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This thesis explores pathways to achieving net-zero steam production as part of industrial 

decarbonization efforts, focusing on heat-intensive industries in the European Union. It 

assesses the feasibility of alternative technologies, including HTHPs, TES, electric boilers, 

and solar-assisted steam systems. Through an in-depth literature review and case studies, the 

research identifies hybrid systems combining HTHPs and TES as highly promising for 

reducing energy consumption and carbon emissions. Integrating TES with renewable energy 

sources, such as solar thermal and photovoltaics, reduces fossil fuel reliance by up to 90% 

while maintaining economic competitiveness. Despite their potential, challenges such as 

high capital costs, system integration complexities, and renewable energy variability must 

be addressed to enable large-scale adoption. This research offers a comprehensive 

framework to guide policymakers and industries in advancing innovative solutions for 

industrial decarbonization. 

 



ACKNOWLEDGEMENTS 

 

I would like to express my sincere gratitude to my supervisor, Prof. Antti Kosonen, for his 

unwavering support, patience, and encouragement throughout the course of my research. His 

guidance in fostering critical thinking and inspiring innovative ideas, particularly during 

breaks in my writing and research, has been invaluable. I also deeply appreciate the 

opportunity to work as a summer employee, which allowed me to gain firsthand exposure to 

Finnish work culture and enrich my professional experience at LUT University. These 

experiences will undoubtedly prove beneficial in my future career. 

I am also grateful for the insightful advice and support provided by Prof. Esa Vakkilainen 

during the development of this thesis. 

My heartfelt thanks go to all the colleagues at the LUT Laboratory of Renewable Electricity 

Generation and Storage for their continuous assistance and collaborative spirit. 

Finally, I wish to extend my deepest appreciation to my family, loved ones, and friends for 

their unwavering support and encouragement. Their assistance in overcoming the personal 

challenges I encountered throughout my studies has been instrumental in my success. 

 

 

In Lappeenranta, December 2024 

Amit Roy  



SYMBOLS AND ABBREVIATIONS  

 

Greek characters  

𝜂                   Electrical Efficiency 

 

Abbreviations 

GHG Green House Gas Emissions 

ORC Organic Rankine Cycle 

SHIP             Solar Heat for Industrial Purposes 

TES              Thermal Energy Storage 

HTTP            High-Temperature Heat Pumps 

NOx              Nitrogen Oxides       

HP                 Heat Pump 

EB                 Electric boilers 

IEA                International Energy Agency 

SHIP              Solar Heating for Industrial Applications   

SGHP             Steam Generating Heat Pumps 

VHTHP          Very High-Temperature Heat Pumps 

LFR                Linear Fresnel Reflector 

LCOH            Levelized Cost of Heat 

LCOS             Levelized Cost of Steam 

CSP                Concentrating Solar Power  

CSGS             Solar-Assisted Clean Steam Generators  

DSG               Direct Steam Generation Solar Systems  



COP               Coefficient of Performance 

LCOE             Levelized Cost of Electricity      

PSO                Particle Swarm Optimization 

VAT               Value Added Tax 

OPEX             Operational Expenditure 

CAPEX          Capital Expenditure 

SF                   Solar Fraction 

  



1 

 

Table of contents 

 

Abstract 

(Acknowledgements) 

(Symbols and abbreviations) 

 

1. Introduction .................................................................................................................... 6 

1.1. Problem definition and relevance ........................................................................ 10 

1.2. Energy and CO2 emissions in Europe ................................................................. 11 

1.3. Energy and fossil fuels in Europe ........................................................................ 12 

1.4. Aim and Objectives ............................................................................................. 14 

1.5. Scope and delimitations ....................................................................................... 14 

1.6. Thesis Structure ................................................................................................... 16 

2. Literature Review and Analytical Framework ............................................................. 17 

2.1. Current Steam Production Process ...................................................................... 18 

2.1.1. Traditional Steam Generation Methods ....................................................... 20 

2.1.2. Steam Production in Different Energy Applications ................................... 23 

2.1.3. Steam has become an urgent factor in decarbonization ............................... 26 

2.2. Current decarbonization strategy ......................................................................... 27 

2.2.1. Steam-generating heat pumps ...................................................................... 28 

2.2.2. Energy Storage System ................................................................................ 32 

2.2.3. Solar Thermal Systems ................................................................................ 35 

2.3. Changes in CO2 emissions from Combustion ..................................................... 35 

2.4. Analysis of Existing Studies and Gaps ................................................................ 37 

3. Research Methods for data collection and analysis. ..................................................... 38 

3.1. Research Design .................................................................................................. 38 

3.2. Data collection ..................................................................................................... 39 

4. Case Studies of steam production are not based on burning. ....................................... 40 

4.1. Case Studies Analysis with calculations and frameworks ................................... 40 

5. Findings and Analysis .................................................................................................. 75 

5.1. Renewable heat sources and their main challenges ............................................. 79 



2 

 

5.2. Challenges of steam decarbonization .................................................................. 80 

5.3. Parameters Impacting Levelized Cost of Steam .................................................. 82 

5.4. How to estimate the cost of a hybrid model ........................................................ 83 

6. Possible Solutions for decarbonizing the steam production industry in the Future. .... 86 

6.1. HP uses in industries. ........................................................................................... 86 

6.2. Electric boilers in Industries ................................................................................ 91 

6.3. Thermal Energy Storage ...................................................................................... 89 

7. Discussions ................................................................................................................... 92 

7.1. Revisiting the aim and research questions ........................................................... 92 

7.2. Study Limitations and Implications ..................................................................... 93 

7.3. Suggestions for future research ............................................................................ 94 

8. Conclusions .................................................................................................................. 95 

9. References .................................................................................................................... 96 

 

  



3 

 

Figures 

Figure 1.1. Current Steam Production Process 

Figure 1.2. Integration with Renewable Energy 

Figure 1.3. Emissions of carbon dioxide in the European Union, measured in million metric 

tons, between 2010 and 2023. 

Figure 1.4. 2023: Power sector emissions are down 19% as a result of record declines in EU 

coal and gas energy generation. 

Figure 1.5.  Possibility of developing electric heating systems with an appropriate 

temperature range through 2035  

Figure 2.1. Energy Use by Medium, trillion BTU 

Figure 2.2. Basic diagram of three main types of SGHPs 

Figure 2.3. Integration of an HTHP, using waste heat from drying as a heat source.  

Figure 2.4. Integration with Thermal Energy Storage System 

Figure 2.5. Changes in total CO2 emissions from combustion in the EU by driver,2022-2023 

Figure 3.1. Steps of Methodology 

Figure 4.1. A solar-assisted Clean Steam Generator System. 

Figure 4.2. The schematic diagram presented corresponds to the industrial energy system 

under investigation for steam generation 

Figure 4.3. Outcomes of the separately optimized weeks that reduced operating expenses 

Figure 4.4. Outcomes of the separately tailored weeks that reduced CO2 emissions 

Figure 4.5. Sustainable Steam system description 

Figure 4.6. Thermal energy storage system for process steam and power cogeneration 

Figure 4.7. The backup boiler is extended by incorporating surplus heat into the storage 

system.  



4 

 

Figure 4.8. A comparison between rising energy costs and falling CO2 emissions 

Figure 4.9. The annual ratio of CO2, emission reduction, and energy expenses 

Figure 4.10. Hybrid device that stores sand powered by photovoltaic and solar thermal 

energy. 

Figure 4.11. Temperature-enthalpy diagram for charging and discharging.  

Figure 4.12. Diagrammatic representation of a flash-enabled high-temperature heat pump 

system. 

Figure 4.13. Diagram demonstrating the basic operation of air-source heat pump boilers.  

Figure 5.1. Renewable heat sources and their main challenges 

Figure 5.2. LCOH of different technologies. 

Figure 5.3. Particular investment costs for electric boilers, heat pumps, and TES. 

Figure 6.1. High dependence of COP on the Temperature difference. 

Figure 6.2. Schematic representation of the electricity-driven steam supply system 

Figure 6.3. Thermal Energy Storage.  

 

 

 

 

 

 

 



5 

 

Tables 

Table 2.1. Traditional Steam generation methods 

Table 2.2. Comparison of three main types of SGHPs. 

Table 2.3. Recent HTHP Developments  

Table 4.1. Comparison with Traditional Systems  

Table 4.2. Economic parameters used for these calculations 

Table 4.3. Industrial heating requirement 

Table 5.1. Heat pump fact sheet and possible technological advancements for industrial use 

by 2035  

Table 5.2. An overview of electric boilers and their possible technological advancements for 

industrial use by 2035. 

Table 5.3. Fact sheet on integrated thermal storage methods and possible advancements in 

technology for industrial use by 2035. 

Table 5.4. Cost comparisons across different technologies 

Table 5.5.  How to estimate the cost of a hybrid model (CAPEX and OPEX Calculations) 

  



6 

 

1. Introduction 

Everyone has a part to play in lowering GHG emissions as the globe struggles with the 

outcomes of climate change. Industry is a major player in climate action since its emissions 

have increased more quickly than those of other sectors since 2000 (Calvin et al., 2023). At 

the same time, governments are placing more pressure on businesses through new rules, 

agreements, and policies at various levels. This increased pressure, along with greater public 

awareness, means that industries must take active steps to tackle climate change effectively. 

The industrial sector is the world's largest energy consumer, accounting for almost 30% of 

total energy consumption (Calvin et al., 2023). Twenty-one percent of Europe's total CO2 

emissions are attributable to this business. According to the European Green Deal, reducing 

emissions in this area is essential to achieving a carbon-neutral and resource-efficient Europe 

by 2050 (Long-term strategy for 2050 - European Commission, n.d.). Notably, heat 

processing accounts for around 66% of industrial energy demand, with non-renewable 

energy accounting for about 77% of this total. About 26% of the total process heat demand 

is made up of steam, which is frequently needed by industries at temperatures between 100 

and 200 degrees Celsius. Burners of fossil fuels are the primary source of this heat. 

According to a study by Dengler et al., natural gas provides more than half of the industrial 

heat generated from non-renewable sources, and more than 70% of boilers in Europe are 

gas-fired. (Saidur et al., 2010) (“Mapping and analyses of the current and future (2020 - 

2030.pdf,” n.d.) 

The purpose of this paper is to explore the idea of decarbonization, which refers to reducing 

GHG emissions. Decarbonization is the process of halting or lowering the quantity of carbon 

gases, particularly carbon dioxide, that are emitted into the atmosphere as a result of various 

activities, such as burning fossil fuels. Industries that require high temperatures will be 

classified as heat-intensive. Refineries, paper, pulp, rubber, plastics, food & beverage, and 

chemicals are just a few of the many manufacturing areas that are covered by these 

industries. When the temperature of steam, which is employed in a number of industrial 

heating processes, rises above the boiling point determined by the corresponding operating 

pressure, it is referred to as superheated steam. The traditional method of producing steam 

is heating water in a boiler powered by fossil fuels; more details are shown in figure 1. 
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Figure 1.1: Current Steam Production Process (Linarez, 2024) 

With a latent heat value greater than 2000 kJ/kg, steam, sometimes referred to as water vapor, 

serves as a means of essential heat transport. Consistent heating, precise temperature control, 

non-toxicity, cleanliness, and ease of movement are some of its advantages. Because of this, 

steam—which is mostly generated by industrial boilers—is used extensively in industrial 

production (Saidur et al., 2010). Enhancing energy supply and increasing efficiency are the 

main goals of current steam production research. Fossil fuels, biomass, solar heat, and direct 

electric heating are the primary energy sources used in the majority of boilers (Yan et al., 

2021). Furthermore, the market offers substitute possibilities such EB, HPs, geothermal 

energy, and biomass energy. 

In industrial contexts, fossil-fuel boilers continue to be the most widely used boiler type. 

These boilers have traditionally depended on natural gas or coal combustion. However, 

because of serious worries about environmental pollution, China has recently imposed 

restrictions on coal-fired boilers. As a result, natural gas has been recognized as a more 

environmentally friendly energy alternative (Yan et al., 2021). It's crucial to understand, 

however, that gas-fired boilers also emit gaseous pollutants including NOx. In addition, the 

industry's production costs have increased as a result of the rising price of natural gas. 

An alternate technique for creating steam with solar energy is solar heating. Research in this 

area is currently mostly divided into two categories: small-scale solar-powered steam 

generation and solar heating for industrial applications (SHIP) (Jia et al., 2018). SHIP uses 

solar collectors to heat an appropriate heat-transfer media to transform sunlight into thermal 

energy. The widespread implementation of this technology for dependable industrial steam 

needs is hampered by issues such as overnight unavailability, the necessity for huge collector 

sites, and costly upfront investment costs, despite its potential. 

Electric boilers, which are particularly flexible and user-friendly when inexpensive 

electricity is available, can use electricity directly to generate steam. However, from a 
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thermodynamic point of view, electric boilers are generally less efficient than traditional 

energy sources like biomass and fossil fuels, which typically have efficiencies between 30% 

and 50%. By utilizing heat from low-temperature sources, such as waste heat, solar energy, 

or ambient heat, electrically powered HPs, on the other hand, can improve the efficiency of 

electric heating (Gaigalis et al., 2016).  

To meet the high-temperature steam needs common in industrial applications, several heat 

pump techniques for steam generation have been developed. An economizer, water wall, 

superheater, and reheater are some of the parts that make up the traditional structure of 

conventional combustion-based boilers. The main focus of research in this area is on external 

thermodynamic processes and combustion process optimization. The feasibility of low-

pressure water evaporation systems for effective steam production has been shown by earlier 

research that carried out theoretical examinations into several steam-generating approaches 

(Arpagaus et al., 2018). 

 

 

Figure 1.2.  Integration with Renewable Energy (Linarez, 2024) 

To lower CO2 emissions from industrial heating requirements, a variety of alternative 

methods are presently being investigated (McMillan and Ruth, 2019). Geothermal energy, 

biomass, and solar thermal energy are some of these choices. By 2030, these technologies 

might provide about one-third of the industrial heat requirement, with 13% coming from 

solar thermal sources, 13% from biomass, and 7% from geothermal HPs, according to 

studies by Kempener and Saygin (“Renewable Energy in Manufacturing: A technology 

roadmap for REmap 2030,” n.d.).Sustainability can be greatly advanced by implementing 

these alternative technologies, but doing so requires a multidisciplinary approach that 

considers financial, environmental, and technological aspects. The main objective of that 
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study is to evaluate possible techniques for creating low-pressure steam for industrial uses 

at temperatures ranging from 120 °C (2 bar) to 150 °C (4.7 bar). 

Because of their favorable electricity-to-gas pricing ratios, Finland, Sweden, and 

Switzerland were identified (Kosmadakis et al., 2020) as attractive EU nations for HTHP 

applications. For HTHP technology, payback durations of three years or less are achievable 

in certain regions. Current HTHP research technologies and their applications are being 

carried out as part of the recent activities (IEA Annex 58, 2023, p. 58). 

Solar thermal energy offers significant technological potential for industries aiming to 

generate steam, as it can reach temperatures from 50 to over 400 °C through concentrated 

beam radiation (Tannous et al., 2023). The initiative called SHIP is in the primitive 

advancement stages currently and is being studied within the context of IEA (“IEA SHC || 

Task 49 || IEA SHC || Task 49,” n.d.). IRENA asserts that attaining shorter payback periods 

is crucial for increasing the market adoption of these technologies. Given the rise in natural 

gas prices seen between 2021 and 2023, this goal may be achievable soon. Furthermore, 

several existing technologies can help industries lower their carbon emissions (Zhao et al., 

2021). 

Considering the significant variations in energy costs and the indirect CO2 emissions 

associated with electricity production in different countries, It is vital to assess each 

technology's feasibility in light of each country's particular features. Direct Normal 

Irradiation is the energy source used in SHIP systems., is vital in assessing economic 

viability. Energy planners must take all relevant factors into account to accurately assess the 

potential for integration within the industrial sector. 

Most prevailing techno-economic evaluations typically focus on individual technologies, 

such as HTHPs or solar thermal systems, in a standalone manner. For instance, they 

(Kosmadakis et al., 2020) conducted simulations of various HTHP systems to explore their 

potential applications in the European industrial landscape. Researchers (Zhao et al., 2021b) 

offered a comparative analysis of different HTHP systems, placing particular emphasis on 

the COP and overall expense considerations. Additionally, researchers (Filali Baba et al., 

2020) recently undertook multiple case studies to evaluate the techno-economic performance 

of a range of fossil fuel boilers in conjunction with Linear Fresnel Reflector (LFR) collectors. 
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There have been instances where two technologies have been compared. For example, 

authors (Law et al., 2013) conducted a comparative analysis of the ORC and HTHP, focusing 

on potential cost and GHG reductions. However, this analysis focused on the LCOH as 

influenced by factors like energy costs, annual running costs, and other factors rather than 

using data specific to any one country. 

Furthermore, they (Brückner et al., 2015) delivered an extensive economic evaluation of 

industrial heat recovery technologies, encompassing HTHPs and absorption HPs, with a 

focus on the maximum investment costs that are feasibly attainable across various consumer 

scenarios. Sustainable steam generation is a critical component of our advancement towards 

a greener and more sustainable future. By utilizing renewable energy sources, improving 

energy efficiency, capitalizing on waste heat, and producing steam from carbon-neutral 

origins, along with exploring technologies like carbon capture and storage (CCS), we can 

significantly decrease greenhouse gas emissions and mitigate our environmental impact. 

Emphasizing ongoing monitoring and optimization of steam generation processes ensures 

they function at optimum efficiency. Through these collective initiatives, we can unlock the 

potential of sustainable steam generation to move towards a cleaner and more sustainable 

planet for future generations. 

1.1. Problem definition and relevance 

Industries that depend heavily on steam face significant challenges in reducing carbon 

emissions from their superheated steam processes. These sectors must navigate complex 

operations while balancing both traditional and new solutions in a changing market. This 

task necessitates that they recognize, understand, and choose solutions that fit their specific 

needs.  

Regrettably, this frequently results in protracted sales cycles and delays between industrial 

users and technology developers. The adoption and advancement of these solutions will be 

sluggish without cooperation and investment in decarbonization technologies. This will 

impede vital attempts to address climate change alongside the replacement of antiquated 

technologies and the dissemination of innovations. 

The difficulty in navigating this emerging market is relevant not only to HPs and TES 

technologies but also affects many additional innovations. A considerable amount of 
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research looks at the different rates of market acceptance experienced by various 

technologies. HP and TES serve as examples of this phenomenon, showcasing the complex 

connection between technological progress, market readiness, and industry adoption. This 

thesis will investigate how steam-reliant industries perceive the market for decarbonization 

strategies. It will focus on the elements that either promote or hinder the integration of 

sustainable solutions, particularly within steam-reliant industries in the European Union, 

which are working to accelerate the reduction of emissions from superheated steam 

processes. 

The importance of this research lies in its potential to offer insights that can aid technology 

developers in creating successful business and management strategies. Preliminary literature 

reviews and case studies validate the relevance of this work, which centers on steam-

intensive industries seeking clean technology solutions for their superheated steam 

operations. 

1.2. Energy and CO2 emissions in Europe 

CO2 emissions from burning fossil fuels, such as coal, natural gas, oil and oil derivatives, 

and peat, for energy consumption in the EU were estimated by Eurostat to have reached over 

2.4 gigatons (Gt) in 2022. This number represents a 2.8% drop from the year prior. In the 

EU, energy-related emissions account for more than 75% of human-induced greenhouse gas 

emissions, significantly driving global warming. CO2 emissions from energy consumption 

are influenced by a number of factors, such as the types of energy sources utilized, 

construction regulations, population patterns, economic growth, and transportation and 

industrial operations. 

Fossil fuel combustion results in CO2 emissions. For instance, the country importing natural 

gas increases its emissions when it is used to generate electricity. However, since emissions 

are credited to the nation where the electricity is generated, imports of electricity do not 

affect the emissions recorded by the importing nation. All imports and exports of various 

primary and derived energy products, commodities with embedded emissions (such as steel 

and iron), and, in connection with transportation, the idea of fuel tourism which involves 

refueling a vehicle in one nation while using that fuel in another should all be considered in 

a comprehensive analysis. 
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Fig 1.3. Emissions of carbon dioxide in the EU, measured in million metric tons, between 2010 and 2023. 

(Agency, 2023) 

1.3. Energy and fossil fuels in Europe 

In 2023, the European Union accelerated its shift away from fossil fuels, demonstrated by 

remarkable reductions in coal, gas, and overall emissions. The consumption of fossil fuels 

fell by a historic 19%, dropping to the lowest point ever, and now represents less than one-

third of the EU's electricity generation. On the other hand, renewable energy sources 

achieved a new milestone, comprising 44% of the energy mix and exceeding the 40% 

threshold for the first time. The growth of wind and solar energy was pivotal, accounting for 

27% of the EU's electricity generation in 2023 and marking the highest annual capacity 

additions ever recorded. 

Additionally, for the first time, wind power generation exceeded that of gas, signifying a 

major milestone in the region’s energy landscape. Clean energy generation accounted for 

over two-thirds of the total electricity output in the EU, which is double the proportion of 

fossil fuels, bolstered by a revival in hydroelectric power and a partial recovery of nuclear 

energy from past lows, alongside the growth of wind and solar capacities. Coal, already 

experiencing a long-term decline, persisted in this downward trend in 2023. While there was 

a brief slowdown in the closure of coal plants during the energy crisis, a significant decrease 

in coal generation took place this year, with many plant closures expected in 2024. Gas 
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generation also fell for the fourth consecutive year, and as the phase-out of coal continues in 

various nations, it is anticipated that gas will soon enter a stage of considerable decline as 

well. 

 

Figure 1.4. 2023: Power sector emissions are down 19% as a result of record declines in EU coal and gas 

energy generation (European Commission. Eurostat, 2024) 

In addition to progress in clean growth, a decrease in electricity demand has significantly 

contributed to the reduction of fossil fuel generation. In 2023, electricity demand fell by 

3.4% (or -94 TWh) compared to 2022, and it was 6.4% (or -186 TWh) lower than the levels 

seen in 2021, when the energy crisis began. This declining trend is not expected to continue. 

With the ongoing rise in electrification, a similar decrease in demand is unlikely in the 

coming years. To achieve the essential reduction in fossil fuel consumption needed to meet 

the EU climate goals, the growth of renewable energy sources must align with the expected 

increase in demand.   

The European Union is making strides toward shifting from a fossil fuel-dependent energy 

system to one dominated by wind and solar power. Notably, in 2023, there were 24% of 

hours in which fossil fuels accounted for less than a quarter of electricity generation, a 

significant improvement from only 4% of hours in 2022. As this transition becomes more 

evident, the importance of the foundational elements that support a clean power system is 

increasingly emphasized. Alongside the expansion of wind and solar energy, the 

development of grids, energy storage solutions, and demand-side response mechanisms will 

be crucial in shaping the future power system. 
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1.4. Aim and Objectives  

This MSc thesis explores steam production in different industries and methods for reducing 

carbon emissions in this sector within EU. The focus of the analysis will be on three main 

areas: (a) the experiences of energy-intensive industries in handling steam production across 

various energy applications, (b) the technical capabilities of various technologies that can 

replace fossil fuel-operated steam boilers specifically HP, EB, and TES systems for 

producing clean industrial superheated steam, and (c) the potential opportunities and 

obstacles related to steam production that does not involve combustion processes.  

In pursuing a sustainable and eco-friendly future, the transition to clean and renewable 

energy sources is essential. Steam generation plays a critical role in numerous vital 

industries, such as power generation and district heating systems. By implementing 

sustainable practices in steam generation, industries can greatly lower GHG emissions, 

improve energy efficiency, and aid in creating a greener and more sustainable global 

environment. This thesis will delve into the concept of sustainable steam generation, 

delineate its advantages, and outline key strategies that may be implemented to realize these 

objectives. 

1.5. Scope and delimitations 

The businesses covered in this thesis are those that use steam processes and need a lot of 

heat, with operating temperatures ranging from 100 °C to 600 °C. This decision is mostly 

made for simplicity and seeks to incorporate applications using TES, EBs, and HPs. These 

technologies currently encompass a wider range of industrial processes and applications that 

require heat, with a temperature range of around 100 °C to 1000 °C. 

• In several chemical industry processes, steam is essential. Superheated steam at 

temperatures as high as 500 °C is frequently used in chemical facilities; direct electrification 

is an effective way to achieve this temperature. But it's crucial to remember that the overall 

amount of fuel used by processes that operate at temperatures below 500 °C. 

• Adipic acid is a vital intermediate in nylon production, with a fuel demand of 26.9 GJ/t. It 

is estimated that half of this demand occurs at temperatures under 200 °C, while another 25 

percent is needed between 200 °C and 500 °C. 
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• Polycarbonate, known as a thermoplastic material, is used in many applications such as 

digital data carriers like compact discs and as a substitute for glass. The production of 

polycarbonates requires a fuel need of 12.9 GJ/t, together with an electricity demand of 2.66 

GJ/t. It is crucial to emphasize that 100 percent of the heat demand in polycarbonate 

production occurs at temperatures below 200 °C. 

• In addition to being utilized in the paper industry for both virgin fibers and recycled paper, 

soda is essential for the manufacturing of soap and detergents. An estimated 11.3 GJ/t of fuel 

is needed to produce soda, with temperatures below 200 °C accounting for 70% of this 

energy.  

• Steam is used in medical settings at temperatures ranging from 100 to 200 degrees Celsius. 

Geothermal power plants typically run between 150 and 370 degrees Celsius, using steam 

directly or transferring it through heat exchangers to produce electricity.  

The author chose to concentrate on superheated steam in this context, excluding heavy 

industries like cement, steel, and iron, which normally operate at temperatures higher than 

900 °C. This omission does not, however, mean that TES is not a practical choice for these 

sectors. Moreover, alternative options like industrial heat pumps make it easier to 

decarbonize processes that run at temperatures lower than 200 °C. In comparison to newer 

TES technologies, these heat pumps offer a commercially feasible option that might include 

fewer costs and hazards. They can now provide steam temperatures between roughly 80 °C 

and 180-230 °C.  

HTHP, which enables the electrification of heat up to 200 °C, is also taken into account. 

Although even larger energy reductions are likely feasible, the research indicates that these 

heat pumps have the potential to reduce energy use by up to 50%. Energy usage for 

electrifying heat from 200 to 500 °C could be reduced by up to 33% by using electric boilers 

in combination with HTHP as a preheating phase.  

 

In terms of the geographical focus, the author sought to establish a coherent techno-

economic framework by examining heat-intensive industries located within the EU and 

facilitating the comparison of cases. This thesis does not claim to represent the entire 

spectrum of perspectives within the steam-intensive sector; instead, it highlights a specific 
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selection of cases to identify similarities and differences while examining a diverse array of 

literature. Further details about this methodology will be elaborated on in Chapter. 

 

Figure 1.5. Possibility of developing electric heating systems with an appropriate temperature range through 

2035 (“Direct electrification of industrial process heat,” n.d.) 

 

1.6. Thesis Structure 

This thesis comprises eight chapters that articulate the research clearly and logically.   

Chapter One introduces the research issue, outlining the objectives of the study, research 

questions, and relevant background information.   

Chapter Two examines existing literature on steam production, heat pumps, thermal energy 

storage (TES), and electric boilers, elucidating key concepts essential for grasping the 

primary topic of the thesis.   

Chapter Three details the techniques used for gathering and analyzing data, organizing the 

study using the Technological Innovation System framework.  

Chapter Four offers case studies on steam production methods that do not depend on 

combustion, including calculations, findings, and experimental designs.   
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Chapter Five presents the primary outcomes of the research and analyzes them, containing 

the central results derived from the study and the data collection process.   

In Chapter 6, Potential alternatives to combustion for future decarbonization of the steam-

generating industry are described.   

In Chapter 7, The findings are examined in greater detail which also revisits the research 

questions, acknowledges limitations, and looks at potential directions for future study in this 

area.  

To resolve issues and encourage the use of hybrid solutions such as HP, EB, and TES to 

reduce carbon emissions, Chapter Eight concludes the thesis by summarising the findings 

and offering suggestions for important stakeholders.   
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2. Literature Review and Analytical Framework 

This chapter explores in detail the body of research on steam production in various energy 

applications in the context of decarbonization strategies. This review explains important 

ideas needed to comprehend the current thesis in addition to providing an overview of the 

most recent research. The chosen theoretical framework is also introduced in this chapter, 

providing a strong basis for the methodologies chapter that follows. The author hopes to 

situate the research within the context of the corpus of existing academic literature using this 

literature review. 

 

2.1. Current Steam Production Process  

Industrial steam is typically generated within a fuel boiler located in a designated boiler 

room. The types of boilers utilized can be categorized as pyrotubular (fire-tube), where 

combustion gases flow through the tubes, or aqua tubular (water tube), in which the gases 

circulate outside the tubes. 

Fire-tube boilers are predominantly employed for the generation of saturated steam and are 

suitable for smaller capacity requirements. Although water-tube boilers can also produce 

saturated steam, their higher production costs typically render them more appropriate for 

high-pressure and high-capacity applications. Fire-tube boilers have a restricted operational 

pressure, generally ranging from 25 to 30 bar, due to the design wherein water resides within 

the shell. As operational pressure increases, thicker shell and combustion chamber 

constructions are necessitated, which can hinder technological advancement and cost-

effective production. The primary application of saturated steam lies in heating various 

processes by condensing steam back into water, thereby transferring latent heat to the 

intended process. 

Both fire-tube and water-tube boilers possess the capability to produce superheated steam, 

constrained by standards indicative of different tube materials, which are contingent on the 

operational pressure and the creep rupture strength of the materials used. Notably, the 

principal application of superheated steam is in power generation via turbines, with water-
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tube boilers being the prevalent choice in the industry for attaining high-pressure 

superheated steam. 

In fire-tube boilers, combustion gases traverse the tubes while water is heated and vaporized 

within the shell of the vessel. The tube bundle remains submerged in water, with steam 

occupying the upper section of the vessel, which subsequently feeds the main steam 

distribution line. Water is supplied to the boiler from a feed water tank. After the steam has 

relinquished its latent heat to various processes, the resulting condensate reverts to the feed 

water tank. Additionally, there is a provision for make-up water to enter the feed water tank. 

This feed water tank is equipped with a deaerator, which functions to eliminate gases from 

the water, such as oxygen (O2), carbon dioxide (CO2), and other non-condensable gases, 

utilizing a portion of steam in the process.  

Additionally, electric boilers offer an alternative method for heating water, employing 

electric resistors situated within the boiler shell (referred to as resistance boilers) or utilizing 

three-phase connected electrodes that are partially submerged in water (known as electrode 

boilers). Resistance boilers are most suitable for lower load capacities (up to 5 to 6 MW), 

while electrode boilers present a more economically viable option for higher load 

requirements. 

Feed water must be treated to prevent corrosion in boilers. A blowdown valve is located at 

the bottom of the boiler to remove solids and impurities. It is important to have a level control 

system to keep a steady water level in the boiler. This prevents bare tubes from being 

exposed to the water, which can cause overheating and failure, leading to potential 

explosions. If the water level is too high, it can cause water to mix with steam in the 

distribution system. 

External chemical treatment of industrial boiler feed water uses various chemicals to 

improve the water's quality before it enters the boiler system. This treatment keeps the boiler 

running well, prevents corrosion, reduces scale build-up, and ensures efficient heat transfer. 

Common chemicals used in this treatment include oxygen scavengers, alkalinity builders, 

scale inhibitors, and pH adjusters. Oxygen scavengers remove dissolved oxygen to prevent 

corrosion, while alkalinity builders help maintain proper pH levels. Scale inhibitors prevent 

mineral deposits, and pH adjusters control the acidity or alkalinity of the water. These 

chemicals are carefully chosen and measured according to the boiler system's needs to ensure 
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safe and efficient operation. Effective chemical treatment lets industrial boilers run reliably 

and efficiently, extending their lifespan and lowering maintenance costs. 

The feed water from the deaerator and the water inside the boiler must meet EN standards 

for water-tube and fire-tube boilers. Detailed information about feed water and boiler water 

for fire-tube boilers is in tables 5.1 and 5.2 of EN 12953-10:2005. For water-tube boilers, 

similar details are found in tables 5.1 and 5.2 of EN 12952-12:2005. Steam has a higher 

specific volume than water, but its specific volume decreases as pressure increases. Steam 

is usually generated at high pressures, and pressure is reduced near where the steam is used. 

This allows for smaller steam generators or boilers and narrower steam distribution lines. 

The steam pressure is set according to the maximum temperatures needed in the processes. 

Different grades of steam are produced based on their purity levels. The classification of 

steam, arranged from the least pure to the highest purity grade, is as follows:  

• Plant steam  

• Filtered steam  

• Clean steam  

• Pure steam  

The highest purity grade of steam is typically utilized in food processing and pharmaceutical 

applications. Steam may contain solid, liquid, or gaseous impurities, with sodium salts being 

the most commonly encountered solids in steam systems. There are various methods for 

measuring steam purity, including specific conductance measurement and the sodium tracer 

technique. 

 

 

2.1.1. Traditional Steam Generation Methods 
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Table 2.1. Traditional Steam Generation Methods 

Title Authors Findings Remarks 

Biomass Gasification, 

Pyrolysis and 

Torrefaction: Practical 

Design and Theory. 

Basu, P. (2010). This discussion aims to provide 

insights into the efficacy and 

sustainability of these various 

approaches, highlighting the 

significance of transitioning to 

modern energy sources in 

response to environmental 

concerns. 

 

Advanced Combustion 

Technologies for Power 

Generation. 

Golombok, M., 

& Corten, F. P. 

(2005). 

Examines advanced combustion 

technologies for power 

generation with a focus on 

traditional steam generation 

using fossil fuels. 

 

Power Generation from 

Solid Fuels. 

Spliethoff, H. 

(2010). 

In-depth look into power 

generation from solid fuels, 

focusing on coal-fired power 

plants and various aspects of 

steam generation. 

 

Introduction to Energy 

Analysis. 

Blok, K. (2006). Comprehensive introduction to 

energy analysis including 

traditional steam generation 

methods using fossil fuels. 

 

Advanced Boiler and 

HRSG Designs for Ultra-

Supercritical Coal-Fired 

Plants. 

Foster Wheeler 

Energy 

Corporation. 

(2007). 

Focuses on the design and 

efficiency of coal-fired boilers, 

including ultra-supercritical 

systems. 

 

Carbon Capture from 

Coal-Fired Power Plants 

Using Combined CO2 

Cao, Y., & Lee, 

S. (2009). 

Insights into emission control 

technologies for coal-fired steam 

generation, focusing on carbon 

capture. 
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Scrubbing and 

Regeneration. 

Thermodynamics: An 

Engineering Approach. 

Cengel, Y. A., 

& Boles, M. A. 

(2011). 

Covers the fundamentals of 

thermodynamics, including 

traditional steam generation in 

coal, natural gas, and oil-fired 

boilers. 

 

Nuclear Steam Supply 

System Design and 

Analysis for a Generation 

III Pressurized Water 

Reactor (PWR). 

Yong, L., Zhou, 

Y., & Xu, X. 

(2007). 

Explores the design and analysis 

of nuclear steam supply systems 

in modern pressurized water 

reactors. 

 

Nuclear Power Options 

for Future Space 

Exploration Missions. 

El-Genk, M. S., 

& Tournier, J. 

M. P. (2005). 

Discusses nuclear power options 

for steam generation in space 

applications. 

 

Steam Generator 

Modeling and Simulation 

in Nuclear Power Plants. 

Di Maio, F., 

Petruzzi, A., & 

D’Auria, F. 

(2008). 

Focuses on modeling and 

simulation of steam generators in 

nuclear power plants. 

 

Thermal-Hydraulic 

Characteristics and 

Safety Analysis of a 

Small Modular Reactor. 

Chao, J., Yang, 

H., & Lee, S. 

(2010). 

Examines the thermal-hydraulic 

characteristics and safety of small 

modular reactors. 

 

Nuclear Steam 

Generators: Long-Term 

Serviceability and 

Replacement Criteria. 

Tikhonov, N. 

N., Sorokin, A. 

P., & 

Ovchinnikov, 

V. V. (2009) 

Discusses the serviceability and 

replacement criteria for nuclear 

steam generators. 

 

Assessment of the 

technical and economic 

potentials of biomass use 

for the production of 

D. Saygin, D.J. 

Gielen, M. 

Draeck, E. 

Biomass is becoming an 

increasingly attractive energy 

resource. 
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steam, chemicals and 

polymers 

Worrell, M.K. 

Patel ,2014 

A Review on Nuclear 

Steam Generators and 

Their Long-Term 

Operation. 

Malik, T., & 

Ashraf, M. 

(2014). 

Reviews long-term operation of 

nuclear steam generators, 

focusing on issues like material 

degradation. 

 

 

 

2.1.2.  Steam Production in Different Energy Applications 

Boilers that use fossil fuels to generate steam greatly increase GHG emissions. These 

emissions can be reduced by switching to renewable energy sources for the production of 

steam. Research has looked into producing steam using renewable energy, and solar systems 

for direct steam generation offer enormous potential to lessen reliance on fossil fuels.  

Electrifying the world is our mission of cutting emissions and decarbonizing energy supply 

chains, a crucial strategy for reaching net-zero goals. This approach is seen as the most 

energy-efficient and cost-effective way to replace fossil fuels, particularly in residential and 

light industrial sectors (IEA, 2023). The transition from fossil fuels presents challenges in 

sectors like hospitals, chemistry, steelmaking, and long-distance transportation, which rely 

heavily on oil and natural gas, making electrification difficult. Steam is crucial for heat 

transfer in various industrial sectors. Its temperature range for utilization varies widely, from 

100°C to 500°C. Adopting new EB in Finland can curtail CO2 emissions from fossil fuel 

usage by approximately 50,000 tonnes annually (Petri Hyyryläinen, 2023). 

Previously fossil fuel boilers were used in the steam-generating process, which greatly 

contributes to GHG emissions (Romero-Cano et al., 2024). One practical way to reduce these 

emissions is to switch to renewable energy-powered steam generation systems (Ghaffar et 

al., 2024). The utilization of renewable energy sources for steam generation for a variety of 

industries and applications has been the subject of numerous research (Ai et al., 2022) (Ma 

et al., 2021) (Wang et al., 2016). As the global focus shifts towards achieving net-zero 

emissions, addressing these challenges becomes imperative. Integrating storage into an 
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electrified system could help leverage lower electricity prices, potentially enhancing 

economic viability.  

Technology for TES has drawn attention as a way to solve the imbalance between supply 

and demand for energy. High performance must always be guaranteed by TES in order to 

satisfy the power plant's steam requirement. The choice of thermal storage materials, such 

as metals, concrete, salts, and earth minerals for high-temperature TES, is a significant 

element influencing TES performance (Alva et al., 2018).  

Using solid graphite for steam generation, they (Z. Zhang et al., 2023) have created a 

prototype of a high-temperature TES. Their research emphasizes how a unique embedded 

tube construction might optimize thermal storage for effective energy release. By efficiently 

controlling power discharge during steam generation, the system's two-stage operating 

method improves thermal performance and energy storage efficiency in high-demand 

applications.  

High-temperature HP that can supply temperatures over 100°C and up to 280°C are covered 

in the first task report (IEA Annex 58, 2023). The technological readiness levels (TRL) of 

these pumps range from TRL4 to TRL9, and their heat supply capacities range from 30 kW 

to 70 MWth. Process steam is commonly utilized in the industrial sector at temperatures 

between 100 and 250 °C. High-temperature TES systems are used to preheat raw water in 

place of heat pumps because relatively few of the high-temperature HP that are now on the 

market are made for the production of process steam. Furthermore, with the help of a heat 

storage system, heat production may be easily shifted from the day to the night using a 

combined solar PV system, the heat pump (Klute et al., 2024) makes it possible to generate 

renewable thermal energy at a reasonable cost. 

Hospitals require 100% fresh air and consume higher energy compared to other building 

types due to the need for medical equipment such as clean steam. According to a 2020 Health 

Affairs article (Kosmadakis et al., 2020), The healthcare sector ranks among the most 

carbon-intensive service industries in the developed world, accounting for 4.4% to 4.6% of 

greenhouse gas emissions. Its substantial dependence on non-renewable energy sources 

greatly amplifies the GHG emissions linked to hospitals, which have an energy footprint per 

square meter nearly double that of standard public buildings (Shen et al., 2019). The 

provision of steam significantly impacts the hospital's energy consumption. In hospitals, 
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steam supply accounts for more than 12% of energy use and over 31% of natural gas energy 

use (Shen et al., 2019). Installing a renewable energy-powered steam generation system can 

substantially lower hospitals' overall greenhouse gas emissions, contributing to the 

development of more sustainable and eco-friendly medical facilities. 

In their study, (Wu et al., 2016) developed a multi-objective optimization model to design 

steam systems in process industries. The optimal configuration in a refinery resulted in a 

total annual cost (TAC) of €2.894 million and environmental impacts of €779,000 per year. 

The study showed that strategic driver selections can effectively reduce costs and emissions. 

(Bahari et al., 2021) introduced a solar-driven power generation system using a steam 

Rankine cycle and ORC, optimized with particle swarm optimization (PSO). The system 

achieved an exergy efficiency of 63.89% at a levelized cost of €0.1422 per kWh. The solar 

collector and heat storage system enables continuous operation during nighttime. A 

sensitivity analysis showed that reducing turbine inlet temperatures increases electricity 

production costs due to decreased efficiency.  

Dirker et al. directed a comprehensive assessment of the present knowledge and possibilities 

of thermal-energy processes in DSG systems in research published in (Dirker et al., 2019). 

Findings suggest that combining solar PV with DSG is a realistic way to reduce reliance on 

fossil fuels. This strategy has a lot of potential for sectors that require a lot of process steam, 

such as power generation (Jamshidmofid et al., 2024), and it addresses the substantial energy 

consumption and GHG emissions of hospitals.  

The study's solar-powered clean steam generator, designed for usage in Swedish and Danish 

hospitals, uses Therminol VP-1 and LS-2 parabolic trough collectors. Simulated in 

MATLAB, the system meets up to 19% and 22% of the energy needs of multi-country 

hospitals, reducing annual CO2 emissions by 67.8 tons and 75.5 tons, respectively. While 

promising for sustainability, further cost-effectiveness and environmental impact studies are 

required for broader adoption in healthcare settings. 

For solar electricity-based steam supply, handling the coldest part of the year, as solar PV 

power generation in Finland is mostly available from March to October. As noted for Finland 

(Paiho and Saastamoinen, 2018) much research hasn't been done on long-term heat storage 

options, especially in frigid areas. Implementing a high-temperature heat storage system 
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(TES) can balance steam production from a flexible steam production plant to a steam 

demand or a certain baseload.  

A hybrid energy system consisting of wind, PV, electrolysis, and battery is optimized 

(Eriksson and Gray, 2019) to reduce LCOE in Inner Mongolia, China. The analysis 

determines the optimal system configuration using a gradient descent method, lowering 

LCOE to 0.00174 €/kWh with a wind farm (190 MW), PV farm (10 MW), electrolyzer (95 

MW), and battery (30 MW/30 MWh). The optimized system emphasizes the optimal use of 

renewable energy in resource-rich but remote areas while balancing electricity, minimizing 

curtailment, and supporting hydrogen generation. A multi-optimization algorithm for 

renewable hybrid energy systems that takes into account technical, financial, environmental, 

and sociopolitical factors was presented (Eriksson and Gray, 2019). The normalized 

weighted constrained function was optimized by use of the PSO technique. The system 

calculates the ideal capacities for wind farms, solar PV installations, hydrogen storage, 

batteries, fuel cells, and electrolyzers, but excludes system control. An optimization 

technique was presented by Najafi et al. (Najafi Ashtiani et al., 2020) in order to identify the 

ideal component capacities and reduce the energy cost of grid-connected solar PV–battery 

systems. Although commercial software is frequently used to simulate and optimize hybrid 

setups, it restricts the ability to fully comprehend the applied methods and limits the freedom 

to model system operation (Puranen et al., 2021). 

This portion provides an outline of the technical and economic facts as well as a brief 

description of the technical functioning of several technologies for replacing steam boilers 

that burn fossil fuels. An explanation is given of the complexities of integrating into a 

steam system with varying steam demand. 

 

2.1.3.  Steam has become an urgent factor in decarbonization 

Steam has long been acknowledged as an important energy carrier in industrial settings, but 

it has only recently been recognized as a key element in the decarbonization process. Unlike 

areas such as district heating, which focuses on optimizing the generation and distribution 

of heat, industrial organizations often prioritize a range of factors, leading to steam being 

placed lower on their agendas.  
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In various industrial settings, a significant amount of the required heat is generated centrally 

as steam and then delivered throughout the facility. Sectors like pulp and paper production, 

chemical manufacturing, and refining particularly depend on steam, which fulfills around 

50% of their thermal energy needs. 

Previously viewed as a low-margin utility service, steam has now become an essential part 

of the transition toward decarbonization. However, to fully capitalize on the potential 

improvements in efficiency and sustainability of their thermal energy systems, organizations 

must address several challenges related to steam production and distribution. 

 

Figure 2.1.  Energy Use by Medium, trillion BTU (“McKinsey Global Institute: 2024 in charts | McKinsey,” 

n.d.) 

2.2. Current decarbonization strategy  

Four options to consider when considering decarbonizing industrial heat, including 

superheated steam, are listed in the already published literature: better heat control; (1) 

carbon-free fuels; (2) carbon-free heat sources; and (3) heat electrification (Thiel and Stark, 

2021).  Current study focusses on the electrification of heat (Son et al., 2022). The technique 

of producing steam using electricity instead of fuels like biomass and fossil fuels is known 

as electrification. Electrification alternatives such as EB and HP are generally available (Son 

et al., 2022).  
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Since electrification is a cleaner way to generate heat, it is becoming an important technique 

for lowering GHG emissions in the industrial sector (Calvin et al., 2023). According to the 

article, electrification should lead to a net-zero industry by 2050 in three stages, which could 

lower industrial CO2 emissions by half.  

Several factors must be taken into account when considering electrification. If electricity is 

sourced from fossil fuels instead of renewables, these approaches could accidentally raise 

GHG emissions. Furthermore, the existing electrical grid lacks the capacity to fully support 

electrified heating processes, underscoring the need for expanded renewable energy 

deployment and additional infrastructural improvements (Thiel and Stark, 2021). Cost is 

another critical consideration, as energy-intensive industries aim to decarbonize or adapt 

their processes with minimal financial burden. Electrification faces obstacles such as volatile 

energy prices, geopolitical uncertainties, policies that may discourage renewable energy 

adoption, and other challenges. Additionally, heat pumps (HPs) have operational limitations, 

functioning efficiently only within the 180-200°C range. This constraint poses challenges 

for heat-intensive industries that rely on higher-temperature processes (Spale et al., 2024). 

2.2.1.  Steam-generating heat pumps  

In many industries, HPs are crucial for decarbonizing the heat supply. Enhancing supply 

temperatures and heating capacities has been the focus of a lot of study in recent years. 

Advancements have led to the creation of SGHPs, specifically designed for steam 

production. These systems extend the application of heat pumps to various industrial 

processes, supporting the decarbonization of the industrial sector. Since steam is the primary 

heat carrier for low- and medium-temperature processes (up to 300°C), SGHPs play a crucial 

role in enabling sustainable energy solutions. 

In order to improve accessibility to this state-of-the-art technology, this study aims to 

highlight the latest developments in SGHP technology, including significant technical and 

economic data as well as fundamental modeling concepts. SGHPs typically expand upon 

conventional heat pump architectures like compression HPs, and occasionally a combination 

of other methods, such as mechanical vapor recompression. Initially, the focus is on HTHPs 

and VHTHPs, capable of achieving supply temperatures above 100°C. Notably, closed-loop 

systems can currently reach supply temperatures of up to 250°C, while open-loop systems 

can achieve even higher temperatures, reaching up to 350°C. 
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The study also looks at real-world uses of SGHPs with technological readiness levels (TRL) 

ranging from 1 to 9. Five fundamental SGHP designs are established from these case studies. 

Numerous SGHP combinations are possible because many of these basic designs incorporate 

multiple technologies. This diversity can present considerable planning obstacles, especially 

in the initial phases of project development. To mitigate these challenges and expand access 

to such technologies, the paper offers crucial modelling strategies and standard 

parameterizations pertaining to the key components of SGHPs. 

HTHPs are designed to generate heat at much higher temperatures than standard heat pumps, 

which are typically used in residential settings to ensure indoor comfort. In contrast, 

industrial heat pumps can provide heat over a broader temperature range but usually do not 

exceed 100 °C. 

This research highlights 34 HTHPs and VHTHPs that are intended for supply temperatures 

above 100 °C. The technology readiness levels (TRLs) of the heat pumps under examination 

range from TRL 4 to TRL 9, and the investment costs per unit of heat pumps range from 200 

to 1,500 €/kWth. The declared maximum supply temperature is 280 °C, although the heat 

supply capacity varies significantly depending on the design of each heat pump, ranging 

from 30 kWth to 70 MWth. In the upcoming years, the authors anticipate more 

demonstration projects. They anticipate that supply temperatures up to 120 °C will begin to 

be commercialized in 2024–2025, those up to 160 °C in 2025–2026, and those exceeding 

160 °C in 2026–2027. 

Researchers (Cudok et al., 2021). inspected the type 2 absorption heat pump (AHP-II), which 

is made for applications that need high temperatures Forty-two facilities constructed between 

1981 and 2019 are examined in this study. Importantly, 74% of these technologies have been 

used in production processes. The main applications are in chemical processes and 

distillation columns to supply hot water and low-pressure steam. The authors claim that the 

most sophisticated systems on the market today can reach a maximum supply temperature 

of 165 °C and have a heat supply capacity of several MWth.  

 

There are many other cycle designs described in the literature, but the majority of HTHP 

systems on the market today fall into one of three primary categories: closed-cycle, 

mechanical vapour recompression (MVR), or combined-cycle (see Figure 2.2.). All cycle 
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types can generate steam, provided the temperature levels are sufficiently elevated to reach 

the targeted steam temperature. Considering that this study aims to investigate and 

compare potential solar gas SGHP technologies for imminent real-life applications, 

emphasis is placed on the potential SGHP technologies identified through a review of 

commercial HTHP technologies and existing literature. 

 

Fig 2.2. Basic diagram of three types of SGHPs (Wu et al., 2016) 

Currently, almost 10% of Europe's total industrial energy consumption comes from 

industrial heat pumps. A substantial portion of these systems delivers source heat at 

temperatures below 100 °C. The strength and dependability of heat pump technology are 

well-recognized. A heat pump produces high-quality steam by raising lower-temperature 

heat streams to the desired higher temperatures. Within the pulp and paper sector, this target 

temperature usually falls between 100 °C and 140 °C. The lower-temperature heat streams 

can be sourced from waste heat, which is energy that is left unused and dissipates, eventually 

being released into the environment without being utilized.  

The goal of employing HTHPs is their superior COP, which enables energy savings by 

generating high-quality steam more effectively than traditional combustion or electric 

boilers. This strategy can reduce the total energy requirement for processed heat. By 

lowering the quantity of process heat produced from less energy-efficient sources like 

electric and combustion boilers, industrial facilities can attain better energy efficiency. 
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Table 2.2. Comparison of different types of SGHPs (HPTTCP,2023) 

 Close Cycle HP MVR HP Combined Cycle HP 

Working Fluid Synthetic HFOs, 

Hydrocarbons, 

Natural 

Water Synthetic HFOs, 

Hydrocarbons, 

Natural, Water (Top 

cycle) 

Compressors Piston, Screw, Scroll Turbo/centrifugal 

compressors in 

series 

Piston, Screw, Scroll 

Availability and 

technology readiness 

In commercial 

production and few 

instances in 

industrial use 

In commercial 

production and 

industrial use 

Commercial in 

Japan projects in 

Europe 

Table 2.3. Recent HTHP Developments (“High-temperature heat pumps,” n.d.) 

HTHP 

Supplier 

Country Working 

fluid 

Maximum 

Heating 

Capacity (MW) 

Optimum 

SUPPLY 

Temp. 

(oC) 

TRL Specific 

Investment 

cost 

(EUR/kW) 

Spolling DE R718  15 280 9 100-400 

Enerin NO R704 10 250 6 600-800 

Qpinch BE R718, 

H3PO4  

2 230 9 1000-2000 

Piller DE R718 70 212 8-9 850 

Olivondo NO R704 5 200 9 1200 

Tuboden IT For specific 

application  

30 200 7-9 300-700 

ToCircle NO R717 

(Ammonia), 

R718 

5 188 6-7 250-430 

Heaten NO HFOs 6 165 7-9 250-350 
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2.2.2. Energy Storage System 

A system that stores energy for later use is referred to as energy storage. In the field of 

renewable energy, this concept is particularly important since it increases stability and 

flexibility by providing energy when solar or wind sources are unavailable. A comprehensive 

energy storage system has all the parts needed to carry out three primary tasks:   

a) Charging: Energy is primarily stored in the energy storage system as electrical power is 

generated from renewable sources. 

b) Storage: The system stores the energy, which can be in forms such as electricity, heat, or 

other energy types. It's crucial to recognize that energy conversion might be needed during 

the transition from the charging phase to the storage phase (Sterner & Stadler, 2019).  

c) Discharging: When needed, the stored energy is released for various applications, which 

may also require further energy conversion and equipment. (Sterner & Stadler, 2019).   

The many energy storage technologies include fuel-based, chemical, mechanical, thermal, 

and electrochemical systems. Though there is disagreement about how to classify it, the 

amount of time that energy is held can vary. Energy storage is typically classified as either 

short-duration or long-duration. The energy production can also be converted into heat, 

electricity, or other forms.  

 

The size of energy storage devices can vary greatly, ranging from compact pocket lithium 

batteries to large facilities designed for grid or industrial use. According to the analysis 

presented in this thesis, the choice of energy storage is primarily influenced by two crucial 

elements: the particular technology used and the energy storage duration. As of right now, 

neither business nor academics have a consensus definition for LDES. The length of time a 

system is stored and discharged when it is not in the charging phase is the main factor used 

to determine whether or not it qualifies as LDES. A thorough analysis of the definitions that 

have been offered by different organizations and research projects was carried out by 

Twitchell et al. (Twitchell et al., 2023).  

 

According to the consensus, any energy storage system that can sustain energy for ten hours 

or more should be included in LDES. The LDES architecture is being used to develop a few 
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technologies, including TES, which will be covered in the next section. Chemical, 

mechanical, and electrochemical storage are other LDES alternatives.   

 

Electrochemical Storage: The process of electrochemical storage converts electrical energy 

into chemical energy, which can then be transformed back into electrical energy as required. 

Using a liquid electrolyte kept in separate reservoirs, flow batteries are a well-known 

example of long-duration electrochemical storage. This kind of battery is made especially to 

supply power (Sterner & Stadler, 2019).  

Mechanical Storage: This method leverages fundamental physical rules to store energy as 

kinetic or potential energy. Another classic example is pumped hydro storage, where water 

is kept in high-altitude reservoirs and then sent via a turbine to generate power when the 

demand for energy rises. Additionally, when electricity is needed, flywheel storage stores 

kinetic energy within a rotating mass for later use (Sterner & Stadler, 2019).   

Thermal Energy Storage: TES which pertains to the storage of energy in the form of heat 

within a specific material (Sterner & Stadler, 2019). Typically, TES systems concentrate on 

thermal storage, although cold storage is also an option. A crucial factor with TES is that 

when electricity is the energy input, an energy conversion is necessary, often leading to some 

degree of energy loss. Nevertheless, TES can successfully utilize heat from diverse sources, 

including waste heat produced by processes in manufacturing facilities. TES can be 

categorized into three distinct types, as summarized by Sterner & Stadler (2019). 

Sensible TES: In this category, a perceptible temperature change is produced by heating 

and/or cooling the storage medium. The temperature shift depends largely on the properties 

of the storage medium, especially its boiling and solidification points. Sensible TES 

commonly uses materials such as cement, rocks, and molten salts. Similar to sensible TES, 

latent TES involves a phase shift in the storage medium. The temperature shift is significant 

enough to induce transitions between solid, liquid, and gas states during both the charging 

and discharging phases. PCMs are materials that exhibit these properties and are frequently 

composed of a mixture of silicon, wax, and metal alloys.  

Thermochemical TES: The least popular system in development at the moment is this one. 

A chemical reaction is used in thermochemical TES to split, store. Although this approach 

has the benefit of lowering energy losses, it also necessitates a higher degree of complexity 

than the other TES systems. Using CO2 emissions as a storage medium is one example of 
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this strategy (“Electro-thermal Energy Storage (MAN ETES),” n.d.). 

 

 

 

Figure 2.3. Integration with TES (Linarez, 2024) 

Electrothermal Energy Storage  

It is a lesser-known type within the broader category of TES. This concept entails solely 

charging TES using electricity, followed by storing energy as heat that can be released as 

heat or electricity. To enhance clarity and accessibility, the author has chosen to use the more 

familiar term TES, which is widely found in both academic and grey literature. It is essential 

to recognize that all instances of ETES fall under the larger umbrella of TES; hence, this 

thesis employs the general term. 

The current academic discussion regarding TES for the decarbonization of industrial steam 

seems to be in its early phases. Typically, the prevalent academic literature focuses mainly 

on the properties, various technologies, and technical aspects of TES. Technology 

developers are creating innovations that cover a wider range of temperatures and utilize 

different storage medium materials. In this scenario, academia is still working to fully grasp 

these new advancements. However, only a few articles shed light on the applications of TES, 

particularly in relation to generating industrial superheated steam. 
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Regarding the potential for decarbonization, there is still no consensus within the academic 

community regarding the precise degree of CO2 reductions linked to TES. This ambiguity 

mainly stems from the fact that the applications often discussed in the literature generally 

pertain to the reuse of industrial waste heat, the coupling of TES with alternative solutions, 

or the application of TES for electricity generation. Nevertheless, initial estimates indicate 

that incorporating TES into industrial waste recovery processes might lead to CO2 

reductions of between 70% and 93% fewer emissions when compared to similar processes 

that do not utilize TES, depending on the geographical context and specific characteristics 

of the process (Tetteh et al., 2021). 

2.2.3. Solar Thermal Systems 

LFR technology utilizes a series of linear mirror strips to concentrate solar energy onto a 

stationary linear receiver. A key advantage of this technology is its capacity to accommodate 

large absorber tubes. Secondary reflectors, placed above the receiver, redirect sunlight that 

bypasses the primary reflectors, significantly enhancing the system's optical efficiency. The 

liquid passing through the receiver tube is heated by the focused radiation that strikes it, 

efficiently transforming solar radiation into useful thermal energy. The working fluids in this 

process are usually thermal oils or water. To increase the absorber tube's efficiency in 

absorbing solar radiation, a selective coating layer is also added.  

LFRs can efficiently produce heat between 50 and 400 degrees Celsius. The collectors are 

constructed by forming reflecting sheet material into a parabolic shape. A solar-tracking 

mechanism supports the receiver tube, which travels in unison with the parabolic collector 

while it is in operation. Additionally, a selected material with low emittance to minimize 

heat radiation losses and strong absorption for solar radiation covers the receiver tube's 

surface.   

2.3. Changes in CO2 emissions from Combustion 

In 2023, the European Union's energy combustion-related carbon dioxide emissions 

decreased by over 9%, or 220 million tonnes. Although the magnitude of this decline is 

comparable to that of the COVID-19 pandemic in 2020, the situation in 2023 is very 

different, with the European Union seeing modest economic growth of roughly 0.7%. The 
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main driver of this decrease in emissions was the emergence of clean energy sources, which 

accounted for half of the total decrease.  

The rising use of renewable energy in the power sector was a major contributing reason to 

this drop. A remarkable milestone in the region's energy transition was reached when wind 

energy surpassed coal and natural gas in the generation of power for the first time. Coal-

based power generation decreased by 27% in 2023, but electricity generated by natural gas 

decreased by 15%. Reliance on fossil fuels in the electricity industry also decreased as a 

result of hydroelectric power recovering from the drought circumstances of 2022 and nuclear 

power partially recovering. Several reactors that were offline in 2022 gradually resumed 

operation in early 2023, alleviating some of the issues that caused the nuclear power sector 

to experience a major decline in 2022 owing to required maintenance outages the COVID-

19-related maintenance delays. However, the nuclear fleet was not as readily available as it 

was in 2021. An extra 70 terawatt-hours might have been produced if the EU's nuclear fleet 

availability had been equal to that of 2021, which would have further reduced CO2 emissions 

by 40 million tons. 

Although the previous winter of 2022 was also mild, the mild winter of 2023 resulted in 

reduced energy demand in the residential and services sectors. Temperature changes 

therefore had no impact on the region's emissions reductions. Wholesale energy prices fell 

from their record highs in 2022 as a result of some of the tensions that affected the European 

energy markets easing in 2023. However, since several financial assistance programs ended 

the year before, retail energy costs continued to grow in 2023; this trend probably had a part 

in the observed drop in residential energy demand. 

In the industrial sector, high energy prices, elevated interest rates, low domestic demand, 

and intense international competition caused a decline in production within the European 

Union. The decrease in industrial emissions accounted for roughly 30 percent of the total 

annual reduction observed. Notably, the drop in CO2 emissions from industry was much 

larger than the decrease in value added and output of heavy industrial products, suggesting 

that factors beyond reductions in output—such as improvements in energy efficiency and 

fuel-switching technologies—were crucial in achieving emissions reductions within the 

industrial sector.  
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Figure 2.4. Changes in total CO2 emissions from combustion in the EU by driver,2022-2023 (Agency, 2023) 

 

2.4. Analysis of Existing Studies and Gaps 

As far as the author is aware, no previous study has looked at the techno-economic 

implications of using alternative technological combinations for steam generation in diverse 

industries. This study includes cost calculations and insights from recent literature on a 

hybrid model that combines an EB, an HP, and a high-temperature TES. The hybrid model 

is one of the best options for decarbonizing steam generation when taking a 30-year LCC 

into account. 

 

This study also looks at the feasibility of directly electrifying industrial steam in the EU-27, 

focussing on technologies that are either in use or are anticipated to be so by 2035. These 

include electric boilers, heat pumps, thermal energy storage, and other relevant technologies. 

This study highlights the need of multi-technology approaches in developing practical 

solutions for industrial heat decarbonization. The findings can benefit global efforts to slow 

down global warming and assist industry in switching to renewable heat sources.  



38 

 

3. Research Methods for data collection and analysis. 

This section outlines a detailed approach that focuses on a literature review and a techno-

economic analysis derived from a variety of case studies. It is specifically created to evaluate 

the use of HTHPs, TES, EB, and renewable technologies in the steam production industry 

in Europe. The literature review aims to gather and consolidate existing information while 

also investigating new opportunities for integrating various hybrid technologies based on 

renewable energy sources. Simultaneously, the techno-economic analysis focuses on 

evaluating the financial viability and optimization of HTHPs, TES, and renewable energy 

integration, emphasizing their potential economic advantages and identifying the best 

system sizes to achieve the quickest payback periods, tailored to particular case scenarios. 

This analysis will also look at different decarbonization strategies concerning their potential 

for improving efficiency. This methodology section combines these two approaches by 

explaining the search strategies used to collect the most relevant and recent literature, 

emphasizing publications from 2010 onward and employing specific industry- and 

technology-related keywords. In addition, the section describes key parameters and 

definitions essential for performing a consistent review and analysis, using data from 

reputable databases and authoritative reports to ensure that the research is thorough, relevant, 

and aligned with the study's specific aims. Through this careful and systematic review, the 

methodology provides a solid framework for understanding the current situation and 

investigating possible future advancements in decarbonization technologies applicable to 

steam production in industrial contexts. 

3.1. Research Design  

This thesis is based on literature and case studies. 
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3.2. Data collection  

The primary sources for this review encompass a diverse array of summary reports, peer-

reviewed journals, governmental publications, and contemporary industry insights. These 

documents are essential as they integrate expert knowledge and the latest research findings, 

thereby establishing a robust foundation for comprehending the current landscape and future 

trajectories of decarbonization technology. Additionally, information has been procured 

from the websites of leading high-temperature heat pump manufacturers and professional 

industry consultants, which offer current updates on ongoing projects, emission data, and 

technological advancements. This methodology ensures the incorporation of real-time 

market data alongside practical insights regarding the operational dynamics of hybrid 

systems. Furthermore, various other sources and databases were utilized to support this 

research, including resources from governmental and intergovernmental entities such as the 

Environmental Agency, the EU, and its committees, as well as the IEA. 

Figure 3.1. Steps of Methodology 



40 

 

4.  Case Studies of steam production are not based on burning. 

This section offers an in-depth examination of different specific case studies related to the 

application of renewable technologies for steam generation. It is organized to assess the 

operational and economic viability of incorporating TES, EB, and HTHPs in industrial 

settings, focusing on enhancing energy efficiency and reducing environmental effects. The 

case studies enable a discussion on the significant impact of chosen technical boundary 

conditions on the efficiency of the technologies utilized. Along with providing a technical 

summary, this section also presents economic information to estimate the specific costs 

linked to the equipment.  

4.1. Case Studies Analysis with calculations and frameworks 

Case Study 1: Solar-assisted clean steam generator, a cleaner production approach for 

sustainable healthcare facilities (Jamshidmofid et al., 2024) 

This study investigates the implementation of CSGS as a sustainable alternative to fossil 

fuel-based steam generation systems in healthcare facilities. Utilizing LS-2 parabolic trough 

collectors in conjunction with Therminol VP-1 as the heat transfer fluid. The CSGS system 

employs a shell-and-tube heat exchanger to generate clean steam for critical applications 

such as sterilization and humidification. The solar-assisted configuration incorporates a solar 

field comprising 30 parallel LS-2 parabolic trough collectors that capture solar energy to 

heat Therminol VP-1, which subsequently transfers this energy to water in a secondary heat 

exchanger. By integrating solar energy into boiler operations during periods of adequate 

solar irradiance, the system effectively reduces dependency on fossil fuels. 
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Figure 4.1. A solar-assisted Clean Steam Generator System.(Jamshidmofid et al., 2024) 

Key Differences Between Proposed and Conventional Systems: 

The key distinctions between the proposed solar-assisted systems and conventional systems 

are as follows: 

• Energy Source: Conventional systems depend entirely on fossil fuels, whereas system 

integrates both solar energy and fossil fuels. 

• GHG Emissions: The solar-assisted systems demonstrate an annual reduction of 67.8 

tons of CO2 emissions at Frederiksberg Hospital and 75.5 tons at Falun Hospital in 

comparison to conventional systems. 

• Boiler Workload: The proposed system results in a reduction of boiler energy 

consumption by 7.4% at Frederiksberg and 8.2% at Falun. 

Calculations and Results: 

• Exergy Efficiency: The exergy efficiency diminishes by 11.21% at Frederiksberg and 

11.61% at Falun as a result of increased irreversibility in the solar field. 

• Fuel Consumption: Annual fuel consumption decreases by 7.5% at Frederiksberg and 

8.4% at Falun, which translates into lower operational costs and a diminished 

environmental footprint. 
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Comparative Analysis: 

• Technical Feasibility: The proposed system achieves considerable reductions in boiler 

workload during months of high solar availability specifically, in June and July where 

the solar field contributes up to 21.9% of the total energy demand at Falun and 19.5% 

at Frederiksberg. 

• Environmental Impact: There is an approximate 8% reduction in annual CO2 emissions 

compared to conventional systems, underscoring the environmental advantages of 

incorporating solar energy. 

• Economic Viability: With a market discount rate of 9%, the return on capital for the 

Frederiksberg system is estimated to be 22 years, while it is projected at 20 years for 

the Falun system, thus indicating greater economic feasibility for the latter. 

In conclusion, the findings illustrate the potential of solar-assisted systems to either 

complement or supplant traditional fossil fuel-based steam generators. The performance of 

these systems is, however, contingent upon solar availability, equipment efficiency, and the 

challenges associated with integration. This study highlights the necessity of optimizing the 

configuration of parabolic trough collectors and effectively integrating thermal energy 

storage to enhance performance. 

Case Study 2: Low-pressure steam generating heat pump; A design and field implementation 

case study (Koundinya et al., 2023) 

This study investigates the implementation of a SGHP as a sustainable alternative to 

traditional fossil fuel-based steam generation. The objective is to evaluate its efficiency, 

environmental impact, and potential cost savings while comparing its performance with 

conventional methods. 

With a high-temperature scroll compressor that can function at temperatures of up to 150 

°C, the SGHP uses vapour compression technology. The condenser, economiser, and 

evaporator all have brazed plate heat exchangers. At 108.52 °C, a flash tank turns hot water 

into low-pressure (1.5 bar) steam. Important parts of the system include: 

• Compressor: Hermetic scroll, premarket sample. 

• Refrigerant: R245fa. 
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• Heat Exchangers: Brazed plate type. 

• Source Water: Waste condensate at 60 °C. 

• Circulation: Closed-loop configuration with insulated pipelines. 

To replicate the system's operation under controlled circumstances, a pilot-scale experiment 

was carried out in a sugar processing facility. After that, a field deployment in a canteen 

environment used the SGHP for a single cooking application in place of a diesel boiler. 

Key performance indicators during the field study: 

• Average steam flow rate: 34.61 kg/hr. 

• Steam temperature: 111.53 °C. 

• Heating COP: 1.6. 

• Compressor power consumption: 16.13 kW. 

Results and Comparisons 

• Efficiency: 

o The SGHP achieved an COP of 2.27 in pilot testing and 1.6 during field 

deployment.  

• Environmental Impact: 

o India: The SGHP emitted 20.3% more CO₂ compared to diesel boilers due to 

emission factor of 790 gCO₂/kWh. 

o European Union: A potential carbon emission reduction of 57.8% was observed, 

considering an EU emission factor of 276 gCO₂/kWh. 

• Energy Savings: 

o Daily average energy savings: 17,337 kWh/year. 

o Total projected cost savings: Rs. 337,638 annually. 

• Challenges and Observations: 

o Integration with existing systems caused additional pressure drops and reduced 

steam flow rates. 

o Variability in cooking demand affected energy utilization, leading to lower-than-

expected savings. 

• Cost Analysis: 
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o Steam production costs for SGHP were competitive with fossil fuels, especially in 

regions with low-carbon electricity. 

Traditional steam generation predominantly relies on diesel, liquefied petroleum gas (LPG), 

or natural gas boilers, which are associated with considerable carbon dioxide (CO₂) 

emissions and significant operational costs. SGHPs present several advantages, including: 

• Near-zero on-site emissions when powered by renewable electricity. 

• Enhanced energy efficiency coupled with reduced long-term operating expenses. 

• Versatility in integrating with waste heat sources. 

This case study illustrates the feasibility of SGHPs as a viable strategy for decarbonizing 

industrial steam production. Although there are initial implementation challenges, 

advancements in grid decarbonization and system integration may enable SGHPs to become 

a fundamental component of sustainable industrial operations. Future research should 

investigate the possibilities of higher steam pressures (3 bar) and temperatures (150 °C) to 

broaden application potential within industrial processes. 

Case Study 3: Techno-economic assessment of a novel hybrid system of solar thermal and 

photovoltaic driven sand storage for sustainable industrial steam production (Saini et al., 

2023)  

This study examines the potential of integrating solar thermal (ST) and photovoltaic (PV) 

systems with TES to reduce reliance on fossil fuels for steam production. The hybrid system 

aims to achieve high Renewable Heating Fractions (RHF) while maintaining economic 

competitiveness. The methodology and findings underscore the feasibility of a decarbonized 

future for industrial steam generation. 

The proposed system consists of the following components: 

• Parabolic Trough Collectors (PTC) utilizing pressurized water-based TES for 

daytime operations. 

• Photovoltaic Panels (PV) in conjunction with sand-based high-temperature TES to 

meet night-time and extended heating demands. 

• A backup natural gas boiler to provide supplemental heating. 
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These components synergistically align to optimize both cost efficiency and land use while 

realizing substantial RHF. The system design and performance evaluation were conducted 

utilizing simulation tools such as TRNSYS for energy modeling and Python for iterative 

optimization. An economic assessment, including calculations for the LCOH, was 

performed to evaluate the financial viability of the proposed system. 

The analysis involved: 

• Optimizing component sizes to minimize LCOH. 

• Evaluating four configurations: boiler-only, PTC+TESwater, PV+TESsand, and the 

hybrid PTC+TESwater+PV+TESsand system. 

Results 

• Economic Viability: The hybrid system achieved a LCOH of €83.5/MWh, in contrast 

to €90/MWh for a standalone Photovoltaic and Thermal Energy Storage using sand 

(PV+TESsand) system. The CSP and TES using water (PTC+TESwater) system 

exhibited a lower LCOH at limited solar fractions; however, the cost increased 

significantly at higher solar proportions. 

• Energy Efficiency: The sand-based TES demonstrated superior volumetric energy 

density and reduced costs. The PV-TESsand system resulted in flatter LCOH curves 

at elevated solar fractions, rendering it applicable for nighttime heating. 

• Land Use: The integration of PTC technologies resulted in a 17% reduction in land 

area requirements compared to configurations utilizing only photovoltaics, while still 

maintaining economic feasibility. 

•  Environmental Impact: This system facilitates a 90% reduction in dependence on 

fossil fuels, which is in alignment with global decarbonization objectives. Traditional 

natural gas boilers generate steam at significant environmental and economic costs, 

particularly as fuel prices continue to rise. In contrast, renewable hybrid systems 

provide stable operational costs. The integrated storage solutions guarantee a 

continuous heat supply, effectively addressing the intermittency challenges 

associated with renewable energy sources. 
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This hybrid approach presents a scalable and sustainable alternative for industrial steam 

generation. The convergence of PTC and PV systems, augmented by advanced TES 

technologies, not only decreases greenhouse gas emissions but also offers a viable pathway 

for industries to transition towards a fossil-free energy model. 

Case Study 4 : Nonlinear operational optimization of an industrial power-to-heat system with 

a HTHP, a TES and wind energy (Ai et al., 2022) 

This study investigates a hybrid energy system combining HTHP, TES, and wind power to 

replace traditional fossil-fuel-based steam generation methods. The system aims to produce 

steam sustainably at 13 bar and 215°C for industrial applications, leveraging renewable 

energy sources and minimizing CO₂ emissions. 

 

Fig 4.2. Schematic diagram presented corresponds to the industrial energy system under investigation for steam 

generation. (Saini et al., 2023)  

This system is composed of a HTHP, a TES unit, and a steam generator. The steam generator 

is powered either by electricity from a wind turbine or, if required, from the power grid. The 

HTHP is responsible for charging the TES by utilizing an intermediate thermal oil stream. 

The energy system includes the following components: 

• HTHP: 

o Utilizes waste heat or electricity from wind power to provide heat for steam 

production. 

o Operates in part-load conditions to ensure flexibility and efficiency. 
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o Heat Supply Temperature: Up to 350°C. 

• TES: 

o Stores thermal energy generated during off-peak electricity hours or high-wind 

periods. 

o Provides heat during periods of low renewable energy availability. 

• Wind Power Integration: 

o Directly powers the HTHP or charges the TES with surplus energy. 

• Optimization Goals: 

o Minimize operational costs and emissions. 

o Incorporate real-time constraints such as electricity price variability and wind 

speed. 

Optimization was modeled in GAMS using historical data and solved using the IPOPT 

algorithm. Scenarios were tested for high and low waste heat availability, focusing on 

emissions reductions and cost efficiency. 

Detailed Calculations 

• Coefficient of Performance (COP): The system achieved a COP of 1.45, calculated 

using: 

COP =  
𝑇ℎ𝑒𝑟𝑚𝑎𝑙 𝐸𝑛𝑒𝑟𝑔𝑦 𝑂𝑢𝑡𝑝𝑢𝑡 (𝑘𝑊)

𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙 𝐸𝑛𝑒𝑟𝑔𝑦 𝐼𝑛𝑝𝑢𝑡 (𝑘𝑊)
 (4.1) 

Energy Efficiency: For a single operational cycle: 

Thermal Energy Output:  

𝑄𝑜𝑢𝑡𝑝𝑢𝑡 = 𝐶𝑂𝑃 ∗ 𝑃𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙 (4.2) 

Assuming P electrical = 500 kWP, 𝑄𝑜𝑢𝑡𝑝𝑢𝑡 = 1.45 ∗ 500 = 725 𝑘𝑊 

• Annual Energy Savings: 

o Waste heat recovery contributed an average of 180,000 kWh/year, reducing the 

dependence on grid electricity. 
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o TES ensured that excess wind energy, amounting to 75,000 kWh/, was utilized 

during low-demand periods. 

• CO₂ Emissions: 

o CO₂ emissions reductions for different scenarios: 

▪ High Waste Heat: 15,000 tons/year. 

▪ Low Waste Heat: 12,000 tons/year. 

o Emissions per unit of energy were reduced from 0.21 kgCO₂/kWh (natural gas) to 

0.07 kgCO₂/kWh with renewable integration. 

• Cost Analysis: 

o Levelized Cost of Heat (LCOH) ranged between €10.5/GJ (high waste heat) and 

€14.8/GJ (low waste heat). 

o Compared to traditional systems: 

▪ Natural Gas Boiler: €12/GJ. 

▪ Hybrid System: 10-15% lower operating costs. 

Results 

 

Figure 4.3. Outcomes of each week's specific optimization that reduced operating expenses. (Saini et al., 2023)  
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Figure 4.4: Outcomes of each week's customized optimization that reduced CO2 emissions. (Saini et al., 2023)  

Environmental Impact: 

o CO₂ reductions of 9-11% annually. 

o 87% renewable energy fraction achieved during high-wind periods. 

• Cost Efficiency: 

o TES integration reduced peak electricity costs by storing energy during off-peak 

hours. 

o Annual operating costs were reduced by €75,000-100,000 depending on waste heat 

availability. 

• System Reliability: 

o TES ensured a consistent steam supply of 13 bar at 215°C, even during periods of low 

renewable energy availability. 

Table 4.1. Comparison with Traditional Systems (Saini et al., 2023)  

Aspect Traditional Natural Gas 

Boilers 

HTHP + TES + Wind 

Energy 

Efficiency ~85% 145% (COP: 1.45) 

Emissions 0.21 kgCO₂/kWh 0.07 kgCO₂/kWh 

Operational Costs Medium (dependent on gas 

prices) 

10–15% lower 

Energy Source Fossil Fuels Renewable + Waste Heat 
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This study demonstrates the feasibility of transitioning industrial steam production to a 

fossil-free future using renewable energy and advanced storage solutions. The hybrid system 

not only reduces CO₂ emissions but also achieves significant cost savings, particularly in 

regions with high renewable energy penetration. Further advancements in TES and heat 

pump technology could enhance system performance and economic viability, supporting 

global decarbonization goals. 

Case Study 5: Thermal performance of a novel high-temperature sensible heat TES steam 

generation system using solid graphite as material (L. Zhang et al., 2023) 

This system uses solid graphite as the TES medium, aiming to replace traditional steam 

generation methods reliant on fossil fuels. 

• Experimental Setup: 

o The system uses 1480 kg of solid graphite blocks, operating within a temperature 

range of 250–600°C. 

o An embedded tube structure is employed to regulate discharging power effectively. 

o The heat storage module was heated electrically during the charging process, and the 

stored heat was used for steam generation in the discharging process. 

o Key components included water treatment units, auxiliary units, a thermal energy 

storage module, and a data acquisition system. 

• Parameters Measured: 

o Mass flow rates of water (106, 123, and 175 kg/h). 

o Thermal storage capacity. 

o Discharging power and heat transfer coefficients during two distinct stages of 

operation. 

• Calculation Methods: 

o Net Heat Power (q_net):  

𝑞𝑛𝑒𝑡 =   𝜀 ∗ 𝑚𝑇𝐸𝑆 ∗ 𝐶𝑃T ∗ ∆𝑇𝑇𝐸𝑆

−𝑞𝑙𝑜𝑠𝑠

∆𝑡
 (4.3) 

Heat Transfer Coefficient (k):  
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𝑘 =  
𝑞𝑛𝑒𝑡

𝐴 ∗ (𝑇𝑠𝑎𝑡 − 𝑇𝑙,𝑖𝑛) ln
𝑇𝑇𝐸𝑆 −  𝑇𝑙,𝑖𝑛

𝑇𝑇𝐸𝑆 − 𝑇𝑠𝑎𝑡

 (4.4)
 

Values for thermal conductivity λ and specific heat cpT were determined experimentally. 

• Results and Analysis: 

o Net thermal storage capacity: 1.038 GJ. 

o Discharging power was stabilized using a two-stage working strategy, compensating 

for temperature drops in the thermal storage module. 

o Maximum discharging power occurred at a mass flow rate of 123 kg/h. 

Results and Comparison 

• Thermal Performance: 

o The system's contact thermal resistance was identified as a major limitation, 

suggesting potential for improvement with optimized materials. 

• Energy Density and Efficiency: 

o The energy storage density of the solid graphite system was significantly higher than 

traditional liquid-based thermal systems like molten salts or thermal oils. 

o Efficiency was enhanced by the system's ability to operate within a controlled 

temperature range. 

• Comparison with Traditional Methods: 

o Unlike fossil fuel boilers, this system produces no direct CO₂ emissions. 

o Thermal efficiency was higher than traditional boilers, as the novel design reduced 

heat losses. 

• Challenges and Recommendations: 

o Contact thermal resistance was a dominant factor, requiring further optimization for 

better performance. 

o The use of solid graphite, while effective, increases costs compared to traditional 

materials, warranting exploration of alternative media. 

This case study demonstrates that high-temperature TES, particularly those using solid 

graphite, present a viable pathway for decarbonizing industrial steam production. The 
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system's high thermal efficiency, coupled with its capacity for direct steam generation, 

makes it a promising alternative to fossil fuel-based methods.  

Case Study 6: Sustainable energy transition- A steam system optimization case study from 

a Moroccan food industry (Ibn Batouta et al., 2024) 

This case study investigates the potential of optimizing industrial steam generation systems 

to eliminate dependence on fossil fuels, focusing on sustainable energy sources and 

operational improvements. The study analyzes the steam system of a Moroccan agri-food 

facility as a representative model for integrating alternative energy strategies, including solar 

thermal systems, high-efficiency boilers, and heat recovery techniques. 

 

Figure 4.5. Sustainable Steam system description. (Ibn Batouta et al., 2024) 

The steam system was benchmarked using the Steam System Scoping Tool (SSST) to 

identify inefficiencies and quantify potential energy savings. Key equations applied in this 

analysis included: 

• Mass and Energy Balances: 

∑𝑚𝑖𝑛 = ∑𝑚𝑜𝑢𝑡  (4.5) 

 

𝑄 = 𝑚 ∗ 𝐶𝑝 ∗ ∆𝑇 (4.6) 
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where ΔT is the temperature differential, Cp is the specific heat, m˙ is the mass 

flow rate, and Q is the heat transfer. 

• Boiler Efficiency: 

𝜂𝑏𝑜𝑖𝑙𝑒𝑟 =  
𝐸𝑛𝑒𝑟𝑔𝑦 𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑 𝑏𝑦 𝑠𝑡𝑒𝑎𝑚

𝐹𝑢𝑒𝑙 𝑖𝑛𝑝𝑢𝑡 𝑒𝑛𝑒𝑟𝑔𝑦
∗ 100 (4.7) 

• Blowdown Energy Loss: 

𝑄𝑏𝑙𝑜𝑤𝑑𝑜𝑤𝑛 = 𝑚𝑏𝑙𝑜𝑤𝑑𝑜𝑤𝑛 ∗ (ℎ𝑏𝑙𝑜𝑤𝑑𝑜𝑤𝑛 − ℎ𝑓𝑒𝑒𝑑𝑤𝑎𝑡𝑒𝑟) (4.8) 

Key Findings and Calculations 

• Baseline System Performance: 

o Steam Generation: Two fire-tube boilers (4 t/h capacity) operate at 25% load, 

achieving 85.4% combustion efficiency. 

o Operational Data: Steam flow: 961 kg/h, Feedwater temperature: 75°C, Fuel 

consumption: 54 kg/h (Fuel Number 7, HHV = 51 MJ/kg) 

Using Eq. (4.7):  𝜂𝑏𝑜𝑖𝑙𝑒𝑟  =  85.4% 

• Energy Losses: 

o Stack Losses: λstack=14.6% 

o Blowdown Rate: β=6%, calculated using conductivity ratios. 

o Blowdown Energy Loss:𝑄𝑏𝑙𝑜𝑤𝑑𝑜𝑤𝑛= 23,516.7 kJ/h 

• Energy and Cost Savings: Eight optimization measures reduced fuel consumption by 

5,096 GJ/year and CO2 emissions by 319 tons, saving $93,764 annually. 

Comparison with Traditional Steam Generation 

Traditional systems rely heavily on fossil fuels, emitting 62.3 kg CO2 per GJ of fuel energy. 

The optimized system integrates: 

• Heat Recovery: 
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o Feedwater economizer increased feedwater temperature to 142°C. 

o Condensate recovery reduced thermal losses. 

• Alternative Energy Sources: 

o Solar-assisted systems and electrification strategies showed potential for 

reducing fossil fuel reliance entirely. 

• Financial Metrics: 

o Annual thermal cost reduction by 53%. 

o Payback periods for individual measures ranged from immediate to 26 months. 

By adopting solar thermal systems, feedwater economizers, and operational optimizations, 

facilities can achieve substantial energy savings, reduced emissions, and improved cost 

efficiency. 

This analysis provides a replicable framework for industries aiming to align with global 

decarbonization goals and transition toward sustainable energy practices. Further research is 

recommended to explore sector-specific applications and advanced monitoring technologies. 

Case Study 7: Demand-Based Process Steam from Renewable Energy (Tombrink and Bauer, 

2022) 

In order to produce industrial steam, the study explores the creative application of a TES 

system coupled with renewable energy sources. By doing away with the need for fossil fuels, 

this strategy provides a carbon-neutral substitute. The central part of this system is the 

Rotating Drum Heat Exchanger (RDHE), which makes it possible to store and supply 

process steam on demand. 
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Figure 4.6. Thermal energy storage system for process steam and power cogeneration (Tombrink and Bauer, 

2022) 

 

 

Figure 4.7.  Extended backup boiler with the storage system. (Tombrink and Bauer, 2022) 

The TES system utilizes nitrate salts (sodium nitrate or its eutectic mixture) as the storage 

material due to their favorable thermal properties and cost-effectiveness. The RDHE 

leverages a PCM that solidifies on its outer surface, transferring heat to evaporate water 

inside the drum. 
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Key parameters: 

• Steam generation capacity: 20,000 kg/h 

• Storage material: Sodium nitrate (melting point: 306 °C) or NaNO3/KNO3 eutectic 

mixture (melting point: 222 °C) 

• Thermal power range: 12.1 MW (2.5 bar) to 8.2 MW (75 bar) 

• Storage capacity: 360 MWh, ensuring 24-hour steam availability. 

Calculations 

• Thermal Energy Density: 

o NaNO3 Phase Change Enthalpy (L): 178 kJ/kg 

o Specific Heat Capacity (Cp): 

▪ Solid: 1.384 kJ/kgK 

▪ Liquid: 1.655 kJ/kgK 

o Storage Density: Up to 330 kWh/m³. 

• Required Heat Transfer Surface (Tables 6-9): 

o For 20,000 kg/h of steam at 2.5 bar (NaNO3, rotational speed 50 min⁻¹): 

▪ Heat transfer rate: 233.4 kW/m². 

▪ Required surface: 51.9 m². 

• Efficiency Metrics: 

o Surface-specific heat transfer: >300 kW/m². 

o Combined heat and power (CHP) efficiency can exceed 90% when cogenerating 

electricity. 

Results 

• Steam Pressure Variability: The system successfully generates steam at pressures 

ranging from 2.5 bar (127.4 °C) to 75 bar (291 °C), addressing the diverse needs of 

industries like food processing, chemicals, and paper manufacturing. 

• CO₂ Reduction Potential: Transitioning to renewable-driven TES eliminates emissions 

associated with fossil-fuel combustion. 

• Economic Viability: The scalability and lower operational costs of the RDHE enhance 

its commercial appeal. 
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The integration of renewable TES systems represents a transformative step toward 

sustainable steam generation. While traditional methods rely on combustion, the RDHE-

based system provides flexibility, high efficiency, and carbon neutrality, showcasing the 

potential for widespread industrial adoption. 

Case Study 8: Renewable Energy Integration for Steam Supply of Industrial Processes—A 

Food Processing Case Study (Hechelmann et al., 2020) 

The primary focus is on a food processing facility with fluctuating steam demands. Seven 

renewable energy concepts were explored, including biogas and biomethane boilers, 

biomass systems, electrode boilers, solar thermal systems, heat pumps, micro gas turbines, 

and fuel cells. The study compares these systems against a natural gas-based baseline, 

emphasizing CO2-e emission reductions and operational costs. 

The baseline setup comprises two natural gas boilers supplying medium-pressure steam at 9 

bar and approximately 175°C, with an annual demand of 27,440 tons of steam. A dynamic 

simulation modeled each technology's part-load efficiency and thermal inertia, capturing the 

fluctuating steam demands typical in batch processing industries. Key calculations focused 

on: 

• Energy balance modeling: Using MATLAB/Simulink to simulate system operations 

and optimize steam accumulator size. 

• Cost analysis: Investment and operational costs were evaluated for each technology. 

Results 

The results demonstrate the trade-offs between cost increases and emission reductions. 

Highlights include: 

• Biomass Boilers: Achieved the highest emission reduction (63.75%) but increased 

costs by 27.81%. These systems rely on low-cost biomass fuels and require backup 

boilers for peak loads. 

• Solar Thermal Systems: Provided a moderate emission reduction of 17.51% with a 

6.6% cost increase, constrained by space and availability. 
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• Heat Pumps: Reduced emissions by 49.8% but required significant electricity, leading 

to cost increases of 23.53%. 

• Electrode Boilers: Delivered only a 7.71% emission reduction with the highest cost 

increase (90.66%), primarily due to high electricity costs. 

• Biogas Boilers: Reduced emissions by 43.97% but increased costs by 68.96%, 

depending heavily on biogas availability and pricing. 

• Fuel Cells: Showed the highest costs and limited emissions reduction (34.65%), due to 

low thermal efficiency and high investment requirements. 

 

Figure 4.8. Comparison of energy costs and reduction of CO2,e emission (Hechelmann et al., 2020) 
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Figure 4.9. The annual ratio of CO2, emission reduction, and energy expenses (Hechelmann et al., 2020) 

Conventional natural gas boilers offer quick startup times and flexibility but are emissions-

intensive. Renewable energy systems, while environmentally advantageous, face challenges 

including: 

• Investment Costs: Biomass systems and heat pumps require significant upfront capital. 

• Operational Constraints: Solar systems depend on sunlight availability, and heat pumps 

are limited by temperature ranges. 

• Backup Requirements: Most renewable systems require conventional backups to 

handle peak loads. 

This case study underscores the potential for substantial emissions reductions through 

renewable energy integration. However, achieving cost-effective and reliable steam 

generation requires careful consideration of technology combinations, demand profiles, and 

local conditions. 

The findings made as a base for future research on hybrid systems, emphasizing the need for 

customized solutions in industrial decarbonization efforts. 
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Case Study 9: Estimation of Renewable-Based Steam Costs (Pérez-Uresti et al., 2019) 

This case study evaluates the feasibility of producing steam using RE sources instead of 

fossil fuels. The analysis incorporates methods for estimating steam costs using resources 

such as biomass, solar radiation, and biogas. It aims to quantify the costs, provide 

comparative insights, and explore potential future pathways for renewable-based steam 

production. 

• Modeling Renewable-Based Utility Plants: The utility plant design incorporates steam 

turbines, heat recovery systems, and direct resource utilization for the cogeneration of 

electricity and steam. 

• Cost Estimation Formula: The total cost of renewable-based steam is calculated using: 

𝐶𝑜𝑠𝑡 𝑜𝑓 𝑠𝑡𝑒𝑎𝑚 =  
TAC − Credit from Power Generation

𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 (
𝑡𝑜𝑛𝑠
𝑦𝑒𝑎𝑟)

 (4.9)
 

Where: TAC (Total Annualized Cost) accounts for investment and operating costs. Credit 

from Power Generation offsets electricity revenue in cogeneration schemes. 

• Resource-Specific Pathways: 

1. Biomass: Used in direct combustion or gasification processes to produce steam. 

Includes costs for biomass feedstock and capital expenditure. 

2. Solar Radiation: Utilizes CSP systems with heliostat fields and molten salts as heat 

transfer fluid. 

3. Biogas: Produced from municipal solid waste and used in gas turbines linked to 

heat recovery steam generators. 

• Economic Scenarios: 

1. Direct production vs. cogeneration. 

2. Plant capacity optimization (small, medium, large scales). 

3. Sensitivity analyses on raw material costs (biomass and heliostat prices). 

Calculations 

• Heat and Energy Balances: For steam generation using biomass: 
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𝑄 = 𝑚. ∗ ∆ℎ (4.10) 

Where: 𝑄: Heat required (kJ), ∆ℎ: Enthalpy difference from feedwater to 

target conditions. 

• CSP System Efficiency: The CSP plant efficiency is estimated as: 

𝜂𝐶𝑆𝑃 =   
𝑄𝑢𝑠𝑎𝑏𝑙𝑒

𝑄𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑒𝑑
 (4.11) 

Where  𝑄𝑢𝑠𝑎𝑏𝑙𝑒is the heat used for steam production and 𝑄𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑒𝑑 is the heat captured by 

the heliostat field. 

• Cost Breakdown: 

1. Biomass-based steam: Approx. €21.05/t for HP steam. 

2. Solar-based steam: Approx. €32.96/t for HP steam. 

3. Biogas-based steam: Approx. €27.14/t for HP steam.  

Results 

• Competitiveness: 

1. Biomass is the most cost-effective resource under current prices, especially for 

small- to medium-sized plants. 

2. Solar-based and biogas-based steam requires subsidies or cogeneration credits to 

be economically competitive. 

• Optimization Insights: 

1. Small-scale plants benefit most from biomass, while larger-scale systems show 

potential for solar-biogas hybrids. 

2. Heliostat price reductions and high solar radiation regions improve solar steam 

feasibility. 

Case Study 10: Techno-economic assessment of a novel hybrid system of solar thermal and 

photovoltaic driven sand storage for sustainable industrial steam production (Saini et al., 

2023) 

The potential of incorporating renewable energy technology for environmentally friendly 

industrial steam production is assessed in this study. Determining its viability as an 
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alternative to conventional boilers powered by fossil fuels was the aim, especially for 

sectors that need medium-pressure steam. 

 

 

Figure 4.10. Hybrid device that stores sand powered by photovoltaic and solar thermal energy.(Saini et al., 

2023) 

The estimation process used TRNSYS and Python simulations to evaluate four scenarios: 

1. Baseline: Existing natural gas boiler. 

2. PTC + TESwater: Solar thermal collectors with water storage. 

3. PV + TESsand: Photovoltaic panels with sand storage. 

4. Hybrid: Combined PTC + TESwater and PV + TESsand with a backup boiler. 

Key Inputs for Steam Calculations: 

• Heat Demand: The annual demand of 30,238 MWh. 

• PTC Specifications: Collector efficiency of 76.4%,  

• PV and Sand Storage: Sand storage temperature range of 285–600°C with volumetric 

energy density up to 123 kWh/m³. 

Calculation and Results 

Table 4.2. Economic parameters (Saini et al., 2023) 
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      Units Remarks 

Boiler 

Type of fuel Natural gas     

Boiler nominal 

efficieny 
80 %   

Include degradation, 

O and M expenses, 

and boiler efficiency. 
 

Levelised fuel price 100 €/MWh  

Electricity price 150 €/MWh  

PTC + 

TES 

water 

Collector cost 200 €/m2    

 

Plant cost  
100 €/m2   

Integration, piping, 

installation, and 

commissioning of 

steam generators 

 

Thermal storage 

capex (TESwater) 
1500 €/m3   

PV + 

TESsand 

Land area index 2,3   

PV capex 800 €/kW   Comprising 

commissioning and 

installation, 

computed at intended 

conditions with a 

temperature 

differential of 315C. 

of Capex annually 
 

O&M cost PV 1 %   

Efficiency for 

resistive heater 
99 %   

land area 12 m2/kW    

TES Capex 25000 €/MWh  

Type 1 (Baseline Boiler): 

• Steam production is entirely reliant on a natural gas boiler operating at 158°C and 5 bar. 

• Annual LCOH: €100/MWh. 

Type 2 (PTC + TESwater): 

• Optimal collector area: 15,000 m². 

• Storage tank: 833 m³ pressurized water. 

• Solar Fraction (SF): Achieved up to 70%. 
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• LCOH: €68.9/MWh at 43% SF, with increasing costs beyond this due to storage 

limitations. 

Type 3 (PV + TESsand): 

• Optimal PV capacity: 14 MW. 

• Storage capacity: 435 MWh with high ΔT (315°C). 

• SF: Achieved up to 90%. 

• LCOH: €73.9/MWh, stabilizing at high SFs due to efficient sand storage. 

Type 4 (Hybrid System): 

• Combined configuration: 22,583 m² PTC, 14 MW PV, and corresponding TES 

capacities. 

• Achieved 90% SF with minimal reliance on the boiler. 

• LCOH: €83.5/MWh, with 10–20% land savings compared to standalone PV systems. 

Key Differences from Traditional Methods 

1. Efficiency: The hybrid system maximizes renewable energy utilization, with PTC 

providing efficient daytime heating and PV complementing during off-sun hours. 

2. Land Use: PTC requires less land compared to PV-only systems due to higher solar-to-

steam conversion efficiency. 

3. Economic Viability: While the upfront capital for renewable systems is higher, 

operational costs and reliance on fluctuating fuel prices are significantly reduced. 

The analysis demonstrates that renewable-based systems, particularly hybrid configurations, 

offer significant cost and emission advantages for industrial steam generation. By integrating 

PTC and PV technologies, industries can achieve high solar fractions and economic savings 

while contributing to decarbonization goals. The methodology and results outlined here 

provide a robust framework for adopting sustainable steam solutions in industrial 

applications. 
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Case Study 11: Thermal Energy Processes in DSG Solar Systems (Dirker et al., 2019)  

This study focus lies on the estimation process, thermal performance, and comparison with 

traditional methods. 

 

Figure 4.11. Temperature versus enthalpy graph for charging and discharging.  (Dirker et al., 2019)  

The DSG system uses water as both the heat transfer and working fluid, eliminating the need 

for secondary heat transfer fluids like molten salts or synthetic oils. This approach enhances 

thermal efficiency and reduces system complexity. The estimation process for steam 

generation in a solar DSG system involves: 

1. Thermal Input Calculation: 

o Solar flux (irradiance) GGG on the collector area is measured. 

o The energy absorbed by the system is calculated using: Qinput= 

G×Acollector×ηopticalQ_ 

where ηoptical is the The solar collector's optical efficiency. 

2. Heat Transfer Analysis: 

o Flow boiling occurs within the receiver tubes, where water absorbs heat and 

transitions to steam. 

o Heat transfer coefficients for flow boiling are determined using empirical 

correlations tailored to the specific operating conditions, such as the Shah 

correlation or Kandlikar's equations. 

3. Pressure and Temperature Optimization: 

o Operating conditions, including pressure and temperature, are optimized to ensure 

efficient steam generation while minimizing thermal losses. 
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Performance Results 

The implementation of DSG systems has demonstrated: 

• High Thermal Efficiency: By directly converting solar energy into steam, DSG systems 

achieve efficiencies exceeding 40%, with improvements in part-load performance and 

reduced start-up times compared to traditional systems. 

• Reduced Parasitic Losses: Eliminating intermediate heat transfer fluids reduces energy 

losses and operational complexities. 

Comparison with Traditional Methods 

1. Thermal Performance: DSG systems achieve higher steam temperatures, enhancing the 

Rankine cycle's thermal efficiency. 

2. Operational Flexibility: DSG systems offer improved adaptability to fluctuating energy 

demands due to their reduced thermal inertia. 

Direct steam generation represents a promising pathway for sustainable industrial steam 

production.  

Case Study 12: Performance evaluation of a steam generation system using a novel semi-

open heat pump for waste heat recovery in the dyeing industry. (Wei et al., 2024) 

This case study explores the potential for sustainable steam generation using a novel semi-

open HP system, aimed at replacing traditional fossil-fuel-based methods. The following 

subsections present the system description, methodology, performance evaluation, and 

economic analysis. 

The study focused on a steam generation system incorporating semi-open HP and 

mechanical vapor recompression (MVR) technologies. The system uses R718 (water) as a 

refrigerant, enabling waste heat recovery from high-temperature wastewater (85°C) to 

produce steam at 150°C. The novel design eliminates components like separators and hot 

water pumps, leading to enhanced efficiency and simplicity. 

Key Features: 
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1. Semi-Open Heat Pump Cycle: Part of the compressed steam undergoes direct 

compression to meet the required process conditions. 

2. Use of Natural Refrigerant (R718): This reduces global warming potential and ensures 

compatibility with high-temperature applications. 

3. High-Efficiency Components: Twin-screw compressors and contact condensers 

optimize energy use. 

The system's performance evaluation involved developing mathematical models for 

thermodynamic and economic analysis. The key equations used include: 

1. Mass Flow Rate of Steam: 

𝑄𝑒𝑣𝑎 =  𝑚𝑠𝑤 ∗ (ℎ𝑠𝑤,𝑖𝑛 −  ℎ𝑠𝑤,𝑜𝑢𝑡) (4.12) 

  𝑚𝑠𝑡𝑒𝑎𝑚 =
𝑄𝑒𝑣𝑎

ℎ𝑠𝑡𝑒𝑎𝑚,𝑜𝑢𝑡 − ℎ𝑠𝑡𝑒𝑎𝑚,𝑖𝑛
 (4.13) 

2. Coefficient of Performance (COP): 

𝐶𝑂𝑃 =  
𝑄𝑐𝑜𝑑

𝑃𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑜𝑟
 (4.14) 

3. Specific Power Consumption: 

𝑤 =  
𝑇𝑜𝑡𝑎𝑙 𝑝𝑜𝑤𝑒𝑟

𝑚𝑠𝑡𝑒𝑎𝑚
 (4.15) 

The calculations showed that specific power consumption decreased to 188 kWh per 

ton of steam produced, with a maximum system COP of 3.53. 

Results and Key Observations 

• Economic Benefits: 

o The payback period (PP) ranged from 1.44 to 3.58 years, depending on electricity 

and steam prices. 

o The system provided substantial cost savings by optimizing waste heat recovery 

and reducing energy input. 
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• Comparison with Traditional Methods: 

o The proposed system demonstrated a 30% reduction in energy costs and a 20% 

increase in thermal efficiency. 

This case study underscores the viability of adopting semi-open HP systems for industrial 

steam production. The proposed method not only aligns with global decarbonization goals 

but also offers substantial financial and environmental benefits. Future research should focus 

on optimizing component designs and addressing scale-up challenges to enhance feasibility 

for large-scale applications. 

Case Study 13: Study on performance of HTHP system integrated with a flash tank for waste 

heat recovery employed in steam production (Zhao et al., 2021a) 

This study focuses on replacing traditional fossil-fuel-based boilers with an HTHP system 

integrated with a flash tank for industrial steam production. The HTHP leverages industrial 

waste heat to produce steam while minimizing environmental impact. The research involved 

theoretical modeling and experimental validation to determine system performance, 

including capacity, efficiency, and cost-effectiveness. 

 

Figure 4.12.  Diagrammatic representation of a flash-enabled high-temperature heat pump system. (Zhao et al., 

2021a) 
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System Description: 

• Evaporator: Utilizes waste heat (55–85°C) to evaporate refrigerant. 

• Compressor: Compresses low-pressure refrigerant to generate high-pressure steam. 

• Condenser: Supplies heat for water preheating up to saturation temperature. 

• Flash Tank: Converts hot water into steam, with a pressure range of 110–200 kPa. 

Governing Equations: 

• Mass Balance: 

∑𝑚𝑖𝑛 = ∑𝑚𝑜𝑢𝑡 (4.16) 

• Energy Balance:  

𝑄 − 𝑊 +  ∑𝑚ℎ𝑖𝑛 = ∑𝑚ℎ𝑜𝑢𝑡  (4.17) 

• Compressor Work: 

𝑊𝑐𝑜𝑚𝑝 =
𝑊𝑡ℎ

𝜂𝑎
(4.18) 

• Heat Transfer: 

𝑞 =  𝜀𝐶𝑚𝑖𝑛(𝑇ℎ,𝑖𝑛 − 𝑇𝑐,𝑖𝑛) (4.19) 

• COP:

𝐶𝑂𝑃 =  
𝑄𝑠𝑡𝑒𝑎𝑚

𝑊𝑐𝑜𝑚𝑝
 (4.20)   

where, 𝑄𝑠𝑡𝑒𝑎𝑚 =  𝑚𝑠𝑡𝑒𝑎𝑚(ℎ𝑣𝑎𝑝𝑜𝑟 − ℎ𝑙𝑖𝑞𝑢𝑖𝑑) 

Parameters: 

Table 4.3. Types of requirements with supply temperatures (Zhao et al., 2021a) 

Field of industry Types of 

requirements 

Specific Tasks Heat supply 

temperature (0C) 

Chemical  Boiling  50-120 

Food  Drying High pressure 

drying 

60-150 

Food  Drying Vaccum pressure 

drying 

40-80 

Food industry Sterillization Minutes 60-80 
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Food industry Thermal treatment Boiling 150-160 

Papermaking Drying  80-130 

Cellulose Drying  60-110 

Timber industry Drying  70-90 

Electrolysis Heating  60-90 

• Waste heat temperature: 55–85°C. 

• Steam pressure: 110–200 kPa. 

• Flow rates measured using vortex flowmeters. 

• Refrigerant: R245fa. 

• Power consumption measured through compressor and motor data. 

Experimental Results 

• Steam Production Capacity: 

o Ranges from 470 to 1760 kg/h, increasing with evaporating temperature and 

decreasing steam pressure. 

o Steam production is 20-30% higher at lower steam pressures due to increased 

compressor volumetric flow. 

• Compressor Power Consumption: 

o Ranges from 94 to 148 kW, with peak consumption observed at moderate 

evaporating temperatures (70–75°C). 

o Power decreases slightly at higher temperatures due to efficiency improvements. 

• System Efficiency (COP): 

o COP values increase with higher evaporating temperatures and lower steam 

pressures. 

o COP ranges from 3.06 to 10.95, illustrating significant energy efficiency compared 

to traditional boilers. 

• Heat Exchanger Performance: 

o Heat transfer efficiency improves with higher water recycle flow rates. 

o Maximum heating capacity: 1103 kW at 85°C evaporating temperature and 110 

kPa steam pressure. 

• Economic Analysis: 
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o Steam production cost decreases with waste heat quality and efficiency 

improvements. 

o Costs range from 49 to 189 RMB/t, significantly lower than fossil-fuel-based 

systems in urban areas. 

The integration of HTHP systems for steam production offers a feasible and sustainable 

alternative to traditional fossil-fuel-based boilers. The system demonstrates high energy 

efficiency, cost-effectiveness, and environmental benefits, making it a promising solution 

for decarbonizing industrial processes.  

Case Study 14: Theoretical investigation of HTHP cycles for steam generation (Bless et al., 

n.d.) 

This analysis is based on the methodology and results presented in the attached study, which 

includes technical and economic assessments, as well as a comparison with traditional coal-

fired boilers. 

System Overview: 

o The ASHP system integrates an air-source HP, flash tank, and water vapor compressor 

to generate steam efficiently. 

o Heat is extracted from ambient air (5–35 °C), transferred via a cascaded cycle, and used 

to produce steam through a flash vaporization process. 

Estimation Process: 

o Boiler Efficiency: The efficiency of ASHP boilers was calculated using the formula:  

𝜂 =  
𝑄𝑠𝑡𝑒𝑎𝑚

𝑊𝑒𝑙𝑒𝑐 + 𝑄𝑓𝑢𝑒𝑙
(4.21)  

here, 𝑄𝑠𝑡𝑒𝑎𝑚 is the energy content of the generated steam, 𝑊𝑒𝑙𝑒𝑐 is the 

electricity input, 𝑄𝑓𝑢𝑒𝑙  is the thermal energy from supplementary fuels (if 

any). 

o Energy Input and Output: 
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▪ The energy required for vaporization (Q latent) was calculated based 

on water's latent heat (2200 kJ/kg). 

▪ Electricity consumption and system losses were included to determine 

the actual energy efficiency. 

2. Comparative Metrics: 

o Cost Analysis: Operating costs were calculated per ton of steam, factoring in electricity 

prices, system degradation, and maintenance.  

o Environmental Impact: CO2 emissions per ton of steam were compared under various 

electricity generation scenarios, including renewable integration. 

Results 

• Efficiency: The ASHP system demonstrated boiler efficiencies ranging from 150% to 

210%, depending on ambient temperature.  

• Steam Production Costs: 

o Traditional Boilers: 

▪ Coal-fired boilers: 11.10 €/ton 

▪ Gas-fired boilers: 36.47 €/ton 

o ASHP: 

▪ With renewable electricity: 35.05 €/ton 

o Costs decrease further in regions with high ambient temperatures and low 

electricity prices. 

• Environmental Impact: 

o Traditional coal-fired boilers emit 337 kg CO2/ton of steam. 

o ASHPs, powered by renewable electricity, can reduce emissions to 50 kg 

CO2/ton of steam. 

• Economic Viability: 

o Initial investment: 84,000 € for ASHP compared to 4,800 € for gas-fired 

boilers. 
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Discussion 

• The ASHP system offers significant advantages in efficiency and emission reduction. 

The primary limitation lies in the high initial investment, which can be mitigated through 

economies of scale and government subsidies. 

• Compared to traditional methods, ASHPs provide flexibility in adapting to renewable 

energy sources, further reducing operational costs and emissions in the long term. 

Incorporating renewable energy further enhances the system's sustainability, making it a 

promising alternative to traditional fossil-fuel-based boilers. Future work could focus on 

scaling up the technology and optimizing its integration into diverse industrial processes. 

Case Study 15: Analysis and Perspective on HP for Industrial Steam Generation (Yan et al., 

2021). 

The primary objective is to evaluate their viability as a sustainable alternative to traditional 

fossil-fuel-based boilers, with an emphasis on thermodynamic performance, energy 

efficiency, and overall environmental advantages. 

Key steps in the methodology include: 

• Steam Pathway Selection: 

o Evaluating paths involving liquid pressurization versus vapor pressurization. 

o Determining intermediate temperatures for optimal energy transfer efficiency. 

• Thermodynamic Matching: 

o Using temperature-heat load (T-Q) diagrams to match heat sources (like 

refrigerants) with the water heating process. 

o Optimizing temperature differences to minimize irreversible heat loss. 

• Calculating the COP for heat pumps based on:  

𝐶𝑂𝑃𝑇𝑎−𝑇𝑖𝑚
=

𝑎 ∗ (Δ𝑇𝑙𝑖𝑓𝑡 + 2𝑏)
𝑐

∗ (𝑇ℎ, 𝑜𝑢𝑡 + 𝑏)𝑑

Δ𝑇𝑙𝑖𝑓𝑡
 (4.22) 

 
 

where fitting parameters a,b,c,d are derived empirically. 

• System Components and Enhancements: 
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o Integration of water vapor compressors to improve energy use in secondary 

processes. 

o Use of refrigerants with optimized phase-change characteristics. 

Results 

• Energy Efficiency: 

o At an intermediate temperature of 76°C, the HTHP system demonstrated a 

peak boiler efficiency of 1.86. 

o The overall system efficiency depends heavily on the COP of the HP and the 

isentropic efficiency of compressors, which are currently around 50-60%. 

• Energy Savings: 

o Total work input for steam generation decreased significantly when 

employing a hybrid of heat pump and vapor compressor, with minimum input 

achieved at optimal intermediate temperatures. 

• Environmental Impact: 

o The system's reliance on renewable heat sources (ambient air or industrial 

cooling waste) reduces CO₂ emissions compared to traditional coal or natural 

gas boilers. 

Comparison to Traditional Methods 

• Thermal Efficiency: Traditional boilers exhibit lower thermal efficiency due to 

combustion losses and greater temperature gradients during heat transfer. 

• Flexibility: Heat pumps allow better adaptability to variable industrial demands by 

modulating output temperatures and capacities. 

This experimental study underscores the potential of integrating HTHPs into industrial 

settings for steam generation. The findings emphasize energy savings, reduced greenhouse 

gas emissions, and enhanced thermodynamic efficiency, making it a compelling alternative 

to conventional fossil-fuel-driven boilers. 
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5. Findings and Analysis 

Heat pumps are a specific type of electrified heating technology. Unlike traditional systems 

that directly convert electricity into heat, heat pumps function by moving heat from a cooler 

area. This mechanism is similar to how a refrigerator works, which extracts heat from its 

cool interior and releases it into the warmer outside environment.  A closed-loop pipe system 

containing a refrigerant makes up a heat pump. The refrigerant passes via an expansion valve 

that lowers its pressure, allowing the fluid to evaporate and cool before it reaches the heat 

source, which is usually air or ground. Before being compressed, the now-cooled refrigerant 

absorbs heat from the heat source, which causes condensation to raise its temperature. The 

heat sink, which may be water in the case of industrial heat pumps meant for steam 

production, receives the heat from the heated refrigerant. The cycle is restarted when the 

refrigerant returns to the expansion valve following this heat exchange. 

Heat pumps are far more efficient than conventional heating techniques and can be utilized 

for a variety of applications that call for relatively low temperatures. The temperature lift 

plays a major role in the system's efficiency, which necessitates cautious incorporation into 

industrial applications. Furthermore, the highest temperatures and applications that can be 

accomplished are limited by basic physical laws and the properties of the selected 

refrigerants. The utilization of heat pumps for different steam generation requirements in the 

food industry, paper manufacturing, and other sectors is the main emphasis of this study. 
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Table 5.1. Heat pump fact sheet and possible technological advancements for industrial use by 2035 (“Direct 

electrification of industrial process heat,” n.d.) 

  2023 2025 2030 2035 

Typical 

Maximum 

Temperature 

1650C 2000C 2000C 200-3000C 

Heat 

Production 

efficiency 

150-200% 150-600% 150-600% 150-600% 

Capacity 20MW 
Expandable 

and modular  

Expandable 

and modular  

Expandable and 

modular  

Advantages 
extremely high efficiency and prior expertise operating in related 

applications.  
Examples of 

relevant 

industries and 

processes 

steam production in the food, chemical, and paper industries  

 

Electric boilers have emerged as a viable substitute for conventional fossil fuel boilers and 

CHP generation systems including steam turbines and gas boilers. Electric boilers are 

already widely used in many industrial sectors, and their uses and functions are comparable 

to those of conventional boilers. Their versatility, ease of installation, and capacity for high-

temperature applications are some of the reasons for their growing appeal. 

Electrode boilers and resistance boilers are the two primary types of electric boilers. In 

electrode boilers, an anode that is connected to a cathode applies an electric current directly 

to the water. Resistance boilers, on the other hand, use electric resistance to heat a metal or 

ceramic heating element, which then uses conduction to heat the water. 

Electric boilers are available in a range of sizes to suit a variety of industrial requirements. 

These systems usually have capacities that range from 10 kW for small-scale applications to 

over 10 MW for large-scale systems. They can also reach temperatures above 500°C, which 

helps with processes that need high heat levels that heat pumps can't supply. Although higher 

pressures are feasible, the pressure levels often reach up to 20 bar, though they might vary 

depending on particular operational requirements. 
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Table 5.2. An overview of electric boilers and their possible technological advancements for industrial use by 

2035 (“Direct electrification of industrial process heat,” n.d.) 

  2023 2025 2030 2035 

Typical 

Maximum 

Temperature 

5000C 5000C 5000C 5000C 

Heat 

Production 

efficiency 

99 % 99 % 99 % 99 % 

Capacity Upto 75MW Upto 75MW Upto 75MW Upto 75MW 

Advantages 

Higher achievable temperatures and simpler integration into current 

operating experience in pertinent applications are two advantages over 

heat pumps. 

Examples of 

relevant 

industries and 

processes 

steam production in the food, chemical, and paper industries  

 

A versatile method of handling thermal energy is provided by systems made for integrated 

thermal storage. These systems typically generate heat using resistive heating and store it in 

a media, such as bricks or molten salt. Continuous steam production for processes is ensured 

by the ability to release the stored thermal energy as needed to supply process heat. These 

systems' adaptability as drop-in solutions, which facilitates their integration into current 

industrial operations, is one of their main advantages. These systems also make it possible 

to integrate local renewable energy sources into industrial procedures and modify processes 

in response to fluctuating electricity prices.  

For example, a pricing-based operational mode would involve maintaining constant 

industrial operations while shifting the use of grid-supplied electricity to times when prices 

are lower, effectively reducing use during peak pricing hours. When combined with on-site 

energy generation, operational modes would focus on balancing local electricity generation 

with demand, particularly during peak solar generation hours for photovoltaic systems. 

Moreover, thermal storage solutions have the capability to manage both short-term and long-

term variations in heat demand, aiding in grid stability. Future heat storage systems are 

expected to experience a daily heat loss of roughly one percent, with the exact amount 

depending on the temperature of the storage. In addition, modular solutions can provide 

scalability to accommodate different demand levels. 
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Table 5.3. Fact sheet on integrated thermal storage methods and possible advancements in technology for 

industrial use by 2035. (“Direct electrification of industrial process heat,” n.d.) 

  2023 2025 2030 2035 

Typical 

Maximum 

Temperature 

10000C 10000C 15000C 15000C -20000C 

Efficiency of 

Heat 

Production  

90 % 90 % 90 % 90 % 

Capacity 18MWh 120 MWh 300 MWh 300 MWh 

Advantages High Flexibility 

Examples  Indirect heating at low to high temperatures 

 

According to cost, if we consider the payback period hybrid models are cost-efficient as 

compared to single technology. 

Table 5.4. Cost comparisons across different technologies 

Technology Capital Costs (€/kW) Operational Costs (€/MWh) 

High-Temperature Heat Pumps 

(HTHPs) 
1,500 – 4,000 Lower than conventional systems 

Solar Heat for Industrial 

Processes (SHIP) 
800 – 3,500 

Very low; maintenance costs 

apply 

Electrification of Steam Boilers 500 – 2,500 Depends on electricity costs 

Thermal Energy Storage (TES) 
10–20% additional to 

base system cost 

Low; some energy for 

maintenance 

Biomass Boilers 1,880 – 4,500 
Varies with fuel cost and 

availability 



79 

 

5.1. Renewable heat sources and their main challenges 

 

Figure 5.1. Renewable heat sources and their main challenges (Olabi et al. 2023) 

Specific technologies encounter distinct challenges: 

Electric Heat Pumps: To accommodate the expected surge in heat pump demand, projected 

to increase nearly eightfold by 2050 from current levels, there is a need for a proportional 

rise in renewable electricity supply, surpassing two and a half times the current output. 

Green Hydrogen, Biomass, and Solar Thermal Power: These alternative energy sources 

demand significant resources, such as renewable electricity for hydrogen generation, large 

areas for biomass farming, and strategically chosen sites for solar thermal installations. This 

frequently requires the incorporation of expensive heat storage systems. 

Geothermal Heat: While geothermal energy has potential, its effectiveness is dependent on 

the presence of geologically suitable locations. This reliance introduces risks associated with 

exploration and necessitates considerable capital investment. 

Power-to-Heat Devices: Even when used solely for managing peak loads, these devices 

depend on a reliable supply of green electricity. 
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Heat Storage Technologies: The combination of heat storage solutions with heat generation 

systems offers a feasible approach to balancing heat supply and demand over different time 

periods. However, this strategy typically leads to higher levelized costs of heat (LCOH) 

production. 

As a result, the most effective approach for tackling issues related to resource limitations, 

technological challenges, and transition costs involves a detailed assessment of local 

technological and economic variables, along with securing supply reliability. This 

assessment can be facilitated through comprehensive LCOH analysis, which should consider 

CAPEX, OPEX, fuel costs (including potential CO2 emissions costs), cost of capital, taxes, 

and anticipated revenue from electricity generation. 

5.2. Challenges of Steam Decarbonization 

Complexity of Steam Networks: 

Steam networks are notable for their inherent intricacy, leading to considerable difficulties 

in both modeling and measuring. A lack of extensive sensor coverage and high-quality data 

in many networks complicates organizations' attempts to accurately evaluate steam flow, 

balance, and overall network conditions. Additionally, the varying dynamics associated with 

multiple pressure levels introduce challenges due to numerous influencing factors and 

interconnected elements. Given the vital role that steam plays in various processes, it is 

crucial that any modifications made do not threaten safety or the precision of demand 

forecasting. 

Organizational Challenges: 

Organizations face several issues that worsen the shift towards improved steam 

management. Steam is often generated and distributed by external utilities, which restricts 

internal control and diminishes transparency in operational planning. The loss of 

experienced personnel, combined with the introduction of new staff, leads to a reduced pool 

of tacit and expert knowledge, especially as many operational systems continue to depend 

on the expertise of seasoned operators. Furthermore, internal complexities involving 

innovation teams, information technology (IT), and plant management, along with 

generational changes and the variability between global and local regulations, hinder 

progress. 
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Striking a Balance Between Short-Term and Long-Term Goals: 

The urgent need to quickly lower emissions, carbon costs, and energy expenses demands 

rapid decision-making. Nevertheless, it is vital that long-term decarbonization strategies 

complement these immediate actions rather than overshadow them. It is essential to ensure 

that short-term measures do not compromise long-term goals. Existing systems must be 

capable of addressing both current and forthcoming needs while also ensuring operational 

efficiency and user-friendliness. 

Impact of Electrification on Industrial Processes:   

Electrification is transforming both the production and use of steam, urging organizations to 

adjust to the evolving steam flow dynamics. Core processes are also being modified, adding 

complexity to the operational environment. Moreover, steam remains crucial in many 

facilities for ensuring safety, necessitating a steady base level of steam generation. Although 

the short-term effects of electrification are evident, the future landscape—including 

processes like sustainable aviation fuel production is still developing, with new equipment 

designs underway. This uncertainty further complicates the prediction of future steam 

demand. Therefore, effectively managing this unpredictability while adhering to safety 

protocols will present a significant challenge for steam grid operators. Flexibility as a 

Prerequisite for Success:   

In light of electrification, an increasing number of stakeholders are exploring flexibility in 

their operational frameworks. As energy systems become more reliant on variable renewable 

sources such as wind and solar, demand needs to adapt correspondingly. This requirement 

for flexibility, combined with market-driven variability, will culminate in the emergence of 

new, dynamic optimal points for efficient production. Successfully navigating this transition 

will represent another critical challenge for the industry. Since plants have historically been 

designed for steady-state processes, managing such a transition and the heat generation and 

the underlying distribution will become critical in the next decade. 
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5.3. Parameters Impacting Levelized Cost of Steam  

From this research (Ebenhoch et al., 2015), 

𝐿𝐶𝑂𝑆 =  
𝐶𝐴𝑃𝐸𝑋 + ∑

𝑂𝑃𝐸𝑋𝑡

(1 + 𝑟)𝑡
𝑛
𝑡=1

 ∑
𝐸ℎ,𝑡

(1 + 𝑟)𝑡
𝑛
𝑡=1

 (5.1) 

In this case, OPEX stands for total annual operating expenditure (OPEX), and CAPEX for 

total capital investment (CAPEX). The annual heat energy supplied to satisfy the demand 

for steam is denoted by Eh. The variables r, t, and n stand for the discount rate, the year in 

the lifespan, and the system's lifetime, respectively. 

However, it is crucial to acknowledge that future shifts in costs, such as through mass 

production efficiencies or changes in fuel source prices, may influence overall economic 

dynamics. For instance, an increased mass production of heat pumps could reduce their 

CAPEX, hence making them more attractive. Similarly, a broader utilization of industrial 

waste heat could become more appealing. Hence, ongoing monitoring and adaptation to 

evolving cost structures are essential in optimizing heating solutions for the future. 

The easy solution to lowering GHG emissions in industrial facilities is to switch to electric 

boilers from fossil fuel-fired boilers. The benefits of industrial electrification offer 

significant potential, as few studies have shown, especially when it comes to the adoption of 

electric boilers. These systems are distinguished by their quick ramp-up times and little 

downtime, and they provide remarkable efficiency levels of up to 99%. Furthermore, 

combustion-related equipment including fuel pipes and exhaust systems, as well as onsite 

air pollution control technology, are not required for electric boilers.  

Apart from their energy efficiency, electric boilers offer several non-energy-related benefits, 

such as lower maintenance and administrative expenses in comparison to their fossil fuel-

fired equivalents and a decreased environmental impact. However, the higher running 

expenses of electricity in comparison to alternative fuels and natural gas. 
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Figure 5.2. LCOH of different technologies (Saini et al., 2023) 

 

5.4. How to estimate the cost of a hybrid model 

In the last decade, there has been a considerable reduction in the costs of solar PV systems, 

with this trend is anticipated to persist (Vartiainen et al., 2020). In Finland, the current cost 

of installing rooftop solar PV systems with a capacity of 10–100 kWp ranges from 800 to 

1050 €/kWp, whereas the installation cost for larger systems with a capacity of 100–250 

kWp is approximately 700–800 €/kWp (VAT 0%) (Ahola, 2019). The TES system is 

configured to incorporate a singular unit without specific dimensional constraints. This study 

entails the utilization of heat storage units with dimensions spanning from 5 to 60 MWh 

(Danish Energy Agency and Energinet, 2018). The exact investment cost (in Me/MWh) for 

a large-scale HP plant with a capacity of 5–60 MWh (Østergaard and Andersen, 2023) is 

derived through the following computation:  

𝐶𝐴𝑃𝐸𝑋𝑇𝐸𝑆 = 0.1162. 𝑇𝐸𝑆−𝐶𝑎𝑝 + 5.127 ∗ 105 (5.2) 

𝑂𝑃𝐸𝑋−𝐹𝑖𝑥𝑒𝑑 = 0.9 ∗ 𝑇𝐸𝑆−𝐶𝑎𝑝 + 13200 (5.3) 

where 𝑇𝐸𝑆_𝐶𝑎𝑝 is a storage device's heat capacity. The heat capacity of a storage device is 

a critical parameter to consider. As the capacity increases, the specific investment costs of 
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electric boilers and heat pumps decrease. Large-scale electric boiler and heat pump systems 

typically consist of multiple units. Electric boilers with unit capacities ranging from 1 to 30 

MWh and heat pumps with unit capacities ranging from 1 to 10 MWh were used in this 

investigation. The following formula can be used to determine the specific investment cost 

(in Me/MWh) of a large-scale HP plant with a capacity of 1–10 MWh: 

𝐶𝐴𝑃𝐸𝑋𝐻𝑃 = (0.352. 𝐻𝑃−𝐶𝑎𝑝−0.122) (5.4) 

where, 𝐻𝑃_𝐶𝑎𝑝 is the heat capacity. Similarly, the cost function (European Commission. 

Joint Research Centre. et al., 2017) is used to calculate the investment cost unique to electric 

boilers (in Me ∕ MWh): 

𝐶𝐴𝑃𝐸𝑋𝐸𝐵 = 0.2. 𝐸𝐵−𝑐𝑎𝑝−0.2 (5.5) 

where 𝐸𝐵_𝐶𝑎𝑝 is the capacity of heat. 

Cost assumptions for the study's parts. The flexible steam production system has a 30-year 

lifespan in its entirety. Furthermore, the default discount rate is set at 6%.  VAT is not 

included in any of the costs listed in the study. 

Table 5.5. How to estimate the cost of a hybrid model 

Components CAPEX Fixed OPEX Variable OPEX Lifetime 

TES Equation. 

(5.2) 

Eq. (5.3) 0.7𝑒−6  €
𝑀𝑊ℎℎ

⁄  30a 

HP Equation 

(5.4) 

2850   €
𝑀𝑊ℎ/𝑎⁄   1.75  €

𝑀𝑊ℎℎ
⁄   30a 

EB Equation 

(5.5) 

500   €
𝑀𝑊ℎ/𝑎⁄  0.2  €

𝑀𝑊ℎℎ
⁄  30a 

 

In the evaluation of power generation and storage options, careful consideration of electricity 

prices in conjunction with capital and operational expenditures is imperative. The year 2020 

witnessed historically low electricity prices attributed to a milder-than-usual winter and 

diminished electricity demand resulting from the COVID-19 pandemic. In contrast, the 

energy crisis commencing in 2021 precipitated an unprecedented escalation in power costs. 

Consequently, the average spot price of electricity exhibited significant disparity in 2021 

and 2022 compared to prior years, soaring more than sevenfold monthly. Moreover, a 
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marked surge in price volatility was evident. Notably, in 2022, the average variance between 

the day's lowest and highest prices amounted to nearly 140 €/MWh, presenting a substantial 

deviation from preceding differentials. 

 

 

Figure 5.3: Particular investment costs for electric boilers, heat pumps, and TES (Meriläinen et al., 2024) 
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6. Possible Solutions for decarbonizing the steam production 

industry in the Future. 

6.1. HP uses in industries.  

Heat pumps are typically designed with the assumption that the control of heat power can 

freely vary between zero and one hundred percent of the peak power. The power 

consumption of HP is determined using the COP curve, which is produced using the 

empirical data acquired from a specific heat pump: 

𝐶𝑂𝑃𝑖 = 10.98. 𝑒−0.0269. ∆𝑇𝑖 (5.6) 

ΔT represents the difference between the heat source and the heat sink. Figure 33's COP 

curve illustrates the strong correlation between the COP and the input-output temperature 

differential. If the COP drops below one, which can occur when the temperature differential 

exceeds roughly 90 °C, using heat pumps is no longer practical. 

 

 

 

 

 

 

 

 

Figure 6.1. COP with Temperature difference (Knuutinen et al., 2021) 

In recent years, SGHP have attracted significant interest within the industry. The technology 

associated with high-temperature heat pumps is undergoing continual evolution and 

enhancement. One of the principal objectives for technology providers is to address industry 

demands by enabling steam generation through their equipment.  
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The majority of literature on this topic comprises thermodynamic simulations, although a 

limited number of experimental studies have investigated various SGHP configurations, as 

well as certain commercial units. A detailed compilation of references about research, 

testing, and demonstration activities concerning SGHP is available (Bless et al., n.d.). In 

their research, various cycle setups for steam production using high-temperature heat pumps 

(HTHPs) are analysed. These setups feature the traditional subcritical closed-cycle HTHP, 

the transcritical cycle, and the reversed Brayton cycle within a closed-loop design. The 

investigation also includes a blend of a closed cycle with Mechanical Vapor Recompression 

(MVR) and an open-loop cycle for steam compression. Currently, the traditional closed-

cycle HTHP is recognized as the most promising option for widespread commercial 

utilization in industrial steam generation, employing heat upgrade technology with 

compressors. 

Global research focused on SGHPs. Prototypes have shown heating capabilities in the range 

of several hundred kilowatts, utilizing volumetric compressors of piston and screw types. 

Importantly, there have been no instances of SGHPs using centrifugal compressors thus far. 

Pilot facilities generally reach steam temperatures of about 130 ± 20 °C by implementing 

multi-stage arrangements that involve HTHP, internal heat exchangers (IHX), flash tanks, 

or mechanical vapor recompression (MVR) technologies. The average recorded COP is 

around 3.2 at a temperature rise of 60 K, using waste heat at 70 °C. 

At present, R245fa is the main refrigerant used in SGHPs, due to its suitable temperature 

range for subcritical applications. Its high critical point is vital for facilitating effective two-

phase heat exchange at the targeted steam generation temperatures. However, given R245fa's 

high global warming potential (GWP) of 858, there is increasing interest in natural 

refrigerants such as hydrocarbon n-butane and water. Additionally, there is a rising emphasis 

on investigating new synthetic hydro fluoroolefins (HFOs) that have substantially lower 

GWPs, including R1233zd(E), R1224yd(Z), and R1336mzz(Z). 

6.2. Electric boilers in industries 

The efficiency of the EB used as a direct heat source to produce steam is modelled at 99 

percent.  
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There are now more options for decarbonizing industrial heating operations thanks to the 

development of electric boiler technology. Several studies have modelled the energy 

consumption and efficiency of fossil fuel boilers using analytical and computational 

methods. In these models, the incoming and outgoing energy flows are balanced to determine 

the boiler's overall energy consumption. The amount of fossil fuels used as a result of this 

energy consumption ultimately determines the corresponding CO2 emissions. A fossil-fuel 

boiler's current energy usage is used to calculate the equivalent capacity. On average, electric 

boilers consume about 18% less energy than fossil-fuel boilers, primarily because they do 

not experience the same flue gas losses. However, the operating costs of electric boilers are 

typically around 240% higher than those of fossil-fuel boilers, based on current electricity 

prices. While the switch to an electric boiler increases electricity usage and demand, it can 

lead to changes in the rate structure based on the utility provider, potentially reducing 

electricity costs. EBs also have lower maintenance requirements than fossil fuel boilers, 

which typically incur high maintenance and tune-up costs. The higher operating costs of 

electric boilers can be offset through savings on maintenance, potential reductions in 

electricity rates, and lower carbon capture expenses. 

Compared to conventional gas-fired boilers, electric boilers provide several benefits, one of 

which is increased efficiency. Without the energy losses usually connected with heat 

exchangers and flue gases, they immediately transform electrical energy into heat, which is 

then conveyed to the medium. Furthermore, because they don't emit any pollutants or 

greenhouse gases when in use, EBs are better for the environment. The main obstacle to their 

wider acceptance is the greater cost of electricity compared to natural gas in the majority of 

European nations, even if the initial infrastructure and installation expenses for electric 

boilers can be higher than those for traditional gas-fired systems. In the end, this study 

contrasts the energy and fuel consumption of fossil fuel boilers with electrical boilers found 

in the literature. 

An efficient technique to comprehend how an EB system would respond to different 

adjustments is to model it. However, as the energy consumption for steam heating is greatly 

impacted by elements including operating demand, control systems, the surrounding 

environment, and weather, it can be difficult to precisely simulate a boiler system and its 

operation. Boiler operations and energy consumption have been simulated and modeled 

using a variety of techniques and software tools to handle this complexity. In Europe, there 
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are numerous electric boiler installations and commissioning underway. In the Hanasaari 

energy block, Helen Ltd. plans to build the biggest electric boiler plant and thermal battery 

system in Europe. In the spring of 2025, construction is expected to start, with the plant 

expected to be operational by the heating season of 2026–2027(Helen Group’s interim 

report, 2024). 

The electric boiler plant will have a total capacity of 200 MW, consisting of four 50 MW 

electric boilers. Adjacent to the plant, a heat storage facility will be built, featuring two heat 

batteries that rise to approximately 40 meters in height, with a combined storage capacity of 

1,000 MWh. The facility will be capable of charging and discharging at a rate of 100 MW. 

A key advantage of this heat production complex is its flexibility, enabling a seamless 

transition between heat and electricity production, which provides stability against energy 

price fluctuations. In a similar development in Finland, a new 120 MW EB system and an 

expanded TES facility have recently been launched in Vaskiluoto, Vaasa. This addition 

brings the total capacity of electric boilers at the Vaasan Voima plant to 160 MW, making 

them among the most powerful in Finland. When combined with the expanded TES facility, 

this system enhances flexibility and cost-efficiency while also reducing emissions from 

district heating production (Helen Group’s interim report, 2024). 

6.3. Thermal Energy Storage 

TES has attracted a lot of attention as a possible remedy for the imbalance between energy 

supply and demand. Solar thermal power plants have shown a great deal of interest in this 

technique (Alva et al., 2018). Several researchers are investigating the use of water and steam 

as heat transfer fluids (HTFs) in DSG solar power systems rather than molten salts or 

synthetic oil to reduce the cost of solar power facilities (Dirker et al., 2019). 

Although TES systems for steam generation are useful for recovering and using waste heat, 

their implementation currently faces several difficulties. To continuously supply the power 

plant's steam demand, these TES systems must operate at a high level. 
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Figure 6.2. Schematic representation of the electricity-driven steam supply system (Anton et al., 2021). 

 

Additionally, a patented solution has been developed that incorporates an optimized, 

remotely controlled energy storage technology, which stores electricity in the form of 

thermal energy. This system is specifically designed to manage varying levels of heat and 

steam, enabling high unloading power capabilities. Furthermore, it operates with notable 

flexibility, as the loading and unloading functions are independent. The system can regulate 

its discharge power over a broad spectrum, from 0% to 100% of its total discharge capacity, 

with a maximum output of 2.0 MW (“Ratkaisu & Teknologia - Elstor,” n.d.). 

Regarding the specifications, the charging power ranges from 0.5 MW to 2.5 MW, while the 

storage capacity is between 5 MWh and 15 MWh. This technology supports the 

decomposition of energy into steam or heat at temperatures reaching up to 200°C or 16 Bar, 

achieving an electricity-to-heat efficiency rate of 95%. Functioning as both an energy storage 

unit and a source of heat, this system proficiently captures electricity, which is subsequently 

converted to heat for future application, ensuring efficient storage with minimal thermal 

losses. Additionally, the system is characterized by its modularity, mobility, and streamlined 

loading and unloading processes (“Renewing the steam production,” n.d.).  

The technology capitalizes on electricity pricing fluctuations, particularly in regions such as 

Finland, where the electricity reserve market is actively utilized. By storing energy during 

off-peak hours when electricity costs are reduced and discharging it as required, this system 

enhances energy utilization. This methodology harnesses demand flexibility, allowing for 

the adjustment of energy consumption in response to price variations throughout the day. 



91 

 

Currently, Small businesses that require steam or, to a lesser extent, heat for their production 

processes use this technology. Bakeries, breweries, distilleries, launderettes, food 

manufacturers (especially in the dairy, fish, and meat processing industries), chemical and 

biofuel processing facilities, pharmaceutical manufacturers, cement mills, and sawmills are 

among the industries that use steam. On the other hand, larger facilities and district heating 

systems serve clients who simply need heat and not steam (“Ratkaisu & Teknologia - Elstor,” 

n.d.). 

 

Figure 6.3. Thermal Energy Storage (“Ratkaisu & Teknologia - Elstor,” n.d.)   
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7. Discussions 

In order to conduct the research conducted in a more comprehensive manner, this chapter 

takes a step back. The conversation is being held for many reasons. On the one hand, the 

author illustrates how goals, approaches, and outcomes are aligned or not. However, the 

author goes over and considers the research's shortcomings and ramifications again. Finally, 

several areas and subjects for further study are recommended. 

7.1. Revisiting the aim and research questions  

This thesis focuses on three main goals: 

(a) Understanding how heat-intensive industries manage steam production for different 

energy uses, 

(b) Exploring technologies that can replace traditional fossil fuel-fired steam boilers, such 

as HP, EB and TES systems, to create clean industrial superheated steam, and  

(c) Identifying the opportunities and challenges of producing steam without relying on 

combustion processes. 

Heat is a major part of global energy use. In Europe, it makes up 60% of total energy 

consumption and causes 40% of the continent’s carbon emissions. Heat is essential for many 

purposes: 48% goes to heating homes, 31% is used in industrial processes, and 21% is for 

heating commercial and industrial spaces. 

The Nordic countries are different. They have shifted from a high reliance on oil to using 

district heating, heat pumps, electric heating, and biofuels. This change has helped reduce 

carbon emissions in the Nordic energy system. 

Today, most heat is still generated from fossil fuels mainly gas (42%), oil (11%), and coal 

(3%). While renewable heat sources are slowly growing, they still represent a small share of 

the total. There is a strong push to increase their use, aiming to rely entirely on renewable 

sources by 2050. 
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Even with expected economic growth, steam demand is likely to increase only slightly until 

2050. This growth will be affected by energy efficiency efforts and climate change. 

However, the growing use of heat pumps is a key solution that offers a better alternative to 

traditional heating methods. 

Heat pumps draw steam from the environment (like rivers or outside air) or use waste heat 

from industries or data centers. This means they do not generate heat; they simply move it. 

Predictions show that this shift, along with more electrification of heat sources, could reduce 

overall fuel consumption from 6,052 TWh to 3,450 TWh, a cut of 43%.  

7.2. Study Limitations and Implications  

There are several limitations to the study's data collection methodology. The author explains 

in Chapter 4 that fifteen case studies that do not focus on burning were compiled using an 

experimental technique. This limits how broadly the results may be applied. The author 

included grey literature, such as media pieces and publications from international 

organizations and associations, to increase the study's validity. The grey literature that is 

currently available and the typical reactions seen in the case studies, however, continue to 

limit generalization. 

Another constraint is related to the focus of the case study framework. The author 

predominantly examined heat-intensive industries that have assessed HP, TES, EB, and 

renewable integration for lowering emissions in their superheated steam processes. A more 

expansive experimental study related to optimization and energy modeling could yield a 

more comprehensive understanding by considering the entire system and its various 

influences. This narrower scope results in limited findings in some areas, such as the growth 

of external economies. 

Notwithstanding these limitations, the thesis holds significant implications for both scholars 

and practitioners. There are no prior studies in the academic literature that investigate steam 

production within a case study framework, particularly about the application of HP, EB, and 

TES for decarbonizing superheated steam. This research introduces new analytical 

perspectives to the academic domain. 

The thesis also presents a novel approach by focusing on specific actors within the case study 

framework, categorized by temperature ranges, rather than the entire ecosystem. This 



94 

 

emphasis enriches the literature on innovation systems and could motivate further studies 

that delve into the viewpoints of particular stakeholders. 

This thesis offers crucial insights on technical viewpoints for practitioners, particularly those 

engaged in technology development. They can function strategically and aid negotiations for 

the implementation of decarbonization techniques by understanding these requirements. 

Furthermore, this research can help heat-intensive sectors achieve their net-zero emission 

goals by providing crucial insights into utilizing HP and TES for decarbonizing superheated 

steam. 

Ultimately, this research underscores an important issue for the energy transition. Future 

advancements in this field could broaden and deepen our understanding based on 

technological inventions. 

7.3. Suggestions for future research 

This research emphasizes several critical areas for future investigation that require further 

examination. Due to constraints in resources and scope, these areas could not be thoroughly 

addressed in the current thesis.  

To begin with, it is necessary to conduct more comprehensive studies like cost and capacity 

optimization on enhancing hybrid steam production systems utilizing renewable 

technologies. Although decarbonization strategies are prevalent in the industry, there is an 

insufficient amount of clear academic information regarding their specifics, such as 

suppliers, funding collaborators, and construction partners. Investigating this value chain 

could yield a valuable understanding of the challenges involved in deploying HPs and TES. 

Furthermore, comprehending the roles of various participants in this network is essential. 

Secondly, including the perspectives of technology developers in future studies is vital. 

Research that targets technology developers could provide meaningful comparisons with the 

existing findings. Collecting their insights can assist academia in grasping their experiences 

and obstacles in executing decarbonization strategies for superheated steam. A comparison 

of viewpoints could illuminate the barriers and incentives that influence these strategies. 
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Lastly, it would be beneficial to establish clear criteria that end-users can utilize to evaluate 

HPs, EBs, and TES as practical options for decarbonization. The process of making 

decisions regarding the adoption of these technologies is still evolving, presenting numerous 

uncertainties. Heat-intensive sectors may make better judgments and promote the adoption 

of sustainable technology with the help of a systematic approach to evaluating 

decarbonization options from the viewpoint of users. 

To sum up, future research should concentrate on improving knowledge of the 

decarbonization chain, taking into account the opinions of different stakeholders, and 

creating precise standards by which end users may evaluate sustainable choices. These 

programs will enhance scholarly understanding in this area and help reduce CO2 emissions.  

 

8. Conclusions 

Assessing the current status of steam generation in a range of energy applications and 

looking at possible ways to decarbonize superheated steam in the EU were the goals of the 

thesis. The author analyzed several technologies and determined that a combination of EB, 

HP, and TES was a workable solution. Through case studies, it showcases potential emission 

reductions of up to 57.8% alongside improved energy efficiency. The study also highlighted 

the cost-effectiveness of these systems in the long term, with reduced reliance on fossil fuels 

leading to lower energy expenses and enhanced economic viability. While challenges like 

high upfront investments and integration complexities persist, the research affirms the 

critical role of hybrid systems in enabling sustainable and net-zero industrial steam 

processes.  
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