HP (high capex and
high electricity prices), PTC consistently reaches the SFiimi for all load profiles
above annual DNI of 716 kWh/(m?.y).

The results can differ if there are changes to the assumed boundaries related
to the COP, electricity price range, and capex range for both HP and ST. None-
theless, attempts were made to define these boundaries based on realistic sce-
narios. For instance, in Paper II, the operating COP of the HP is 2.2 for a con-
sidered temperature lift of 100 °C. This aligns well with the COPs reported
for industrial HPs used for steam generation for the same temperature lift [52].

The considered capex for HP ranges from 500 to 1500 €/kWy,.. The recently
concluded IEA HPT Task 58 report indicates that the average investment for
an HP suitable for 150 °C temperatures is 800 €/kW, with the price range
varying between 400 and 1200 €/kWy, [112]. However, it is essential to dis-
tinguish between the cost of the HP alone and the expenses of the complete
system. This full system includes components such as integration, piping, and
commissioning. Typically, these supplementary costs fall between 50 and 200
€/kWu, depending on the project size. This places the total assumed cost in
Paper III comfortably within the reported range.

A significant factor affecting the results is the electricity cost required to
operate the HP. The upper limit selected is 150 €/ MWh, a number below the
EU's average cost of electricity in 2022 [154]. However, a retrospective look
at the period from 2008 to 2020 reveals that the average electricity price in the
EU fluctuated between 100-120 €/ MWh. The study's chosen minimum value
of 70 €/ MWh represents optimistic scenarios concerning electricity costs.
Daily fluctuations in electricity prices are likely to have an impact on the out-
comes, an aspect not explored in Paper III.
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For the PTC system, a system capex ranging between 250-450 €/m’ was
considered. Given a standard yield of 0.7 kW per m?, the cost for PTC trans-
lates to 357-642 €/kW. Reviewing installed projects in Europe for SHIP ap-
plications, the weighted average cost is pegged just above 500 €/kW. Econo-
mies of scale suggest that larger projects might further reduce this investment,
positioning ST as an attractive option for steam generation. It is important to
clarify that the analysis is limited to just one type of collector. When consid-
ering high-temperature collectors such as linear fresnel reflectors it becomes
feasible to achieve increased charging temperatures in storage using thermal
oil. This results in a higher temperature differential (dT), potentially flattening
out of the LCOH-SF curve. Consequently, this can increase the SFiimi.. Ad-
vancements in efficient and cost-effective thermal storage can significantly
improve the economic viability of ST solutions.

The effect of load profiles on the results cannot be understated. While the
number of full load hours is relevant for HP, the temporal variation is critical
for ST. This is evident when comparing PTC results from LP2 (highest
LCOH) to LP3 (lowest LCOH). Since a "standard" industry load profile
doesn't exist, the selection was made to represent both pessimistic and opti-
mistic scenarios for both ST and PTC.

The chosen steam temperature represents the requirements in the food and
beverage sector at the boiler outlet, as well as in other sectors downstream of
boilers following pressure reduction valves. An increase in temperature will
negatively affect the HP COP due to the greater temperature lift. While PTC
performance decreases with increased temperatures, the temperature differen-
tial (dT) across storage also rises. Thus, examining the trade-offs of LCOH
with fluctuating temperatures offers an interesting area for future work. The
analysis should further be extended considering land cost, using PV electricity
for HP, and the CO; emissions assessment. For ST, a decrease in collector and
storage costs is the way forward to go. In general, the transition in industries
should take place to replace the existing boilers with ST + HP + storage sys-
tems utilizing mutual technical and cost synergies as shown in Paper XIII. The
combination can be of significance for industries and should be explored in
detail for future studies.

The increase in heating cost for ST at high SF underscores the need for a
renewable backup for heating. While HPs were highlighted as a promising
solution in Paper III, Paper IV investigated finding an alternative to HPs. This
was mainly concerns over CO, emissions, grid unavailability, and lack of
power capacities in many global locations, which puts a limit on the use of
HPs for heating. Results from Paper [V suggest that using low-cost sand stor-
age charged by PV is an economically viable supplementary solution to ST.
For analyzed boundaries, the solution displaced up to 90 % of industrial fossil
fuel demand with minimal reliance on the electricity grid.

Similar to all simulation-based studies, it is crucial not to extrapolate these
findings beyond the given parameters. However, the analytical foundation can
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be leveraged. The main premise of Paper IV is the benefit of reduced LCOH
and land area savings due to the use of PTC. The underlying assumption is
that PTC can deliver heat at a lower LCOH compared to PV, at least until
storage becomes a factor. While PTC's use with pressure water storage can
increase LCOH, PV coupled with low-cost sand storage may offer a more
competitive LCOH beyond a SFiimi, which was concluded at 53 % for the
boundaries in Paper IV. The low LCOH of ST compared to PV has also been
established in a previous study by [155]. Thus, a combined system of PTC
with water TES, and PV with sand TES should be of significant interest.

In terms of applicability, the PV system holds an advantage over ST due to
its ability to achieve high steam temperatures. If the LCOH of PV becomes
equivalent to that of PTC, then the economic benefits of PTC in a hybrid system
vanish, leaving only the advantage of land savings. Nonetheless, since land
availability is crucial in many industries, PTC still offers significant value. The
selected load profile and temperature parameters for the analysis are tailored
specifically for a brewery, making the presented results highly case specific.

Although the sand is chosen as the storage medium, there exist equivalent op-
portunities with other high-temperature storage solutions, such as those utilizing
concrete, rock beds, and thermo-chemical salts [156]-[158]. These storage solu-
tions are often introduced for heating applications in scenarios with negative elec-
tricity prices [159]. However, integrating PV can make them applicable on a
global scale. Additionally, incorporating solar thermal can result in both cost and
land savings. Currently, there are no reported installations that combine solar ther-
mal with PV-high temperature storage for industrial heating. Therefore, imple-
menting such a concept on a large scale could be of substantial interest.

The use of unified indicators in Paper V provides insights into the techno-
economic compatibility. Such indicators can be used in addition to LCOH to
gain a thorough understanding of ST collector's integration into the existing
system. The case study has shown that the use of hot water and steam systems,
with a preference for hot water, yields better techno-economic results. The
results are in line with trends in breweries, which increasingly look to convert
their steam systems into hot water ones to create conditions favorable for the
integration of renewables.

In summary, the market for low-carbon heating in industries is witnessing
the emergence of several innovative technologies. This thesis aims to advocate
for the optimal use of these technologies, either individually or in combina-
tion. Solar thermal offers distinct benefits such as low CO; emissions and a
competitive LCOH at limited solar fractions. These advantages can be lever-
aged when combined with other technologies to create synergies. For solar
thermal to establish a strong foothold in the market, the industry must lower
its costs to below 250 €/m*. Given the significant cost reductions observed in
recent years, this scenario seems plausible. In conclusion, the future of RH
won't depend on just one technology but rather on a collaborative effort of
multiple technologies.
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6. Conclusions

In this thesis, various system concepts that utilize HP and multiple solar tech-
nologies are examined from a techno-economic standpoint. These concepts
are assessed for their viability in MFH and industrial steam generation. Given
the structure of this thesis, which encapsulates the findings from five scientific
articles, Table 11 presents a summary of the primary conclusions from each

article.

Table 11. Conclusions from thesis in relation to RQs.

RQ 1: How can HPs be effectively utilized to meet the heating
needs of MFHs across various spatial scales?

Papers
Iand I

118

The choice between centralized and decentralized systems, and
the extent of their effectiveness, is system dependent, influenced
by factors such as availability of waste heat, heat distribution sys-
tem, and economic considerations. The heat pump's capacity is
constrained by the available waste heat sources. Combining mul-
tiple waste heat sources using a modular heat pump or utilizing a
single large heat source such as from industries, can effectively
meet a higher heating fraction.

Utilizing a centralized HP system for multiple MFH buildings
that can use ventilation air can fulfil 51 % of the heating require-
ments. This significant contribution reduces dependency on
backup and DH systems. The separation of the ventilation and
heat pump units allows for a centralized heat pump system to
serve multiple buildings. However, this can be particularly effec-
tive if the buildings have centralized heat and hot water distribu-
tion and exhaust air extraction.

By integrating solar air heating collectors and optimizing flow
controls, both the component's and system's energy performance
can be improved. However, solar collector’s economic viability
remains low when used as a supplementary source in conjunction
with exhaust air for heat pumps.

Implementing a SGDH system that utilizes decentralized HPs
and harnesses waste heat from the industrial units has the poten-
tial to meet 100 % of the heating demand. Such systems are



particularly relevant in areas where there is potential for low-
temperature waste heat recovery, such as from industries or cool-
ing processes within the district.

RQ2: In the context of emerging SGDH systems, what are the
key techno-economic dynamics, and what role can solar energy
technologies play in these systems?

Paper 11

The economic viability of a SGDH system is contingent upon two
critical factors: the cost of sub-stations and electricity prices. Fur-
thermore, sensitivity analysis reveals that an increase in waste
heat costs has a pronounced impact on LCOH. The low temper-
ature in the network pipes results in low heat losses, calculated at
5 % of the delivered heat. Integrating PV systems up to a certain
capacity is advantageous, resulting in a 1 % reduction in LCOH
when compared to the base case. However, the economic benefit
of PVT collectors is lower compared to PV, primarily because of
the limited economic returns from heating utilization. If the cost
of waste heat increases, integrating PVT systems can potentially
reduce the LCOH, albeit with a limited impact. Due to higher
electricity usage compared to traditional DH systems, the CO;
emissions from the SGDH system are dependent on the grid elec-
tricity mix in a particular country. Standardization of substations,
improved heat pump COP, and economies of scale can make the
5GDH system more competitive.

RQ3: What is the economic feasibility of using solar thermal col-
lectors for steam generation in industries, and how does it com-
pare to other renewable heating solutions under diverse boundary
conditions?

Papers
I
and IV

Systems utilizing solar thermal (specifically PTC) for steam gen-
eration display a more complex interplay of influencing factors.
Notably, when heat from PTC is fully absorbed by the load with-
out any storage tank, they exhibit high economic competitive-
ness. In addition, the economic variability of the ST system is
highly dependent on the integration compatibility. Under condi-
tions favorable to PTC (low capex, high matching with load, and
high compatibility), it consistently shows economic effectiveness
across different solar fractions compared to HP and existing fuel
costs.

The comparison with other RH technologies such as HP
should consider SF as a decisive factor, due to the high variation
of LCOH for steam generation applications. The question then
evolves from merely choosing between solar thermal and other
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technologies to determining the optimal solar fraction and com-
bining ST with other renewable heat solutions.

Comparisons between PTC and HP have shown that both
technologies are viable and competitive. However, their effec-
tiveness is intertwined with specific system parameters and con-
ditions. The cost of heating derived from HP is primarily influ-
enced by initial investments and electricity prices. There are sce-
narios where HPs are more economically attractive given certain
electricity price ranges in locations with low solar irradiation lev-
els. High operational hours reduce the HP LCOH, while a strong
match between demand and production and low solar fractions
improve the case for the PTC collector.

Integrating solar thermal systems for steam generation in the
brewing sector revealed a reduction in LCOH from 110 €/MWh
to 98 €/ MWh with PTC. However, observed integration metrics
(¥ and @ values) suggested potential incompatibilities when
solely using steam, majorly due to high operational temperatures
and low SF achieved which have only limited influence on the
final weighted LCOH for the user. Therefore, exploring a hybrid
system, combining both pressurized hot water and steam, proved
more efficient, showing a further reduced LCOH of 82 €/ MWh,
and an increase in compatibility.

In conclusion, both solar thermal and heat pump technologies
offer promising prospects for industrial heating. Their ultimate
feasibility in specific scenarios is influenced by a diverse set of
factors, from technical to economical and operational. The real
potential may be realized by synergizing both technologies and
by gaining a comprehensive understanding of the integration spe-
cifics within existing systems.

RQ4: How can industrial heating systems be decarbonized to a
large extent, and what role do solar thermal, storage, and other
renewable technologies play in facilitating this transition?

Papers
III and
v
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The pathways toward industrial decarbonization rely heavily on
the synergies between various technological solutions. Solar
thermal, thermal storage, and other renewable sources each bring
to the table unique benefits and challenges. Their strategic inte-
gration is key to optimizing the overall system impact.

While this thesis does not explicitly analyze the combined use
of HP and ST, findings indicate the presence of a SFiimit for PTC
collectors across a broad spectrum of conditions, below which



ST remains more economically competitive compared to HP.
Recognizing this finding underscores the potential synergy of in-
tegrating both technologies. By doing so, industries could signif-
icantly reduce the overall system LCOH while catering to a large
fraction of their heating needs.

Solar thermal systems stand out for their potential to signifi-
cantly cut CO, emissions and provide a competitive LCOH up to
certain SFs. This advantage can be leveraged when paired with
technologies that, while having a high LCOH, don't see a sub-
stantial rise in LCOH even at increased SFs. The pairing of low-
cost sand storage with PV emerges as a particularly cost-effective
complement to the PTC collector.

For the analyzed case study in Paper IV, PTC remains eco-
nomically competitive up to an SF of 53 %. Beyond this point, a
system integrating PV with low-cost sand storage proves to be
more cost-efficient. However, in a combined system of all tech-
nologies, the use of PTC offers benefits such as up to 10 % sav-
ings in land area and a reduction in LCOH by 6 €/ MWh. Notably,
such a hybrid system can cater to as much as 90 % of the process
demand, reducing dependence on boilers.

The results support the idea that hybrid systems, utilizing ST, HP,
PV, and TES can play a pivotal role in advancing deep decarbon-
ization within industrial sectors.

RQ 5: How to better assess the techno-economic performance of
solar thermal integration for industries?

Paper

To better assess the techno-economic performance of solar ther-
mal integration for industries, it is imperative to look beyond sole
reliance on LCOH and incorporate comprehensive indicators like
Y and O that consider both technical and financial incompatibil-
ities. Merely relying on LCOH as an indicator may not provide a
comprehensive understanding of potential incompatibilities in
solar thermal integration.

Using the developed unified metrics, designers can establish
benchmark scenarios, such as the ideal conditions for ST integra-
tion from an energy and economic perspective. Deviations from
these benchmarks can pinpoint areas of concern and the scope of
improvements, thus providing more insights compared to LCOH
alone.

The analyzed case study for the brewery sector further under-
scores the benefits of hybrid systems which combine multiple
heat generation methods from solar collectors (combined steam
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and hot water). Furthermore, it is essential to distinguish between
energetic and economic compatibilities, understanding that
achieving ideal conditions may be easier energetically than eco-
nomically, or vice versa, for any given system configuration.

The system, guided by these indicators, can lead to optimized
configurations that enhance the techno-economic performance of
solar thermal integrations.

Overall, the novelty of the thesis can be highlighted in several ways, each out-
lined in different papers.

Valuable techno-economic insights for heating systems for MFH buildings
are gained through system simulations, sensitivity, and uncertainty analysis.
Analyzing the potential of solar technologies in conjunction with exhaust air
heat pumps and SGDH systems offers new knowledge, not previously ex-
plored. These results support the effective use of heat pumps with solar tech-
nologies by utilizing waste heat for heating decarbonization in MFH build-
ings.

The introduction of the SFjimit provides a more extensive comparative anal-
ysis than relying solely on the LCOH as used currently by researchers. A com-
parison between two technologies based on LCOH typically only indicates
which one is superior to the other, essentially offering a simplistic 'either-or'
decision. However, the introduction of a new indicator, the SFjimit, oOvercomes
this limitation. It provides insight into the potential for combining these solu-
tions based on solar fraction, while still offering a comparative understanding.

Another novel aspect is the improved comprehension of integrating ST col-
lectors into industrial systems. The two proposed indicators pave the way for
deeper insights into potential system incompatibilities. This contributes to the
optimization of integration schemes for ST collectors in industrial heating sys-
tems, potentially improving the economic competitiveness of such solutions.

Lastly, a novel system combination for industries is presented, showcasing
the potential of leveraging diverse technologies in the market to achieve their
decarbonization goals. The proposed concept of using solar thermal up to a
limited SF, and then meeting the rest of the demand with a PV and sand stor-
age system while minimizing the LCOH, is innovative and potentially bene-
ficial for industries.
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7. Sammanfattning pa svenska

Globalt anvinds 97 % av den slutliga energin i byggnader, industrier och
transportsektorn, dér en betydande del gar till uppvarmning av byggnader och
industrier, till exempel for att generera varmvatten, rumsuppvarmning och
processvdrme. En stor del av denna uppvarmning sker med fossila brénslen,
vilket resulterar i omfattande koldioxidutslédpp. Minskade koldioxidutslépp i
viarmesektorn dr darfor avgorande for att uppna klimatmalen, och denna av-
handling fokuserar pa hur tekniker for uppvarmning med férnybar energi kan
anvindas for att stodja denna 6vergang.

I ménga europeiska lénder, inklusive Sverige, sker uppvarmning i flerfa-
miljshus frdmst med fjarrvarme. Trots detta finns det ett vixande behov av
diversifiering av virmekallor for att sikerstélla energioberoende och undvika
beroende av en enda typ av viarmeinfrastruktur. Varmepumpar, som kan ge-
nerera varme till flerfamiljshus, framstar som en potentiell 16sning. Det finns
emellertid ofta en mérkbar brist pa kunskap om anvindningen av virmepum-
par i flerfamiljshus; om mdjliga virmekaéllor, systemutformning, deras tekno-
ekonomiska prestanda, samt potentialen for att anvénda solenergiteknik till-
sammans med dessa system.

Industrisektorer som livsmedel och dryck, textil, mejeri, samt papper och
massa konsumerar en betydande méngd virme, men vanligtvis kridvs tempe-
raturer under 200 °C for dessa processer. Befintliga och nya fornybara upp-
varmningstekniker kan uppna dessa temperaturer och har stor mojlighet att
minska utslédppen i dessa sektorer. Dessa tekniker inkluderar till exempel sol-
fingare for &nggenerering, virmepumpar for anga, solceller och olika typer av
termiska lagringssystem. Kombinationen av solvirmeteknik med andra 16s-
ningar for industriell anggenerering dr dock inte vélstuderad. Denna kunskaps-
lucka gor att den tekniska och ekonomiska forstaelsen av dessa system ar be-
gransad, liksom forskning pa synergier och konkurrens mellan teknikerna.

For att atgérda ovanstdende forskningsluckor anvénds i denna avhandling
en systemmodelleringsansats for att utviardera fornybara virmesystem, med
ett fokus pa tillimpningar i flerfamiljshus och industrier, och med det 6vergri-
pande maélet att minska beroendet av fossila brinslen. De analyserade tekni-
kerna inkluderar solvdrme, solceller, virmepumpar, PVT-hybrider och ter-
misk energilagring i olika systemldsningar. Forskningen kretsar kring fem hu-
vudsakliga forskningsfragor som ror den tekniska och ekonomiska genomfor-
barheten hos anvindningen av dessa tekniker och deras roll i att minska
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koldioxidutsldppen. De utvarderingsverktyg som anvinds inkluderar tekno-
ekonomisk optimering, osdkerhetsanalys, kéinslighetsanalys och energi-
systemmodellering.

I avhandlingens forsta del gors simuleringar av virmepumpsystem i olika
systemkonfigurationer for svenskt och estniskt klimat. Ett centraliserat vir-
mepumpsystem med anvéndning av ventilationsluft for tre flerfamiljshus visar
sig kunna uppfylla 51 % av virmebehovet. Detta betydande bidrag minskar
beroendet av spetsvdrme och av fjarrvirme. Genom integration av solfangare
for luftuppvirmning och optimerad flodesstyrning kan bade komponentens
och systemets energiprestanda forbattras.

Ett lagtempererat femte generationens fjarrvirmesystem som anvéinder de-
centraliserade vdrmepumpar och utnyttjar spillvirme fran industrianlagg-
ningar har potential att méta 100 % av virmebehovet. Denna typ av system ar
sérskilt relevant i omraden dér det finns potential for atervinning av lagtem-
pererad spillvarme, till exempel fran lokala industrier eller kylprocesser. Den
ekonomiska barigheten hos sadana system ar beroende av tva avgorande fak-
torer: kostnaden for undercentraler och elpriset. En kénslighetsanalys visar att
en 6kning av spillvirmekostnaderna har en betydande paverkan pa uppvarm-
ningskostnaderna. Att ha manga olika typer av spillvarmekéllor, sdsom data-
center, avloppsvarme, kopcentra med kylbehov, och borrhal, ar avgorande i
sédana system.

Solenergitekniker har potential att forbéttra systemets prestanda i bada de
analyserade systemen. Resultaten antyder dock att den tekno-ekonomiska pre-
standan for solfangare till stor del dr systemberoende. Att anvidnda solfangare
tillsammans med franluftsvirmepumpar ar inte ekonomiskt gangbart. Vid en
overgang till elberoende uppvarmningssystem, sdsom femte generationens
fjarrvirmesystem, kan fornybar elproduktion i kombination med termisk lag-
ring spela en viktig roll. Integrering av solcellssystem &r fordelaktigt upp till
en viss kapacitet, vilket resulterar i en minskning pa 1 % av uppvarmnings-
kostnaderna jamfort med basfallet. Emellertid 4r den ekonomiska nyttan av
PVT-hybrider lagre, fraimst pad grund av den laga ekonomiska avkastningen
frdn virmeanvéandningen.

Avhandlingens andra del fokuserar pa anviandning av solfdngare for indust-
riell &nggenerering och hur de kan kombineras med andra tekniker. Jimforel-
ser mellan termiska solfiangare och virmepumpar for &nggenerering visar att
bada teknikerna dr gangbara och konkurrenskraftiga. Deras effektivitet beror
dock pa specifika systemparametrar och forhallanden. Kostnaden for upp-
varmning med en angvarmepump paverkas fraimst av initiala investeringar och
av elpriset. Manga driftstimmar minskar uppvérmningskostnaden med en vér-
mepump, medan en god matchning mellan férbrukning och produktion och
laga solandelar forbéttrar fallet med solfdngare. Den faktiska potentialen kan
realiseras genom att samordna bada teknikerna for omfattande minskning av
koldioxidutslapp.
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Den ekonomiska nyttan av ett solvirmesystem &r ocksé starkt beroende av
mojligheten till integration med existerande tekniker. Detta bedoms med hjélp
av tva nya indikatorer som har utvecklats inom ramen for denna avhandling.
Insikter fran dessa indikatorer var avgorande for att minska uppvarmnings-
kostnaderna vid utforskning av alternativa integrationspunkter fér uppvérm-
ning i den analyserade fallstudien. Solvirmesystem utmarker sig for sin pot-
ential att avsevért minska koldioxidutsldppen och erbjuda en konkurrenskraf-
tig uppvarmningskostnad upp till en viss solandel. En kombination av ett sand-
lager och solceller framstar som ett sarskilt kostnadseffektivt komplement till
solfangare.

Sammanfattningsvis betonar avhandlingen behovet av synergi mellan
dessa fornybara uppvarmningstekniker snarare dn att betrakta dem som kon-
kurrenter. Resultaten understryker vikten av att utnyttja spillvirmekéllor och
potentialen hos solenergiteknik for att forbattra systemens prestanda. Avhand-
lingen foresprakar utnyttjande av de unika fordelarna med respektive teknik,
att fraimja integration mellan dem, samt att verka for kostnadsminskningar for
att frimja en mer omfattande anviandning av uppvarmningslosningar baserade
pa fornybar energi.
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