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Abstract 
The objective of this thesis was to assess the market opportunities for two novel Carnot battery system 
solutions, one supplying power and low temperature heat as well as a system supplying medium temperature 
heat exclusively. To fulfill the objective, a methodology was developed and implemented to investigate the 
market potential, further two techno-economic models were developed and utilized to investigate the 
performance of such Carnot battery solutions. Based on the market review four industrial sectors were 
identified as most interesting and the geographical scope was confined to Europe. Further, case studies were 
developed to mimic two different sizes of manufacturing plants, a small and large, for the identified sectors. 
The cases were then implemented to the techno-economic analysis to compare the performance of a new 
Carnot battery system against the conventional energy solutions. 
 
The identified market offers a vast opportunity for incorporating Carnot battery solutions to meet the 
industrial sectors requirements, both from a technical and market size perspective. The market review 
combined with the techno-economic analysis indicates that the heat market is interesting as long as fuel, 
power grid costs and industrial operations are at the ideal level. For the Carnot battery system supplying 
both power and heat, it was found that yearly cost savings in the range of 10-15 % could be achieved for 
the identified market. The added value of incorporating heat generation and surplus power from PV had a 
strong effect on the business case. Through sensitivity analysis it was approximated that locations in 
central/south Europe with global horizontal irradiance (GHI) above 1500 kWh/m2 would benefit from the 
solution. For the Carnot battery system supplying medium temperature heat it was found that solutions 
would struggle with feasibility for the given market conditions. Through sensitivity it was found that 
locations with GHI higher than 2100 kWh/m2 would benefit from the solution. For both models it was 
found that the hybrid solution, Carnot battery combined with on-site PV, yields the most feasible solution 
for the end user, compared to charging the Carnot storage system from the power grid.   
 
Both models were sensitives to changes in energy cost for operating the old conventional system as well as 
operations times of the industries. The availability of space is a major constraint to implement Carnot battery 
solutions, as both the Carnot battery as well as PV plant require substantial space. It was found through 
literature and interviews that industries with close proximity to end customer and which faces pressure to 
decarbonize, may be most interesting to target, as for e.g. the Food and beverage sector.  
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Sammanfattning 
Syftet med denna uppsats var att undersöka marknadspotentialen för två stycken Carnot batterisystem, ett 
system som generar både el och låg tempererad värme och ett som endast generar medel tempererad värme. 
För att uppnå målet så utvecklades och implementerades en metod för att undersöka marknadspotentialen, 
vidare så utvecklades och användes två tekno-ekonomiska modeller för att undersöka prestandan för de två 
Carnot lösningarna. Baserat på marknadsundersökningen så identifierades fyra industriella sektorer som 
mest intressanta och baserat på dem begränsades omfattningen av studien till Europa. Från 
marknadsgenomsökningen och de identifierade industriella sektorerna skapades två olika profiler för att 
representera en liten och stor industri för de identifierade sektorerna. Profilerna användes som utgångspunkt 
för den tekno-ekonomiska analysen för att jämföra prestandan hos ett nytt Carnot batterisystem mot 
konventionella energilösningar.  
 
Den identifierade marknaden erbjuder en stor möjlighet för att integrera Carnot batterilösningar för att möta 
industrisektorns krav, både ur ett tekniskt perspektiv och med tanke på marknadensstorleken. 
Marknadsundersökningen kombinerat med tekno-ekonomiskanalysen indikerar att värmemarknaden för 
industrier är intressant så länge bränsle- och elkostnader samt drifttiden är i rättnivå. Resultat från analysen 
tyder på att Carnot batterilösningar, som generar både el och värme, kan skapa energikostnadsbesparingar 
runt 10–15 % för den identifierade marknaden. Värdet av att addera kassaflöden från överskotts el från 
solcellerna samt värmegenerering har en stark påverkan på resultaten. Från en känslighetsanalys gick det att 
identifiera centrala/södra Europa som platser med tillräcklig solinstrålning (runt 1500 kWh/m2) för att dra 
nytta av ett Carnot batteri. För Carnot batterisystemet som endast producerar medel tempererad värme så 
skapas inga energikostandsbesparingar för slutanvändaren för den analyserade marknadsförutsättningarna. 
Genom en känslighetsanalys gick det att fastställa att hög solinstrålning krävs (över 2100 kWh/m2) för att 
slutanvändaren ska skapa några besparingar med systemet. För båda modellerna generade en hybrid-
systemlösning med både Carnot batteri samt lokal solcellsanläggning de bästa resultaten, jämfört med om 
systemet skulle laddas från elnätet.   
 
Båda modellerna är känsliga mot förändringar i energikostnader, värme eller el, för det konventionella 
systemet samt lägre drifttid. Vidare så är tillgänglig yta en annan restriktion som både kan hindra 
implementeringen av Carnot batteriet samt också solcellsanläggningen. Både litteraturstudien och de 
genomförda intervjuerna tyder på att industrier som har nära kontakt med slutkonsumenten och som har 
krav på att reducera sin miljöpåverkan, är en intressant användare av ett Carnot batterilösning, som 
exempelvis livsmedelsindustrin.   
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Nomenclature 
Abbreviations 
BNEF – Bloomberg New Energy Finance 
B2B – business too business  
B2C – business too customer 
DH – district heating 
CAPEX – capital expenditures  
CHP – combined heat and power 
CO2 – carbon dioxide 
CSP – concentrating solar power 
ESS – energy storage system 
ETS – emissions trading system 
GHI – global horizontal irradiance  
HEX – heat exchanger 
HTF – heat transfer fluid 
IEA – International Energy Agency 
IRR – internal rate of return 
KPI – key performance indicator 
LCOE – levelized cost of electricity 
LCOH – levelized cost of heat 
LTDH – low temperature district heating 
MCA – multi criteria analysis 
NG – natural gas 
NPV – net present value 
OECD – The Organization for Economic Co-operation and Development 
OPEX – operational expenditures  
PCM – phase change material 
PV – solar photovoltaic  
RO – reverse osmosis 
SAM – serviceable achievable market  
SHIP – solar heat for industrial processes 
SME – small and medium enterprises 
SOM – serviceable obtainable market 
TAM – total addressable market 
TES – thermal energy storage 
TFEC – total final energy consumption 
TFHC – total final heat consumption 
UN – United Nations 
WACC – weighted average cost of capital 
 
Latin symbols 
C Cost [EUR] 
E Electricity generated [MWh/year] 
H Heat generated [MWh/year] 
Debt% Debt Finance Percentage [%] 
Eq% Equity Finance Percentage [%] 
idebt Debt interest rate [%] 
IRReq Equity internal [%] 
N Project lifetime [Years] 
r Discount rate [%] 
R Revenue [EUR] 
T Annualized period [Years] 
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1 Introduction 
One of our time's largest challenges are to secure cost-effective and accessible electricity that does not harm 
our environment. A majority of the countries around the globe has signed the Paris agreement in order to 
tackle the problems with climate change. The aim of the agreement is to; “Strengthen the global response 
to the threat of climate change by keeping a global temperature rise this century well below 2 °C above pre-
industrial levels and to pursue efforts to limit the temperature increase even further to 1.5 °C.” [1].  
 
In 2017, power and heat generation accounted for almost 40 % of total CO2 emission globally, making them 
the largest emitter. Together with the transport sector, power and heat generation has been responsible for 
almost the entire global growth in emissions since 2010 [2]. To mitigate CO2 emission, it is of high 
importance to switch from fossil-based energy production to more renewable energy production.  
 
Consequently, the global energy mix is transforming driven by the massive growth of renewable energy 
generation in the last decade. Solar photovoltaic (PV) and wind technologies has become more cost 
competitive, historically driven by policy support, but now driven by advancement in research and 
development which reduce costs. Solar PV and wind power are now frequently less expensive than any 
fossil-fuel option, without economic assistance [3]. The renewable electricity generation is expected to more 
than double by 2040 as costs reductions continues for solar PV and wind power [4]. At the same time, future 
electricity demand is projected to grow driven by developing countries and electrification, making it more 
puzzling for countries to further mitigate their carbon emissions [5].  
 
In context of recent development, urgency to mitigate carbon emissions and strong growth of renewable 
energy sources, energy storage will be needed to complement the intermittent renewable energy sources. By 
definition intermittent energy sources, as solar and wind are non-dispatchable due to their fluctuating nature 
[6]. The intermittent nature of renewables hinders their full adoption and penetration into the grid. Storage 
solutions can enable renewable energy sources to meet energy-demand in a cost competitive way throughout 
multiple hours. Today there are multiple different technologies for storing energy depending on application 
[7]. In this context, one emerging storage technology that has gained attention in recent years from the 
industry is the Carnot battery which is a type of Thermal Energy Storage (TES).  
 
Azelio is a Swedish company, offering a modularized Carnot battery system which enables further 
integration of renewables and on-demand electricity production when required. This master thesis, done in 
the form of an internship at Azelio AB, aims at identifying market opportunities for Azelio’s Carnot battery 
system as well as opportunities for a modified version only supplying high temperature heat.  
 

1.1 Azelio  
Azlio is a public Swedish company listed on First North, with a unique Stirling-based system utilizing a TES 
for dispatchable electricity production. The technology is revolutionary for its flexibility to operate in system 
with other renewables solutions, as Solar PV, Wind power or concentrated solar power (CSP), and for its 
ability to store energy for up to 13 hours of nominal power discharge. The technology is scalable and cost 
effective- already from small installations, were the target market is for storage installations between 100 
kW to 50 MW [8].   
 
The company has over 160 employees with headquarters in Gothenburg, production in Uddevalla and a 
development center in Åmål. The core expertise is the production and manufacture of Stirling engines which 
transforms heat into electricity. The company was founded back in 2008, were the first target segments was 
gas-fueled power production with the GasBox, a product that burned gas to provide heat for the Stirling 
engine to produce electricity. Today Azelio has two legacy products the GasBox and SunBox, which is a 
modified version of the GasBox operating from solar heat instead of burning of gas. Both products are fully 
commercialized today, with operations in multiple different countries and throughout the development, 
Azelio has perfected and gained experienced from over 2 000 000 operations hours [9].  
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Azelio’s latest product, the eTES, consist of a storage unit with phase change material (PCM) of recycled 
aluminum which combined with the Stirling engine enables for firm power discharge for 13 hours when 
fully charged. The eTES is unique compared to other battery solutions as its modular, has long time storage 
capacity and produces heat when operating the Stirling engine, increasing the system efficiency. The 
performance of the eTES offers an attractive solution to further integrate more renewables into the energy 
system [10].  
 

1.2 Objective of project 
The objective of this work is to assess market opportunities for a novel Combined Heat and Power (CHP) 
thermal battery solution departing from Azelio’s existing product offering. The study has specifically 
investigated the heat market and requirements for selected sectors. In order to fulfill the objective, detailed 
prospective customer profiles as well as regions of interest are identified. Based on the identified market 
and customer-types techno-economic models was developed to assess the competitiveness of such system 
compared to most common conventional solutions.    
 
A breakdown structure of this objective is summarized in the following points: 

• To identify current heat and power market trends, and existing policy support mechanisms 
• To perform a thorough review of customer requirements and technologies currently being 

deployed.  
• To develop a methodology to assess the most interesting business opportunities, the market 

potential, geographical region and estimate the Serviceable addressable market for Azelio’s eTES 
• To develop a techno-economic model to quantitively assess the competitiveness of Azelio’s eTES 

for selected business opportunities in identified markets 
 
1.3 Structure of project  
The thesis is divided into 8 chapters. They are presented briefly below to give the reader an overview of the 
thesis deposition.  
 

Chapter  Content 
1 An overview and the research objectives 
2 The general background information from a literature review 
3 The methodology and models used 
4 Key customer-types and markets 
5 Techno-economic analysis model 
6 Results 
7 Conclusion 
8 References 

 
 

1.4 Limitation 
The study is limited to Azelio’s Carnot battery solution eTES, no other Carnot battery technologies were 
assessed. However, the techno-economic model developed can be used for other solution if technical 
parameters are adopted to such technology. As part of the aim of the study has been to investigate current 
heating solutions for identified sectors, the scope of comparing competing heat solutions has been confined 
to Natural gas (NG) boilers. The study is also confined to the identified ideal markets, thus other markets 
not included in this study might also be interesting for future studies.   
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2 Theoretical background 
2.1 Climate change 
To strengthen the response to the threat of climate change, the trend of increasing global CO2 emission 
must be turned around. The world is currently not on track to meet international climate and sustainable 
development goals. In 2017, global CO2 emission reached a historic high were power and heat generation 
accounted for almost 40 % of total CO2 emission globally, making this sector the largest emitter, shown in 
Figure 1. Together with the transport sector, power and heat generation has been responsible for almost 
the entire global growth in emissions since 2010 [2]. The recent increase in emissions was driven by a higher 
energy consumption, which was connected with a robust growth of global economy, as well as increased 
energy demand for heating and cooling due to local weather conditions in some parts of the world [11].  
 

 
Figure 1 Global CO2 emission in million metric ton (MT) by sector, 1990-2017 [12] 

The total final energy consumption (TFEC) of sectors supplied by modern renewable energy (i.e. excluding 
the traditional use of biomass) sources are still low, as renewable energy sources accounts for roughly 10 % 
2016. As of the end of 2016, heating and cooling accounted for around 51 % of final energy use, transport 
for 32 % and final electricity demand for around 17 %, shown in Figure 2. Modern renewable heat and 
cooling supply has not grown significantly, the uptake of renewables remains slow due to lack of policy 
support, the demand grew just under 5 % between 2013 and 2017. While in contrary the demand for 
renewable electricity grew by 25 % at the same time [13].    
 
Despite that heat and cooling accounted for around half of TFEC, it still lacks policy support to integrate 
more renewables and is currently heavily reliant on fossil-based energy. However, as the share of renewables 
in power generation continues to grow, electrification can provide an opportunity to further expand the use 
of renewable energy in both the heating and cooling sector as well as the transport sector. Higher share of 
sector integration via electrification can also ease the addition of intermittent renewable energy sources. 
Sector integration continued to gain policy makers attention during 2019, although concrete actions to 
directly support it were limited [13].  
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Figure 2 Renewable Energy in Total Final Energy Consumption, by Sector, 2016 [13] 

2.1.1 Heat sector overview  
As of 2018, fossil fuels still dominate heat supplies, the heat sector is extra troublesome as it accounts for 
approximate 50 % of TFEC and is responsible for roughly 40 % of global CO2-emissions as of 2018. Even 
though heat accounts for such a large share, the power sector is often more talked about. Global industrial 
process consumes roughly 50 % of all heat produced, followed by space and water heating for buildings 
which accounts for 46 % of total heat, while the remainder was used in agriculture, essentially for greenhouse 
heating [14].  

 
Figure 3 Share and breakdown of heat demand in industries [15] 

A breakdown of the industrial energy usage is shown in Figure 3, which highlights that 74 % of industries 
energy demand is from heat. As NG and Oil accounts for 45 % of industries heat demand it puts substantial 
risks on the industries relying on heat from these sources as both markets are heavily volatile [16]. Renewable 
heat can provide an economic hedge against the volatility of both markets as well as increasing costs for 
emission allowances. Further, as roughly half of the heat demand are from low and medium temperature 
heat, renewable heating technologies could be particularly beneficial to meet this demand [17].     
 
Renewable heat consumption is projected to grow by 22 % between 2019 and 2024, increasing the total 
share from 10 % to 12 % by 2024. However, the projected deployment is not in line with global climate and 
sustainable goals. In order to ramp up the speed of deployment, greater ambition and stronger policy 
support are needed to further increase the use of renewables for heat [14]. As of 2018, only 47 countries 
had targets for renewable heating and cooling. However, there is some light in the tunnel as sector 
integration offer a key opportunity to boost renewables in buildings as well as industries [13].  
 
2.1.2 Power sector overview  
The current global energy transformation, shifting from fossil-based to renewable power production, is 
driven by the mass deployment of renewable generation sources in the last decade. The renewable electricity 
generation is expected to more than double by 2040 as costs reductions continues for both solar PV and 
wind power [4]. In IEA’s “stated policy scenario” published in “2019 World Energy Outlook” solar becomes 
the largest generation source around 2035, surpassing both coal and gas, as shown in Figure 4.   
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Figure 4 Projection of global installed power generation capacity by source, IEA, 2000-2040 [4] 

One of the reasons for the strong projections for solar PV and wind power development is that the average 
Levelized Cost of Electricity (LCOE) for both technologies has plunged between 2010 to 2018, shown in 
Figure 5 and is projected to decline in the future as well. Because of this development renewables have 
become the most cost-competitive power source in most parts of the world. This development opens up 
the possibility for solar PV and wind power to become the backbone of the global energy transformation, 
as these renewable energy sources mitigates the negative effects from fossil-based power generation [18]. 
 

 
Figure 5 Global LCOE of utility-scale renewable power generation technologies, 2010–2018 [18] 

Although, renewables have strong advantages over fossil-based power generation as e.g. low emissions, low 
LCOE, increased reliability and resilience and job. However, renewables as e.g. both solar and wind power 
suffers from being non-dispatchable due to their intermittent nature, solar power is only available when the 
sun shines and wind power is only available when the wind blows. This leads to some constraints to the 
adoption of renewable energy sources to the energy system, were only a part of the demand can be met with 
renewables. The problem with intermittency is not shared with fossil-based power generation, as it has the 
benefit of being dispatchable, enabling demand to be met at any period when needed.   
 

2.2 Energy storage system 
Energy storage systems (ESS) offers a viable solution for storing intermittent renewable energy generation, 
making it dispatchable when needed, enabling renewables to compete with fossil-based power generation 
sources. As renewables increases its dominance in the global energy market it creates a demand for cost-
competitive storage solutions. Projections are optimistic for the development of the storage market and its 
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projected to grow from 9 GW/17 GWh in 2018 to 1095 GW/2850 GWh by 2040, as shown in Figure 6. 
Attracting some $700 billion in investment over this period [19].    
 

 
Figure 6 Global cumulative energy storage solutions [19] 

The progress in the energy storage market reached new record heights 2018, nearly doubling from the year 
before. Behind-the-meter storage, hence connected behind the utilities meter, solutions contributed the 
most to the addition of storage capacity, as it almost tripled from previous year. The key contributors to this 
development are Korea, China, the United States and Germany in respective order. Currently the storage 
market is dependent on supportive policy and market frameworks. Which results in deployment in markets, 
as e.g. Korea, are created as and where incentives are introduces leading to varied progress from one region 
to another [20].  
 
2.2.1 Energy Storage technologies 
There is a wide array of applications for ESS, where specific storage technologies have better performance 
than others and thus being more relevant for certain applications. ESS offer a wide collection of 
technological approaches for managing energy supply in order to create a more resilient energy infrastructure 
as well as reduce operating costs for both utilities and consumers. ESS can be classified into mechanical, 
thermal, chemical, electro-chemical and electrical storage systems, as shown in Figure 7 [21].  
 

 
Figure 7 Categorization of energy storage systems, adopted from [21] 

Electro-chemical storage is one of the most rapidly growing market segments, although it only accounts for 
a small share of the global total installed storage power capacity. Pumped hydro storage currently dominates 
the ESS market in terms of installed storage power capacity accounting for 96 % of the total installed 
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capacity of 176 GW in 2017. Other storage technologies as TES, Battery energy storage system and other 
mechanical storage accounts for 3,3 GW, 1,9 GW and 1,6 GW respectively [3].  
 
Energy storage technologies have different intrinsic properties that determine their technical feasibility for 
certain applications, the two main properties are power (W) and energy capacity (Wh). The power capacity 
defines the nominal capacity at which the storage can charge or discharge energy. The energy capacity 
defines the nominal amount of energy that can be stored in the system [3]. Combined, one can determine 
the duration at which the storage system can discharge at nominal power capacity. An overview of different 
storage technologies and their performance related to discharge time and system power rating is shown in 
Figure 8.  

 
Figure 8 Ragone plot 

TES applications are mainly found in the Concentrated Solar Plant market, were the storage enables them 
to dispatch electricity around the clock. The main storage technology used is Molten Salt Thermal Storage 
which accounts for 75 % of the TES as of 2017 [3].  
 
2.2.2 Carnot batteries  
The Carnot battery technology is an emerging storage technology, ranging from a few megawatt hours up 
to gigawatt hour scales, having the potential of solving the storage challenge with renewable electricity in a 
more cost-effective and environmentally friendly way. A Carnot battery, or Thermal battery, is an energy 
storage technology which transforms electricity into heat, stores the heat in an effective and inexpensive 
storage media and then when needed transforms back the heat to electricity when needed [22]. The 
technological principle of charging (I), storing heat (II) and releasing energy (III) is shown in Figure 9.  
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Figure 9 Technological concept of a Carnot Battery 

The first stage of the process is to charge the storage with heat (I). The storage can either be heated with a 
heat pump, based on Rankine or Brayton cycle, or with direct resistance heating. Although, when utilizing 
a heat pump cycle for heating of the storage, the heat pump requires low temperature heat as well as 
electricity for running the cycle. Because of this, direct resistance heating is the easiest way for heating the 
storage, with the disadvantage of being less cost-effective [22].  
 
The heart of the Carnot battery is the TES which enables the Carnot batteries to store heat in an effective 
way and ideally with minimum energy losses (II). The heat storage can either be sensible, latent or 
thermochemical, as well as a regenerator storage or a combination of different technologies [22]. TES which 
utilizes sensible heat for storage has been dominating the storage system market for CSP plants [23]. One 
emerging concept for TES are PCMs which are latent heat storage materials. The advantage of PCMs is the 
discharge of a large volume of energy at a relatively constant temperature. Which potentially could lead to a 
smaller and lower cost storage system [24]. 
 
The last part of the process is to transform the heat to useful electricity when needed (III). This is done with 
a heat engine and can therefore be thru different engine types e.g. Stirling, Brayton cycle and Rankine cycle 
engines. Reversible heat pump that utilizes the transformation stages of charging (I) and releasing (III) 
energy can be used in order to theoretically increase the overall efficiency of the storage solution. Carnot 
batteries are sometimes called Pumped Heat Electricity Storage (PHES) or Pumped Thermal Electricity 
Storage (PTES), this is true when reversible heat pumps are used.  
 
As the main aim of the Carnot Battery is to store heat to later produce electricity, it can also be utilized as a 
pure TES to store and supply high temperature heat, which could be used for e.g. industrial process as steam 
generation. In addition, the process for transforming heat to electricity will always yield low-temperature 
heat as a by-product. In connection to that, multiple different applications can be combined around the 
Carnot battery depending on the system integration and economic feasibility. This is a unique attribute of 
the Carnot battery compared to other ESS, offering possibilities for multiple sector coupling such as 
industrial pre-heating and process heating, district heating and storage of renewable energy [22].  
 
2.2.3 Energy Storage Services 
The specific drivers that develop energy storage markets are different for each region and market, the central 
goal of energy storage has been to make electricity grids more efficient, resilient, secure, cost-effective and 
sustainable by integrating more renewables [21]. However, during recent years sector coupling between the 
power and heat market via electrification has open a new segment were energy storages as e.g. thermal 
based, can be charged via the grid to provide services to the heat market as well. Although, this concept is 
rather new, it shares some of the services an electricity storage can provide in terms of energy shifting and 
negative power control.  
 
The storage requirements vary largely from one market to another in respect to political, regulatory and 
technical characteristics such as power scale, duration, type of grid connection or ability to provide flexibility 
services. The two main market segments for on-grid electricity storage are System-level and Behind-the-
meter solutions. System-level, also known as Utility scale, refers to systems installed on transmission or 
distribution networks providing services to grid operators or microgrids. Behind-the-meter refers to systems 
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installed on the customer side of a utility meter and primarily help reduce costs and improve resiliency for 
commercial and industrial or residential customers [3].  
 
Most ESS have historically focused mainly on system-level solutions and utility scale, able to provide high 
power, during short to medium duration and grid flexibility. Behind-the-meter storage is expected to 
represent 40 % of total installed capacity by 2040 as shown in Figure 10, driven by medium duration storage 
needs in mature distribution markets [19].  
 

 
Figure 10 Global cumulative storage installations: system-level versus behind-the-meter 2018 to 2040 [19] 

2.2.3.1 Supply-level services 
Utility scale applications involve grid connected stakeholders whether on the generation or the demand side. 
The fundamentals of the selected services are described below, however each service could be further 
divided into subbranches.  
 
The services that electricity storage can provide depends on the point of interconnection into the power 
system. If the storage is connected to the grid at the transmission level, supply-level, electricity storage can 
support increasing shares of variable renewable energy, participate in electricity market bidding to buy and 
sell electricity and provide ancillary services at various time scales. Connected to the distribution level, the 
electricity storage can provide the above-mentioned services as well as additional services. The additional 
services that could be provided are for example, deliver power quality and reliability services at the local 
substation, postpone distribution capacity investments, support integration of distribute renewable energy 
[25]. Therefore, the services that an energy storage can provide can be directly and indirectly provided to 
different segments. 
 
Bulk energy services 
Bulk energy services can be split into two different types of services, energy time-shift (arbitrage) and energy 
supply capacity. The uptake of bulk energy services is driven by increasing system flexibility needs [19]. 
Energy shifting is when a storage is charged during times of low prices and surplus supply and discharged 
to meet demand during times of high prices. Using ESS to produce power during periods of high demand, 
reduces the load on peak-generating facilities which are less economic to operate. Energy supply capacity is 
similar to energy shifting, but instead of optimizing operation, the objective is to avoid the addition of new 
peaking capacity for supplying the peaks associated with a variable load profile [25].  
 
Ancillary services  
The main goal of ancillary services is to ensure reliable operation of the grid under both normal conditions 
and contingencies [25]. This is achieved by provision or absorption of short bursts of power to maintain 
the balance of supply and demand and hence the frequency of the grid [19]. Ancillary services typically 
consist of frequency regulation, black start support and voltage control [25].  
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Grid services (transmission and distribution) 
ESS can be an alternative solution to provide transmission and distribution infrastructure services compared 
to traditional network reinforcement. The ESS is operated to meet required incremental increase in 
transmission or distribution capacity in order to prolong the operation without new more expensive 
reinforcement investments [19].  
 
2.2.3.2 Behind-the-meter services 
Behind-the-meter energy storages are connected behind the utility meter of commercial, residential or 
industrial customer and are used to increase the local self-consumption of decentralized generation. Due to 
the interconnection point, the power supplied from the grid can be lowered, resulting in a decrease in 
electricity bills [3].  
 
Customer Energy Management services 
ESS can be placed behind the meter to support customer in increasing the share of self-consumption from 
local renewable generation assets. Thereby reducing the energy bills, improving power quality and reliability, 
potentially enabling participation in energy management markets through aggregators and reduce costumers 
peak-load demand [25].  
 
2.2.3.3 Market need from ESS 
As the ESS market is projected to grow, it is important to understand which storage services these solution 
aim to meet. In the near-term projections suggest that most ESS will be installed to meet the demand of 
energy shifting as well as peaking capacity as shown in Figure 11, were energy shifting will be the dominant 
service [19]. This is especially true for the European market, were storage combined with utility-scale solar 
is projected to grow significantly. As shown in Figure 10 behind-the-meter storage will become increasingly 
important as more customers look to offset retail rates or add storage for resiliency purposes [19].  
 

 
Figure 11 Global annual installations by application based on energy capacity [19] 

 

2.3 Azelio’s eTES 
Azelio’s unique Stirling-based system with TES for dispatchable electricity production is called the eTES 
and is a Carnot storage system. The system has a storage capacity of 13 hours production at nominal power 
and is highly scalable, making it suitable for multiple applications and markets. The system provides a single-
package solution for customers demanding small, medium or large Carnot batteries, both in terms of storage 
capacity as well as power. The eTES is suitable both  for supply-level services as well as behind-the-meter 
services in which the eTES provides energy shifting, peaking capacity and other ancillary services for 
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different customer types as commercial, industrial and utilities as well as micro/mini-grid applications.  In 
Figure 12 the process for operations for Azelio’s eTES is illustrated and explained below.  
 

 
Figure 12 Overview of how Azelio's eTES works [10] 

1. The TES can be charged with direct solar energy from a concentrated solar plant (CSP) or with 
electricity produced from PV, wind power or any other power source through usage of an electrical 
heater. The nominal charging power per unit is 100 kWp. 

2. The PCM, a recycled aluminum alloy, is used as storage media and is heated up to around 600 °C 
to a phase changing state maximizing the energy density with the ability to store energy for a long 
duration. The PCM suffers from no degradation over time, making it very reliable.  

3. During discharge, heat is transferred from the PCM through a heat transfer fluid (HTF) to the 
Stirling engine, a working gas is heated and cooled off which runs the engine. The Stirling engine 
operates a generator that produces electricity on demand when needed.  

4. The Storage has a capacity for 13 hours of power production at nominal effect and longer when 
adjusting the output to a shifting demand. Due to the characteristics of the Stirling engine, useful 
heat is also produced which is in the temperature range of 50-60 °C.     

 
2.3.1 Azelio’s Stirling engine 
Azelio’s previous legacy products, the GasBox and SunBox has all been centered around the Stirling engine. 
Azelio has modified and refined this 200-year-old invention to better suit future applications. The Stirling 
engine is unique in its ability to effectively convert thermal energy into a mechanical movement which can 
be utilized for power production. As previously mentioned, the Stirling engine is a heat engine, thus it’s 
possible to operate the engine with multiple different heat sources [9].  
 
The Stirling cycle is a closed cycle with a fixed, thus permanently, gaseous working fluid, that is heated to 
expand and cooled to compress, thus driving the cycle and generating momentum which can be utilized to 
drive an electric generator, as shown in Figure 13. Azelio’s Stirling engine is an alpha type, which relies on 
two separate pistons which is inside separated cylinders, the pistons is than connected to a crankshaft that 
is used for momentum absorption. The heat source heats up the working fluid on the hot side, causing it to 
expand, pushing the hot piston and driving the crankshaft, creating momentum. Through this process, the 
cold piston is compressed, moving the working fluid into the cold heat exchanger and regenerator. The 
momentum created by the process for the crankshaft is used to generate electricity from the generator as 
well as low temperature heat is produced from the cold heat exchanger [9].  
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Figure 13 Azelio's Alpha type Stirling engine [9] 

Each unit of Azelio’s eTES consists of one storage unit and one Stirling engine, hence working 
independently, as in Figure 12, four of these units can be placed in a container illustrating the scalability of 
the system. Each unit has a nominal power discharge rate of 13 kWp and a heat discharge rate of 26 kWt 
during operations.  
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3 Methodology  
This chapter explains the methodology and models used to achieve the results in this thesis. 
 

3.1 Overview of methodology 
In order to reach the objectives defined in chapter 1, a specific methodology was developed. The framework 
used in the methodology part was based on a top down approach shown schematically in Figure 14.  
 

 
Figure 14 Overview of the methodology steps 

Step 1: Ideal customer-type 
First, a literature review was conducted to get a clear view of the power and heat market, regarding renewable 
energy development as well as supporting policies. Customer-type which consume heat in the temperature 
range of 0-500 °C was identified and analyzed to get a better understanding of consumption, requirements 
and current technologies used. Based on the literature review, the most promising customer types, regarding 
magnitude of consumption as well as temperature ranges, was selected for further analysis.  
 
Secondly, semi-structured interviews were conducted with market leaders for respective customer-type to 
validate the data acquired in the literature review as well as gain deeper knowledge for respective sector and 
their requirements. The data collected through interviews were mainly used for validating the industrial 
processes, in terms of temperature ranges and load profiles. Information regarding the interviews can be 
found in Appendix 3: Interviews. 
 
Thirdly, based on the literature review and the validation part, the customer-types found to be most 
promising in terms of heat consumption, load profile, current energy expenditures and the need to become 
more sustainable was selected.   
 
Step 2: Multi criteria analysis 
To identify the most promising markets a multi criteria analysis (MCA) was conducted. One of the main 
reasons for conducting an MCA was to incorporate a quantitative approach to a qualitative assessment. This 
is achieved by attributing weights to each of the criteria and then scoring the opportunities on a relative 
scale based on respective criteria. The goal of the MCA is to identify regions and countries that are most 
promising for the Carnot battery solution.  
 
Another important result from the MCA was that the market sizing could be performed with the data 
collected in this step, further information regarding framework for sizing the market can be found later in 
this chapter.  
 
Step 3: Business opportunities 
Based on the identified ideal customer-types and regions of interest as well as in collaboration with Azelio, 
business opportunities were chosen for promising countries and sectors. The business opportunities were 
used as case studies to evaluate how competitive a novel Carnot battery solution is compared to other 
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competing technologies for different markets. To evaluate business opportunities, generic cases were 
created with inputs from both the literature review and the performed interviews, in the validation step. An 
important aspect in regard of creating generic cases, that should represent opportunities is that they should 
be representative for the sector, so that the case study can indicate how feasible respective segment can be. 
 
Step 4: Techno-economic analysis 
Once business opportunities are identified, a techno-economic analysis is performed to evaluate and analyze 
the feasibility of integrating the Carnot battery solution. To conduct the techno-economic analysis, a model 
has been developed for this thesis which compares key performance indicators (KPI) for different cases, 
ultimately assessing the most profitable opportunity. Based on an iterative process, sensitivity analysis is 
conducted based on the results from the techno-economic model to test and evaluate the models results. 
Parameters identified as crucial will be analyzed in order to achieve more solid results, which ultimately can 
cater for profound recommendations for Azelio. The techno-economic analysis is described in Chapter 0 
and results is found in Chapter 6. 
 

3.2 Sizing of market opportunity 
To size the market opportunity for a Carnot battery solution in terms relevant figures, such as units to 
deploy, one must use a framework which captures the size in a quite precise way. Market size assessment 
generally concludes around three key concepts Total addressable market (TAM), Serviceable achievable 
market (SAM) and Serviceable obtainable market (SOM) [26], also shown in Figure 15: 

- TAM represents the size of the market if the whole demand was met by the analyzed product, thus 
disregarding from any limiting factors or competitors. For this thesis this would be measured as 
number of TES units required to meet the total heating demand globally.  

- SAM represents the part of the demand of TAM that the analyzed product aims to meet, which 
also narrows down to regions of interest. From the thesis point of view, the SAM represents the 
number of TES unit required to meet the heat demand from identified ideal customer-types in 
selected regions of interest, excluding any competitors.  

- SOM represents the selected business opportunities within the SAM that a company targets first to 
grow over time.  

    

 
Figure 15 Market size estimation [26] 

Azelio is currently aiming to assess its SAM for the TES CHP unit, sizing the markets magnitude and 
identifying the most interesting regions to target. Thus, focus for the thesis in terms of sizing will be on 
estimating the SAM opportunity.  
 

3.3 Multi criteria analysis 
Based on the identified ideal customer-types, an MCA was used to narrow down the geographical scope of 
the thesis, thus identifying countries. The use of an MCA allows for comparison of potential countries based 
on various quantitative and qualitative criteria. Data was collected from international databases as e.g. 
International Energy Agency (IEA) and The Organization for Economic Co-operation and Development 
(OECD), on country specific level for three subgroups of criteria. The criteria were identified, ranked and 
then scored based on identified customer-types as well as in collaboration with Azelio. The scoring method 
used for each criterion was normalized in a linear scale between 0 and 10 based on the scoring method 
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applied for respective criteria. The subgroups are descried below, and the full list of criteria and weights can 
be found in Appendix 1: Multi criteria analysis.  
 
Criteria group 1: Macro-environmental factors 
Evaluates countries attractiveness over another, due to political and societal factors. A total of three criteria 
was used to evaluate the macro-environmental factors. This criteria group was weighted to account for 20 
% of the total available score.  
 
Criteria group 2: Energy situation 
Evaluates countries energy situation in terms of power and heat demand, energy prices and energy policies. 
A total of five criteria was used to evaluate the energy situation. This criteria group was weighted to account 
for 30 % of the total available score. 
  
Criteria group 3: Sector specific heat criteria 
The criteria are designed to evaluate the potential for each sector and their subsector in terms of energy 
consumption for respective country. The sectors which are targeted are based on the results from the 
process of identification of ideal customer-types. A total of four criteria was used to evaluate the heat 
potential for respective sector. This criteria group was weighted to account for 50 % of the total available 
score, since it’s believed to be the criteria which has the largest influence on identifying potential markets. 
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4 Key customers and markets 
In this chapter potential customer types and markets are further investigated. After reviewing the power 
and heat market, hypothesis for ideal customer profiles were developed to identify potential sectors that 
would benefit from a Carnot battery solution.  When comparing the performance and attributes of a Carnot 
battery to other current energy storage technologies, it becomes clear that the Carnot battery can offer some 
unique values for its customers. The main values it can offer are long storage duration and firm energy 
production during operation and depending on configuration either supply low temperature heat and power 
or supply medium temperature heat. Although, the most unique value it offers compared to other energy 
storage technologies is the production of heat. Accounting for this attribute potential market segments were 
analyzed with the goal of finding applications that needs both power and low temperature heat or only 
medium temperature heat.  
 
Hypothesis of ideal customer profiles: 

- Industries that utilizes low and medium temperature heat 
- Heat supply for district heating 
- Heat for desalination processes 

 
4.1 Industrial applications for a Carnot battery solution 
In this section the potential to supply heat for the industrial sector will be analyzed, consumption sizes, 
temperature ranges for process heat as well as the current state in terms of technology will be investigated 
for selected industrial sectors.  
 
As stated in Figure 3 roughly half of the industrial heat demand are from low and medium temperature heat, 
renewable heating technologies could be particularly beneficial to meet this demands [17]. Process heat 
demand for industries can be split up into different temperature levels, as shown in Figure 16. As of 2015, 
almost one half of the total heat demand of 2500 Mtoe came from low and medium temperature 
applications, were 24 % in the temperature range of 0-100 °C and 25 % in the temperature range of 100-
400 °C [27]. 
 

 
Figure 16 Global industrial demand by temperature level and type of sector [27]. 

4.1.1 Conventional heat generation systems used in industries 
The most common conversion technologies used to produce heat on-site are boilers, cogeneration systems, 
burners, heat pumps, heat exchanger coupled with district heating and electric heaters. These conversion 
technologies are mainly fueled by fossil-based sources such as liquid petroleum gas (LPG), Coal and NG 
and in lesser extent with renewables such as Biomass and Biogas. Furthermore, the sizes of these conversion 
units vary depending on the size of the manufacturing plant and which HTF that is used for the process, 
which in turn is determined by the required temperature level. In Table 1 respective conversion technology 
is shown and corresponding fuel and HTF used.  
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Table 1 Thermal energy conversion technologies [28] 

Conversion 
technology 

Fuel HTF 

Boiler  Gas, LPG, oil, coal, biomass, biogas & NG Steam, hot water, thermal oil  
Cogeneration 
systems  

Gas, LPG, oil, coal, biomass, biogas & NG Steam, hot water, thermal oil  

Burner  Gas, LPG, oil, coal, biomass, biogas & NG Hot air  
Heat pump  Electricity Hot water, hot air, thermal oil  
 
In larger plants, boilers and cogeneration systems are often utilized in order to achieve higher efficiencies, 
it’s common to use steam or pressurized hot water as HTF medium. Steam has the advantage of having 
high energy density, enabling small distribution tube diameters as well as high heat transfer rates. However, 
these steam heating systems are more complex to operate compared to hot water boilers. In contrary hot 
water systems require large distribution tube diameter as well as large heat transfer areas. Hot water systems 
need to be pressurized when the required supply temperature is above 100 °C. Thermal oil is another media 
that can be used for HTF as its evaporation temperature is above 300 °C and can be operated at lower 
pressures compared to hot water. However, Thermal oil has lower specific heat capacities and higher cost 
[28].  
 
As mentioned above, steam is the dominant HTF in industrial process that require heat below 500 °C, as 
shown in Table 2. However, in many industrial plants were steam is the primary HTF supplied from a 
centralized boiler system, the actual process temperature required is lower than 100 °C [29]. This is true for 
e.g. the food and beverage industry were many processes require temperatures around 50-80 °C but are still 
supplied with high temperature steam. 

Table 2 Definition of temperature level for process heating [29] 

  
Temperature 
level 

Heat transfer 
fluid Industry usage 

Process 
heating 

<100 °C Hot water Food industry  

100–200 °C Steam Pulp and paper, food and beverage 
and chemical industry 

200–500 °C Steam Chemical industry 

>500 °C Other Iron and steel, non-ferrous metals 
and non-metallic materials 

 
Other important parameters determining the design of heat supply systems are their start-up and shutdown 
time as well as how fast the heating system can ramp up depending on the load from the manufacturing 
process. In general, this has led to many industries incorporating heat storage into their heating systems [28]. 
 
4.1.2 Operation time 
Industrial sectors can be divided depending on how energy-intensive they are and as the categorization 
indicates energy-intensive industries consumes more energy. Besides implying how much energy one sector 
consumes, the categorization also is important to preliminary indicate how the heat load profile is shaped 
for respective sector. Energy-intensive industries tend to keep the manufacturing process running for as 
long as possible every day and during the season, thus having higher operation times compared to non-
energy-intensive industries. In Table 3 the groupings of energy-intensive and non-energy intensive industries 
are shown. 
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Table 3 grouping of energy-intensive and non-energy intensive industries [30] 

Industry grouping Representative industries 
Energy-intensive    
Food and beverage Food and beverage manufacturing 
Paper and pulp Paper manufacturing, printing and related support activities 
Chemical Inorganic chemicals, organic chemicals, resins and agricultural 

chemicals 
Refining Petroleum refineries and coal products manufacturing 
Iron and steel Iron and steel manufacturing 
Non-ferrous metals Primarily aluminum but also copper, zinc and tin 
Non-metallic minerals  Primarily cement but also glass, lime and gypsum 
Non energy-intensive    
Other chemicals Pharmaceuticals, paint and coatings, adhesives and other 

miscellaneous products 
Other industries  All other manufacturing industries 

 
One of the reasons that energy-intensive industries tends to operate at full capacity is to ensure maximum 
returns of their initial high capital investments, thus leading to high operation hours. Load shifting or 
rescheduling can be feasible for some industries, were some discounts on the energy bill can be achieved. 
But in general, these industries operate at the same rate without any seasonality. In contrary non energy-
intensive industries, are more dependent on their production and working hours of employees as these 
factors heavily influence the heat demand [31].  
 
It is of high importance to consider both daily and seasonal changes of heat demand when designing a 
Carnot battery solution. Both since it indicates how the system should be sized and since it indicates how 
sound the economic investment will be. It also implies which charging strategy the Carnot battery should 
utilize, if the industry operates around the clock it might be more feasible to charge during the day with PV 
for example. But on the contrary if the heat demand only occurs during the day, it might be better to charge 
the storage during the night from the electricity grid.  
 
4.1.3 Industries that require low and medium temperature heat 
Several potential studies from the solar heat market has assessed the potential for solar to substitute fossil-
based production for industrial process heat. One meta study investigated, potential studies for European 
countries and identified multiple industrial processes that require heat in the low and medium temperature 
range. Based on the meta study for the European market, the authors found that the Chemical and 
petrochemical sector has the highest quantitative potential for substituting fossil-based heat with solar heat, 
followed by Food and Beverage, Pulp and Paper. Other industrial sectors that was found to be suitable were 
Machinery, Textiles and the automotive industry [32].  
 
Since the solar heat industry is a more mature market than the Carnot battery market and delivers heat in 
similar temperature ranges, one could look to the solar heat market to assess potential applications for the 
industry. The need for low and medium temperature process heat varies among different industries, both 
in terms of relative shares as well as final energy consumption [33]. In Figure 17 selected industries that 
consume low, medium and high temperature process heat are shown. The figure shows which industries 
that could be more interesting from Azelio’s perspective.  
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Figure 17 Global heat consumption from industrial processes that require heat under 500 °C, [33], [34] *. 

However, since the global heat consumption is connected to respective industry and is defined in a wide 
temperature range in Figure 17. One must investigate the specific temperature levels needed for each 
industrial process in order to get a better understanding for respective market opportunity.  
 
On the other hand, there is hardly any liable information on country differences in terms of temperature 
levels for industrial processes and especially for their subsectors. However, production process can be 
assumed to be similar across the globe, since technology provider are global and supply similar technologies 
across different countries and often the industrial plants are owned by large multinational companies 
utilizing the same strategies [34]. One can assume that there are small differences between temperature levels 
used for various industrial processes based on country level, as most industries have similar production 
processes around the world [29] & [32].  
 
4.1.4 Breakdown of potential industry sectors 
From the initial screening of interesting industrial sectors, four potential sectors were identified as suitable 
based on temperature ranges and total global energy demand, described earlier in this chapter. Each of the 
identified sectors were analyzed in order to gain a better understanding of the current state in terms of 
technology used, costs, heat demand and process needs. However, this does not conclude that other 
industrial sectors are not interesting as potential opportunities, due to the purpose of this study they are not 
further assessed because of narrowing down the scope.  
 
4.1.4.1 Food and beverage industry 
The food and beverage industry supply a diverse variety of products to customers around the world. The 
industry is complex since it covers such a broad range of businesses in different stages in the value chain, as 
of e.g. agriculture, food processing, wholesale etc. However, the focus of this report has been on the 
manufacturing and processing part for food and beverage industry, since this stage require energy that a 
Carnot battery could potentially supply, hence both heat and electricity.  
 
The global heat demand from the food and beverage industry was roughly 3,3 EJ annually for low 
temperature heat and 2,2 EJ annually for medium temperature heat 2016 [33]. Most of the heat required are 
for manufacturing processes, such as e.g. cleaning, process heating, evaporation and distillation, 
pasteurization and cooking. Based on a bottom up analysis performed by Fraunhofer ISI investigating 
temperature levels required for the European food and beverage industry 48 % of heat consumed was below 
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100 °C, 35 % was consumed in the range 100 to 200 °C, 9 % was consumed between 200 to 500 °C and 9 
% was consumed above 500 °C, shown in Figure 18 [29].    
 

 
Figure 18 heat consumption food and beverage industry based on the required temperature levels [29] 

There are six different subsectors identified for the food and beverage industry: sugar, dairy, brewing, meat 
processing, bread and bakery and starch. There is lack of data regarding heat consumption for each subsector 
in the food and beverage industry, however, there are data for shares of heat consumption based on 
production (GJ/t). Accounting for the heat consumption per ton of product produced yields that sugar, 
starch and bread and bakery are the largest subsectors [29].  
 
Sugar is one of the subsectors which has high heat consumption per produced ton and require heat in the 
desired temperature level [29]. However, this subsector is somewhat seasonal as production takes place 
during autumn and winter. CHP is also extensively used which might make this subsector less interesting. 
Dairy, brewing and bread and bakery are subsectors which seem to be interesting based on temperature 
levels as well as temperature requirements for heating [32].    
  
Almost 99 % of the food and beverage companies are small and medium sized enterprises (SME), were the 
SME’s account for almost 50 % of the sectors energy consumption and the rest is from large international 
companies. One consequence for the industries that are SME’s is that they are less capable to adapting 
innovative technologies quickly. Since the food and beverage industry is dominated by SMEs, the sectors 
companies typically have limited financial strength required for acquiring on-balance-sheet financing for 
energy efficiency and renewable projects [35].  
 
4.1.4.2 Chemical and chemical product industry 
The chemical industry manufactures a great variety of chemical products and therefore has a central role in 
our modern society. The chemical industry can be divided into different product fields as polymers, life 
science, specialty chemicals and consumer products.  
 
The chemical industry has the largest heat consumption when combining the low and medium temperature 
heat. The heat consumption for the industry was roughly 3,1 EJ annually for low temperature heat and 3,4 
EJ annually for medium temperature heat 2016 [33]. Based on a bottom up analysis mentioned in previous 
section, the European chemical industry consumed 2 % of heat below 100 °C, 35 % was consumed in the 
range 100 to 200 °C, 6 % was consumed between 200 to 500 °C and 57 % was consumed above 500 °C, 
shown in Figure 19 [29].    
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Figure 19 heat consumption chemical industry based on the required temperature levels [29] 

In the range of 100 to 500 °C common processes are cooking, distillation, bio-chemical process, 
polymerization process and preheating. The average energy cost is in the range of 4 to 5 % of the total 
manufacturing cost but depends strongly on subsectors. This is true for production of ammonia and 
petrochemicals which are very energy intensive, whereas life science (pharmaceutical) needs less energy [32].  
 
The chemical industry consists of broad variety of different processes, which makes it harder to identify 
every subsector compared to other industries. One can notice that roughly 40 % of the processes require 
heat at temperatures above 500 °C, making these processes out of reach for this thesis scope. From the 
remaining processes plastic, titanium dioxide and acid manufacturing seem to be the most promising ones.   
 
However, since the variety of unique processes as well as multiple parallel manufacturing processes are 
operational at the same time in a chemical manufacturing plant, the potential to substitute fossil-based heat 
with renewables are somewhat ambiguous. When taking into account that production plants are complex, 
feedstock is used both as material and to produce heat in the manufacturing process, lack of space near 
industry and utilization of waste heat streams is extensively used [32]. This could imply that the heating 
solution need to be exclusively designed for each individual process, which is bad from a scaling perspective. 
This also makes the chemical sector harder to fully understand as well as assess and further in-depth analysis 
might be needed.   
 
4.1.4.3 Paper and pulp industry 
The pulp and paper industry refine wood as raw material and manufacture pulp, paper, paperboard and 
other cellulose-based products. The industry can be divided into four different subsectors chemical pulp, 
paper, machinery pulp and recovered fibers. The pulp and paper industry consume nearly 0,5 EJ annually 
for low temperature heat, 3,5 EJ annually for medium temperature heat and the rest is consumed as high 
temperature heat [29] [33].  
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Figure 20 heat consumption paper and pulp industry based on the required temperature levels [29]. 

Within the paper and pulp industry roughly 85 % of the heat demand is within the temperature range 100 
to 200 °C, shown in Figure 20, the heat is mainly used for drying processes. Drying process accounts for 
the largest share of energy consumption within the industry, this is due to the high moist in the raw material. 
Different processes are used for drying in the paper and pulp industry, one of the most common methods 
used is drying cylinders driven by steam at temperatures around 130 to 200 °C. Another method used for 
drying is directly fired drying hoods, operating around 400 °C, which are frequently installed in hygiene 
tissue production. Other processes that require heat at the studied temperature range are de-inking of 
recycled paper and preheating of boiler feed water [32]. Energy expenditures accounts for almost 10 % of 
the total manufacturing cost, thus making it highly important in order to keep the costs down. Its common 
that paper and pulp mills burn waste and excess material to produce heat and electricity for their internal 
processes.  
 
The subsectors to paper and pulp industry can be divided into four main manufacturing processes. The two 
most promising being chemical pulp and paper production, they both mainly require heat in the temperature 
range 100-200 °C as well as have a rather high energy consumption per ton produced goods [29].  
 
Another important aspect to account for when analyzing the paper and pulp industry is the scale of the 
production plants. Roughly 70 % of the pulp mills in Europe have production volumes over 100 thousand 
tons per year, this results in very high consumption of heat supplied most often from large CHP systems. 
On the other hand, paper and board mills are often smaller in size, for Europe 53 % of the paper and board 
mills have a production lower than 50 thousand tons per year. Were heat is often produced in smaller boilers 
compared to pulp mills. Another difference is that there are a higher number of paper and board mills 
compared to pulp mills when looking at Europe [35].  
 
The paper and pulp industry are heavily dependent on energy supply cost, since it affects the production 
cost of their goods. The sector produces most of its own heat as well as power through CHP units integrated 
in the manufacturing process, fueled by waste material from the process. The independency of energy makes 
the sector less attractive. However, the sector still uses roughly 35 % of gaseous fuels to meet its final energy 
demand [35].  
 
4.1.4.4 Machinery industry 
The machinery industry manufactures and produces different kind of mechanical products as e.g. engines, 
pumps, valves etc. The machinery industry supplies many of the other industrial sectors with equipment 
such that they can operate. The machinery industry consume roughly 2,1 EJ heat annually, as shown in 
Figure 17, the heat is primarily consumed in the temperature range  of 0 to 100 °C, as shown in Figure 21 
[33]. Roughly 25 % of the heat is consumed in the temperature range 100 to 200 °C and the remaining 18 
% is consumed in the temperature range of 200-500 °C [32]. The energy cost accounts for a small share of 
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the manufacturing cost, roughly 0,5-1,5 % within the sector [32]. Typical processes that require heat in the 
low temperature range are different coating processes, degreasing, electroplating and pickling. Further, there 
are many different air-drying processes that require heat in temperatures around 120 °C [32]. As the sector 
is quite varied in terms of manufacturing processes, no clear subsector breakdown was found.  
 

 
Figure 21 Temperature breakdown for heat consumption for the machinery industry sector [29] 

 
4.2 District heating system 
District heating (DH) network distributes heat, produced in centralized plants, to consumers through pipe 
networks. Heat is typically used for domestic hot water production, space heating in buildings or for 
industrial processes. During 2018, approximate 6 % of global heat consumption is supplied through DH 
networks [36]. As the demand of energy keeps growing due to rising populations, urbanization and 
economic growth, the need for smart ways of distributing energy is becoming more crucial. DH systems 
produce heat centrally under both economic and environmentally sound circumstances compared to 
individual heat production. Also, the flexibility in types of fuels used for DH system will also augment the 
DH market growth [37].  
 

 
Figure 22 Heat supplied globally with DH systems EJ/year, adopted from [14] 

The global DH market was 2018 valued at 173 Billion USD and projected to reach 238 Billion USD by 
2026, with an annual growth rate of around 4 %, fueled by growing concerns regarding carbon emissions 
[37]. As of 2018, the total amount of heat supplied by DH networks was 12,5 EJ globally, were both China 
and Russia accounted for one-third respectively, shown in Figure 22. DH systems in the European Union 
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(EU) are well established and supply roughly 8 % of total heat demand in the region. EU have some of the 
highest DH penetrations in the world were Finland, Denmark, Sweden and Baltic countries are role models 
globally in this segment. Fossil fuels still dominate as energy source for DH systems, because of extensive 
use of NG in Russian and coal in China. However, renewables are on the upswing as EU and China switch 
over to more biofuels, which will increase the share of renewables in DH systems from roughly 8 % 2018 
to roughly 11 % [36]. 
 
4.2.1 District heating technology 
The starting points of DH was in the US around 1880, were heat was distributed with steam around 200 
°C. Three generations later and distributing media as well as temperatures has changed. Current DH system 
distributed the heat via pressurized water with supply temperatures often below 100 °C in prefabricated 
insulated pipe networks. The heat is most often produced in centralized CHP plants, were fuel types vary 
from different regions depending on availability as well as costs, although the most common fuels are coal, 
NG, biomass and waste. Other technologies to produce the are decentralized CHP as well as boilers. The 
trend through previous generation has been toward reducing supply temperatures, which will continue in 
the future as well [38].  
 
The 4th generation of DH system is currently being developed and will be implemented over the decade. 
The next generation of DH system will be a crucial step to combat climate change as it enables integration 
of increasing shares variable renewable energy which will provide synergies for the power system in terms 
of flexibility [39].  
 
Looking back at previous generations, the supply temperature has been decreased in order to increase the 
energy efficiency of DH systems, this trend will continue for next generation as supply temperatures around 
50 to 70 °C will be incorporated. Implementation of low temperature district heating (LTDH) offers 
possibilities to further reduce grid losses as the temperature delta is the driving force for losses. With LTDH 
it is also possible to integrate more renewables such as solar or geothermal heat as well as recycle low 
temperature waste heat from industries and other sources. The option to incorporate LTDH results in 
possibilities to supply heat from multiple different sources to the DH system which in turn offers flexibility 
to the power system. DH system can provide flexibility for balancing, when e.g. surplus of power generation 
is available, due to excess generation from solar PV or wind, then heat pumps can transform the surplus 
power to heat and inject it into the DH system [38].  
 
4.2.2 Regional development 
China is the major player in the Asian Pacific region when it comes to DH, as its capacity grows the fastest 
in the world. As of 2018 DH supplied 4,3 EJ of heat which accounted for 8 % of total heat consumption 
in the country. The northern part of China which experience low temperatures for the most time of the year 
has been the region with the largest deployment of DH. China is also increasing the renewable share of their 
fuels for DH, as they contribute to over 80 % of the global increase of renewable heat for DH [14]. Other 
countries in the region as South Korea have also increased the installed capacity of their DH systems. Due 
to these trends it projected that the DH market size in Asia Pacific will continue to expand during the five 
upcoming years [37].  
 
Russia has seen a decline in heat consumption in their DH system until recently were it has stabilized around 
4,4 EJ annually. However, it still supplies roughly one third of the countries heating demand. The DH 
network infrastructure is however old and very inefficient, renewable penetration is still very low as policy 
support is absent. These factors combined contribute to a projection of almost now growth in market size 
for the five upcoming years [37] [14]. 
 
The European DH market is projected to grow during the upcoming six years, from 139 to approximate 
180 Billion USD from 2018 to 2026 [37]. As of 2018, 2 EJ of heat was supplied through DH systems. The 
low temperature climate observed in some countries of the region most time of the year and the augmented 
actions initialized by governments to combat climate change has been some of the factors driving the growth 
in the region. The share of renewables will also continue to grow in the region [14]. The main countries in 
the region are Denmark, Switzerland, Finland, the Czech Republic [37].  
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The DH capacity in North America is currently growing and is anticipated to emerge as a major region in 
the upcoming five year [37]. The DH market will be growing on account to regulatory measures pertaining 
to rising levels carbon emissions as well as coupled with growing awareness toward sustainable energy 
utilization from commercial and residential sectors [40]. As of 2018, USA supplied 0,2 EJ of heat with their 
DH system, making them the biggest actor in the North American region [14].  
 

4.3 Desalination 
In this chapter the desalination market will be analyzed in order to investigate potential opportunities for 
coupling with Carnot battery solutions.   
 
4.3.1 Introduction to desalination 
Desalination is a process which removes salt and mineral components from saline water.  Increasing water 
scarcity is a global issue, increasing freshwater demand as well as degradation of natural water bodies has 
remarkably limited the potential freshwater supply. This is especially true in water-scarce regions, were 
climate change has made precipitation more unreliable. Desalination is employed in order to produce 
freshwater from seawater and brackish water for coastal regions. Countries in the Middle East are some of 
the most water-scarce regions in the world and as growth in population and economy continues the demand 
is projected to further increase. Saudi Arabia and United Arab Emirates accounts for almost a quarter, 15 
% and 11 % respectively, of the world’s total installed desalination capacity in 2016. Making this region 
unique since its high share of desalination capacity in contrary to rather low population [41].  

 
Figure 23 Water desalination capacities of the world and selected countries from 2010-2016 [41] 

Figure 23 shows the global desalination capacity as well as its growth rate. Global desalination capacity has 
been growing steadily with about 9 % annually since 2010, were East Asia is an emerging market. The most 
common method to desalinate saltwater is called Saltwater Reverse Osmosis (SWRO) accounting for 75 %, 
followed by Thermal desalination which accounts for 21 % -of total installed desalination capacity. Recent 
capacity growth comes mainly from SWRO-plants since recent technology development has decreased the 
cost of water production dramatically [42].  
 
Desalination is an energy intensive process which involves lots of equipment such as pumps and heaters. 
Approximate eight to ten times more power is needed to produce freshwater from SWRO than from 
traditional freshwater production. Since much energy is needed, the energy expenditure typically contributes 
25 to 40 % of the water price depending on technology and system setup [42].   
 
4.3.2 Different desalination technologies 
There are multiple different technologies for removing minerals and salts from seawater and brackish water. 
The most common technologies are Reverse Osmosis (RO) followed by Multi-stage flash distillation (MSF) 
and Multiple-effect distillation (MED), which are thermal desalination processes. In general, all desalination 
processes are energy intensive as all technologies share the common energy requirement of separation 
process of saline solution into pure water and concentrated brine. Different factors have influence on energy 
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consumption to produce water. The main parameters affecting the energy consumption are plant capacity, 
system design, materials used and intake feedwater quality. 
 
One of the big differences between RO and thermal desalination processes is that the RO-process is driven 
by pressure differences that is generated by pumps, whereof the thermal desalination process is driven by 
thermal heat generated by heaters [42]. RO plants generally use less energy than thermal desalination plants, 
making the RO-process more economical sound as the energy expenditure is a large share of the total cost 
for producing water. There are mainly two reasons for RO being more energy efficient: the high energy 
need for vaporization of water and the recent improvements in the technology for RO process membrane, 
which all results in lower power consumption compared to thermal desalination [43].  
 
Thermal desalination process requires low temperature heat and electricity to operate, were the low 
temperature heat accounts for the majority since the electricity is mostly used to drive the pumps. Therefore, 
the electrical consumption varies from 2,5 to 5 and 2 to 2,5 kWh/m3 for MSF and MED respectively. 
Whereof the RO process requires 4 to 6 kWh/m3 of electrical power to operate. The major difference 
between both technologies, is that the RO process does not require any heat to operate, while most of the 
energy demand for thermal desalination process comes from heat. Another difference worth pointing out 
is that energy consumption for thermal desalination is not influenced by the salt concentration of the intake 
feedwater, while the RO process is heavily dependent on this factor [43]. 
 
4.3.3 Heating need for desalination processes 
MSF heating 
MSF desalination is one of the most energy intensive desalination process, since it requires a large share of 
thermal heat to operate. The process distills seawater by flashing a portion of the water into steam in multiple 
stages, via countercurrent heat exchangers and then collecting the clean condensate water. The intake water 
is heated up to 90 to 110 ° C in order to produce both low and medium pressured steam for the cycle. It is 
common to use waste heat from power plants in order to preheat the intake seawater before the MSF 
process. The thermal energy consumption ranges from 190 to 280 MJ/m3 for producing freshwater [43].  
 
MED heating 
MED desalination is an evaporator that consisting of multiple evaporation stages, sea water is evaporated 
in the different stages at low temperature (<70 ° C) in order to produce clean water. As for MSF, its common 
to couple MED plants to nearby power plants to preheat the intake seawater before the desalination process. 
The thermal energy consumption ranges from 145 to 230 MJ/m3 for producing freshwater, making the 
MED process slightly less energy intensive than MSF [43]. 
 
RO heating need 
Heating for the RO desalination process are generally not needed since the process is powered by electrical 
pumps to create different pressure levels to overcome the osmosis pressure. However, the feed seawater 
temperature has a measurable effect on the system design, in terms of pressure and membrane performance. 
Therefore, pre-heating of inlet water to the RO plants can be feasible for locations where the ambient 
seawater is relatively cold, 18 ° C or lower. Since higher temperature of feedwater decreases the energy need 
for the RO process. Such locations are typically costal seawater desalination plant in northern California as 
well as most desalination projects in Australia and some in north east Asia [43]. Its estimated that pre-heating 
could reduce the energy need by approximate 3 to 5 % in locations with cold ambient seawater [42].  
 
Although higher inlet feedwater can be beneficial in some locations, there is a tradeoff of higher 
temperatures as it can lead to higher total dissolved solids (TDS) as well as increasing the bio-growth of 
marine bacteria which could clog the membranes [43]. Which can decrease the overall system efficiency and 
increase the cost for producing water. Thus, pre-heating for inlet feedwater will only be beneficial for some 
locations, making it case specific. Therefore, the final heat demand is hard to assess.  
 
4.3.4 Coupling with renewables 
Renewables coupled with desalination is today a valid process for producing clean water in many places in 
the world. Remote areas where connection to the power grid is either not cost effective or feasible and 
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where water scarcity is severe, are areas were desalination driven by renewables is very attractive. Several 
desalination plants coupled with renewables, as solar, wind and geothermal or hybrids, has been built to 
demonstrate the concept. However, so far these plants are rather small and larger projects is needed to 
validate the results. But as the cost of renewables continue to decline and access to water as well as cheap 
fossil-based energy become more scarce, renewable desalination processes might become the backbone of 
freshwater production with desalination [43]. 
 
4.4 Selection of costumer segments for further analysis 
To determine which customer-types to further analyze for this report, three customer segments (district 
heating, industry, and desalination), have been analyzed with a literature review, described above. The two 
key parameters that have been compared for each customer segment are: 
 

• Customer-type which consume the most heat globally (EJ/year) 
• Customer-type which require heat in the temperature range of 0-500 °C 

 
The rather simple comparison was used to reduce the scope of the project and thus focus on the most 
promising customer segment; however, this does not conclude that the other segments might not be 
interesting. It is a method of limiting the scope and based on the literature review analyze the segment with 
the largest potential. A simple schematic of the three different customer segments and their respective 
consumption is shown in Figure 24. The schematic also shows which type of eTES application that can 
fulfill the requirements for each type of segment.  
 

 
Figure 24 generic illustration of the different analyzed customer-types in terms of required temperature ranges and consumption levels 

When comparing the three different customer segments, it becomes clear that the relative size of each 
segment varies quite much. The largest global segment in terms of TFEC is the industrial segment, where 
the chosen industrial sectors consume 20 EJ/year, when combining the four sectors. The district heating 
segment follows with 12 EJ/year and the smallest segment is the desalination segment with approximate 2 
EJ/year. It is also a clear difference between which temperature ranges each segment falls under, both 
district heating and desalination are exclusively in the low temperature range. Whereof the industry segment 
is in both the low and medium temperature regimes. 
 
Other aspects that also affect the potential opportunity for each segment are the development trends in 
terms of energy consumption. As stated in the desalination chapter, RO dominates the market currently and 
is believed to grow in popularity in the future as well. Since the RO-technology does not require any heat 
to operate, only electricity, there is no clear value added of supplying it with low temperature heat from the 
eTES. The size of the desalination segment is also smaller compared to the other segments.  
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The DH segment shows promising potential since the segment has a large heat consumption. As stated in 
the DH chapter, the heat demand for this segment is bond to grow in the near future as more countries aim 
develop their DH-networks further. The market segments fall under the Carnot battery power and heat 
solution, as it only requires heat in the temperature range 40-120 °C. However, since such solution supplies 
useful heat in the temperature range of 40-70 °C, it can only supply parts of the demand. The potential 
applications for the Carnot battery power and low temperature heat would most likely be to either re-heat 
the return line for the DH-network or to heat the supply line for a LTDH-network. Since LTDH networks 
are not currently being deployed in large scale yet, rather being developed and that the value of adding more 
heat to the resupply line of current DH-networks is questionable due to competing waste heat streams and 
a unclear revenue model from such service. The decision was taken to not further investigate this segment. 
Although, it might still pose an interesting market opportunity as the market is bond to grow and especially 
LTDH systems in Europe.   
  
Based on both the size of the consumption and temperature ranges required, the industrial sector is the 
most interesting to analyze since it has the largest potential as well as require heat in both temperature 
ranges. A benefit looking into the industrial sector is that most industries use the same type of heating 
systems, were most processes is supplied with steam in the temperature range of 100-300 °C as described 
earlier. Another aspect is that other renewable solutions have been integrated in industrial processes 
previously, mainly solar heat for industrial processes, which indicates that the segment is open for such 
applications. Therefore, the decision was made to only focus on the industrial segment for the following 
analysis. However, this does not conclude that other segments are not interesting, rather that the industrial 
segment is more interesting to analyze at this stage.  
 
4.4.1 Interviews 
As the four industrial sectors were chosen for further analysis, the decision was made to conduct interviews 
with stakeholders within these sectors. A total of ten interviews were conducted with large multinational 
industrial manufacturing companies, to get a better understanding of how industries in these sectors operate, 
how their heating system operate and what goals they have set to become more ecological sustainable in 
their production process. As the nature of the questions were to investigate their current solutions, 
expenditures for energy and strategic path, all the interviewed enterprises wanted to be anonymous.  
 
The respondents were interviewed between week 12 and 18 during 2020. The composition based on sectors 
were, one from paper and pulp industry, four from food and beverage industry, three from the chemical 
industry and one from the machinery industry. For each enterprise, the interview was held with a member 
of the energy management team of the company. The industrial enterprise interviewed were all large and 
have manufacturing plants spread out in the world and Europe in particular. As these enterprises mainly 
were large, the decision was made to also interview two Solar heat companies which specialize in providing 
solar solutions for SME industries.  
 
Based on interviews, qualitative as well as quantitative data was collected which was primarily used to 
complement the lacking data from the literature review, design of potential Carnot battery solutions and 
develop the model, in particular of designing the industry profiles, later described in the next chapter. The 
interview questionnaire can be found in Appendix 3: Interviews.  
 
4.4.2 Geographical markets of interest  
To determine which regions or countries that offers the most promising market opportunities based on the 
identified customer-types, an MCA was conducted. The goal of the MCA was narrow down the geographical 
scope of the project. The use of an MCA allows for comparison of potential countries based on various 
quantitative and qualitative criteria. Data was collected from international databases as e.g. IEA and OECD, 
on country specific level for three subgroups of criteria. The criteria were identified, ranked and then scored 
based on identified customer-types. The customer-types identified as interesting was the four identified 
industrial sectors. The methodology used for the MCA is described in the methodology chapter. The criteria, 
respective weighting, equations used and results of the MCA can be found Appendix 1: Multi criteria 
analysis.  
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When analyzing the results from the MCA it became clear that the majority of interesting countries, could 
be found in the Europe, as the top 10 as well as top 50 highest ranking countries, 60 % and 70 % respectively 
could be found in Europe. Europe is an interesting market since the industrial sector is highly developed 
and rather modern, there is a strong focus that the industrial sector should become more environmentally 
sustainable based on policies [29]. Therefore, Europe was chosen as the geographical scope for the analysis, 
which could be a future interesting market for Carnot batteries in general as well as for Azelio given their 
proximity to the market. The second most interesting geographical area was Asia pacific, but was not 
analyzed due to time constraints.  
 

 
Figure 25 Results from MCA analysis confining to the four industrial sectors and the European market, (high score is attractive) 

When confining the scope to only analyze the industrial sector and investigate the potential in European 
countries, one can get a clearer overview with the MCA, which countries are more interesting based on the 
same methodology and criteria used before. The comparison of countries in terms of their individual scoring 
is presented in Figure 25, the results indicate that Germany, Italy, France, United Kingdom and Spain are 
the five most interesting markets to further asses.   
 
4.4.3 Policies for the European heating market 
For more than two decades, the EU has been at the forefront of global renewable energy deployment. The 
incorporation of long-term goals and supporting policy measures has resulted in a strong growth of 
renewables. The 2009 Renewable Energy Directive (RED) is the core of policies aiming to achieve the EUs 
ambitious goals. Under the climate and energy framework EU has agreed on a binding target aiming at 
decreasing the greenhouse gas emissions by at least 40 % for 2030 compared to 1990 levels. To achieve this 
ambitious goal, a variety of different policies and goals has been adopted [44].  
 
In December 2019, the EU presented the European Green Deal, which in January 2020 was passed by the 
European parliament, the deal aims at creating a carbon neutral society and economy for the union. To 
finance the Green Deal, an impressive budget of at least 1 trillion Euros for investment in the 2020 – 2030 
decade, leveraging on EU budget and associated programs to additionally attract private investments. One 
of the key elements of the Green Deal is the European Climate Law which will enforce the 2050 net zero 
emission goal legally and offer guidance to member states toward alignment of policy frameworks with long-
term reduction goals. One step of reaching the Green Deal, is that each member state must develop their 
own strategy based on particularities of their industries and energy system, which then should be presented 
for to the European Commission through the Integrated National Energy and Climate Plans (NECP) [45].  
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The union has set more specific target towards incorporating more renewables into the energy system as of 
2030, 32 % of the final energy consumption should be supplied by renewables. As of 2017 the share of 
renewables was 16,4 %, which indicates that there is a significant need to incorporate more renewables 
during the upcoming decade to achieve EU’s targets [46]. Moreover, EU countries are required to adopt 
national energy and climate plans following the Energy Union Governance.  
 
The EU has also deployed an emission trading system (ETS) called the EU ETS, aiming at reducing carbon 
emissions by 43 % by 2030 compared to 2005 levels for selected sectors. The EU ETS is a key cornerstone 
of the union’s policy to combat climate change. The EU ETS is a cap and trade system, were a cap is set on 
the total amount of greenhouse gases that can be emitted by installation covered by the system. Overtime 
the cap of emissions will be reduced, hence decreasing the total greenhouse emissions. Companies within 
the cap, receive or buy emission allowances, which they can trade on a market. After each year, a company 
must surrender enough allowances to cover all its emissions [47].  
 
Based on the review of the policy climate for the EU, it seems like there could be good opportunities for a 
Carnot battery solution, as its application is aligned with the long-term goal of the union. Further, as both 
funding and development projects are being deployed as well as pressure are being put on industries to act, 
the timing could be suitable for entering such market.  
 
4.4.4 The European process heating market 
The consumption of process heating in the temperature range of 0-500 °C for all industrial sectors in 
Europe, is approximate 4 EJ per year [29]. When investigating respective country’s heat consumption in 
respect to each selected industrial sector, one can get a better understanding of the market potential as well 
as how the composition differs from respective country. This is important since respective country has 
unique market characteristics in terms of which industries that consumes most heat. Shown in Figure 26, is 
a comparison of the top ten countries in terms of heat consumption divided by each identified industrial 
sector. 
  

 
Figure 26 Comparison of TFHC in the temperature range 0-500 °C from [29] and heat consumption from selected industrial sector based on [48] for 

the top ten countries in Europe based on heat consumption (own calculations). 

The process heat consumption of respective industrial sector is derived from the TFEC from [48], assuming 
that 74 % of the energy demand comes from heat based on [15]. Further, assuming that the share of heat 
consumed in respective temperature range for each identified sector equals the data provided from [29] as 
well as assuming that the paper and pulp industry require 35 % of its energy from external sources based on 
[35]. Taking all these assumptions into consideration yields a total final heat consumption (TFHC) of 2,6 
EJ per year for the considered market, hence the four identified industrial sectors. When analyzing the data 
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for country level, roughly 40 to 70 % of the process heat consumption in the temperature range of 0-500 
°C, comes from the four identified industrial sectors, shown in Figure 26.  
 
Germany, United Kingdom, Italy, France and Poland are the five top process heat consuming countries in 
Europe [29]. These five countries overlap with the results from the MCA for Europe, were all countries 
except Poland, got the high scores. One contributing factor is that the one criteria group accounted for the 
requirements of heat consumption for the identified industrial sectors, which means that the MCA yields 
higher scores for these countries. 
 
Another aspect to take into consideration is that the five top heat consuming countries in this segment, are 
also some of the poorest performing ones in terms of incorporating renewables into the heating and cooling 
sector. France which has the highest share out of the five, has incorporated 21 % renewables, while the 
United Kingdom only have 7,5 % of its energy for the heat and cooling sector coming from renewable fuels 
[49]. This implies that the top heat consuming countries are the ones who is the most dependent on fossil 
fuels. 
 
From the process heat consumption of 2,6 EJ per year for the considered market described above, it is of 
importance to better understand how the consumption varies when accounting for the different temperature 
ranges. Shown in Figure 27, 32 % of the process heat is in the temperature range of 0-100 °C, which most 
likely is supplied by an HTF which is a combination of hot water or steam. In the higher temperature range 
of 100-200 °C which accounts for 57 %, the dominant HTF fluid is steam. For the highest analyzed 
temperature range 200-500 °C the most common HTF is also steam and accounts for 11 % of TFHC.  
 

 
Figure 27 analysis of TFHC for respective temperature range, own calculations based on [48] and [29] 

Based on Figure 27, 89 % of the heat consumption is in the temperature range of 0-200 °C, which indicates 
that a solution primarily needs to be able to supply this segment in order to meet the majority of the market. 
A Carnot battery supplying heat only, would be able to supply heat in this temperature as the heat would be 
stored at above 500 °C for most such solutions. Although, due to the rather low temperature range of the 
demand, such product is susceptible to competition from other solutions as heat pumps, solar heat solutions 
and waste heat utilization which can provide heat in this range as well. This implies that such segment might 
have intense competition as multiple different technologies can compete, also considering the majority of 
these competing technologies. Further, the temperature delta of the stored heat as well as the demand will 
be quite large which might lead to increased losses when the system is not operating, on the other hand it 
will provide more efficient heat transfer at discharge.  
 
For the clearly smaller segment, in the temperature range between 200 and 500 °C, consisting of 11 % of 
the heat consumption, a Carnot system supplying only heat should theoretically be able to supply such heat. 
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In this segment, other solutions will have a harder time to compete as there are fewer technologies that are 
able to meet such temperatures. However, one need to bear in mind that such segment is substantial smaller 
in size as well.  
 
The heat consumption for the ten identified countries are shown in Figure 28, were their heat demand is 
divided into each temperature range to indicate the potential for these countries, a full list of all European 
countries can be found in Appendix 2: EU specific data. From the figure one can notice that there is an 
equal distribution of heat demand in terms of specific temperature ranges. Although, some trends in terms 
of temperature ranges can be noticed for countries as e.g. Italy and France, were the low temperature range 
is among the largest. This can be explained by the rather large food and beverage sector in these countries, 
whereof the majority of heat consumed is in the low temperature range, shown in Figure 18.  
 

 
Figure 28 Share of heat consumption based on respective temperature range for  top 10 European countries regarding final heat consumtion. 

For the analyzed market segment, 39 % of the heat consumption comes from the food and beverage sector, 
as shown in Figure 29, followed by the chemical sector accounting for 31 % of the consumption followed 
by paper and pulp as well as machinery accounting for 15 % each. One of the possible reasons that the food 
and beverage has the largest potential, could be since the sector has a correlation between energy 
consumption and the population in the country. This connects to the fact that most countries have the 
potential to produce parts of its own food supply. The other industrial sectors do not have the same 
correlation as most of them produce goods that are more common for export and import.  
 

 
Figure 29 Comparison of the realtive sizes of each identified industrial sector in terms of TFHC for the European market, own calculations based on 

[48] 
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4.5 Sizing of the European heat market  
Based on the key customer-type identified and geographical scope confinement to Europe described above, 
a rough estimate of the SAM can be performed. As the project has been assessing and analyzing two types 
of Carnot battery systems with respective unique heat supply capabilities, the sizing is divided in two parts, 
heat and power as well as a heat only solution. The two system can be distinguished as one system providing 
heat in the temperature range of 0-70 °C, where the heat is a by-product of operations of a heat engine and 
the other is Carnot battery system were no heat engine is used, thus the heat is directly discharged in the 
temperature range 0-500 °C. Thus, there is an overlap in terms of temperature ranges, were the heat only 
solution can supply heat in the range of the power and heat solution.  
 
As descried above, the heat demand in the temperature range of 0-500 °C for the four identified industrial 
sectors could be derived to 2,6 EJ/year in Europe. Based on this value and findings in Figure 27, one can 
conclude that the low temperature demand is approximately 0,8 EJ/year. However, to size the market more 
properly one must assess the possibility to truly meet such demand. Prior studies for the German and 
European solar heat market has assessed restrictions that can be utilized in order to assess the true market 
size more accurately.  
 
The authors concluded that many of the industrial enterprises can reduce their heat consumption by 
investing in simple heat recovery measures, as economizer for steam boilers or use of waste heat from 
cooling or compressed air. Further, heat integration of several industrial processes is an effective measure 
to increase the efficiency, which is commonly used for e.g. the chemical sector. Some share of the heat must 
also be provided from electricity due to operational reasons, this is common for both the food and beverage 
sector as well as for the chemical sector, were many process include blending and heating at the same time. 
  
Additionally, many industrial sites lack sufficient space, hence constraining the available space for both the 
storage units but also for on-site PV production. The space constraint for roof mounted PV can both be 
for the available roof area but also in terms of construction related constraints as static load deficiency. 
Further, available land for ground mounted PV systems are scarce, as industries often are in clusters [32].  
 
The authors of the study conclude that roughly 60 % of the theoretical heat demand for low and medium 
temperature heat cannot be supplied due to mentioned restrictions [32]. Although, this assumption cannot 
be fully verified, it offers some insights in terms of both restrictions and their implications. For the Carnot 
battery system, it’s believed that such restriction could partly affect the SAM size, as the solution aims to 
target the same industry sectors. However, for this project it’s assumed that such restriction in terms of 
addressable market should be closer to 50 %, which is in the ballpark to prior studies.  
 
Accounting for these restrictions, a SAM for the Carnot battery supplying both power and heat is estimated 
to 0,4 EJ/year, which would equal roughly 170 million units of Azelio’s eTES, when assuming that each 
unit can store 650 kWht. Assuming the same energy storage size for a Carnot system supplying only heat, 
for the estimated heat demand of 1,3 EJ/year, would equal approximate 560 million units. As mentioned in 
the methodology chapter, the SAM does not account for any competing technologies, hence the true market 
will be significantly smaller as multiple technologies will compete for the same applications. However, it 
gives an indication of the market opportunity for such solutions, although it has some substantial 
uncertainties due to the complexity of exactly estimating the restrictions implications. Thus, the method is 
only valid as an approximated indication and should not be assumed as trustworthy as an exact market size.  
 

4.6 Different drivers for each industrial sector to incorporate 
renewables 

One of the main factors driving industries and corporation to adopt renewables are cost savings. In many 
industries, energy supply is one of the prime drivers for operation expenditures and is thus important to 
decrease [50]. As overall costs for mainly solar, wind and storage continue to decline, these renewable 
technologies start to compete with conventional technologies in larger extent [51].  
 
Another important factor driving the change is pressure from investors, employees and peer pressure from 
other companies in the same sector. The growing emphasis around responsible investment play a key role 
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for both investors and employees and as industries update their reporting standards for e.g. emissions, the 
footprint from the company become more transparent [51]. Thus, leading to companies needing to walk 
the talk.  
 
Efforts to achieve sustainability goals is another driving factor for industries to integrate more renewables 
into their energy mix. Many corporations are focused on signing up to UN’s Sustainable Development 
Goals, which is partly driven by pressure from various stakeholders and to differentiate their product 
offering. One good way of achieving these agendas is by transitioning to 100 % renewable energy supply 
[51].  
 
Based on the interviews conducted, one could notice that enterprises in respective sector had different 
agendas for incorporating more renewable energy. This is an interesting qualitative aspect that should be 
evaluated, if one want to choose a focus sector out of the four ones analyzed, as the rate of success should 
be higher if the product offering is aligned with need of the industry. For interviews conducted with the 
enterprises in the food and beverage as well as the paper and pulp sector, they stated that sustainability was 
one of their core considerations. The interviewees from these enterprises, confirmed that there is pressure 
from the end-consumer to decarbonize their production, which has made them investigate future 
technologies that enable for integration of more renewables. For the other sectors, this relationship seemed 
to be less obvious.  
 
Shown in Figure 30 is a schematic overview of where different industrial sectors can be placed in terms of 
their consumer proximity, were B2B scores low and B2C score high, and the sectors power demand [52]. 
Three clear areas can be concluded, up in the left corner (1) of the figure are the “Green Image Seekers”, 
which due to end-consumer proximity and consumers becoming more conscious regarding sustainability, 
faces pressure from their consumers to decarbonize their operations. For these sectors, one of the key focus 
is to secure green power to enhance their Corporate Social Responsibility (CSR) profile [52]. The Food and 
beverage sector is one of the sectors who can be recognized as green image seekers, this was also confirmed 
during the interviews, were representatives explained this focus. The representatives also noted that it might 
be plausible in the future that they will pay a premium to secure renewable energy which can be connected 
to their brand.  
 
In the right top corner (2) the “Green Giants” can be found in Figure 30, these are the ones who face 
pressure to become more sustainable as they have a large consumption of power. For the interviewed 
enterprises in this sector, it became clear that they have incorporated many measures to become more 
sustainable.  

 
Figure 30 Renewable energy off-takers in Poland, adopted from [52] 

In the bottom part of the figure (3) the “Price Hedgers” can be found in the figure. These are the industrial 
sectors were the enterprises have high energy consumption, as most of them are energy intensive industries. 



-35- 
 

For these enterprises, securing cheap energy is one of the key goals as it affects their production cost 
substantial. Enterprises found in these sectors have good knowledge regarding the energy market and do 
often use price hedging to secure long-term energy contracts [52]. This was also clear during the interviews 
were the interview enterprises from these sectors clearly noted that they have substantial strategies to secure 
competitive energy prices, for both power and heat.  
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5 Techno-economic analysis model 
In this chapter, the method used for conducting the techno-economic analysis is explained in detail as well 
as the main assumption and approximations used to model the business cases, the cases are developed based 
on the findings from the previous chapter. 
 
A method to assist stakeholders in decision making for power generation systems is a techno-economic 
analysis. The tool can be used to analyze power generating systems over the whole value chain, evaluating 
both the technical and economic performance [53]. A techno-economic analysis was used to assess the 
feasibility for a Carnot battery system based on different business opportunities identified from the 
screening process. A schematic overview of the process for the techno-economic analysis used for this 
project is shown in Figure 31.  
 

 
Figure 31 Schematic overview of process for Techno-economic analysis 

Two techno-economic models were created in order to assess the identified business opportunities, one 
model for the Carnot battery system supplying both power and heat as well as one model for the system 
supplying heat only, likewise to the schematic overview presented in Figure 35 and Figure 36. The models 
are based on the findings presented in the previous chapter and aim to replicate real business opportunities 
based on a set of assumptions and models further described in this chapter.  
 

5.1 Inputs for studied business cases 
In this section, the main model inputs will be described and discussed. The business cases can be divided 
into two industry types of profiles, either an SME or a large industry profile, which were identified from the 
previous chapter. These two types of industry profiles operate and have unique characteristics which needs 
to be accounted for when modelling these cases. The different profiles and its input parameters are further 
described in this section.  
 
5.1.1 Energy consumption and load profile 
One of the key parameters to evaluate when designing the two systems is to define how much energy each 
industry profile consumes and how the load profile for such case varies over daily and seasonal operations.  
 
To analyze the feasibility of Carnot batteries two generic customer profiles were created. The profiles were 
created with the aim to represent real manufacturing plants for the industrial sectors identified in earlier 
chapter, each profile mimics the characteristics of a typical large industry and a SME industry. The generic 
customer profiles are based on inputs from the literature review as well as input provided from interviews 
with corporate representatives. These generic customer profiles serve to represent the actual business 
opportunity for the specific identified customer type, as e.g. the food and beverage industry. The data 
acquired when estimating the energy consumption is not completely accurate, since the energy intensity and 
production processes varies from one another. However, the estimation indicates the magnitude of 
consumption which is accurate enough to assess the opportunity. 
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Figure 32 Generic categorization of Large and SME industries in Spain, adopted from [54] 

The generic industrial heat consumption profiles shown in Figure 32 was used as a starting point for creating 
the generic industry profiles. Further information was collected through interviews with representatives 
from 10 large Swedish manufacturing industries, to validate the generic data shown in the figure above. 
Although no SME was interviewed, two interviews were carried out with Solar heat companies which had 
significant expertise regarding SME’s customers and thus could validate the generic data.  
 
Large industry profile 
The generic profile for large industry is created based on the fact that most energy-intensive manufacturing 
industries operate during 24 hours throughout the whole year [30]. One of the contributing factors are that 
they need to have these operation times to be feasible. Most large industries have a function in their 
organization were energy is managed, partly since their energy consumption is high, leading to large 
industries being more aware of their energy bill [54]. This contributes to that most large industries can 
negotiate lower energy costs, using price hedging strategies, compared to smaller industries. Large industries 
also in some countries can apply for energy levies reductions, in order to be competitive on the international 
market [55]. The assumption results in a nominal energy demand of 2500 kW (power or heat depending on 
modelled case) for 24 hours operations throughout the year, shown in Figure 33. 
 
SME industry profile 
The generic profile for SME industries is created based on that SME do not consume as much energy 
compared to large industries, primarily since their manufacturing output is smaller and operations hours are 
far less. Based on the interviews and the overview in Figure 32, it’s assumed that the SME industries operate 
16 hours per day during weekdays and has no operations during weekends. Since most SME only have a 
few employees, it is rare that energy related topics is handled by a full-time employee as well as continuously 
monitoring energy consumption and reviewing the energy strategy. This results SME’s being less aware of 
these topics, ultimately resulting in higher energy costs, both for power and heat, since more expensive fuel 
types are used, as e.g. Light fuel or Diesel [54]. The assumption results in a nominal energy demand of 460 
kW (power or heat depending on modelled case) for 16 hours operations during weekdays and no operation 
during weekends, shown in Figure 33. 
 

Large Industry SME Industry
Energy consumption >20 GWh/year <2 GWh/year
Integration Continuous Continuous - Batch

1 shift: 0% 70%
2 shift: 5% 20%
3 shift: 95% 10%

No weekend 0% 90%
Saturday 65% 8%

Weekend 35% 2%

Natural gas 80% 35%
LNG 20% 20%

Diesel 0% 35%
Other 0% 10%

Non-regulated price 0% 70%
Price hedging 100% 30%

Fuel cost

Industrial heat consumption categorization 

Demand 
profile
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Figure 33 Illustration of energy demand profiles for the generic industry cases assessed, depending on application being assessed energy is either in the form 

of power or heat 

A illustration of the load profiles for the generic profiles can be found in Figure 33. Important to notice is 
that depending on which Carnot battery application that is being assessed, the energy loads either serves as 
a power load or a heat load for simplicity reasons. For the Carnot battery model, were the application supply 
both power and heat, it was assumed that all low temperature heat produced from the heat engine could be 
utilized for the internal processes. 
 
5.1.2 Conventional heating technologies for industrial heating systems 
To estimate the competitiveness of a Carnot battery it is of high importance to identify which current 
conventional heating technology being used by the business opportunity. Based on the type of conventional 
technology being used as well as size of the heating system, one can estimate the cost for operating the 
current conventional heating system. The main inputs are what kind of fuels that is used as well as the 
round-trip efficiency of the conventional heating system.  
 
Based on the literature review, it became clear that roughly 70 % of installed boiler capacity used in Europe 
for producing process heat for industries were fueled by NG [29]. Further, since NG boilers are one of the 
most competitive heating technologies in terms of cost, primarily due to the cost of NG, it was chosen to 
represent the most common conventional heating technology. The same conclusion was also made by the 
authors investigating steam boilers for the European market [56]. One benefit of selecting NG as the 
conventional fuel source for the comparison, is that if the Carnot battery solution manage to be competitive 
against NG, it implies that it will be so compared to other more expensive fossil fuels as well, as e.g. Light 
fuel oil or Diesel which is broadly used for small industries. The round-trip efficiency of boilers is a key 
parameter affecting the LCOH, for the model it was assumed that conventional heating system has an 
round-trip efficiency of 90 %, based on [56].  
 
NG fuel costs for industries for respective European country was gathered from Eurostat, were it became 
clear that the cost of NG were in the price range of around 30-40 EUR/MWh for the majority of countries 
as of 2019 [57]. Projections indicate that the NG cost will remain at approximate current cost levels for the 
upcoming decades as well [58]. However, as the commodity is traded on a market it’s hard to determine, 
thus the assumption was made that it will be fixed.   
 
As input to the model, it was assumed that the conventional fuel cost for the modelled base conventional 
system was 35 EUR/MWh for the large industry cases and 50 EUR/MWh for the SME industry cases. The 
rationale behind this assumption was based on current cost levels and that there is a clear difference how 
large and SME industry purchase fuel, whereof large industry can negotiate lower fuel cost in greater extent 
than SME [54]. 
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5.1.2.1 Emission trading cost 
To incorporate the EU ETS system into the model, the carbon emissions from combustion was needed to 
be assessed. Based on the assumption that the modelled conventional heating system should be fueled by 
NG, described above the specific CO2-emission for this source was used. Based on [59] the specific CO2-
emission is 200 kg CO2e/MWh. Based on projection from BNEF the EU ETS cost is going to vary in the 
range of 25-40 EUR/MWh for the upcoming decades [58]. Therefore, it’s assumed that the EU ETS cost 
will be fixed at 30 EUR/ton CO2e for the modelled years.  
 
5.1.3 Power grid cost input 
The average European power price from the grid was in the range 70-150 EUR/MWh as of 2019 for non-
household consumer, hence industries [60]. However, there are also large variation of power price for 
different countries, based on the amount of power consumed annually as well as depending on the time of 
consumption. As for example, in Germany the difference in power price for industry vary largely between 
different industry sizes, this is mainly due to difference between exemptions from taxes and levies, as shown 
in Figure 34. The rationale behind these differences is that larger industries to a great extent compete on an 
international market, were the power grid cost needs to be low in order to compete. As SME often compete 
on a local market, there are less often exempted from the levies [55].  
 

 
Figure 34 Development of industrial power price in Germany between 2007 and 2018 depending on the amount of power consumed [55]. 

As input for the model it was assumed that the power grid cost which industries need to pay depends on 
the industry type, likewise to the conventional fuel cost. For large industries it was assumed that the power 
grid cost was 70 EUR/MWh for power, based on [60] [55] as well as data provided during interviews. For 
SME’s the power grid cost was assumed to be the average of the cost in all European countries based on 
[60], which result in a cost of 105 EUR/MWh for power.  
 
5.1.4 Charging source for the model 
Two different methods for charging the Carnot battery system was considered for the techno-economic 
analysis, either charged from the power grid or charged via on-site solar PV. The two different alternatives 
were chosen since PV plus storage is common for other battery technologies as well as power to heat 
solutions are starting to develop and becoming more common [58].  
 
Besides the clear difference from the power source, hence either from the grid or PV, another distinction 
from the two charging sources is the charging strategy. For the cases charged from the grid, the charging 
was modelled to occur during the night for both industry profiles. The main reason for this was due to that 
there often are less energy demand during the night in most countries [61] [62]. Although, it’s case specific 
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and varies the assumption was made that the system charged from the grid would be charged during the 
night. On the other hand, the systems charged with on-site solar PV are charged during the daytime.  
 
The cost of charging is based on the source of electricity provided for the system. For the cases being 
charged from the power grid the charging cost was assumed to be 35 EUR/MWh, with the rationale of 
lower power demand during nights leads to lower power grid. However, as this assumption have some clear 
uncertainties its thoroughly analyzed with numerous sensitivity analysis in the next chapter. However, one 
can observe that this assumption is a limitation for the grid-based cases, as this is something that’s going to 
be case specific. To assess the cases with on-site PV as charging methods, a PV model was developed in the 
software System Advisory Model. As the economic performance of the PV plant is deducted from it’s 
technical performance and cost inputs, a more in depth explanation of the PV model can be found below.   
 
5.1.4.1 PV model 
As mentioned, System Advisory Model is used for the modelling of the PV system. System Advisory Model 
is a software developed by the National Renewable Energy Laboratory (NREL) and partners with both the 
US Dept. of Energy and the Sandia National Laboratories for PV and University of Wisconsin (Solar Energy 
Laboratory) for CSP models. It was first developed only for internal use but is available for the public since 
2007 [63]. 
 
The design parameters are input to the tool including the specifications of the PV module and the inverter 
as well as other parameters as the system total capacity. Then the number of modules in series and the 
number of strings in parallel are computed based on the maximum tolerable voltage, based on the PV 
module specifications, and the maximum acceptable current, based on inverter specifications. When the 
system is sized, the specific weather file for the chosen location is downloaded as an .epw file from an EU 
database of such files [64]. The file is inputted to the model, the file contains the hourly GHI levels and 
temperature level for the location. The next step is to simulate the performance of the plant during a whole 
year, which yields hourly outputs of the system performance.  
 
The PV plant assessed for all PV cases were based on the same location for comparison perspective. The 
site selected as a reference is Valencia, a city in southern Spain, it was chosen since it’s located in Europe 
and has high GHI. However, its recognized that the location selection strongly affect the feasibility for the 
PV cases, as higher GHI leads to greater power generation from the PV plant, which is beneficial from an 
economic perspective. Therefore, other sites were analyzed in the sensitivity analysis, to highlight this 
weakness. The reference location has a GHI of 1720 kWh/m2 and is based on latitude 39,28 ° [65].  
 
For the model, it was assumed that SME industries would utilize a roof mounted PV plant and large 
industries would utilize a ground mounted PV plant. The main reason is that in order to supply a large 
industry with sufficient nominal power output, it requires a large surface as the PV plant is larger than for 
the SME. Following the different type of mounting systems, the rooftop mounted SME plant has no 
tracking, thus mounted in a fixed angle. The large industry PV plant is modelled with single-axis tracking, 
as it increases the power output and is believed to be economic feasible for the large system. 
 
The available surface is a key constraint for all PV based cases as it affects the system layout, for the model 
however, it is assumed that the area is available. Although, the available area needs to be assessed for each 
site if the system would be installed for a real system. It’s believed that the space constraint will be a major 
limitation, as most industries lack space and are often located at industry hubs [32].  
 
For the model, the yearly output after 15 years is used. The reason for this is to even out any degradation a 
PV plant would suffer through its lifetime, which aims to represent a more realistic performance of the 
plant. The CAPEX for the two different PV models were assumed to be 600 EUR/kWp, based on [66], 
which is in the ballpark of [58] [18] and [67] estimates. Assuming the same CAPEX for the two PV systems 
is based on a different composition, were the SME case has no cost for single-axis tracking but on the other 
hand higher CAPEX for the module. The large industry case has single-axis tracking costs but lower CAPEX 
for modules. The OPEX was assumed for SME and large industry case to be 2 and 1,5 % respectively based 
on the total PV CAPEX.    
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When the PV version is assessed in the model, it assumes that the PV plant supplies the storage as well as 
the heating system with power during operations. The model prioritizes to first provide the electric boiler 
with power to satisfy the heat demand of the industry, secondly if there is surplus power, the storage is 
charged. Lastly, if the industrial demand is met momentarily and the maximum capacity is reached for 
charging of the storage, the remaining power is fed into the power grid. The tariff which the power is sold 
to the power grid is assumed to be 35 EUR/MWh.  
 

5.2 Design Carnot battery system 
A key aspect to consider before assessing the four identified industrial sectors further, is possibilities to 
integrate the Carnot battery solution into the industrial processes. Since two different Carnot systems are 
considered, two unique integration designs were developed based on the literature review and interviews.  
 
Carnot battery system supplying power and heat 
For the Carnot battery system supplying power and heat, a preheat integration design was considered for 
utilization of the heat. The integration strategy was based on similar successful approaches for the SHIP 
industry, were solar heat has been integrated to provide preheating for industrial processes [28, 54, 68, 69]. 
Shown in Figure 35 is a schematic overview of how such a system could be integrated into an industrial 
heating system. The integration is quite simple and require a rather small modification of the conventional 
industrial heating system, as such system only aims at preheating the feed water.  
 
The key component that acts as a bridge between the industrial heating system and the Carnot battery 
system, is the heat exchanger (HEX). The HEX utilizes the HTF from the Stirling engines cooling system, 
to transfer heat from the engine to the feed water. Depending on the outlet temperature of the HTF cooling 
from the engine, the feed water temperature can be increased to around 50-60 °C, thus increasing the overall 
efficiency of the conventional heating system, as less fuel is required to increase the water temperature. 
 

 
Figure 35 Generic integration design for Carnot battery system, supplying power and heat, to industrial processes, adopted from  [28, 54, 68, 69] 

Depending on if the industry operates parallel to when the Carnot battery system discharge, the heat is either 
used directly into the industrial heating process or stored in a water accumulator, if the storage system 
operates when the industry is idle. This is due to that the heat is only produced when the Stirling engine 
operates, thus when power is being discharged.  
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Carnot battery system supplying only heat 
For the Carnot battery system supplying only heat, a steam production design was considered for utilization 
of the heat. The integration strategy was based on similar successful approaches by the SHIP industry, were 
solar heat systems have been utilized for producing steam for industrial processes [28, 54, 68, 69]. The 
system design is based on a supply level integration strategy, were the system aims to operate in parallel with 
the conventional heating system. Literature suggest such integration is easier and more resilience as the 
conventional system can act as backup [69]. Further, such integration strategy also limits the effect of 
changing supply of heat to individual heating process, which make the integration less troublesome for the 
industry owners. However, such integration suffers from the same distribution losses as the conventional 
heating system, whereof if the system had been integrated on process level such losses could have been 
avoided to greater extent [68].   
 
In Figure 36 a schematic overview is presented for a Carnot battery system supplying heat for steam 
production parallelly integrated with a conventional heating system of an generic industry for the identified 
customer-types. This solution offers the possibility to provide high temperature heat which can be utilized 
by the industry, as described in Table 2  most industries in which utilizes heat in the temperature range of 
0-500 °C operates with steam as a HTF for their distribution system, which also was confirmed during the 
interviews. The general heating system presented in the figure is non-sector specific, however, one must be 
aware of potential deviations [56, 69, 68].  

 
Figure 36 Generic integration design for Carnot battery system, supplying only heat, to industrial processes, adopted from [30, 46, 47, 48].  

In Figure 36Error! Reference source not found., the Carnot system is charged with PV, therefore, an 
electric steam boiler is also incorporated. This is due to that the investigated system aims to mainly supply 
heat, thus power generated from PV should primarily be used to operate the electric boiler which reduces 
the direct usage of the conventional boiler. If there is sufficient power generation, the storage can be charged 
for later usage. However, the schematic overview can also be adopted for a system charged from the power 
grid directly, for such systems, one should replace the PV with power from the grid and remove the electric 
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boiler, as it would make most sense charge the storage during low power prices and later discharge the 
storage when marginal cost of operating the other system is too high. One benefit of using electric steam 
boiler is that the efficiency is close to 99,9 % which makes them extremely efficient [70].  
 

5.3 Simulation 
The simulation model was created in Microsoft Excel and include both a Carnot battery version for 
supplying heat exclusively as well as a Carnot battery version supplying both power and low temperature 
heat. The model is used to investigate under which market conditions a Carnot battery solution is feasible 
compared to a conventional heating system or purchasing power from the grid. The design of the model is 
based on the literature review as well as findings from the interviews.  
 
5.3.1 Storage 
The number of storage units (Carnot batteries) that is required in order to meet the demand of the generic 
load profile can be determined by examining both the amount of heat that can be stored per unit as well as 
the nominal discharge rate per unit. These two parameters, storage size and nominal rate of discharge, is 
dependent on which version of the Carnot battery that is being assessed, exclusively heat or both power 
and low temperature heat. For this study, the starting point were from Azelio’s current eTES solution, were 
the storage unit can store up to 650 kWht of thermal energy in the PCM and via the Stirling engine discharge 
at nominal rate of 13 kWp power and 26 kWt low temperature heat. Based on the parameters of Azelio’s 
eTES the following two storage configurations were used for the model, shown in Table 4. 
 
 

Table 4 Characteristics of the analyzed storage units depending on which version that is being modelled 

Technical parameters per unit based on version 
Version: Power and heat Exclusively heat 

Nominal charge rate (kWp) 100 100 
Thermal energy stored (kWht) 650 650 
Nominal heat discharge (kWt) 26 Depends on HEX 

Nominal power discharge (kWp) 13 - 

Storage duration (hour) 13 Depends on discharge 
rate 

 
The main difference between the two versions is that the solution only supplying heat, do not have any 
predefined value of the nominal rate of heat discharge. This is since the solution directly can discharge heat 
via a HEX, which can be sized in order to supply the right amount of heat depending on the demand of the 
consumption point.  
 
5.3.1.1 Charging and discharging of storage 
The time it takes to charge an energy storage is determined by the nominal charging rate and the amount of 
energy that can be stored in the storage. For the model it was assumed that the nominal charging rate is 100 
kWp for the storage unit, this implies that it takes roughly 6,5 hours to fully charge the storage, if assuming 
that each unit can store the same amount of energy described in Table 4. On the contrary, the discharge 
time is determined by the nominal discharge rate and the amount of energy that is stored in the energy 
storage. Based on these two parameters the duration of which the storage can discharge at nominal rate can 
be found and thus imply for how long duration the storage can meet the nominal demand. 
 
It’s assumed that the Carnot battery system has a round-trip efficiency of 90 %, hence there are 10 % losses 
of the system, from charging to discharging. The losses primarily occur from the TES and during heat 
discharge through the HEX. The heat loss from the TES can mainly be described as convection losses to 
the environment, this is driven by the temperature delta between the storage media, PCM, and the ambient 
temperature [71]. The HEX losses depends on the efficiency of the HEX, were pressure drops of the flows 
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through the devices as well as heat transfer properties of the material limits the efficiency to some extent 
[72].  
 
5.3.2 Carnot battery power and low temperature heat model  
In this section the simulation model is described for the Carnot battery supplying both power and low 
temperature heat, based on performance from Azelio’s eTES unit, as mentioned in Table 4. The simulation 
is partly based on the schematic overview shown in Figure 35. An overview of simulation steps is shown in 
Figure 37, the flowchart aims to simplify the simulation process of charging and discharging the storage as 
well as connect the demand profile from the generic industry profile to the storage system. The system can 
either be charged via the power grid, for e.g. if low power prices can be achieved during non-peak hours, or 
by an on-site PV plant. The model calculates the energy supplied either by the PV plant, if chosen, from the 
power grid or from the Carnot battery for each timestep to meet the demand for a reference year.  
 
 

 
Figure 37 Flowchart for simulation process of Carnot battery supplying both power and low temperature heat 

The main storage service that the system provide for the customer is energy arbitrage, hence charge when 
cheap power is available and discharge when the tariffs are expensive. Thus, the storage system aims to 
decrease the amount of power bought from the grid, which is achieved when power is produced from the 
PV plant or discharged from the Carnot battery. The priority of the control system is to first prioritize the 
power produced from the PV plant, if modelled, secondly provide power from the storage unit via the heat 
engine and lastly to supply the demand from the power grid.  
 
The unique attribute of the Carnot battery is that it supplies low temperature heat from the heat engine 
when operating, as described in earlier chapters. In the simulation this phenomenon is modelled such that 
when the storage is discharging, hence the heat engine is operating, a share of low temperature heat is 
supplied to the heat consumption. This ultimately results in lower fossil fuel consumption, from the 
conventional heating system. 
 
For the model it was assumed that the low temperature heat was used for preheating of feedwater to the 
conventional boiler, with preheating the energy required to increase the temperature is decreased and thus 
the NG consumption of the conventional heating system is also decreased. The following equations were 
used in order to calculate the amount of feedwater that can be heated by the low temperature heat. Equation 
5.1 is used to calculate the usable mass flow of water when utilizing the low temperature heat from one unit 
of Stirling engine.  
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 �̇� =
𝑄%&'()'*+ ∗ 𝜂./0,%&'()'*+
ℎ%,34& − ℎ6,789':*&

 5.1 
 

 
The nominal heat discharge rate, 𝑄%&'()'*+, is set to 26 kWt. The enthalpy of water being preheated, ℎ%,34&, 
is defined at the temperature of 50 °C and the ambient water enthalpy, ℎ6,789':*&, is defined at the 
temperature of 10 °C. Thus, there is a temperature delta, ∆𝑇 of 40 °C. The efficiency of the HEX 
transferring low temperature heat from the Stirling engine to the feedwater, 𝜂./0,%&'()'*+, is assumed to be 
95 %. Based on the mass flow of preheated water, the amount of energy decreased from conventional fuel 
sources can be calculated with Equation 5.2. The specific heat of water, 𝐶𝑝∆? , is calculated by dividing the 
specific heat of water for both ends of the temperature difference, thus for water at 50 °C and 10 °C. 
 

 𝐻A(:B:7& = �̇� ∗ 𝐶𝑝∆? ∗ ∆𝑇 5.2 
 

Based on Equation 5.2 and the input values, an estimation of the amount of energy decrease per unit can 
be derived. Each unit is assumed to decrease the energy need by 0,025 MWh/unit at nominal discharge 
from the Stirling engine.  
 
As stated, for the power and heat model, it’s assumed that all preheating can be utilized by the industry. 
However, this is something that will be case specific since its dependent on the heat load and profile for 
each industry. This model limitation is further investigated in the result chapter, were the effect of this 
parameter is investigated.  
 
5.3.3 Carnot battery heat only model 
In this section the simulation model is described for the Carnot battery supplying only heat, based on the 
inputs described in Table 4. Shown in Figure 38, is the flowchart of how the model operates, the simulation 
model is partly based on the schematic overview presented in Figure 36. The model simulates the energy 
fed from either a PV plant, if chosen, the power grid or from the Carnot battery for each timestep to meet 
the energy demand for the generic industry profiles, described in Table 5, for a full reference year.  
 
The conventional heating system for the generic industry is modelled assuming that the system has both a 
conventional fossil fuel boiler and an electric boiler that can supply heat to meet the demand, as shown in 
Figure 38. On top of that, its assumed that a Carnot battery is installed in order to reduce the usage of the 
existing heating system, in order to reduce emissions as well as reduce the energy bill, this is achieved mainly 
by an energy arbitrage strategy.  
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Figure 38 Flowchart for simulation process of Carnot battery supplying only heat 

A limitation of the model is that it does not account for any ramping up time of the conventional heat 
system, which in reality would be needed for the boiler. Further, the model assumes no losses from the 
Carnot storage over time, instead its assumed that the roundtrip efficiency of the Carnot battery system is 
90 %, as stated in Table 5. 
 
5.3.4 Interpretation of model 
The developed model should be interpreted as the optimal plant layout based on the chosen approach for 
this project. If a different approach and design parameters were used the optimal plant layout and model 
could have been designed differently. Although, since the model and design are based on multiple 
parameters which in some sense are dependent on each other, a limitation in model complexity was made.  
 

5.4 Techno-economic performance indicators 
In order to determine how competitive a Carnot battery system is compared to current heating technologies 
for respective business opportunity, a financial analysis is conducted for each case. The financial analysis is 
conducted to better understand the economic value over the lifetime of the project.  
 
KPI’s are often used to evaluate the performance of a power system and is of great importance to compare 
different cases [53]. The KPI: s presented below is often used in order to evaluate the performance of power 
plants.  
 
5.4.1 The Capital Expenditures (CAPEX) 
The Capital Expenditures (CAPEX) is an important indicator that quantifies investment costs, both initial 
as well as during the lifetime of the project., thus being an important indicator for decision makers. The 
CAPEX can be divided into to categorize, direct and indirect costs. The direct costs relate to costs connected 
to the purchase of equipment and installation, while the indirect cost relate to remaining costs as project 
development [53].  
 
In Equation 5.3 the 𝐶𝐴𝑃𝐸𝑋G7(*3& is described, it represents the CAPEX for the Carnot battery system for 
both versions. The input parameters for the CAPEX are. 𝐶H&3(7+: which is the cost of the TES, 𝐶H&'()'*+ 
is the cost for the Stirling engine, 𝐶./0 is the cost for heat exchangers and piping and 𝐶H49HIH&:8is the cost 
for all subsystems, as e.g. control or electrical systems. All CAPEX costs also include installation costs for 
every subsystem.  
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 𝐶𝐴𝑃𝐸𝑋G7(*3& = 𝐶H&3(7+: + 𝐶%&'()'*+ +	𝐶./0 +	𝐶H49HIH&:8H 
 

5.3 
 

In Equation 5.4 the 𝐶𝐴𝑃𝐸𝑋AL for the PV plants is described and divided into corresponding 
subcomponent. The input parameters are, 𝐶M3N4):H, which is the cost for the PV modules, 𝐶OPA, balance 
of plant including all auxiliaries, cabling electrical connections, site preparation and civil works, 𝐶Q*R:(&:( , 
cost for inverters and 𝐶?(7ST'*+, includes cost for tracking system utilized.  
 

 𝐶𝐴𝑃𝐸𝑋AL = 𝐶M3N4):H + 𝐶OPA +	𝐶Q*R:(&:( +	𝐶?(7ST'*+ 
 

5.4 
 

5.4.2 The Operation Expenditures (OPEX) 
The Operational Expenditures include all expenditures for operational and maintenance (O&M) during 
normal operation throughout a period of time, usually during a normal year. The typical OPEX parts for a 
power plant are utility costs, service costs, labor costs, insurance costs and other miscellaneous [53].   
 
5.4.3 The Levelized Cost of Electricity (LCOE)  
The LCOE is an important parameter when assessing the economic performance of the Carnot battery 
cases supplying both power and heat. LCOE is commonly used for power generation technologies and gives 
the production of a certain technology. The LCOE is the ratio between the total life cycle cost of a project 
and the produced electricity at the minimum price at which energy must be sold to break even [53].  
 
Shown in Equation 5.5 is how the LCOE can be calculated. The equation is based on discounted cash flows 
analysis were all cash flows are discounted to present value, hence why the equation can be derived to NPV 
as well. The discount rate used is the weighted average capital cost (WACC) which relates to the effect of 
time value of money. 𝐸𝑛𝑒𝑡 is the first-year net power output and is multiplied with the system degradation 
rate 𝑆𝐷𝑅, which affects PV plants but in lesser extent the Carnot system. Equation 5.6 shows the calculation 
of WACC, where 𝐸𝑞% is the equity share of the CAPEX and 𝐷𝑒𝑏𝑡% is the debt share of the CAPEX. 
𝐼𝑅𝑅𝐸𝑞 is the cost of equity, 𝑖𝐷𝑒𝑏𝑡 is the cost of debt and 𝑇𝐶𝑜𝑟𝑝 is the corporate tax as the interest on debt 
on debt is considered after tax (tax deductible) [53]. 
 

 𝐿𝐶𝑂𝐸 = 	
𝐶𝐴𝑃𝐸𝑋 +	∑ 𝑂𝑃𝐸𝑋*

(1 +𝑊𝐴𝐶𝐶)*
i
*jk

∑ 𝐸*:& ∗ (1 − 𝑆𝐷𝑅)*
(1 +𝑊𝐴𝐶𝐶)*
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=
𝑁𝑃𝑉(𝐿𝑖𝑓𝑒𝑡𝑖𝑚𝑒	𝑐𝑜𝑠𝑡)

𝑁𝑃𝑉(𝐿𝑖𝑓𝑒𝑡𝑖𝑚𝑒	𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑡𝑦) 
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 𝑊𝐴𝐶𝐶 = 𝐸𝑞% ∗ 𝐼𝑅𝑅/s + 𝐷𝑒𝑏𝑡% ∗ 𝑖t:9& ∗ (1 − 𝑇G3(u) 
 

5.6 
 

5.4.4 The Levelized Cost of Heat (LCOH)  
The LCOH is another version of the LCOE, with the difference that the LCOH is used to calculate the 
cost of heat production. Equation 5.7 shows the calculation of LCOH, most parameters are the same as for 
the LCOE case. The main difference is that 𝐻𝑛𝑒𝑡 which is the gross output of year one is used [73].  
 

 𝐿𝐶𝑂𝐻 =	
𝐶𝐴𝑃𝐸𝑋 +	∑ 𝑂𝑃𝐸𝑋*

(1 +𝑊𝐴𝐶𝐶)*
i
*jk

∑ 𝐻*:& ∗ (1 − 𝑆𝐷𝑅)*
(1 +𝑊𝐴𝐶𝐶)*

i
*jk

=
𝑁𝑃𝑉(𝐿𝑖𝑓𝑒𝑡𝑖𝑚𝑒	𝑐𝑜𝑠𝑡)
𝑁𝑃𝑉(𝐿𝑖𝑓𝑒𝑡𝑖𝑚𝑒	ℎ𝑒𝑎𝑡) 

 

5.7 
 

5.4.5 The Net Present Value (NPV) 
The NPV is used to analyze the profitability of a projected investment by estimating the return of a future 
income and calculate the value of that income at the present day value using Equation 5.8, where 𝑟 is the 
discount rate, for which the WACC can be used [53]. The 𝐶𝑓𝑙𝑜𝑤 is the yearly income. 
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 𝑁𝑃𝑉 = −𝐶𝐴𝑃𝐸𝑋 +x
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5.4.6 Internal Rate of Return (IRR) 
The 𝐼𝑅𝑅, not to be confused with 𝐼𝑅𝑅𝐸𝑞 for the WACC calculation, is used to estimate the profitability of 
a project, In financial terms the 𝐼𝑅𝑅 is the discount rate for which the present value of revenues and cost 
of the projects are equal see Equation 5.9. The 𝐼𝑅𝑅 can be calculated as the interest rate, 𝑟, that would make 
the NPV equal to zero over the projects lifetime [53]. 

 𝐼𝑅𝑅 = −𝐶𝐴𝑃𝐸𝑋 +x
𝐶y)3z
(1 + 𝑟)&

i

*jk

= 0 
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5.4.7 Cost savings from Carnot battery system 
The cost saving KPI is used to benchmark the business as usual (BAU) operations of the conventional 
system compared to the new system with the Carnot battery solution integrated. The cost saving is calculated 
with Equation 5.10 over n years, which is comprised of two parameters defined by Equation 5.11 and 5.13, 
the cost savings can be calculated for yearly values or over a timer period. 𝐶𝐵𝐴𝑈 is the cost of operating the 
BAU conventional system, it comprises of 𝐶𝑃𝑜𝑤𝑒𝑟, which is the cost of purchasing power from the power 
grid, 𝐶𝐻𝑒𝑎𝑡, cost of purchasing heat based on fuel cost, 𝐶𝐸𝑇𝑆, cost from the EU ETS and 𝑂𝑃𝐸𝑋𝐵𝐴𝑈 cost of 
operating the conventional heating system.  
 

 %	𝐶𝑜𝑠𝑡	𝑠𝑎𝑣𝑖𝑛𝑔𝑠 =
(𝐶O�� − 𝐶i:z	HIH&:8*)

𝐶O��
 5.10 

 

 𝐶𝐵𝐴𝑈 =x(𝐶𝑃𝑜𝑤𝑒𝑟 + 𝐶𝐻𝑒𝑎𝑡 + 𝐶𝐸𝑇𝑆 + 𝑂𝑃𝐸𝑋𝐵𝐴𝑈	
𝑁

𝑛=1

)	 5.11 
 

 
In Equation 5.12 the capital recovery factor is calculated,  𝐶𝑅𝐹 , the capital recovery factor is a ratio used 
to calculate the present value of an annuity (a series of equal annual cash flows), 𝑟 is the discount rate and 
T is number of years, the annualizing period. Combined with the CAPEX the annualized cost of a 
component can be calculated [74]. For the model this was useful to calculate the yearly savings when 
annualizing the CAPEX for the Carnot system. In Equation 5.13 the cost of the new system is calculated, 
𝐶𝑁𝑒𝑤	𝑠𝑦𝑠𝑡𝑒𝑚, is the cost of operations for the new system, as the Carnot system is integrated in parallel with 
the conventional system 𝐶𝐶𝑜𝑛𝑣𝑒𝑛𝑡. is included, which is the reduced operation cost for the conventional 
heating system due to the new setup. The other parameters are defined earlier. 𝑅G7(*3& is the revenue 
that the Carnot system generate through auxiliary services, as heat generation or surplus power 
from PV plant. 
 

 𝐶𝑅𝐹 =
𝑟(1 + 𝑟)𝑇

(1 + 𝑟)𝑇 − 1
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 𝐶𝑁𝑒𝑤	𝑠𝑦𝑠𝑡𝑒𝑚 = 	𝐶𝐶𝑜𝑛𝑣𝑒𝑛𝑡. + (𝐶𝐴𝑃𝐸𝑋𝑃𝑉 + 𝐶𝐴𝑃𝐸𝑋𝐶𝑎𝑟𝑛𝑜𝑡) ∗ 𝐶𝑅𝐹 +x𝑅G7(*3&
𝑁

𝑛=1

 

 

5.13 
 

  
5.4.8 Technical and economic model input  
As any model, it’s important to understand its parameters and assumptions. Previously in this chapter the 
main input parameters were described and assumptions explained. Shown in Table 5 is an overview of the 
main parameters used for the different modelled cases. Costs for fuel, power grid, EU ETS and charging 
were assumed to be fixed throughout the modelled years. The specific component costs (Stirling engine, 
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TES unit, resistance heater and HEX) are confidential to Azelio, hence cannot be disclosed in actual number 
in this report. 
 

Table 5 Key input parameters, both technical and economic, for the modelled cases  

 Parameter Large industry SME industry Unit 
Energy consumption 22 2 GWh/year 

Nominal energy load 2500  460 * kWt/kWp 
Operation hours 24 16 per day 
Operation days 7 5 per week 
Grid power cost 70 105 EUR/MWh 
Fuel cost1  35 50 EUR/MWh 
Roundtrip efficiency1 90 % 90 % % 
EU ETS cost 30 30 EUR/ton CO2 
Charging cost 35 35 EUR/MWh 
CAPEX PV 600 600 EUR/kWp 

OPEX PV 1,5 2,0 % 
PV location2 Valencia Spain Valencia Spain - 
GHI 1720 1720 kWh/m2 

 
 

Table 6 Financial model inputs 

 Parameter Value 
Project lifetime 30 years 

Annualizing period 20 years 

Inflation 0 % 
Equity financing 20 % 
Equity IRR 10 % 
Debt financing 80 % 
Cost of debt 6 % 
Corporate tax rate 30 % 

 
  

                                                   
1 Roundtrip efficiency for both the Carnot system as well as the conventional heating system, hence NG boiler  
2 A separate sensitivity analysis were carried out to analyze the impact of different GHI for separate locations 
and can be found in Appendix 4: Comparative PV sensitivity analysis. 
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6 Result and discussion 
The following chapter contains the results obtained in this study. Multiple generic cases are described and 
discussed throughout the chapter. The result and discussion chapter are divided in two sections, one section 
evaluating Carnot battery system supplying only heat and one section were the system supplies power and 
low temperature heat. Each section presents results for both modelled versions, hence charged from the 
power grid or with on-site solar PV. Further, each version is evaluated against the generic demand from 
both a SME and large industry. Hence, there is four different cases presented for each section, totaling of 
eight cases, an overview of the main technical parameters is shown in Table 7 and Table 10. The key 
assumptions and KPI’s can be found in previous chapter. Table 5 contains the main input parameters used 
for the models.  
 

6.1 Carnot battery system design for supplying only heat 
In this section the results for a Carnot battery system only supplying heat is presented and discussed. The 
systems are either charged via the power grid or with an on-site solar PV system. Further, the consumption 
of the industries is modelled based on mimicking a large and SME industry, as described in Table 5. The 
chapter investigates which market conditions that are required in order for a Carnot battery system supplying 
heat to exist and be reasonable. Table 7 shows the key parameters for each studied case, when assessing 
systems that supply only heat.  
 

Table 7 Overview of technical parameters for analyzed cases supplying heat only  

 Overview of technical parameters (heat only version) 
 

Parameter: 

Supplying only heat 
 Charged with PV Charged via power grid 
 SME industry  Large industry SME industry  Large 

industry 

Ca
rn

ot
 b

at
te

ry
 

sy
st

em
 

Number of units  4  48 11  67 
Hours of discharge (h) 6 12 16 17,5 

Heat discharge (kWt)  460  2 500  460 2 500 

CAPEX system (EUR)  234 000  2 130 000  540 000 2 900 000 

OPEX system (EUR)  3 300  24 800  6 6003  33 5003 
Charging cost (EUR/MWh)   35 35 

PV
 sy

st
em

 Installed capacity (kWp) 1 250 10 000   
Cost PV (EUR/kWp) 600 600   

CAPEX PV (EUR)  750 000 6 000 000   
OPEX PV (% of CAPEX) 2 % 1,5 %   

Tracking (Yes/No) No Yes   
 
The final plant design for the evaluated cases can be found in the table above, the design has aimed to 
achieve the highest IRR and thus the highest NPV. This was achieved by finding the optimum configuration 
between the number of storage units in respect to which charging source that was used. Generally, the 
optimum was found when the system supplied the largest amounts of heat, either through only the storage 
or with the hybrid layout together with the PV plant.  
 
The number of storage units for respective case varies a bit, this can be explained both by the difference of 
heat consumption for large and SME industries as well as the difference between charging the system either 
from the power grid or with PV. It is trivial that the number of storage units increase in order to meet a 
growing demand, which can be seen when comparing large and SME industries.  

                                                   
3 OPEX is displayed excluding the cost of charging from the power grid 
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However, the difference between the two charging alternatives are a bit more complex. The results indicate 
that systems solely relying on power from the grid, generally need to have more storage units compared to 
the PV based version. This is since the model aims to charge the storage system during night from the power 
grid and thus supply heat during the industries operations throughout the day. For this model, the version 
that supplies most heat is the most competitive. Comparing it to the PV version, were the PV system has 
its highest power output during midday, resulting in no heat discharge from the storage system as the PV 
output is greater than the industries demand. This results in a lower need for storage units as the PV systems 
output cannibalizes on the number of hours were the storage could discharge heat.  
 
This have a significant impact on the SME PV case were the PV system produces power almost fully parallel 
to the industries operation, as the SME only operate during the day. This results in a smaller storage system 
as there are fewer hours of heat demand to be met via the storage, when the PV system does not operate. 
This difference can be illustrated in Figure 39, were the graphs show how the two different storage systems 
operate. The same effect can also be notices for the large industry cases, but not as significant.  
 

 
Figure 39 Illustration of operation with Carnot battery system, left graph when charged via power grid, right graph when charged via on-site solar PV for 

SME industry case.  

6.1.1 Overview of heat only cases 
The design layout for the different cases varies from one another since there are both different demands 
and operations for the industries as well as different charging methods, hence from the power grid or with 
on-site PV.  The performance of the modelled cases is presented in Table 8.  
 

Table 8 Performance results of the modelled cases (Carnot battery only supplying heat) 

Overview of performance modelled cases (heat only version) 

Parameter: 

Supplying only heat 
Charged with PV Charged via power grid 

SME 
industry  

Large 
industry 

SME 
industry  

Large 
industry 

Yearly heat demand 
industry (GWht)  

2 22 2 22 

Yearly heat production 
electric boiler4 (GWht)  

1 8,4   

Yearly heat production 
storage (GWht)  

0,3 8,7 1,8 14,7 

Surplus PV production 
(GWhp) 0,6 0,8   

                                                   
4 The model assumes that the on-site PV plant supplies an electric boiler with power in order to produce heat as 
described in Figure 38. 
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 Reduction of carbon 
emissions (CO2e ton)  260 3 420 350 2 940 

Share of hours were 
demand is met (%) 81 % 57 % 90 % 67 % 

 
6.1.1.1 SME industry case (PV) 
The modelled case for the hybrid solution with PV and Carnot battery system supplying only heat for a 
SME industry consists of a roof mounted PV plant of 1,25 MWp DC and 4 storage units totaling of 2 500 
kWht of potential thermal energy to store. The storage system is the smallest of the four cases, this is since 
the demand of the SME is low as well as the PV generation occurs mostly simultaneous with the operation 
of the industry, which results in lower need for storage. This is illustrated in Figure 39, were one can see 
that the PV plant cannibalizes on hours were the storage can operate, put another way there is no clear need 
for storage for this configuration, as the PV plant manage to cover most of the demand. One could imagine 
that a solar heat plant would be more beneficial for such case.   
 
The results from the modeled hybrid PV + Carnot battery system is shown in Table 8. The gross heat output 
from the hybrid system, 𝐻*:&, is 1,3 GWht annually, were 28 % is supplied from the TES and 72 % supplied 
from the electric boiler which is directly supplied by the PV plant.  The surplus power supply to the power 
grid, 𝐸AL	H4(u)4H, is 0,6 GWhp annually, which is the amount of power that can’t be supplied to the electric 
boiler nor the TES since these already operate at their maximum capacity. One can also notice that the 
surplus PV production is quite high compared to the large industry case, were the PV system is significantly 
larger. 
 
6.1.1.2 Large industry case (PV) 
The modelled case for the hybrid solution with PV and Carnot battery system supplying only heat for a 
large industry consists of a PV plant of 10 MWp DC with single-axle tracking and 48 storage units totaling of 
31 254 kWht of potential thermal energy to store. The storage is designed to be able to provide firm nominal 
discharge for 12 hours, which is achieved during months of good solar resource. Figure 41 shows the 
operation of the hybrid storage system during a normal day of operation during both winter and summer.  
 
As shown in the figure, the hybrid system provides firm output throughout the day for the summer day and 
almost through the whole winter day. During the winter, the power generation from the PV plant is lower 
due to less irradiation, which results in less power available to charge the TES. Therefore, the TES is not 
fully charged during the winter months, hence the discharge from the hybrid system does not cover the 
demand from the industry. During the summer however, the solar resource is better which results in higher 
power production. There are sufficient amounts of power being produced to both meet the heat demand 
from the industry with an electric boiler as well as charge the TES and even at sometimes enough surplus 
production to feed it into the power grid. Hence, the hybrid system manages to meet the heat demand 
throughout the day. 
 

 
Figure 40 Operation during a typical day (left winter and right summer day) large industry case heat only 
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The results from the modeled hybrid PV + Carnot battery system is shown in Table 8. The gross heat output 
from the hybrid system, 𝐻*:&, is 17,1 GWht annually, were 51 % is supplied from the TES and 49 % supplied 
from the electric boiler which is directly supplied by the PV plant.  The surplus power supply to the power 
grid, 𝐸AL	H4(u)4H, is 0,8 GWhp annually, which is the amount of power that can’t be supplied to the electric 
boiler nor the TES since these already operate at their maximum capacity. 
 
6.1.1.3 SME industry case (power grid) 
The modelled case for Carnot battery supplying only heat to meet the demand of a SME industry consists 
of 11 storage units totaling of 7 150 kWht of potential thermal energy to store. The system is designed to 
supply heat during daily operations of a SME, charging is modelled to occur during the night since there is 
no operation then and because the demand on the power grid is generally lower during the night.  
 
The storage system is designed to enable firm heat supply during 16 hours of discharge. The configuration 
almost manages to fully meet the demand of the industry throughout the modelled year, which results in an 
annual gross heat output of 1,8 GWht.  
 
6.1.1.4 Large industry (power grid) 
The modelled case for Carnot battery supplying only heat to meet the demand of a large industry consists 
of 67 storage units totaling of 43 550 kWht of potential thermal energy to store. The system is designed to 
supply heat throughout the majority of hours during a full day, with the exceptions of the hours required 
for charging. The storage system is modelled to charge during the night, as the demand on the power grid 
is generally lower and one can assume that the chances of purchasing cheaper power is higher during the 
night. However, since the model is generic, the model is not influenced depending on when the storage is 
charged.  
 
The storage system is designed to maximize the supply of heat throughout a day; thus, the storage system 
is designed to enable firm heat supply for 17,5 hours, were the rest of hours is used for charging the storage 
system. The annual gross heat output from the storage system is 14,7 GWht.  
  
6.1.2 Comparison between Carnot battery system and conventional 

heating system 
The main storage service that the studied Carnot battery system is aiming to achieve, is energy arbitrage, 
either when the system is charged via the power grid or on-site PV plant, were the main difference is the 
cost structure between the two charging methods. Ultimately the energy cost delta between the LCOH of a 
conventional heating system and the LCOH of the Carnot battery system is the main driver for the feasibility 
of the system. Therefore, the LCOH of heat for both types of system is presented in this section.  
 
In order to better understand the cost structure of the LCOH for conventional heating system, a generic 
system was modelled based on input from [56], shown in Figure 41. It becomes clear that the main 
contributing parameter is the fuel cost and, in some degree, also the cost of emission to the EU ETS. The 
CAPEX and OPEX has very small implication on the LCOH (roughly 1-3 %), which is hard to tell in the 
figure [56].  
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Figure 41 Generic cost structure of LCOH for a conventional heating system based on [56] 

The LCOH results of the modelled cases describe in Table 7, is shown in Figure 42. All modelled cases are 
in the LCOH range of between 35-65 EUR/MWh, were the PV version supplying large industries has the 
lowest at 37 EUR/MWh and the grid version supplying SME industries has the highest at 62 EUR/MWh. 
One of the main factors affecting the LCOH when comparing the large and SME industry cases in general 
are the difference between operation hours of both industries. As the SME industries only operate during 
weekdays, the system is idle during weekends as there is no heat demand, whereof for the large industry 
cases there are operation increasing the yield of the system, hence lowering the LCOH. 
 

 
Figure 42 LCOH for the modelled cases of Carnot battery supplying only heat, based on inputs from Table 5 and Table 7.  

Compared with the conventional heating system, the LCOH of the Carnot battery system is not affected by 
fuel costs of conventional fuels. However, Figure 42 shows that the charging cost entailed with purchasing 
power on the grid contributes to a major share of the LCOH for the power grid version of the Carnot 
battery system. Further, the CAPEX for the PV version, is a major share of the total LCOH. However, one 
cannot dissect the exact contribution of each cost item, PV or storage, since the overall LCOH is a 
combination of the hybrid system. 
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6.1.3 Heat only model results 
To better understand the technical results of the model and their implication for the business case, it’s 
important to set them into relation to the financial results. Figure 43 shows the achieved yearly cost savings 
for the modelled cases compared to a conventional heating system for different fuel cost levels. The CAPEX 
of the Carnot system has been annualized over 20 years, thus providing yearly comparisons possibilities. 
The figure indicates in terms of which fuel cost is required for respective modelled Carnot system to reduce 
the yearly energy expenditure for the end user.  

 
Figure 43 Yearly cost savings for the modelled cases compared to a conventional heating system. 

Figure 43 shows that none of the modelled cases yields cost savings when the conventional heating system 
of an industry can purchase fuel at costs below 37 EUR/MWh, on the other hand all modelled cases achieves 
cost savings when the fuel cost is above 55 EUR/MWh. The assumed conventional fuel costs for SME and 
large industry is indicated in the figure. One should keep them in mind as its most likely that the potential 
cost savings for respective industry case will correspond to those levels. However, since the fuel cost levels 
vary greatly from industry to industry, there might be cases were greater cost savings can be achieved due 
to higher OPEX costs for the conventional heating system because high fuel costs, or vice versa for lower 
fuel costs.  
 
Based on the figure one can notice that none of the modelled cases do create any cost savings when 
evaluating the reference fuel cost for each industry type. The case closet to creating any value, is the large 
industry PV case, which yields negative cost savings of -4%, thus a cost increase. Based on the figure it’s 
clear that to compete against a conventional heating system, which can purchase fuel in the same range as 
the assumed cases, the cost for the Carnot system needs to be reduced. A clear difference can be noticed, 
when comparing the cost savings for a Carnot system either charged via the power grid and with an on-site 
PV for the large industry cases plant, as the PV case is outperforming the grid cases in terms of cost savings. 
The SME cases have similar performance in terms of yearly cost savings.  
 
For the grid cases, none of the systems manage to achieve any cost savings for the assumed reference fuel 
costs levels for large and SME industries, respectively. Although, the SME grid case is the one that is closest 
of achieving any cost savings for the assumed fuel cost of 50 EUR/MWh for the conventional SME heating 
system. However, this implies that the cases being charged via the power grid will be less attractive 
comparing to PV cases, at least for the assumed charging cost level of 35 EUR/MWh, hence the grid cases 
could become more feasible with lower charging costs. However, it’s unlikely of purchasing power cheaper 
to an already optimistic assumed charging cost, as grid fees and taxes also contribute, hence even if power 
can be purchased at low spot prices the other components of the power price will still contribute to the 
charging cost. Another aspect, one need to consider is also the risks entailed of purchasing power from the 
market for charging, if the purchase price increases and become higher it can damage the profitability. 
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Hedging the charging cost might be a feasible strategy, however as price hedging often include a premium 
for the risk mitigation, it’s important to analyze the business case in detail before. 
 
When comparing industry types, it becomes clear that the large industry cases are the ones which achieves 
cost savings for lower fuel cost, compared to the SME cases. The difference in operation time of both 
industry types is the main driver for this difference, as the large industries operate around the clock all days 
and as the SME’s only operate during weekdays. This results in a large difference in utilization of the Carnot 
system, which directly affects the achieved savings. As one can imagine, large industries can purchase fuels 
at a lower cost compared to SME’s, which implies that there is a tougher competition for the large industry 
cases in terms of accomplishing cost savings. The cost savings for the SME industry case with PV is -6 % 
compared to -9 % for the grid case when analyzing the chosen fuel cost of 50 EUR/MWh for the 
conventional system. The cost savings for the large industry case with PV is -4 % and with grid is -20 % for 
the chosen fuel cost of 35 EUR/MWh for the conventional system.  
 
Figure 44 aims to illustrate the effect of sales of surplus power for the PV cases and how it affects the cost 
savings. The line illustrates the attained cost saving when including revenue from power and the dashed line 
illustrates the cost saving achieved when the power sales is excluded. The colored zone represents the 
different combinations of either less power sold or less revenue from sold power and how it affects the cost 
savings for the cases.  

 
Figure 44 Yearly cost savings for the modelled PV cases, when including or excluding revenue from surplus power sales, compared to a conventional 

heating system. 

Figure 44 shows that the PV SME case is more dependent on revenue from surplus power production, 
compared to the large industry case were the power sales has a minor effect on cost savings. This can be 
explained by the fact that the PV plants relative size compared to respective industries demand, is greater 
for the SME case which implies a more significant contribution to the cost saving compared to the large 
industry case were the surplus supply of power is much smaller as shown in Table 7. Further, the differences 
in operation times of both industries is another factor that affects the sensibility, as the PV plant in the SME 
case sells all power production during weekend to the grid, making this case more susceptible for power 
revenue fluctuations.   
 
In Table 9 the performance for the other KPI’s are shown, the results for NPV and IRR is calculated for 
each case based on the reference assumptions described in Table 5 and Table 6. One can conclude that 
when accounting for the value of future cash flows, hence the NPV calculation, the cases are less attractive 
from a financial perspective, as an IRR of around 1 % for the PV cases is quite low over a 30-years period. 
As the grid-based cases has negative IRR’s, it would make no sense to invest in such system. 
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Table 9 Overview of results for modelled case, heat only,  based on input parameters from Table 5. 

Overview of results for modelled cases (heat only version) 

Parameter: 

Supplying only heat 
Charged with PV Charged via power grid 

SME 
industry  

Large 
industry 

SME 
industry  

Large 
industry 

Yearly cost savings5 (%) -6 % -4 % -9 % -20 % 

NPV6 (MEUR) 0,2 1,1  -0,03 -2,0 
IRR6 (%) 1,1 % 1,1 % -0,5 % -7,4 % 

 
 
6.1.4 Sensitivity analysis heat only cases 
To validate the chosen approach, sensitivity analyses were made to how the different cases respond to a 
change in input parameter. In this section, sensitivity analysis for the large industry cases charged either via 
the power grid or from on-site PV is discussed.  
 
As previously mentioned, one of the key driver for the feasibility for the Carnot battery system charged via 
the power grid is the charging cost, it accounts for a large proportion of the LCOH of the system and thus 
has a major effect on profitability of the business case. Although, the most important parameter is the 
conventional fuel cost, which is the cost that drives the LCOH for the conventional heating system which 
the Carnot system is competing against. Thus, having an important role in the profitability of the business 
case. Shown in Figure 45, one can clearly see that the single most sensible parameter is the fuel cost followed 
by the charging cost, which in the figure heavily influence the potential cost savings. A 20 % increase in 
conventional fuel cost increase the cost savings with 14 %, thus having a major effect.  
 
It was discovered that both CAPEX as well as OPEX of the Carnot system had a minor influence on the 
attained cost savings, one could imagine that the effects would be larger. Especially since the grid system is 
dependent on the Carnot system to achieve savings, compared to the PV cases were the PV plant also 
contribute. 

 
Figure 45 Sensitivity analysis for grid: large industry case, effect from input deviation on cost savings for the system 

                                                   
5 Carnot systems (Carnot battery + PV plant) CAPEX annualized over a 20-year period 
6 Utilizing the WACC as discount rate and project lifetime of 30 years 
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Other parameters which has a noticeable effect on the profitability of the system are the input deviation on 
the CAPEX for the TES and ETS cost, were the CAPEX TES has more influence of the overall profitability 
of the business case. As the sensitivity is carried out for the large industry cases, were the fuel cost was set 
to 35 EUR/MWh, the ETS cost accounts for a rather large proportion of the LCOH for the conventional 
heating system, shown in Figure 41. However, as the fuel cost increases for e.g. for the SME case, the ETS 
cost will have less of an influence since it accounts for less of the total LCOH of the conventional heating 
system.  
 

 
Figure 46 Sensitivity analysis for PV: large industry case, effect from input deviation on cost savings for the system 

The sensitivity analysis for the PV: large industry case is shown in Figure 46. Comparing the sensitivity 
analysis for the PV case with the grid case, one should first notice that the charging cost has been replaced 
with the cost of PV (EUR/kWp) as the system solely rely on power production from the PV plant.. 
Analyzing the effect on input deviation for the PV case, one can notice that the two main driver parameters 
are the conventional fuel cost followed by the cost of PV. From a specific PV sensitivity analysis, it was 
concluded that changing the cost of PV had the same effect on the results as modelling the system for 
different locations with different GHI, the separate analysis is found in Appendix 4: Comparative PV 
sensitivity analysis. 
 
Other parameters influencing the performance are the same as for the grid case discussed earlier. When 
comparing the two-sensitivity analysis, a small difference in sensitivity for changes of fuel cost, were the grid 
case is slightly more sensible compared to the PV case. 
 

 
Figure 47 Sensitivity analysis for key parameters, left figure +/- 20 % change in PV cost (EUR/kWp) and right figure change in charging cost +/- 

20 % (EUR/MWh) 
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Based on the prior sensitivity analysis where it was concluded that the single most important parameter for 
both models, grid and PV, was the fuel cost which the Carnot system is competing against. Followed by the 
cost of PV for the PV cases and charging cost for the grid cases, Figure 47 was created to show the impact 
when changing these two parameters by +/- 20 % for different fuel costs. An increase of 20 % of either the 
cost of PV or charging cost results in lower cost savings and vice versa for a 20 % decrease. Based on the 
left figure, one can notice that the impact of changing the cost of PV has a greater effect on the SME case 
compared to the large case. The same relation cannot be seen in the right figure as the sensitivity for both 
cases are equal over the fuel cost regime.  
 

6.2 Carnot battery system design for supplying power and 
low temperature heat 

In this section the results for a Carnot battery system supplying power and low temperature heat is presented 
and discussed. The systems are either charged via the power grid or with an on-site solar PV system. Further, 
the consumption of the industries is modelled based on mimicking a large and SME industry, as described 
in Table 5. The chapter investigates which market conditions that are required in order for a Carnot battery 
system to exist and be profitable. Table 10 shows the key parameters for each studied case, when assessing 
systems that supply both power and low temperature heat.  
 

Table 10 Overview of technical parameters for analyzed cases supplying power and low temperature heat 

 Overview of technical parameters (power and heat version) 
 

Parameter: 

Supplying power and low temperature heat 
 Charged with PV Charged via power grid 
 SME industry  Large industry SME industry  Large industry 

Ca
rn

ot
 b

at
te

ry
 sy

st
em

 Number of units 4 44 35 192 
Hours of discharge (h) 13 13 13 13 

Power discharge (kWp) 52 660 455 2 500 

Heat discharge (kWt) 104 1 320 910 5 000 

CAPEX system (EUR) 193 000 2 126 000 1 690 000 9 300 000 

OPEX system (EUR) 5 600 61 600 49 0007 270 0004 
Charging cost (EUR/MWh)   35 35 

PV
 sy

st
em

 Installed capacity (kWp) 1 500 10 000   
Cost PV (EUR/kWp) 600 600   

CAPEX PV (EUR)  900 000 6 000 000   
OPEX PV (% of CAPEX) 2 % 1,5 %   

Tracking (Yes/No) No Yes   
 
The final plant design for the evaluated cases can be found in the table above, the design has aimed to 
achieve the highest IRR and thus the highest NPV. This was achieved by finding the optimum configuration 
between the number of storage units in respect to which charging source that was used. For the cases 
modelled to be charged by the power grid the optimum design was found when the system supplied the 
highest annual gross power output. On the contrary, the cases modelled to be charged with on-site solar 
PV, hybrid solution, had another approach.  
 
The optimum configuration for the hybrid solution were found through assessing multiple different layouts, 
elaborating with both PV plant size as well as number of storage units and thus the nominal discharge rate. 
Further, designing a hybrid system that supplies the nominal power demand for the industry was not realistic 
since it required an oversized system, both for the PV and TES system, which were very weak from a 
                                                   
7 OPEX is displayed excluding the cost of charging from the power grid 
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financial performance perspective. Therefore, the final design for the hybrid solution cases are systems that 
supplies parts of the nominal demand from the modelled industry. 
 
Similar to the SME heat only case charged with PV discussed in previous section, the PV system produces 
power almost fully parallel to the industries operation, as the SME only operate during the day. This results 
in fewer hours of power demand to be met via the storage, which for the power and heat configuration 
results in power being discharged when there is no demand from the industry. The power being discharged 
when there is no power demand from the SME industry is sold to the power grid instead, but due to this 
mismatch the possible earnings from power savings is reduced since the modelled power grid tariffs is lower.  
 
6.2.1 Overview of power and heat cases 
The design layout for the different cases varies from one another since there are both different demands 
and operations for the industries as well as different charging methods, hence from the power grid or with 
on-site PV. The performance of the modelled cases is presented in Table 11. 
 

Table 11 Performance results of the modelled cases (Carnot battery supplying power and heat) 

Overview of performance modelled cases (power and heat version) 

Parameter: 

Supplying power and low temperature heat 
Charged with PV Charged via power grid 

SME 
industry  

Large 
industry 

SME 
industry  

Large 
industry 

Yearly power demand 
industry (GWhp)  2 22 2 22 

Yearly power production fed 
to industry (GWhp)  1,1 11,1 1,4 11 

Surplus power production 
fed to grid (GWhp) 0,9 1,5 0,6 0 

Yearly heat demand 
reduction (GWht) 8 0,3 4,7 2,7 21 

 Reduction of carbon 
emissions (CO2e ton)  57 940 540 4 200 

 
6.2.1.1 SME industry case (PV) 
The modelled case for the hybrid solution for a SME industry consists of a roof mounted PV plant of 1,5 
MWp DC and 4 storage units totaling of 2 500 kWht of potential thermal energy to store. The storage system 
is the smallest of the four cases, this is since the demand of the SME is low as well as the PV generation 
occurs mostly simultaneous with the operation of the industry, which results in reduced need for storage, 
this phenomenon is shown in Figure 48. 
 
During weekends, when the industry is idle, the model assumes that all power produced from the PV plant 
is directly fed into the power grid. From a model perspective there is no clear value of charging the storage, 
however, one could imagine that this could vary for real cases depending on different market opportunities. 
For e.g. some markets might offer revenue from storage services or have tariff scheme were power discharge 
from the storage during hours of no PV production is beneficial.   
 

                                                   
8 Reduction of heat demand due to residue heat fed into the conventional heating system 
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Figure 48 Operation of the hybrid system for SME industry case for two summer days. 

The main results from the modelled solution for the SME case is shown in Table 11. The table shows that 
the annual gross power output, 𝐸A3z:( , is 2,0 GWhp were roughly 55 % of the power is used directly in the 
industry and the remainder is sold to the grid during either moments of  surplus production or during 
weekends. From the power directly used of the industry, the storage has a marginal influence as it only 
contributes with 7 % of the total power production of 1,1 GWhp.  
 
The small storage system also effects the production of low temperature heat as the heat is a by-product 
from the power production from the heat engine. An annual reduction in heat consumption, 𝐻*:&, of 0,3 
GWht is supplied as a by-product. Furthermore, a reduction of 57 CO2e-tons can be achieved annually from 
decreased usage of NG from the conventional heating system, thus only including the reduction through 
decreased usage of NG. As the heat engine mostly operate during times of no industrial operation, the most 
reasonable method to use the low temperature heat is to store it and use it as preheating of feedwater for 
industrial process for the next day.  
 
6.2.1.2 Large industry case (PV) 
The modelled case for the hybrid solution with PV and Carnot battery system supplying both power and 
low temperature heat for a large industry consists of a PV plant of 10 MWp DC with single-axle tracking and 
44 storage units totaling of 28 600 kWht of potential thermal energy to store. The storage is designed to be 
able to provide firm nominal discharge for 13 hours. Figure 49 shows the operation of the hybrid storage 
system during a normal day of operation during both winter and summer. 
 

 
Figure 49 Operation during a typical day (left winter and right summer day) large industry case supply of both power and heat. 

As shown in the figure, the hybrid system provides firm power output throughout the day during both 
winter as well as summer. However, the output supplied from the storage is not enough to cover the 
demand, the demand is only met during hours of power production from the PV plant. This is due to the 
fact, explained in earlier parts of this chapter, that in order to cover the total demand, the hybrid system 
requires to be heavily oversized, which is questionable from both a financial as well as logistic perspective.  
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For the modelled design, there are sufficient amounts of power being produced form the PV plant to both 
meet the power demand from the industry as well as charge the TES and even at sometimes enough surplus 
production to feed it into the power grid. Hence, the hybrid system manages to meet the heat demand 
throughout the day during both winter and summer months.  
 
The results from the modeled hybrid system is shown in Table 11. The table shows that the annual gross 
power output, 𝐸*:&, is 11,1 GWhp were roughly 88 % of the power is used directly in the industry. The 
remainder of the produced power is sold to the power grid during moments were the industrial power 
demand is met and when the capacity of charging is met or the storage is fully charged. Out of the power 
directly being supplied to the industry, 75 % is used directly from the PV generation and 25 % is used from 
the power produced from the storage.  
 
An annual reduction in heat consumption, 𝐻*:&, of 4,7 GWht is supplied as a by-product from the operation 
of the heat engine for the storage. Furthermore, a reduction of 940 CO2e-tons can be achieved annually 
from decreased usage of NG from the conventional heating system, thus only including the reduction 
through decreased usage of NG. As the heat engine mostly operate during times of industrial operation, its 
assumed that the low temperature heat is directly fed into the conventional heating system as preheating, 
increasing the boiler feedwater temperature.   
 
6.2.1.3 SME industry case (power grid) 
The modelled case for Carnot battery supplying both power and low temperature heat to meet the demand 
of a SME industry consists of 35 storage units totaling of 18 200 kWht of potential thermal energy to store. 
The system is designed to supply power for a duration of 13 hours during days of operation, as well as 
during weekends. When operating during weekends the power is directly sold out to the power grid, since 
the industry is not operating during weekends for the SME industry case.  
 
Low temperature heat is only used during weekdays when there is operation for the industry, as its produced 
when the heat engine is operating the heat produced during weekends is wasted, thus not included in the 
model. One benefit with this case is that the heat is produced parallel to when the industry is operating 
which removes any storage losses. Charging is modelled to occur during the night since there is no operation 
then and because the demand on the power grid is generally lower during the night.  
 
The main results from the modelled solution for the SME case is shown in Table 11. The table shows that 
the annual gross power output, 𝐸*:&, is 2,0 GWhp were roughly 70 % of the power is used directly in the 
industry and the remainder is sold to the grid during weekends. Further, an annual gross heat output, 𝐻*:&, 
of 2,7 GWht is supplied, the wasted heat produced during weekends is excluded. Furthermore, a reduction 
of 540 CO2e-tons can be achieved annually from decreased usage of NG from the conventional heating 
system, thus only including the reduction through decreased usage of NG. 
 
6.2.1.4 Large industry case (power grid) 
The modelled case for Carnot battery supplying power and low temperature heat to meet the demand of a 
large industry consists of 192 storage units totaling of 128 500 kWht of potential thermal energy to store. 
The system is designed to discharge firm power supply of a duration of 13 hours per day. The storage system 
is modelled to charge during the night, as the demand on the power grid is generally lower and one can 
assume that the chances of purchasing cheaper power is higher during the night. However, since the model 
is generic, the model is not influenced depending on when the storage is charged.  
 
An annual reduction in heat consumption, 𝐻*:&, of 21 GWht is supplied as a by-product from the operation 
of the heat engine for the storage. Furthermore, a reduction of 4 200 CO2e-tons can be achieved annually 
from decreased usage of NG from the conventional heating system, thus only including the reduction 
through decreased usage of NG. As the heat engine mostly operate during times of industrial operation, its 
assumed that the low temperature heat is directly fed into the conventional heating system as preheating, 
increasing the boiler feedwater temperature.   
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The reason for such a large reduction of heat consumption compared to the equivalent PV case is due to 
that for the PV case, the design of the system results in a smaller storage system as the PV produces power 
during the day. As for the power grid case, the power demand is solely met by the storage system, hence 
resulting in a larger system as well as a larger reduction. However, such system with 192 units, there must 
be a heat demand that matches the production of low temperature heat in order to capture the value of such 
heat. Also, such system is facing a bigger market risk, compared to the PV case, as the justification of 
existence from the storage is set by the assumption of low charging costs.   
 
6.2.2 LCOE for a Carnot battery system supplying both power and low 

temperature heat 
The main storage service that the studied Carnot battery system is aiming to deliver, is energy arbitrage, 
either when the system is charged via the power grid or on-site PV plant, were the main difference is the 
cost structure between the charging methods. Ultimately the cost delta between power from the grid and 
the LCOE of the Carnot battery system is the main driver for the economic value creation of the system. 
Another aspect, that also affect the revenue that the system generate is the value of the low temperature 
heat, however, it’s not influencing the LCOE, as the LCOE only evaluate the power production. 

 
Figure 50 LCOE for the modelled cases of Carnot battery supplying both power and low temperature heat and the assumed power costs from the grid. 

Figure 50 shows the LCOE for the four modelled Carnot battery cases supplying both power and low 
temperature heat. One can notice a clear difference in magnitude of LCOE between the cases charged with 
power from the grid or on-site PV plant. The difference can be explained by analyzing how the two different 
systems operate.  

 
Figure 51 Comparison of LCOE for large industry case being charged either via the power grid or with PV.  
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For the system being charged via the power grid, the system solely consists of storage units, with its included 
heat engines, compared to the hybrid system were the system consists of both a PV plant and storage units, 
with its included heat engines. Since the Carnot battery system has losses when converting the stored thermal 
energy to power, the LCOE for the charging part is higher for the power grid cases. This is since the storage 
unit has a round trip efficiency of roughly 30-40 % from charging to discharging.  
 
Due to the power grid cases solely rely on the storage units, the effect of this phenomena is much greater 
compared to the hybrid case were power from the PV system accounts for most of the production. The 
effect is illustrated in Figure 51, were one can see the clear difference between the LCOE for the large 
industry case being charged either directly from the power grid or from an on-site PV plant. The power grid 
solution is sensitive to increasing charging costs, were the PV solution is more stable to changes in cost of 
PV, which affect the LCOE of the PV plant itself.  
 
6.2.3 Power and low temperature heat model results 
In this section the results from the modelled cases will be presented for the Carnot battery system supplying 
both power and low temperature heat. Figure 52 shows the achieved yearly cost savings of the modelled 
cases compared to an industry only purchasing power from the grid, for different power grid prices. The 
CAPEX of the Carnot system has been annualized over 20 years to provide the option to analyze the yearly 
performance in terms of cost savings. The figure aims to illustrate which power grid costs are required for 
respective modelled Carnot system to reduce the yearly energy expenditure for the end user.  
 

 
Figure 52 Yearly cost savings for the modelled cases compared to purchasing power from the grid (including both power and heat sales) 

From Figure 52 one can conclude that none of the modelled cases will reduce the energy bill when the yearly 
power grid prices paid by the industry is lower than 55 EUR/MWh. However, on the other hand all the 
cases will bring cost savings for the costumer if they pay more than 120 EUR/MWh for power from the 
grid. The assumed power grid prices for respective industry type is market in the figure as a reference when 
analyzing the results, however since the power grid price vary greatly, depending on country and season, 
one should only use them as a reference for interpreting the results and setting them into relation.  
 
A clear difference in cost savings can be seen between the PV-based systems compared to the grid-based 
systems. The PV based cases yields cost savings for the end user for the assumed power grid price levels, 
compared to the grid-based systems which does not bring any savings. One of the key reasons for this 
difference is that the PV based systems, has a significantly lower LCOE as the PV plant contribute to a 
majority of the power production, as shown in Table 11, thus reducing the overall LCOE of the hybrid 
system further, as previously discussed for Figure 51. Another interesting aspect, when comparing the PV 
cases with the grid cases, is that the gradient of the change between the types of cases is different. For the 
grid-based cases the gradient is larger, thus leading to a strong increase of cost savings when the market 
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condition has become sufficiently beneficial. The main reason for the difference is gradient can be described 
by the CAPEX difference of the systems, the grid cases has lower CAPEX compared to the PV cases. 
 
A clear trend can be seen in the figure, where the large industry cases yields higher cost savings for the 
modelled cases compared to the SME cases, for both charging methods. This can be explained by the 
difference in operation time of both industry types, as the large industries operate around the clock all days 
and as the SME’s only operate during weekdays. Ultimately this leads to power being sold out to the grid 
during weekends for the SME cases at a lower rate than if the power would have been used internally for 
the industry. Another aspect influencing the difference is that the large industry PV case has a significantly 
larger PV plant compared to the SME case, as the PV plant is four times greater than the nominal demand 
for the large case and only three times for the SME case.  
 
The yearly cost savings for the SME industry case with PV is 15 % compared to -15 % for the grid case 
when analyzing the assumed power grid cost of 105 EUR/MWh. The cost savings for the large industry 
case with PV is 11 % and with grid is -38 % for the assumed power grid cost of 70 EUR/MWh. Thus, 
comparing the cost savings for the PV and grid cases it becomes clear that the PV cases is the only reasonable 
option as the grid cases increase the cost for the customer. Although, other values as e.g. decarbonation of 
the power system could be a value that bridges the economic downside.  
 
Since the cost savings studied in Figure 52 for the Carnot system supplies both power and low temperature 
heat, it’s interesting to further understand how much each part, hence power or heat, contributes to the 
overall performance. Due to the poor performance of the grid cases, the analysis of respective parts 
contribution will only be studied for the PV cases, as these are more interesting. Figure 53 shows the effect 
of sales of low temperature heat produced from the heat engine for respective PV case, however, these 
effects are not exclusively for the PV and thus can be found for the grid-based cases as well.  
 
The solid line in Figure 53 represents the attained cost saving when including revenue from both power and 
heat and the dashed line illustrates the cost savings attained when excluding the sales of low temperature 
heat. The colored zone in between these two types of lines for respective case illustrates the range were such 
system can perform when either less heat is taken care of or if the price per unit is lower.  
 

 
Figure 53 Yearly cost savings for the modelled PV cases, when including or excluding revenue from heat sales, compared to buying power from the grid. 

Figure 53 shows that both the large and SME case is equally dependent on the extra revenue generate from 
utilizing the low temperature heat. One can notice a clear difference under which power grid prices that are 
required for attaining cost savings for both cases when the heat part is excluded, as the power grid price 
needs to be approximate 15 EUR/MWh higher in order to achieve the equal cost savings, when the heat is 
excluded. This difference can also be notices for a given power grid price level, were excluding the heat 
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yields roughly 10 % lower cost savings for both cases. Hence, one can conclude that the low temperature 
heat sales, or savings achieved for the assumed heating system, has a significant impact on the potential 
achievable cost savings for the system. As well, one can notice that this effect is more significant for the 
large industry case, were no cost savings is achieved when the heat is excluded.  
 

 
Figure 54 Yearly cost savings for the modelled PV cases, when including or excluding revenue from surplus PV power sales, compared to buying power 

from the grid. 

Another important aspect to consider is how the different PV cases are affected when not incorporating 
the revenue from sales of surplus PV power production. Figure 54 illustrates such difference, as shown 
there is a clear reduction in cost savings for the SME case when surplus power production is not 
incorporated, the large industry case has a slight reduction. As shown in Table 10, the design of the SME 
case relies on power supply primarily from the PV plant, due to the operations of the SME case the model 
supplies the grid during weekends when there is not industry operations compared to the large industry case 
were the power is utilized directly in the industry. One can therefore conclude that the SME case is more 
susceptible to limitations of power supply to the grid, which implies that such solution would not thrive as 
good in environment where there is no stable grid.  
 
Figure 55 shows how the cost savings is reduced when not including revenue from savings from both heat 
and surplus PV production, which was described respectively in Figure 53 and Figure 54. One can clearly 
see that the achievable cost savings are reduced for both cases, although more significant for the SME case. 
Based on the finding, one can conclude that the SME system is more sensitive to changes in the auxiliary 
services, hence surplus PV and heat production, compared to the large industry case.  
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Figure 55 Yearly cost savings for the modelled PV cases, when including or excluding revenue from surplus PV power and heat sales, compared to 

buying power from the grid. 

As for the heat only cases, there is a limitation when analyzing the yearly cost savings, as the cost savings 
does not account for the present value of money over time, rather it accounts for non-discounted cash 
flows. In Table 9 the performance for the other KPI’s are shown, the results for NPV and IRR is calculated 
for each case based on the reference assumptions described in Table 5. One can conclude that when 
accounting for the value of future cash flows, hence the NPV calculation, the cases feasibility can be 
interpreted differently compared to the cost saving KPI.  The PV cases IRR for the power and heat cases, 
shown in Table 12, are higher compared to the IRR of the heat only cases, presented in Table 9. As the 
grid-based cases has negative IRR’s, it would make little sense to invest in such systems. 
 

Table 12 Overview of results for modelled cases, power and heat, based on input parameters from Table 4 

Overview of results for modelled cases (power and heat version) 

Parameter: 

Supplying power and heat 
Charged with PV Charged via power grid 

SME 
industry  

Large 
industry 

SME 
industry  

Large 
industry 

Yearly cost savings9 (%) 15 % 11 % -13 % -38 % 

NPV10 (MEUR) 0,7 3,8  -0,1 -8,6 
IRR10 (%) 4,6 % 3,7 % -0,5 % -14,5 % 

 
6.2.4 Sensitivity analysis power and low temperature heat cases 
In order to validate the chosen approach, sensitivity analyses were made to how the different cases respond 
to a change in input parameter. In this section, sensitivity analysis for the large industry cases charged either 
via the power grid or from on-site PV is discussed. 
 
As expected, the power grid cost is the single parameter which has the greatest influence on the model, 
shown in Figure 56. This because the power grid cost is the main parameter that the Carnot system is 
competing against, thus trying to reduce power purchased from the grid since it’s the most expensive part 
of the energy bill for the modelled industry. Similar to the heat only cases, the charging cost has a significant 
influence on the results as well, since it affects the LCOE for the grid based system significantly, as shown 
                                                   
9 Carnot systems (Carnot battery + PV plant) CAPEX annualized over a 20-year period 
10 Utilizing the WACC as discount rate and project lifetime of 30 years 
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in Figure 50. A 20 % increase in power grid cost increases cost savings by roughly 23 %, thus having a major 
effect.   

 
Figure 56 Sensitivity analysis for grid: large industry case, effect from input deviation on cost saving for the system 

For the grid based system which consists of 192 units for the large industry case, it becomes clear that both 
the CAPEX and OPEX of the eTES has a significant influence as well, which couldn’t be seen in the same 
extent for the heat only cases, discussed earlier. The low temperature heat production has a quite small 
effect, one can notice its influence in the figure were the conventional fuel cost impact the cost savings is 
limited.  
 
The sensitivity analysis for the PV: large industry case is shown in Figure 57. Comparing the sensitivity 
analysis for the PV case with the grid case, one should first notice that the charging cost has been replaced 
with the cost of PV (EUR/kWp) as the system solely rely on power production from the PV plant. Further, 
the y-axis scale has been changed, as greater differences can be observed for the grid cases. Analyzing the 
effect on input deviation for the PV case, one can notice that the two main driver parameters are the power 
grid cost followed by the cost of PV, were the power grid cost has the most significant influence were a 20 
% increase results in 5 % absolute cost savings. However, the influence is less clear compared for the grid 
case. From a specific PV sensitivity analysis, it was concluded that changing the cost of PV had the same 
effect on the results as modelling the system for different locations with different GHI, the separate analysis 
is found in Appendix 4: Comparative PV sensitivity analysis. 
 

 
Figure 57 Sensitivity analysis for PV:  large industry case, effect from input deviation on cost saving for the system 
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Other parameters having a clear influence on the cost savings are the conventional fuel cost as well as the 
CAPEX of the eTES, were the fuel cost has the most influence out of the two. Although, one can notice 
less of effect when manipulating the fossil fuel cost compared to the grid case. This is due to hybrid system 
layout, were the majority of power supply to the industry comes from the PV plant, resulting in less 
contribution from the eTES. This is also one of the reasons for the slight influence of manipulating the 
CAPEX.      
 
Grounded on both sensitivity analysis, it was implied that the power grid cost had the most significant 
influence for both cases, followed by either the charging cost for the grid case or the cost of PV for the PV 
cases for the model. Figure 58 illustrates the impact when changing these two parameters when comparing 
it to different power grid costs. In the figure, one can notice that the SME cases are more susceptible to 
manipulation of either the charging cost or the cost of PV compared to the large industry cases. For the PV 
cases, low power grid costs enhance this effect and make it more noticeable, as it decreases for higher power 
grid costs.   
 

 
Figure 58 Sensitivity analysis for key parameters, solid lines +/- 20 % change in PV cost (EUR/kWp) and dashed lines change in charging cost +/- 

20 % (EUR/MWh) 
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7 Conclusion 
The objective of this work was to assess the market opportunities for two novel Carnot battery system 
solutions, one supplying power and low temperature heat as well as a system supplying medium temperature 
heat exclusively. To fulfill the objective, a methodology was developed and implemented to investigate the 
market potential, further two techno-economic models were developed and utilized to investigate the 
performance of such Carnot battery solutions.  
 
Specifically, the thesis aimed at sizing the SAM for Carnot battery solutions and identify interesting regional 
markets, based on a literature review and semi-structured interviews the scope of the project was limited to 
four industrial sectors that were identified as ideal customer-types. A thoroughly review of their 
conventional heating system and process requirements has been carried out. The geographical scope was 
confined to Europe by utilizing an MCA that investigated both qualitative and quantitative aspects. The 
identified market offers a vast opportunity for incorporating Carnot battery solutions to meet the industrial 
sectors requirements, both from a technical and market size perspective. The market is projected to grow 
as industrial demand for renewable driven by heat is expected to grow and policies are currently being 
implemented to push for it in Europe.   
 
Two techno-economic models were developed for Carnot battery systems supplying either heat exclusively 
or both power and heat. Through techno-economic analysis both types of Carnot battery systems were 
analyzed to evaluate how competitive these solutions would be compared to current conventional energy 
systems for industries. The results from the modelled cases, indicate that a Carnot battery system supplying 
medium temperature heat would struggle with economic feasibility for the assessed market conditions. It 
was found that the profitability of the system is highly sensitive to different projected fuel costs, thus the 
CAPEX of the system or charging cost needs to be reduced to make the system more attractive in the 
assessed market. Further, based on a sensitivity analysis for different GHI, it was found that cost savings 
can be achieved for locations with GHI higher than 2100 kWh/m2. The benefit of introducing a Carnot 
battery system, supplying both power and heat, are both economic and technical for the presented cases. 
The results indicate that a hybrid solution with Carnot battery system and on-site PV would yield substantial 
yearly cost savings, 11 to 15 %, for the end customer in the assessed cases. Integrating PV to the solution 
provides both extra revenue opportunities, clear sustainability values and increased resilience, that is 
attractive for the end customer. The added value of incorporating heat has a major effect on the economic 
feasibility, as when excluded the cases are less attractive. Further, it was concluded through sensitivity 
analysis for different GHI, that locations with GHI higher than 1500 kWh/m2 will most likely benefit the 
end user with cost savings. 
 
It was recognized that different load profile for the industry, power grid cost and fuel costs had substantial 
effect on the models, further the cost for charging, either from PV or the grid also affects the performance. 
Further, limitations of available space for the PV based cases might significantly reduce the possibility for 
integrating Carnot batteries, as no consideration to space were taken. It’s believed that additional revenue 
streams from auxiliary services that the storage theoretically can provide, would improve the business cases 
further. Through, the market review it was indicated that some industrial enterprises saw a strong value of 
decarbonizing its manufacturing process that might compensate for a more expensive solution. It was found 
that enterprises that faces pressure from their customers to decarbonize might be more prone to this 
strategy. 
 
The market review combined with the techno-economic analysis indicates that the heat market is interesting 
as long as fuel, power grid costs and industrial operations are at the right level. It was proven that Carnot 
battery combined with on-site PV yields the most feasible solution for the end user. The service that the 
system provides is also aligned with projections for storage needs. Based on the market review the Food 
and beverage sector may possibly be the most attractive, as market size, temperature ranges, industry profiles 
and end customer behavior combines into an attractive business opportunity were the Carnot battery system 
would be an attractive solution. Although, a more in-depth analysis for a concrete business case should be 
assessed beforehand.   
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7.1 Future work and recommendations 
In this section, some suggestions regarding future improvements will be suggest in regard to the developed 
model and study in general. This thesis has provided a framework and first assessment for Carnot battery 
solutions; however, it would be recommended to further investigate: 

• In-depth analysis of a physical project for an industry, were historical data and location constraints 
are further analyzed.  

• Technical design of system and possibilities to integrate should be further assessed 
• Effect of incorporating auxiliary services, as e.g. negative capacity control.  
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9 Appendix 
In this chapter all appendixes can be found for further reading or as reference to the project.  
 

9.1 Appendix 1: Multi criteria analysis 
MCA was used in order to narrow down the geographical scope of the thesis, thus identifying countries. 
The use of an MCA allows for comparison of potential countries based on various quantitative and 
qualitative criteria. Data was collected from international databases as e.g. IEA and OECD, on country 
specific level for three subgroups of criteria. The criteria were identified, ranked and then scored based on 
identified customer-types as well as in collaboration with Azelio. The subgroups are descried below, in Table 
13, Table 14 and Table 15, and the full list scorings for the European countries can be found in Table 16.  
 
The scoring for each country was calculated based on Equation 9.1. The equation is generic and can be 
expanded for multiple criteria groups with specific criteria within each group. This enables for scoring for 
multiple criteria which was the goal of the MCA.  
 

 
𝐶𝑜𝑢𝑛𝑡𝑟𝑦	𝑋HS3(: = 	𝑊𝑒𝑖𝑔ℎ𝑡+(34u	� ∗ �𝑆𝑐𝑜𝑟𝑒G('&:('7	I,k ∗ 𝑊𝑒𝑖𝑔ℎ𝑡G('&:('7	I,k +
⋯ � +𝑊𝑒𝑖𝑔ℎ𝑡+(34u	� ∗ �𝑆𝑐𝑜𝑟𝑒G('&:('7	�,k ∗ 𝑊𝑒𝑖𝑔ℎ𝑡G('&:('7	�,k + ⋯� +⋯  
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Table 13 MCA criteria group 1, explanation, scoring method and weight 

Criteria group 1 
Criteria Comment Scoring method Weighting  

Ease of 
doing 
business 

The World Banks Ease of doing business index evaluated 12 different 
areas of business activity in 190 economies. The index analyzes 
regulations that encourages efficiency and supports freedom to do 
business and consists of five main groups: Opening a business, 
Getting a location, Accessing finance, Dealing with daily operations 
and Operating in a secure business environment. This indicates the 
macro environment for doing business in the country [75]. 

A low numerical 
value yields a high 

scoring for the 
index (1-190). 

60 % 

Credit 
worthiness 

Countries are rated based on their credit rating, showing long-term 
foreign currency credit ratings for sovereign bonds reported by 
Standard & Poor’s. This is used to indicate the investment 
environment for the country [76].   

7-scale rating were 
a low numerical 
value yields high 

scoring 

20 % 

Corruption 
perception 
index (CPI) 

The CPI is an index which annually rates countries by their perceived 
levels of public sector corruption, determined by experts as well as 
opinion surveys [77]. 

A scale from 100 
(very clean) to 0 
(highly corrupt) 

20 % 

 
 

Table 14  MCA criteria group 2, explanation, scoring method and weight 

Criteria group 2 
Criteria Comment Scoring method Weighting  

Power 
consumption 
in country 

The power consumption for each country was assessed and 
compared against other countries based on data from IEA and 
OECD [78] and [48]. The consumption in each country indicates 
the market potential.  

Ranking were countries 
with high consumption 
scored highest (1-190) 

10 % 

Heat 
consumption 
in country 

The heat consumption for each country was assessed and 
compared against other countries based on data from IEA and 
OECD [78] and [48]. The consumption in each country indicates 
the market potential.  

Ranking were countries 
with high consumption 
scored highest (1-190) 

10 % 
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Industry 
electricity 
price 

Electricity price offers a good indication of the market 
conditions for one country, were high prices is attractive. The 
electricity price for each country was rated based on its relative 
level compared to the minimum and maximum price for the 
analyzed countries. The electricity price assessed were for non-
households [79] and [60].  

Countries with high 
price got high ranking 

from (1-190)   
20 % 

NG price 

NG price offers a good indication of the market conditions for 
one country, were high prices is attractive. The NG price for 
each country was rated based on its relative level compared to 
the minimum and maximum price for the analyzed countries. 
The price assessed were for non-households [57] and [80]. 

Countries with high 
price got high ranking 

from (1-190)   
50 % 

Renewable 
energy policy 
in place 

Assessing if a country has any policy in place is useful for getting 
an indication on whether this topic is prioritized. If there is a 
policy in place the chances increase that RE development is 
increasing in the country [13]. 

Score: 
10 active policy 

5 developing policy 
0 no policy 

10 % 

 

 Table 15  MCA criteria group 3, explanation, scoring method and weight 

Criteria group 3 
Criteria Comment Scoring method Weighting  
TFEC Chemical 
industry For this criteria group all the individual criteria were 

from the same data set and evaluated with the same 
method. The TFEC for each country regarding 
respective sector was analyzed and ranked based on 
the other countries TFEC for that sector. The data was 
based on OECD energy balances [48].  

Ranking based on size 
of TFEC with regard to 
all countries analyzed. 

Ranked from 1-190 and 
a low rank yielded a 

high score.  

25 % 

TFEC Food and 
beverage industry 25 % 

TFEC Paper and pulp 
industry 25 % 

TFEC Machinery 
industry 25 % 

 
Table 16 MCA results for Europe, score for each criteria group and final country score shown 

Country Score 
group 1 

Score 
group 2 

Score 
group 3 

Final 
country 

score 
Germany 9,23 6,62 9,97 8,8 

France 8,80 6,06 9,61 8,4 
United Kingdom 9,54 5,27 9,28 8,1 

Italy 6,82 6,83 9,49 8,2 
Spain 8,31 5,76 8,90 7,8 

Switzerland 8,62 7,97 6,83 7,5 
Netherlands 8,37 5,66 8,45 7,6 

Poland 7,88 5,76 8,56 7,6 
Finland 9,31 7,39 6,65 7,4 
Austria 9,01 4,99 7,91 7,3 

Belgium 8,19 4,52 7,97 7,0 
Sweden 9,74 5,45 6,29 6,7 

Turkey 7,32 3,02 8,69 6,7 
Denmark 10,00 4,69 6,28 6,5 

Ireland 8,85 5,75 5,76 6,4 
Hungary 7,08 4,31 7,18 6,3 
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Romania 6,95 4,88 6,89 6,3 
Portugal 7,92 4,84 6,17 6,1 
Czechia 8,12 2,17 7,41 6,0 
Ukraine 5,99 2,42 7,53 5,7 
Slovakia 7,95 5,05 5,06 5,6 
Norway 9,78 2,14 6,04 5,6 

Serbia 7,14 4,81 5,30 5,5 
Lithuania 9,13 4,29 4,29 5,3 
Bulgaria 6,69 4,40 5,35 5,3 
Belarus 6,64 1,44 7,03 5,3 

Slovenia 8,29 4,16 4,10 5,0 
Estonia 9,11 4,30 3,44 4,8 

Latvia 8,78 4,30 3,37 4,7 
Croatia 7,12 3,93 4,47 4,8 
Greece 5,35 3,25 5,04 4,6 

Georgia 8,73 2,62 2,86 4,0 
Luxembourg 7,08 3,83 2,44 3,8 

Azerbaijan 7,85 0,47 4,11 3,8 
Moldova 6,68 1,87 3,00 3,4 

Iceland 8,48 1,38 2,12 3,2 
Cyprus 6,99 2,56 2,05 3,2 

Bosnia and Herzegovina 4,87 0,60 3,03 2,7 
Malta 5,82 1,54 1,77 2,5 

Montenegro 6,59 0,68 1,66 2,4 
Albania 5,22 0,09 2,38 2,3 
Kosovo 5,72 0,07 1,83 2,1 
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9.2 Appendix 2: EU specific data 
In this appendix, data is provided for the European market for respective country in regard to identified 
industry sector (chemical, machinery, paper and pulp, food and beverage), shown in Table 17,  as well as 
heat required in each temperature range, shown in Table 18.  
 

Table 17 Annual heat consumption for respective identified industry for analyzed countries in Europe 

  Heat consumption (PJ/year) 

Country 

Chemical 
industry 

Food and 
beverage 
industry 

Paper and 
pulp 

industry 
Machinery 
industry 

Germany 203 269 159 144 
France 55 125 132 138 
Italy 49 89 80 80 
United 
Kingdom 45 81 73 73 

Netherlands 101 128 69 60 
Spain 39 74 70 71 
Turkey 36 71 69 70 
Poland 37 65 58 58 
Belgium 54 74 46 43 
Finland 13 19 12 12 
Sweden 8 13 10 10 
Austria 14 24 20 19 
Ukraine 11 31 37 39 
Czech 
Republic 14 22 17 17 

Hungary 16 24 18 17 
Romania 18 25 17 16 
Belarus 14 23 20 20 
Portugal 5 12 12 13 
Norway 18 24 13 12 
Switzerland 10 17 14 14 
Denmark 4 13 17 18 
Bulgaria 12 15 8 6 
Ireland 3 10 12 13 
Serbia 6 12 11 12 
Slovak 
Republic 5 7 4 4 

Greece 2 8 11 12 
Lithuania 6 8 6 5 
Croatia 2 5 5 6 
Azerbaijan 2 5 6 6 
Slovenia 2 3 2 2 
Estonia 0 1 2 2 
Latvia 0 1 2 2 
Bosnia 0 1 1 2 
Georgia 0 1 2 2 
Albania 0 1 2 2 
Iceland 0 1 1 1 
Kosovo 0 1 1 1 
Luxembourg 1 1 1 1 
Cyprus 0 1 1 1 
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Montenegro 0 0 0 1 
Malta 0 0 0 0 

 
 

Table 18 Heat consumption based on temperature level for respective country based on analysis of the four identified industry sector for the European 
market 

Heat demand for respective temperature range (PJ/year)     

Country <100 °C 100-200 °C 200-500 °C 

Total heat 
demand 
(PJ/year) 

NG cost 
(EUR/MWh) 

Power grid 
cost 

(EUR/MWh) 
Germany 143,1 295,2 60,1 498,4 32,0 155,7 
France 95,7 127,7 27,4 250,8 38,0 102,4 
Italy 81,2 106,6 25,8 213,6 34,0 166,1 
United Kingdom 64,1 90,6 20,5 175,3 28,0 120,0 
Netherlands 42,1 112,4 22,1 176,7 39,0 94,1 
Spain 48,4 78,4 15,0 141,9 31,0 114,8 
Turkey 48,5 66,7 15,0 130,2 24,0 70,6 
Poland 41,6 71,7 13,5 126,9 35,0 100,3 
Belgium 28,7 68,0 12,9 109,5 25,0 114,7 
Finland 17,4 75,7 4,9 98,0 63,0 70,9 
Sweden 15,8 65,1 4,0 84,8 40,0 68,4 
Austria 20,0 39,2 6,4 65,5 30,0 107,6 
Ukraine 26,6 28,7 7,2 62,4 26,0 65,6 
Czech Republic 17,1 26,4 5,9 49,4 28,0 76,8 
Hungary 14,4 23,3 5,3 43,0 27,0 97,0 
Romania 13,4 23,9 5,4 42,6 32,0 97,2 
Belarus 13,9 20,6 4,8 39,2 - 103,0 
Portugal 10,1 23,1 2,7 35,9 33,0 118,6 
Norway 8,6 24,2 4,2 37,0 - 82,9 
Switzerland 13,8 18,7 4,6 37,0 70,0 142,0 
Denmark 11,6 11,5 2,9 26,0 35,0 70,7 
Bulgaria 5,5 14,7 2,8 23,0 31,0 88,7 
Ireland 10,1 9,3 2,7 22,1 34,0 140,0 
Serbia 7,8 11,2 2,5 21,5 38,0 83,3 
Slovak Republic 5,4 11,5 2,0 18,9 34,0 128,6 
Greece 6,9 6,5 1,6 14,9 30,0 105,9 
Lithuania 3,5 7,1 1,4 12,0 32,0 92,6 
Croatia 3,9 4,9 1,1 9,9 30,0 103,4 
Azerbaijan 3,4 4,2 1,0 8,7 10,0 48,0 
Slovenia 2,7 4,7 1,0 8,3 33,0 95,9 
Estonia 1,3 1,9 0,4 3,5 35,0 91,7 
Latvia 1,3 1,2 0,3 2,9 32,0 105,2 
Bosnia 1,2 1,3 0,3 2,8 - 66,7 
Georgia 1,0 1,1 0,2 2,3 24,0 59,5 
Albania 0,9 0,9 0,2 2,0 - 0,0 
Iceland 0,8 0,7 0,2 1,6 - 57,9 
Kosovo 0,8 0,6 0,2 1,5 - - 
Luxembourg 0,5 0,8 0,2 1,4 33,0 89,7 
Cyprus 0,6 0,5 0,1 1,2 - 161,9 
Montenegro 0,3 0,3 0,1 0,6 - 86,8 
Malta 0,2 0,2 0,1 0,4 - 139,2 
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9.3 Appendix 3: Interviews 
In Appendix 3: Interviews, one read through the questions used during the semi-structured interviews. The 
respondents were interviewed between week 12 and 18 during 2020. The composition based on sectors 
were, one from paper and pulp industry, four from food and beverage industry, three from the chemical 
industry and one from the machinery industry. For each enterprise, the interview was held with a member 
of the energy management team of the company. The industrial enterprise interviewed were all large and 
have manufacturing plants spread out in the world and Europe particular. As these enterprises mainly were 
large, the decision was made to also interview two SHIP providers who provide solar solutions for SME 
industries.  
 
Questions used during interviews: 
Load profile: 

- Which manufacturing processes are most energy demanding, and how large share of the 
total energy consumption does it account for? 

- What is the hourly power and heat load profile in a “typical” day? Are there variations 
with the seasons/how? 

- Is all energy supplied from external sources or is internal waste streams being utilized? 
Temperature range: 

- What temperature range does the main heating process require? 
Conventional heating technology: 

- Which conventional heating technology is currently being used to supply heat for 
industrial processes?  

- What is the average fuel consumption for the selected processes? 
- How large are your energy expenditures?  

Sustainability engagement:  
- Have your company set any sustainability goals, as e.g. Science based targets or adopted 

SDGs? 
- Is there a plan for increasing your share of renewables in processes? 
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9.4 Appendix 4: Comparative PV sensitivity analysis  
From the results of the modelled cases presented in this chapter, both for power and heat cases and heat 
exclusively cases, it became clear that the PV cases was performing better. This is due to three main reasons, 
adding extra revenue streams from surplus power production, the PV plant supplies the majority of the 
power and that the PV has a competitive LCOE compared to the grid-based cases. A limitation of the 
techno-economic analysis was that the PV plant was modelled to be located at one site, thus with a fixed 
GHI. Therefore, another sensitivity analysis was conducted were two additional locations were analyzed, 
with different GHI, as well as the reference location, Valencia already analyzed. The goal of this additional 
PV sensitivity analysis was to investigate the effect of different GHI’s.  
 
The two locations chosen, was Stuttgart in Germany, which have an GHI of approximate 1150 kWh/m2 

and has distinct weather seasons. The Stuttgart case aims to provide insight of the feasibility of such system, 
in the northern part of Europe. Further, Ouarzazate in Morocco was chosen as an additional site, which 
have an GHI of approximate 2150 kWh/m2 and has stable warm climate throughout the year. Based on the 
results found in Figure 59, Figure 60 and Table 19 it can be concluded that different GHI have a strong 
effect on all KPI for the modelled system. Although, the results are similar to the one found in Figure 47 
and Figure 58 were the cost of PV (EUR/kWp) is manipulated. The reason for this is due to change in 
LCOE when either changing the cost of the PV plant or when changing the GHI for the site.  
 

 
Figure 59 PV Sensitivity analysis results, for achiveable cost savings for heat only cases vs conventional heating system, low GHI 1150 kWh/m2, 

reference GHI 1720 kWh/m2 and high GHI 2150 kWh/m2 
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Figure 60  PV Sensitivity analysis results, for achievable cost savings for power and heat cases vs conventional heating system, low GHI 1150 

kWh/m2, reference GHI 1720 kWh/m2 and high GHI 2150 kWh/m2 

 
Table 19 Overview of PV sensitivity analysis results GHI, low 1150 kWh/m2, reference 1720 kWh/m2 and high 2150 kWh/m2 

Heat only 
  SME Large 

KPI's 
Low GHI Reference 

GHI High GHI Low GHI Reference 
GHI High GHI 

Yearly savings -31% -6% 6% -29% -4% 7% 
LCOH 98 65 58 57 39 34 
IRR -3,0% 1,1% 2,4% -2,7% 1,1% 2,7% 
NPV -0,3 0,1 0,3 -2,4 1,1 2,8 

Power and heat 
  SME Large 

KPI's 
Low GHI Reference 

GHI High GHI Low GHI Reference 
GHI High GHI 

Yearly savings -5% 15% 23% -8% 11% 19% 
LCOE 128 101 85 86 65 59 
IRR 1,5% 4,6% 7,9% -0,2% 3,7% 5,5% 
NPV 0,2 0,7 1,1 -0,2 3,9 5,8 

 
 


