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Abstract

This master’s thesis offers an investigation into the techno-economic aspects and potential
applications of three distinct Carnot batteries designed for daily energy storage purposes. The
primary objective of this study is to enhance our comprehension of the potential framework
within which Carnot batteries could be deployed.

Through the utilization of an energy system optimization model, the deployement costs of
Carnot batteries on a grid scale are determined. This methodology serves to emphasize how the
performance disparities among various technologies directly influence their deployment costs.

The findings of this research work provide a better understanding of how the Carnot battery
would be used, and the costs at which the Carnot battery would prove to be the optimal solution
in Belgium.

In summary, this master’s thesis not only clarifies the economic and operational complexities
associated with the integration of Carnot batteries, but also provides an assessment of their
potential contributions to energy systems. The impact of the performance and discharge time of
these machines on their deployment underlines the complex nature of energy storage planning,
highlighting the need for meticulous deliberation and well-informed decision-making to move
towards a sustainable and efficient energy future.



Introduction

Climate change is one of the most pressing challenges that humanity faces today. It is caused by
the release of greenhouse gases into the atmosphere, primarily by the burning of fossil fuels for
energy. The consequences of climate change are severe and far-reaching, including rising temper-
atures, more frequent and severe weather events and rising sea levels. As a result, renewable
energy sources have been developing rapidly to replace fossil fuels and mitigate ongoing climate
change.

Renewable energy sources are those that can be replenished naturally and are not finite in
their availability. These include solar, wind, hydro, and geothermal power, among others. In
recent years, there has been a significant increase in the adoption and development of renewable
energy sources, driven by both environmental concerns and economic benefits. Renewable energy
is often considered to be a cleaner and more sustainable alternative to traditional fossil fuel-based
energy sources, which are a major contributor to greenhouse gas emissions.

However, the intermittency of renewable energy sources, largely attributed to the weather-
dependent nature of solar and wind power, can lead to significant fluctuations in their power
output. In some regions, this phenomenon is best exemplified by the "Duck curve" where solar
production peaks during midday and drops off sharply in the evening as demand rises creating a
load curve that looks like a duck. This can pose challenges for grid operators who must balance
supply and demand to maintain grid stability. Energy storage can help balance the intermittency
of renewable energy sources by capturing excess electricity during times of high production and
releasing it during periods of low output. This not only helps maintain a stable grid but can
also increase the utilization of renewable energy resources, leading to a more cost-effective and
sustainable electrical system.

As the world transitions to a low-carbon energy system, the energy storage technologies
are becoming increasingly important. However, not all storage systems are equivalent. Storage
systems differ in a multitude of aspects including storage capacity and power, storage duration,
efficiency, cost and environmental impact. For instance, pumped hydro storage has been widely
used for many years and offers reliable long-duration storage. However, it requires specific geo-
logical features and can have significant environmental impacts. Meanwhile, lithium-ion batteries
are gaining popularity due to their high energy density, fast response time, and modular design
but these batteries are resource-intensive to produce and may not be able to provide electricity
for extended duration. As a result, there is a growing need for energy storage technologies that
can provide electricity for several hours or more.



It is therefore becoming increasingly important to assess the feasibility of different storage
systems, taking into account the different factors that define them but also the context in which
they fit. Analyzing the trade-offs and benefits of each technology in relation to these factors is
essential to make informed decisions that optimize resource use and minimize environmental
impact and costs.

In this study, the focus is on the integration of the Carnot battery within an energy system
and exploring the techno-economical conditions that contribute to the potential of this technology.
The research question that is covered is stated as follows : what are the techno-economic conditions
that allow the deployment of grid-scale Carnot batteries ?

In order to answer this question, the work will be done using the EnergyScope TD tool and
optimizing an energy system representing the Belgian energy system. The focus of the study will
be on three promising Carnot battery technologies: a recuperated Brayton Carnot battery, a
Thermally integrated Rankine Carnot battery, and a Carnot battery made from a retrofitted
coal-fired power plant.

The work is organized into five chapters :

e Chapter 1 - Literature review

¢ Chapter 2 - Methodology

e Chapter 3 - Results & Interpretation
e Chapter 4 - Discussion

e Chapter 5 - Conclusion



Chapter

Literature review

The purpose of this chapter is to lay the foundation for the rest of this work. The chapter is
structured into three sections. The first section provides a descriptive overview of the Carnot
Battery (CB), including the principles of the Brayton and Rankine Pumped Thermal Energy
Storage (PTES) cycles. The second section presents a literature review of the CB, highlighting
the research gaps and questions that will be addressed. Finally, the third section will briefly
describe EnergyScope, the tool used to answer the research questions.



1.1 What is a Carnot Battery?

The concept of CBs appeared for the first time in the literature in 1924 [29] but their interest
has increased in recent years with the development of renewable energies in the context of the
energy transition.

CBs are energy storage solutions where electricity is stored as thermal exergy. During charge,
an electric input is used to produce thermal exergy which is stored in thermal reservoirs; the tem-
perature difference then drives a power cycle for electricity production during discharge. Hence,
CBs charge and discharge processes involve, respectively, forward and backwards conversion
between electricity and heat, while the storage consists of a Thermal Energy Storage (TES) [44,
33, 10].

CBs include several technologies and configurations, but the fundamental principle remains
the same: a CB is an electrical energy storage technology. Therefore, there must always be at
least one electrical input and one electrical output [10]. However, a CB is capable of multi-vector
integration, i.e., it is able to use and produce electricity and heat. This configuration is more
commonly known as Thermally Integrated Pumped Thermal Energy Storage (TI-PTES). In this
case, the use of additional heat streams to supply the Heat Pump (HP) increases the efficiency
during charge and therefore offers a higher power-to-power efficiency. This technology associated
with a residual heat source could therefore make it possible to recover this heat in order to store
electricity with a higher efficiency. A classical representation of the CB is provided in figure 1.1.

External heat
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Figure 1.1: Carnot battery concept

It is important to note that there are many ways to make a Carnot battery. In the precedent
representation, descriptive terms are chosen only to conceptualize the Carnot battery. In all
generality, the CB can be broken down into three parts: The electricity to heat conversion
machine, the Heat Storage (HS) and the heat to electricity conversion machine. These parts
represent various technological elements and a choice can be made among them.



For example:

e The electricity to heat conversion machine can be: An electrical heater, a vapor
compression heat pump, a super-critical heat pump, transcritical heat pump (which can be
used for trigeneration systems) [44, 10].

e The heat storage can be: a Latent heat thermal storage, a sensible heat thermal storage
and a thermochemical storage, although the latter will not be discussed in this study [44,
10].

e The heat to electricity conversion machine can be: A conventional steam Rankine
cycle or an organic Rankine cycle, a gas turbine or a Stirling engine [44, 10].

Another advantage of the CB is that it is capable of reusing existing facilities and some
countries (China, Chile, Germany, USA) are investigating the possibility of reusing their existing
coal-fired power plants in order to convert them into CBs [2, 47, 20].

Because of the number of possible configurations, several categories of CBs are used: Liquid
Air Energy Storage (LAES) and PTES [10, 44, 33]. In this study, only the PTES solution will
be examined because, as mentioned in [19], these two technologies are competitive with each
other but, in terms of power capital cost, LAES was already found to be more competitive than
a variety of existing technologies. This is less clear for PTES.

Figure 1.2 shows this usual classification. The technologies excluded from further discussion
are presented on the left side of the diagram, such as the Lamm-Honigmann process (Thermo-
chemical energy storage) and LAES. While the right-hand side is dedicated to the technologies
that are discussed and can be classified as PTES which are again divided in two subgroups:
Brayton cycle and Rankine cycle.

Carnot Batteries

LAES Pumped Thermal Energy
Lamm-Honigmann Storage
(PTES)
Brayton cycle ’ ‘ Rankine cycle

Figure 1.2: Classification of Carnot batteries in this study



1.1.1 Brayton cycle PTES

A Brayton CB, i.e., a Brayton PTES, is usually composed of a Brayton HP and a Brayton
heat engine. The HP operation is based on an inverse closed Brayton cycle with two sensible
heat thermal reservoirs (High temperature and Low temperature). Given this layout, the
complete electrical energy storage usually contains two thermal reservoirs and four machines
(two compressors and two expanders) [10].

Another way to approach PTES with Brayton cycles is to consider the cycle shown in figure
1.3, which uses reversible machines (an approach that is purely theoretical).

]

Hot TES
2 Heat 3
exchanger
Discharge cycle Charge cycle
Cold TES
1 Heat 4
exchanger

Figure 1.3: Process flow diagram for a Brayton cycle PTES

This layout reduces the total cost of the system but also reduces its overall performances. It
should be noted that due to its cyclic operation and the irreversibilities caused by compression
and expansion, it is usually impossible to perfectly match the inlet and outlet temperatures of
compression and expansion between charge and discharge cycles. In this case, heaters and coolers
can be used to adjust the output conditions of the machine. In this way, the heat generated by
the irreversibilities is removed to the environment, and the storage can be operated cyclically,
these heaters and coolers are also represented on figure 1.3 [44].

The process can be described as follows, when charging, the Brayton cycle CB operates in a
clockwise direction. The working fluid in gaseous state is compressed (1-2), transferring the heat
of compression to the hot TES (2-3). This is followed by gas expansion (3-4), which results in
lower outlet pressure and temperature at point 4, leading to a decrease in the temperature of
the cold TES (4-1). This establishes a positive temperature difference between the two thermal
reservoirs. During discharge, the cycle is reversed, with heat transferred from the hot TES to
the pressurized fluid (3-2) to drive turbine expansion (2-1), and cold energy used (1-4) to reduce
compression work (4-3).



Brayton PTES cycles are usually considered as standalone units because of their high operating
temperatures up to 1000 °C [44]. This kind of temperature level is the reason why CBs based
on the Brayton cycle are not specifically studied for thermal integration since the waste heat is
at much lower temperature levels. However, a trigenerative Brayton PTES system with heat
exchangers providing heat and cold thermal energy could be capable of achieving higher electrical
efficiencies when properly integrated [50].

The high temperatures reached by Brayton cycles allow typical configurations to produce
between 5 to 50 MWe as per Vecchi et al.However, this margin could be extended from 1 to
100 MWe if the development of certain projects, such as the one proposed by Malta Inc. for the
recovery of a coal-fired power plant using a 100 MWe Brayton cycle (referred to as the Malta
heat engine), is relied upon. This would enable the reduction of investment costs for the project
through the recovery of a portion of the previous installation’s resources (Truong et al., 2022).

Based on the research conducted by White (2013) [48], it has been demonstrated that the

efficiency of a system is primarily influenced by the temperature ratio, rather than the pressure
ratio. When comparing the efficiency of CBs utilizing Brayton and Rankine cycles, it has been
observed that the former generally achieves a higher round-trip efficiency, mainly due to its
higher temperature levels. However, there are instances, such as in Thermally Integrated Carnot
Batteries (TI-CB), where the Rankine cycle may outperform the Brayton cycle in terms of
power-to-power efficiency.
In the literature, round-trip efficiencies ranging from 40 to 70% are observed [10]. The high
values of 60-70% are calculated with very high compressor/turbine polytropic efficiencies, which
are over 90% [10], this fact must be taken into account when making a more simplistic model of
a CB because these results are optimistic, such values will probably not be reached in reality.

Packed beds thermal reservoirs are mostly considered for this application due to lower cost
and larger operating temperature; typical solid storage media include gravel, magnetite and
limestone [44]. With a packed bed, TES can be either indirectly linked to the cycle via a coupling
heat exchanger [7] or can be directly crossed by the working fluid [46]. This latter option allows
for better heat transfer, but the TES containment tank must be able to withstand pressures
of 20 to 30bar[10]. In addition to the above-mentioned pressure problem, packed beds TES
systems have some drawbacks. For instance, they demand a considerable installation space
and possess relatively low heat transfer rates, which can impede their efficiency. Moreover, the
materials used in these systems usually necessitate frequent maintenance or replacement due
to wear and tear caused by frequent changes in pressure and temperature. Additionally, these
systems often need to be cleaned regularly to remove accumulated sediment, which can affect
their long-term efficiency [3]. In contrast, molten salt TES systems have attracted significant
attention in recent years as a promising alternative for packed bed systems in high-temperature
applications, particularly concentrated solar power [28, 35]. Molten salt systems offer some
notable advantages, such as high energy density and good heat transfer characteristics as well
as temperature stability, which can significantly enhance their performance and reduce the
overall system cost. Furthermore, molten salt systems can withstand high-temperature cycling
and have longer cycle lives compared to conventional packed bed systems, which tend to lose
their efficiency over time due to sediment accumulation [3]. However, molten salt HS systems
come with certain drawbacks, such as their cost or the technical challenges associated with
their high melting temperature, which can lead to issues with the solidification of molten salts
within the pipes [36]. Finally, combined storage or storage of high-temperature phase-change
materials alone are interesting solutions, but these solutions must be studied in greater depth [26].

The above discussion suggests that molten salt storages offer certain advantages over packed



bed storages. However, the use of molten salt storage requires ensuring that it remains above a
minimum temperature within the cycle to prevent it from returning to the salt’s freezing point.
To address this issue, some authors have proposed the use of a recuperator within a Brayton
cycle [24, 30]. This cycle has the added benefit of having a higher efficiency compared to a
conventional Brayton cycle and makes use of molten salts. Further details regarding this cycle
will be expounded upon in the subsequent chapter.

It must also be mentioned that the combination of electric heating and a gas cycle has also
been considered, but with rather low round trip efficiencies(40-50%) [5]. This is one reason why
this layout will not be considered in this study.



1.1.2 Rankine cycle PTES

The second branch of PTES technology is based on Rankine cycles, i.e., a Rankine PTES.
Rankine PTES could be a valid alternative to the Brayton cycle and usually stores energy at a
much lower temperature [10].

A Rankine CB, is usually comprised of a vapor compression heat pump and a power recovery
unit based on a Rankine cycle, plus a TES section. For a resistive heating system, the HP is re-
placed by a resistive heater [44]. A process flow diagram of a Rankine PTES is shown in figure 1.4.

Hot TES
Heat
exchanger

-~

) A S

--------------

Charge cycle

Discharge cycle

Cold TES
Heat
exchanger

Figure 1.4: Process flow diagram for a reversible Rankine cycle

During charge, the working fluid is evaporated (1-2) and then compressed to high pressures
and temperatures (2-3), releasing both sensible and latent heat to the hot storage unit during
condensation (3-4) and is finally expanded to low pressures (4-1). For discharging or power
production, the liquid fluid is pumped to a high pressure (1-4), evaporated with energy from the
TES (4-3) and expanded in a turbine (3-2). It is finally condensed through an auxiliary heat
exchanger and the cold storage (2-1) [44].

A common Rankine PTES system layout has only a hot reservoir and uses the ambient as
the cold sink/source, which is practical and inexpensive. Water (pressurised, if necessary) is
widely adopted for the hot TES, due to material abundance, high energy density and low cost
[44]. If a cold TES is considered, an ice slurry is a popular choice, mostly applied to COz-based
Rankine PTES [44].

Rankine PTES solutions studied in the literature include the steam Rankine cycle [45] and
Organic Rankine Cycle (ORC)[22, 9]. The choice of the working fluid is driven by the scale and
temperature levels throughout the process|[44, 26]. These choices include organic refrigerants,
non-organic refrigerants, water, ammonia, and ethanol. Frate et al. [16] showed how different
fluids maximize different performance indicators (e.g. power density vs exergy efficiency) [44].
Water is selected for cycle temperatures above 200 °C, which is not the case unless an external
heat source is available [44]. In the range below 150 °C, R1233zd (E) is generally preferred, as it



enables efficient cycle operation, is cost effective due to reduced equipment sizing and because it
gives good performance at a small pressure ratio [26, 15, 44].

The actually considered Rankine cycle PTES has a limited span between the highest and
lowest cycle temperatures. This limitation has several implications. First, it produces, on average,
lower efficiencies compared to Brayton cycles (Mean value of 61.6% for Brayton PTES and 52.8%
for Rankine PTES are observed) [44]. Second, it results in a lower power range.

Nevertheless, the limited temperature span allows for thermal integration with external heat
sources (Waste heat sources in particular). By integrating waste heat streams, the power-to-power
efficiency can be raised above 100%, assuming a free waste heat stream [44, 10, 17]. TI-PTES is
one area with high research interest and will be discussed in this study.

Finally, with the gradual phasing out of coal-fired power plants and the transition to renew-
able energy resources underway, retrofitting these power plants with the storage technology is a
promising approach. One option is to retrofit steam Rankine cycles, which have been used in
power generation in most of coal-fired power plants. The retrofit can involve a replacement of
firing chambers with Renewable Energy Sources-powered TES and has the potential to bring
existing conventional power plants in line with net-zero carbon policy objectives. Moreover,
reusing existing equipment such as suitable steam turbines, heat recovery steam generators
or heat exchangers is characterized by significant potentials for higher cost-effectiveness [44].
Retrofitting existing power plants with this technology has the potential to contribute to the
reduction of greenhouse gas emissions, extend the operational lifespan of current infrastructure,
and aid the transition to a more sustainable energy system. Additionally, this approach may
have environmental advantages as it involves reusing existing equipment and may require less
harmful materials than other technologies, such as Li-Ion batteries, or cause less environmental
damage than Pumped Hydro Storage (PHS).
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1.2 Literature review

In recent years, there has been a significant expansion of research on CBs, with several studies
exploring the latest developments and trends in this field. Notably, the state-of-the-art reviews by
Novotny et al. and Vecchi et al. [33, 44] have identified similar research directions and highlighted
specific types of CBs that have shown promise.

The studies suggest that two main types of CBs have emerged as leading candidates: LAES

and PTES. The aforementioned category can be classified into two distinct types, namely Brayton
and Rankine PTES. Vecchi et al. highlighted that although these technologies span a vast range
of layouts and commercial scales [44], the vast range of application of this technology makes it
challenging to determine the suitable charge and discharge times for integrating these machines
into an energy grid. As a result, there is currently no definitive guidance on the appropriate
charge and discharge times when integrating these machines into an energy system. Additionally,
the authors note that there is little scientific discussion around concepts based on electrical
resistances, despite the fact that numerous industrial projects such as [42, 1] are based on this
technology [33, 44].
According to Vecchi’s research on CBs, the technology has the potential to serve needs that PHS
and Lithium-ion batteries cannot fulfill [44]. Meanwhile, McTigue et al. noted in their study
that Brayton PTES could prove more advantageous than a Lithium-ion battery for discharge
periods exceeding 6 hours [30].

In recent years, a trend has emerged among industries in various countries such as Germany,
China, the US, and Chile, to retrofit coal-fired power plants in order to reduce capital costs
[42, 1]. To do this, the industries are developing conceptual plans to reuse equipment from
former coal-fired power generation sites, reusing the existing Rankine steam cycle and other
equipment on site. The existing steam cycle could be connected to a HS system which would be
charged by a new electrical resistor or heat pump. Despite this growing interest, there is still
a scarcity of studies on this subject and industry documents are not readily available to the
research community, despite the call for transparency of technical and economic data [44]. Tt
should be noted that some companies are considering the use of HPs to improve power-to-power
efficiency, although electrical resistance-based retrofits remain a cheaper option [42].

Frate and Dumont are among the authors who have investigated TI-CB from a research
perspective [18, 17, 8, 9]. The idea behind these batteries is to use waste heat as a means to
improve the power-to-power efficiency of the machine. This concept is promising as several
initiatives including "The heat roadmap" are trying to promote a decarbonisation of the heat
and cooling sector, a good way to achieve this would be to reuse the waste heat available in large
quantities in Europe [21].

However, as Dumont mentions [10], only a few studies have examined TI-PTES integration
in terms of the actual availability of waste heat streams to be exploited. In other words, given
that the available heat stream is set by the upstream system (e.g., an industrial facility for waste
heat), how large can the electrical storage system be? Is the amount of waste heat sufficient to
deploy the thermally integrated Carnot battery?

11



This study aims to address various questions that surfaced during the literature review, which
are as follows: At what cost does this technology become attractive, and what impact does efficiency
have on its implementation? What role will the technology play in the Belgian energy system
once deployed? How does the discharge time, and therefore, the energy to power capacity ratio of
these technologies affect their deployment and the energy system in which they are integrated?
Specifically to thermally integrated Carnot battery, what amount of heat is necessary to have a
deployment of the technology?

These questions can be summarized in a more global question: What techno-economic condi-
tions enable grid-scale Carnot battery deployment?

12



1.3 EnergyScope

For the purpose of this study, the energy system was modeled and cost-optimized using En-
ergyScope TD - an ESOM (Energy System Optimization Model) that enables the modeling
and optimization of energy systems. This tool is an open model that optimizes the design and
operation of an urban or regional energy system considering all energy carriers and demand
with hourly resolution over a target year. The objective of the tool is to study the interactions
between sectors and the implementation of promising technologies, such as storage, during the
energy transition [27].

Description of the tool

The tool operates in two stages. The initial phase involves preprocessing input data such as
time series, scenarios, and technologies, followed by solving a mixed-integer linear programming
(MILP) problem. This process determines the appropriate set of typical days used to represent a
full year. These typical days are generated to simulate electricity and space heating demand as
well as weather conditions (solar irradiance, onshore wind speed and offshore wind speed).

The second step is the main energy model: it identifies the optimal design and operation
of the energy system over the selected set of typical days, i.e. technology selection, sizing and
operation for a target future year under COq emission constraints [27]. The model’s second phase
involves optimizing the overall annual cost. The objective function, which needs to be minimized,
is expressed as:

min Cyor = min ( Z (Cino(J)Tj + Crmaint(§)) + Z Cop(i))
jin TECH i in RES

with:

TECH and RES are sets including respectively the conversion technologies and resources,

e Ciny(j)7; is the annualised investment cost of technology j expressed in M€,

Cmaint(J) is the operating and maintenance cost of technology j expressed in M€,

Cop(7) is the operating cost of resource i expressed in M€.

This cost function is restricted by a GWP (Global Warming Potential) limitation for the
entire energy system, which cannot be exceeded:

Z GWPconstr (])

imit = W Py (i —— .
9tPLmit Z G p(i) + lifetime(j)

i in RES j in TECH
where:
« TECH and RES are sets including respectively the conversion technologies and resources,
* gwplimgt is the maximum allowed amount of yearly emissions expressed in ktCOy, /Y,
o GWP(i) is the amount of emissions due to the resource i expressed in ktCOy,,

GWPconst'r (])
lifetime(j)
of technology j throughout its lifespan, expressed in ktCOy, /y.

is the amount of emissions resulting from the production and dismantling

13



Figure 1.5 depicts the two-step process outlined in this description.
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Figure 1.5: Overview of the 2 step process [27]

How does the tool work?

The proposed modelling framework is a simplified representation of an energy system accounting
for the energy flows within its boundaries. Its primary objective is to satisfy the energy balance
constraints, meaning that the demand is known and the supply has to meet it. The input for the
proposed modelling framework is the End Use Demand (EUD) in energy services, represented as
the sum of four energy-sectors: electricity, heating, mobility and non-energy demand. Heat is
divided in three End Use Types (EUTs): high temperature heat for industry, low temperature
for space heating and low temperature for hot water. Mobility is divided in two EUTs: passenger
mobility and freight. Non-energy demand is, based on the IEA definition, “fuels that are used as
raw materials in the different sectors and are not consumed as a fuel or transformed into another
fuel” [27]. The energy system encompasses all the energy conversion technologies needed to
transform resources and supply the EUD. These technologies are used to supply layers. Layers
are defined as all the elements in the system that need to be balanced in each time period; they
include resources and EUTs. As an example, the electricity layer must be balanced at any time,
meaning that the production and storage must equal the consumption and losses. These layers
are connected to each other by technologies. Three types of technologies are defined:

o Technologies of end-use type can convert the energy (e.g. a fuel resource) from one
layer to an EUT layer, such as a combined heat and power unit that converts natural gas
into heat and electricity.

e Storage technologies convert energy from a layer to the same one, such as TS that stores
heat to provide heat.

e Infrastructure technologies gather the remaining technologies, including the networks,
such as the power grid and District Heating Networks, but also technologies linking non
end-use layers, such as methane production from wood gasification or hydrogen production
from methane reforming.
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Implementing the technologies

Details regarding the implementation of technologies within EnergyScope are provided here, as
they were necessary for the completion of the work. For each technology that was implemented,
the corresponding values are to be specified:

Design variable Generation assets Storage assets
Corresponding unit Corresponding unit

Cinv [Meuro/GW] [Meuro/GWh]

Crmaint [Meuro/GW /y] [Meuro/GWh/y]

GWPeonstr [ktonCO2.q/GW] [ktonCO2.q/GWHh]

Lifetime [Years] [Years]

“ / /

fmin,perc % %

fmaa:,perc % %

Table 1.1: Generation and storage assets input data

For storage technologies, the following values also have to be provided:

Design variable  Corresponding unit

Tcharge h
Tdischarge h
Storageavailability /
storage;sses %/h

Table 1.2: Storage assets input data

Finally, the technologies (Generators and storage units) should interact with layers and vice
versa, to do that, efficiencies are used in matrixes linking technologies to layers.
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Limitations of EnergyScope TD

EnergyScope TD is not a predictive model, but rather an optimization model that aims to
provide the optimal energy system design while considering assigned constraints. Its primary
objective is to minimize system costs, but it does not take into account certain parameters such
as risk and failure, geopolitical factors, and environmental impacts. While policymakers can use
this type of model, they should be aware that it has limitations and should be complemented
with additional constraints beyond its scope.

It is essential to note that EnergyScope TD focuses equally on different energy usage domains,
such as mobility, power, heating, and Non-Energy Demand. The model is designed to operate on
a large scale, such as national and annual scales, which sometimes results in a lack of precision.
This makes it challenging to analyze at smaller scales, such as hourly market price variability
and single building focus. Overall, EnergyScope TD should be considered a tool for devising
potential strategies for future energy system design investment rather than a predictive model.

Additionally, it is worth noting that as EnergyScope TD is a linear optimization tool, the
accuracy of its results heavily relies on the quality of the data inputted into the optimization
problem. To enhance the precision of the results, researchers can use a robust optimization
approach that takes into account the uncertainty of the parameters inserted into the model. To
enhance the accuracy of the results of this study, exploring this idea could be considered in future
research.
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A small introduction to the tool’s outputs

In this section, an optimization performed by EnergyScope TD is presented to enable the reader to
gain a better understanding of the results that will be discussed in upcoming sections. The system
introduced here will be utilized extensively throughout the work and is therefore instrumental in
comprehending the subsequent stages of this study.

The system presented here is EnergyScope’s reference system when subjected to emissions
constraints of up to 25 MtCOg.,. To delve into EnergyScope’s outcomes, the tool provides a
means to visually depict the system through a Sankey diagram. The Sankey diagram associated
with this system is provided in Figure 1.6 as an illustrative example.
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Wet biomass [ Biomethanation
=il

I Electricity

Figure 1.6: Illustrative example: Sankey diagram - 25 MtCOg., energy system

This figure precisely illustrates the functioning of the energy system and also enhances
our comprehension of how EnergyScope operates: Based on the system’s demand (right-hand
side of the figure), EnergyScope optimizes resource consumption (left-hand side) as well as the
technologies to be deployed (conversion between resources and demand) to minimize the total
costs of the system while staying within the imposed constraints. As an example, the sankey
diagram can be read as follows: Electricity demand is mainly met by resource conversion units
(such as solar panels, which convert solar resources into electricity). It is shown that a large
proportion comes from nuclear power, followed by renewable energies and finally, a fraction of the
electricity generated comes from imported gas. However, note that all the electricity generated
can be used in other sectors, such as high-temperature heat production or meeting the demand
for public mobility.
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Power [GW]

In this work, the system will be subject to minor deviations; that’s why it’s necessary to
present, in figure 1.7, a visualization that helps understand the behavior of the typical days
generated by EnergyScope. In the positive power values, there are production technologies such
as photovoltaic (PV) panels, Combined Cycle Gas Turbines (CCGT) , Wind Turbines (WT),
and more.

In the negative power values, there are consumption technologies, such as electric heaters
that generate industrial heat or electricity consumption (This is "End use’).

In this work, the use of this visualization will primarily be employed to understand how the
typical days are influenced by the CB, as the behavior of the studied machine can be directly
observed in the daily view, enabling a more effective understanding of its role.
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Figure 1.7: Illustrative example: Energy system behavior - 25 MtCOg, constraint
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Chapter

Methodology

This chapter presents the methodology used to conduct a techno-economic study of Carnot
batteries. The research design involved the utilization of an Energy System Optimization Model
(ESOM) to analyze the three types of CBs: Recuperated Brayton CB, Thermally integrated
Carnot battery (TI-CB) and Retrofitted coal-fired power plants. The following sections outline
the key stages of our methodological approach, including Model review, configuration of the
optimization model, and analysis scenarios.
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2.1 Model review - Standalone Brayton Cycle

The first considered configuration is a standalone Brayton cycle, more precisely a recuperated
Brayton cycle. The cycle comes from a study provided by McTigue et al. [30]. The flow diagram
of this cycle is presented in figure 2.1.

Hot storage
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Heat
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= | -

Nitrogen

\ 4

Cold storage

Figure 2.1: Process flow diagram of the recuperated Brayton cycle presented in [30]

The reason for selecting this specific Brayton cycle is partly due to its compatibility with the
use of molten salt HS. While packed bed HS may seem appealing due to their lower initial costs,
prolonged use of packed bed HS may lead to decreased efficiency and increased maintenance costs.
By incorporating molten salts HS in the cycle for high temperature HS, T5 must be maintained
above the freezing point of the salt. Although a simple Joule-Brayton cycle without a recuperator
is a viable option, the turbine’s work during charge becomes a relatively high fraction of the
compression work, resulting in low round-trip efficiencies of approximately 35%, as illustrated in
[37]. The cycle proposed by McTigue et al. incorporates a recuperator, which allows the cycle
to respect the condition on T3 by ensuring that T3 remains above the freezing point of the salt.
This, in turn, enables the use of molten salts in the cycle for hot storage, while also improving
the cycle’s efficiency compared to a simple Brayton cycle. As a result, this cycle appears to be a
promising solution in terms of efficiency and maintenance costs associated with the machine.

McTigue’s study initially proposes a nominal model for his study, which is then used to
perform multi-objective optimization between the cost and efficiency of the proposed nominal
machine for two different salts, chloride and nitrate salts. The study of McTigue then focuses
on one of the optimized models called N2’ (Using Nitrate salts), this model will be used for
this study since it has low costs for a high efficiency relative to other results proposed in the paper.

The technical and economic parameters of this machine will be presented in the following
subsection. Additionally, an estimation of the parameter related to the COz¢q emission constraint
resulting from the construction of the machine will also be provided. Then, the methodology
used to answer the research question is described, presenting the values used.
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Techno-economic parameters

To begin, let’s consider the technical parameters of the reference machine that was used. In
the study conducted by McTigue et al. [30], the 'N2’ machine is thoroughly described in a
parametric manner, allowing for an analysis of its integration into the energy system through
the manipulation of its parameter values. The parameters used in the modeling are summarized
in table 2.1:

Time of charge [h] | Time of discharge [h] | Efficiency | Daily Losses | Availability | Lifetime
10 2-14 59% 5% 1 25

Table 2.1: Technical parameters of the machine[30]

It is important to mention here that the round trip efficiency value is in this case optimistic,
the author having used a polytropic efficiency value of 90%. Furthermore, the efficiency is also
assumed to be constant in this study although the author shows that the efficiencies are sensitive
to the ratio of charge and discharge times.

Let us then examine the economic parameters derived from this parametric model. The study
proposes a cost per unit of storage of 260 + 70 $/kWh [30].

While the value used in this study is assumed to remain constant with respect to discharge
time, it should be noted that this assumption does not reflect real-world conditions. Nevertheless,
the author acknowledges that no existing research has identified any correlations that would
necessitate adjustments for cost variations. Additionally, the costs utilized in this study exhibit
a significant degree of variance and are intended solely as a preliminary reference for further
investigation.

The costs will be multiplied by a factor of 0.951 Euro / USD in order to be reused in the
units of EnergyScope [43].

Global warming potential

The carbon footprint of the system under consideration will be estimated by integrating carbon
dioxide emissions from the construction and dismantling phases of a CCGT with the carbon
footprint of a molten salt HS system. This approach is adopted due to the lack of a specific life
cycle assessment for this technology and the similarities between the machines involved.

Two sources of information were used for the calculations: a National Renewable Energy
Laboratory [38] report and an Environmental Science and Technology article [6]. The report
quantifies emissions generated during construction and decommissioning as 2 gCO, ., /kWh, while
the article finds that the TES alone contributes 4.02gCO, ., /kWh to the carbon footprint of the
overall system. Combining these values, the emissions related to the technology are estimated
to be approximately 6 gCO, .,/kWh. It is worth noting that the calculations were based on a
30-year lifespan of the machines, and the TES was assumed to contribute significantly to the
overall carbon footprint.
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Model implementation

Based on the previously mentioned data, an electricity storage model can be implemented on
EnergyScope. A visual representation of this EnergyScope implementation is provided in Figure
2.2.

Standalone Brayton

Figure 2.2: Schematics of the recuperated Brayton PTES implementation

Since storage is modeled in terms of a cost per unit of storage and a predefined round-trip
efficiency, the technology is considered as a single storage technology that charges and discharges
by exchanging electricity with the layer associated with that resource. This technology is consid-
ered to be a daily storage technology capable of discharging at a maximum power given by the
ratio between the installed storage capacity divided by its discharge time (P = ).

Tdischarge
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2.2 Model review - Thermally Integrated Rankine cycle

The second solution studied is the thermally integrated Rankine Cycle CB. One key motivation
for exploring this concept is the potential to reuse waste heat, which is generated by a range of
industrial processes and is often released into the environment as a byproduct. By harnessing
this waste heat and converting it into useful energy, the TI-CB can improve the efficiency of
energy conversion.

The cycle considered for the TI-PTES is a cycle based on a Vapor Compression Heat Pump
(VCHP), an ORC and a thermal storage based on pressurized water. The flow diagram of this
cycle is presentend in figure 2.3.
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Figure 2.3: Process flow diagram for an Organic Rankine Cycle TI-PTES

The selection of this cycle was primarily motivated by the desire to achieve higher efficiencies
while simultaneously reducing system costs. Integration of thermal energy can significantly
enhance the overall technology efficiency and facilitate the coupling between electricity and heat.
However, in this study, emphasis will be placed on prioritizing electrical energy storage over heat
utilization. Heat will be employed to increase the electrical efficiency of the system but will not
be utilized to produce heat for a district heating application.

The use of a VCHP is grounded on the underlying objective of reusing waste heat at
low temperatures, typically ranging between 40 °C and 90 °C, where alternative heat recovery
technologies may be less effective. The primary aim is to elevate the thermal energy from the
low-temperature source to higher temperature regimes, typically ranging from 70°C to 130 °C,
where it can be employed for useful purposes.
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Technical parameters

In order to comprehensively assess the technical parameters of the machine under consideration,
it is imperative to split it into three distinct components. Namely the VCHP, the thermal storage
system, and the ORC.

Vapor Compression Heat Pump:

The coefficient of performance (COP) of the VCHP can be computed using a fraction of the

carnot efficiency :

T,
COP = FoCy,, - Tt—
tes

- Tsource

Here, the carnot coefficient FoCp,, is assumed to be 0.4, as per Frate et al. [15]. By varying the
source temperature for different storage temperatures, the corresponding COP values can be
computed and visualized in Figure 2.4.
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Figure 2.4: COP of the VCHP
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Pressurized water thermal energy storage:

Additionally, the use of pressurized water as the storage medium offers a cost-effective, environ-
mental friendly and easily scalable solution that is well-suited for this application [26, 32]. The
storage is considered to have daily thermal losses of 5% and efficiencies between storage and
created layers are unitary. These losses are not taken into account in round-trip efficiency of the
machine even if a 5% loss could potentially impact the storage temperature level, consequently
influencing the efficiency of the ORC. Here, these effects are neglected.

Organic Rankine Cycle:

The ORC is chosen due to its higher efficiency at low to medium temperatures, as compared to
a conventional steam Rankine cycle. The efficiency of the ORC can be determined using the

following equation:
Ties — To

111568

where Ty = 0°C is the environment temperature and FoC,,.. is a fraction of the Carnot efficiency
assumed to be 0.35, as per Ohman et al. [34]. The results obtained using this value are presented
in Figure 2.5.

n= FOCorc :
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Figure 2.5: ORC efficiency
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Round-trip efficiency

The round-trip efficiency nrr will be computed as the product of the ORC efficiency and the

coefficient of performance of the heat pump :
nrr =1 x COP

The mapping of this efficiency is presented in Figure 2.6.
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Figure 2.6: Round-trip efficiency for Ty = 0°C

Summary

Finally, after the introduction of these relationships, the remaining parameters are presented,
and the technical parameters of the machine are grouped together. The lifetime is based on the

lifetime of the HP which is generally considered to be 25 years [40].

Teharge() | Tdischarge(I) copr Daily losses NORC

Lifetime

Availability

10 2-14 COP(TSOUT067 Ttes) 5% nORC(TOv Ttes)

25

1

Table 2.2: Technical parameters

To the author knowledge, there has been no indication of a minimum discharge time for this
machine. A permissible margin of 2 to 14 hours is allowed. Lastly, the COP and nogrc values are
computed using Tspurce = 50 and 70 °C while Ti.s = 90 °C giving COP values equal to 3.632 and
7.263 with norc constant and equal to 0.087. Finally leading to nrr = 0.63 and nrr = 0.315.
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Economical parameters

The economic aspect of this concept also needs to be modeled. To achieve this, a decomposition
into three components was performed, taking into account the VCHP, the thermal storage, and
the ORC separately. For each component, a cost per unit of power (or energy) was determined.
The yearly maintenance costs are assumed to be 5% of the investment costs. The methodology
is presented below.

Vapor Compression Heat Pump:

In order to determine the costs associated with HPs, a series of manufacturers’ technical datasheets
showing a price margin per kW of heat [4]. The cost used is 500€/kW, chosen to reflect the
average of the given prices. All the costs of the HPs are shown in the appendix 5.

Pressurized water thermal energy storage:

In accordance with a study conducted by Espagnet et. al [12], cost values for storage per unit of
stored energy are suggested, with the following values cited:

Energy stored Cost Cost per unit of energy
[kWh] [€] [€/kWh]
500 4002.87 8.01
5000 40028.69 8.01
50 000 159725.89 3.19
500 000 5H48752.75 11.1

Following this data table, a cost of 10€/kWh is considered.

Organic Rankine Cycle:

Finally, the costs associated with the ORC are estimated using the module costing technique.
This method is useful for making preliminary estimates within precision margins of -20% to
+30% [25]. This method applied by Lemmens et al. enables us to find a cost per unit of power of
the order of 1843.44€/kW
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Waste heat

EnergyScope currently lacks the functionality to account for various temperature levels when
incorporating waste heat, limiting its ability to optimize with a realistic waste heat scenario. To
address this limitation, a more comprehensive approach can be taken by conducting an exergy
analysis to quantify the available heat resources in Belgium. This analysis begins with estimating
the total waste heat potential in Belgium, drawing from sources such as [39] and [11]. The
estimated range of available waste heat energy in Belgium falls between 68 TWh and 86.7 TWh.

By using the upper-bound value along with insights from studies like [14] and [39], we can
establish an upper limit on the exergy potential inherent in Belgium’s waste heat resources.

To proceed, we identify the sources of this waste heat, as categorized by [39]. Grouping ther-
mal power and waste-to-energy under the umbrella of ’electricity generation,” while maintaining
industry as a distinct category, we find that 55.59% of waste heat emissions originate from the
electricity generation sector, whereas the industrial sector contributes 44.09%.

Further insights from [14] allow us to determine temperature thresholds associated with each
sector. Specifically, the research indicates that 88% of waste heat from power generation and
42% from the industrial sector exhibit temperatures below 100°C.

Lastly, the exergy content of this waste heat can be calculated using the Carnot efficiency

equation:
_ CZ—‘lO’LU

Thigh

nc =1

In this context, Tj,, corresponds to the heat collection temperature of the HP, while T}y, is
considered to be 100°C. This equation provides a valuable tool for evaluating the potential
efficiency and utilization of the available waste heat resources.

We finally obtain the results from table 2.3 :

Table 2.3: Available exergy from waste heat in Belgium

Electricity Industrial Total Units
Tiow = H0°C 5683.3 2151.3 7834.5 GWh/year
Tiow = 70°C 3410.0 1290.8 4700.7 GWh/year
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Model implementation

Based on the previously mentioned data, an electricity storage model can be implemented on
EnergyScope. A visual representation of this EnergyScope implementation is provided in Figure
2.7.
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Figure 2.7: Schematics of the recuperated Brayton PTES implementation

The advantage of this method is its capability to work with cost units in relation to both
energy and storage.
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2.3 Model review - Retrofitted coal-fired power plants

The final solution examined involves retrofitting a coal-fired power plant. This concept holds an
interesting characteristic: the possibility of reducing battery costs through the utilization of the
steam cycle in an existing coal-fired power plant. In this approach, the burner in the current
plant is substituted with an electricity-to-heat conversion and storage system. For our specific
case, these components will be represented by an electrical resistor and a molten-salt HS system.
A process flow diagram of this technology is proposed in figure 2.8

steam cycle

Charging cycle

Figure 2.8: Process flow diagram for a retrofitted coal-fired power plant

The choices made in modeling this concept are based mainly on the results of available studies
and industrial work [42, 1, 49]. Many of these rely on electric resistors to convert electricity into
heat, for simplicity and low cost. It should be noted that some manufacturers propose alternatives
using HPs to slightly improve the efficiency of the overall installation. This alternative has not
been explored, however, due to a lack of literature and economic data on these potential HPs.

Techno-economic parameters

In order to comprehensively evaluate the technical and economical parameters of the machine
under study, it is imperative to divide it into three distinct components. An industrial electrical
resistor, thermal storage in the form of molten salts and a steam cycle (Rankine cycle).

Electrical resistor

The electric resistance is modeled based on economic data from a document produced by the
European Commission [13], which provides cost projections for heating elements. In this document,
the investment cost of the electric resistance is estimated at 120€/kW. The maintenance cost is
low, at 0.7€/kWy.

Efficiency | Inv. cost [€/kW] | Maint. cost [€/kWy] | Availability | Lifetime [y]
1 120 0.7 1 15

Table 2.4: Parameters of the electrical resistor
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Molten salt heat storage

We examine the molten salt HS, taking into account an investment cost of 30€/kWhyy[41], a
maintenance cost of 5%, and a lifespan of 25 years. The estimation of this lifespan is derived
from the characterization of a high-temperature HS system modeled on Energyscope. Once more,
the storage is assumed to experience a daily loss of 5%. Efficiencies between storage and created
layers are unitary.

Steam Rankine cycle

Finally, the steam cycle is recovered from an existing coal-fired power plant. The technology
is considered to have a conventional efficiency of 40% and an investment cost of 0€/kW.
Maintenance costs are assumed to be equal to those of a CCGT and they are kept constant [40].

Model implementation

Based on the previously mentioned data, an electricity storage model can be implemented on
EnergyScope. A visual representation of this EnergyScope implementation is provided in figure
2.9.

Molten salt heat storage

Y

_ Heat storage
) layer

Min = 1 Mot

Electricity
layer

Electricity
layer

Figure 2.9: Schematics of the retrofitted coal fired power plant

To the author knowledge, there has been no indication of a minimum discharge time for this
machine. A permissible margin of 2 to 14 hours is allowed. Lastly, the COP and nogrc values
will be provided later in the description of the scenarios.
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2.4 Optimizer Configuration

Having established the parameters for the machines, it is now necessary to elaborate on the
parameters of the system within which they function. This system specifically represents the
energy system of Belgium in the year 2020. The data used in this work are given in appendix B.

It is then necessary to add to this data, the 3 technologies we described above. To do this,
we need to create and modify 3 distinct environments. An environment hosting the recuperated
Brayton CB. A second environment for the TI-CB, and a final environment for the retrofitted
CB. The modifications made to the tool environments are also detailed in the appendix C. It
is important to note that CBs are, in this work, considered as daily storage units.
This has a major impact on the obtained results.

2.5 Identified scenarios

In order to carry out our studies, two steps need to be considered. These are described in this
section.

First scenario - Operating zone

The aim of the first step is to determine the operating "zone" of the CB concept in terms of
machine efficiency and costs. On the basis of these mappings, it will then be interesting to know
how the energy system is constituted and to understand how the CB is used, and what the
differences are in the use of these technologies according to their performance. In addition, it
will be useful to understand which technology is prioritized among the 4 cases proposed.

Since the CB is a storage technology, the first parameter to iterate on is the system’s CO2
emissions constraint. This constraint is essential in order to force EnergyScope to provide a
system dependent on renewable energies and, in the long term, a system dependent on electricity
and HS. The COq constraints will evolve according to a simple linear constraint represented in

the figure 2.10.
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Figure 2.10: Evolution of the CO2 emission constraint
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Then, due to the high cost of the CB compared to other technologies, it will be necessary to
iterate on the costs of the technologies that make it up. To achieve this, the author arbitrarily
chooses to take percentages of the costs (Investment costs and maintenance costs) found in the
literature cited above. These percentages are chosen to be all cost fractions above 5% of the
initial cost until we have deployment of the CB. This same method will be used in 2 different ways
for each CB. The first, referred to as ’Mapping’, will have combinations of the various available
cost fractions taken. By this method, different evolution scenarios and cost combinations can be
taken into account. A second method, known as the ’even cost reduction approach’, will have
certain systems studied under the assumption that costs will evolve in the same manner.

The way costs evolve can be written as follows, with x being the cost fraction:

Cinv(z) = x x (Init. Inv. cost)
Cmaint(x) =5% x Cinv (.I‘) or
Cmaint() = x x (Init. Maint. cost)

However, it is not the case for the retrofit CB’s discharge cycle which had a fixed investment
cost and therefore, a fixed maintenance cost. This is formulated as:

Cinv = 0[€/kW]
Cmaint = 20.92[€/kWy]

Second scenario - Impact of the time of discharge

In order to answer the research question concerning the CB’s energy to power ratio, a CB with
a low enough cost to observe its deployment is selected and optimization scenarios are carried
out by decreasing/increasing the machine’s imposed minimum discharge time. This analysis will
highlight the energy to power ratio of the machines, and the evolution of the system cost as a
function of this discharge time (and therefore, indirectly, of this ratio).
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Chapter

Results & Interpretation

This chapter gives an overview of the results obtained from several optimization scenarios carried
out with EnergyScope. The review begins with a broader study aimed at contextualizing the
use of the Carnot battery within the tool and understanding the implications of its insertion
and how the tool uses this battery. In these first sections, the energy systems are compared to
reference systems. These systems are presented and explained in Appendix D.

The costs associated with the deployment of the various CBs implemented will then be quantified,
and an attempt will be made to explain the influence of the various components, particularly in
the case of the thermally integrated battery and the coal-fired plant retrofit battery, as their
implementation is the most relevant to this study. Subsequently, a more comprehensive mapping
will be presented, which relates the investment costs of the CB to its installed capacity.

Finally, the study will explain in greater detail the use made of these batteries and the impact of
the CB’s discharge time (i.e. its power output) on deployment.
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3.1 Conditions for deployment

In this initial section, the focus is on understanding the deployment of the different CBs and
their operation within multiple different energy systems.

First, we explore the initial costs that allow the deployment of the technologies by reducing
the investment and maintenance costs by fractions of their initial costs. The interest of this
approach is to be able to have a feeling on the deployment and to understand in what kind of
system it fits in difficult economic conditions.

Then, we continue to deepen the feasibility study by continuing to reduce these costs in order to
highlight reasons that would prevent the deployment of the battery.

In this first part of the work, the discharge times of the CBs are fixed with a value of 6 h and
the percentages shown in the graphs are even cos fractions of the technologies respective costs.
This discharge time is chosen based on the findings of McTigue et al. [30]. In their study, a
minimum discharge time of 6 hours is shown to be competitive compared to lithium-ion batteries.
The investigation of different discharge times will be proposed in the subsequent sections.

Highest feasible costs

Now, let’s analyze the four subsequent figures presented in Figure 3.5, which illustrate the
installation of CBs with a storage capacity exceeding 1 GWh, for each technology.

:Capgcity [GWhe] : : :Capz:acity [GWhe] :
s H H H H 5 H H H
4 4
3 3
2 2
1 : 1 : : : 30%
{60% = 63€/kWhe - 74.1€/kWhe
0 ' ; oL : 7
5 10 25 40 55 5 10 25 40 55
GWP [MtCO,, eqly] GWP [MtCO,, eqly]
Figure 3.1: (a) Retrofit - n = 40% Figure 3.2: (b) Brayton - n = 59%
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Figure 3.5: Capacity with respect to GWP constraint - Percentages are initial cost fractions

The preceding illustration underscores three significant elements. First, CBs must reduce
their cost in relation to their respective efficiency and their respective initial cost. The most
"accessible" CB, therefore requiring a smaller cost reduction, is the retrofitted battery, followed by
the Brayton battery with a higher efficiency, and finally the thermally integrated batteries where
it is shown that efficiency plays an important role in the deployment of these batteries. The
second element highlighted is that these batteries are first used with a CO9 emissions constraint
of 25 MtCOs.q. This second element is explained by two factors in the next paragraph. Finally,
these figures show that for a lower efficiency, the highest investment cost for deployment of
the thermally integrated battery is higher than for the recovery battery. This is due to the
maintenance costs of its discharge cycle. This aspect is discussed later and fully explained in the
appendix E.

We discuss now the two factors that explain why the deployment of CBs mainly occurs with
a CO3 emissions constraint of 25 MtCOgy. The first factor is related to the way in which the
transition of an energy system is achieved by EnergyScope. If we start with a fossil fuel-dependent
energy system, EnergyScope will mitigate emissions by specifically targeting reductions in the
electricity and heat sectors. To achieve this, a significant amount of renewable energy sources
(onshore/offshore WTs and PV panels) and technologies that generate high-temperature heat
with reduced or no emissions (electric resistors for industrial heating) are decided to be deployed
by EnergyScope. As a result, a high electricity demand during the day (matching the production
of solar electricity to the production of high temperature heat) and storage requirements are
experienced by the system. Hence, the deployment of HS (high-temperature HS) and electricity
storage (Carnot battery, when cost allows it) takes place. The advantage of CBs is that the
system can have the duration of high-temperature heat production extended, thereby reducing
the maximum power required for installation. If the cost of the CB is sufficiently low, a decrease
in the overall system cost can be achieved. The shift from a fossil fuel-based system to one
reliant on electricity and renewable fuels is the second key factor explaining why deployment only
takes place when reaching a level of 25 MtCOg,,. This transition emphasizes the significance of
technology efficiency in generating and storing high-temperature heat. Consequently, interest in
the CB diminishes as the system progressively electrifies. The adoption of CBs is additionally
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impacted by the vehicle-to-grid potential of electric vehicles, which play a role in decarbonizing
the transportation sector but also creates additional electricity storage.

In the following sections of this study, the impact of deploying these technologies on the
energy system will be further examined. To achieve this, scenarios (representing fractions of the
initial cost) that enable technology deployment at the grid-scale level (on the order of GWh,)
are selected. Specifically, the focus is on the technologies depicted by the green lines in figure
3.5, which are:

The retrofit battery at 40% of its initial cost (42€/kWhe).

The Brayton battery at 20% of its initial cost (49.4€/kWhe).

The thermally integrated battery with a high coefficient of performance (COP) at 10% of
its initial cost (81.6 €/kWhe).

The thermally integrated battery with a low COP at 7% of its initial cost (66.5€/kWhe).

Impact of the Carnot battery on resource consumption

Figure 3.10 illustrates the impact of integrating a CB on the resource consumption, compared to
a scenario without a CB (The reference system with a constraint 25 MtCOg,, is described in the
appendix D).

The impact of CBs on resource consumption is minimal, with initial consumption in the
range of dozen of TWh. However, they contribute to a reduction in gas consumption, favoring
solar energy. This reduction primarily comes from a decrease in controllable power required by
the energy system, as the CB provides this controllable power (It allows to shift the production
of high temperature heat).
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Figure 3.6: (a) Retrofit - n = 40% Figure 3.7: (b) Brayton - n = 59%

37



5% A

46.4 GWh 49.5 GWh

0%

5% A

0%

120.2 GWh

45.7 GWh

61.7GWH  -76.7 GWH 70.8 GWH  -13.3 GWH

-5% -5% A
o & & & 5 & & & & 5
& L N L S
ée ‘vz}\ _\\6\ é& ée(\ & _‘\\& &
& 5° & W & S* & N4
N 2 & ¢ S &
‘()‘b e”d

Figure 3.8: (¢) TI - n = 63.2%% Figure 3.9: (d) TI - n = 31.6%

Figure 3.10: Difference in resource consumption due to Carnot battery insertion

Additionally, wind energy is less used with most technologies. This can be attributed to the
CB’s behavior, which charges during the day, benefiting from solar energy, and discharges in
the evening to meet the increasing electrical demand. This may lead to a shift away from wind
power consumption.

Finally, we can see that TI-CBs consumed waste heat. The waste heat consumption is higher
in the case of the thermally integrated with a lower COP. This is attributed to differences in
efficiency and storage capacity of the second system. (To supply the same amount of electricity
to the system, it will have to consume more electricity and therefore more waste heat.)
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Impact of the Carnot battery on the generation and storage assets

In Figure 3.15, the impact of the CB on the deployed electricity generation technology capacities
can be observed.
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Figure 3.15: Difference in technology capacities due to Carnot battery insertion

It is shown that the installed capacity of CCGTs is reduced by the CB insertion. The installed
capacity of CCGTs is intended to support production by generating the necessary electricity
when solar power is insufficient. (During morning and evenings in winter). Additionally, the
power of solar PV increases slightly to take full advantage of the daily storage provided by the
CB during the summer. Finally, a slight increase in installed gas fired co-generation capacity
allows for a reduction in electricity imports and production of high-temperature heat. This
comes from the emission constraint as we have just reduced its consumption through the installed
CCGT capacity. Overall, this still leads to a reduction in gas consumption.

This section has highlighted the main impacts on the electricity sector of the energy system,
as the CB ultimately interacts only with the electricity sector. However, there are effects on how
the system responds to its demand, particularly in the way it produces industrial heat. This is
demonstrated by examining the assets for high-temperature heat generation and the associated
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storage methods for this sector. This is figure 3.20 and 3.25.
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Figure 3.20: Difference in technology capacities due to Carnot battery insertion

As can be seen in Figure 3.20, the installed capacity of industrial direct electricity heat
generation varies based on the installed capacity of the CB.

This reduction, as shown in Figure 3.25, results in a decrease in the required amount of
high-temperature HS. This is because the CB now serves as a storage capacity, instead of
producing a large amount of high-temperature heat during sunlight hours, heat production is
spread throughout the day, leading to a decrease in the total installed power and the storage
capacity needed to meet overnight industrial heat demand.
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Figure 3.25: Difference in technology capacities due to Carnot battery insertion

As a result, a different approach is now taken for low-temperature heat production. This is
characterized by larger district heating networks with increased HS capacity and higher heat
power output. Regarding the higher efficiency thermally integrated system, there is no significant
increase in seasonal storage. Instead, the energy system fulfills directly the demand using DHN

gas cogeneration.
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In order to better visualize these changes, here’s a chart showing the system’s behavior on
some typical days.
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Figure 3.26: System behavior with Carnot battery

It’s a little difficult to compare this chart with the reference one. Here’s another way of
looking at things, showing the differences between the new and the reference systems. This
allows us to better understand the differences between the two systems.
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Figure 3.27: Differences in system behavior

The diagram illustrates several aspects: a decrease in production using the CCGT, alterations
in heat production behavior via heating networks, higher electricity generation from PV panels
and WTs, and the CB’s utilization for balancing industrial heat production through industrial
electrical heating. It also shows that electricity exports are actually reduced on these typical
days.
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3.2 Conditions for deployment - Further lowering the costs

An exploratory work is now being conducted to understand how the CB could be used by the
tool if the technology is deployed under lighter cost conditions, enabling a more widespread
deployment of it. This exploration also highlights the reasons why the CB is not deployed as the
COs3 emission constraint is reduced.
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Figure 3.32: Capacity with respect to GWP constraint - Percentages are initial cost fractions
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An order in the deployments of the four models can now be observed in Figure 3.32. It is
evident that the retrofit battery has the highest potential due to its lower initial cost, followed by
the Brayton battery, and ultimately, the thermally integrated battery, which is deployed more ex-
tensively when its efficiency is higher. The diagram also shows the fact that, as the CO2 emission
constraint becomes stricter, the CB tends to experience a decrease in installed capacity. This is
primarily due to the efficiency of the batteries and the increased implementation of electrified
systems. Indeed, in order to minimize the total cost of the system, the latter tries to minimize
resource consumption. This constraint is all the more true when the resources in question are
renewable fuels, and therefore more expensive. This constraint is especially strong when the
geographical area studied (Belgium) is densely populated and does not possess excessive quanti-
ties of renewable resources such as sun or wind (in comparison with other countries such as Chile).

An attempt is made to understand, for systems with stricter CO9 emissions constraints, what
are the roles of the CBs in energy systems at 10 and 5MtCOs2,. The system of reference are
described in the appendix D.

The following subsections will now present the energy systems that are being integrated with
the following technologies:

o The retrofit battery at 10% of its initial cost (10.5€/kWhe).
o The Brayton battery at 10% of its initial cost (32€/kWhe).

o The thermally integrated battery with a higher coefficient of performance (COP) at 5% of
its initial cost (44 €/kWhe).

o The thermally integrated battery with a higher coefficient of performance (COP) at 5% of
its initial cost (44 €/kWhe).

As the installed capacity of the last CB is zero for the last two constraints, no changes occur
in the energy system compared to the initial system.
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Carnot battery with constraint at 10 MtCO,,,

We start by describing the impact of the different CBs in the 10 MtCOqq energy system presented
in the appendix D. In this system, the electrification of vehicles takes place. This electrification
partly explains why the CBs are not deployed at this global warming potential constraint as the
electric vehicles can provide storage through Vehicle-to-grid (V2G) capabilities.

Impact of the Carnot battery on resource consumption

The impact of each CB on the energy system resource consumption is illustrated in Figure 3.37. It
can be observed that the CBs enable a reduction in the consumption of renewable ammonia and
gas while increasing the use of renewable energy sources. Again,it is shown that the deployment
of the CBs requires increased electricity imports.
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Figure 3.37: Difference in resource consumption due to Carnot battery insertion
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Impact of the Carnot battery on the generation and storage assets

Figure 3.42 displays the impact of the CB deployment on the energy system under a stricter
constraint. It can be observed that a slight reduction in the installed capacity of CCGTs and a
slight increase in industrial gas cogeneration are observed as a result of the CB deployment. These
changes are attributed to the reasons mentioned earlier. Additionally, despite the significant
output power of the CB, it does not have a substantial impact on electricity generation assets.
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Figure 3.42: Difference in technology capacities due to Carnot battery insertion

It should be noted that the output power of the CBs possesses unique characteristics. As a
result of their implementation, the output power of the Brayton CB is determined as one-sixth of
its installed capacity, considering the time of discharge (it is therefore dependant on the capacity
of the battery). On the other hand, the retrofit CB exhibits a big output power since it incurs
no investment cost.
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Furthermore, the insertion of the CB is observed as an additional electrification of the energy
system, reducing its dependence on (e-)fuels. This electrification facilitates the deployment of
more battery electric vehicles, which are charged using the CB during the afternoons, as depicted
in Figure 3.43. This is the main reason for a decrease in gas consumption as we decrease the
number of natural gas cars.
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Figure 3.43: Carnot battery behavior over the 12 typical days

Similar to the previous observations, a reduction in the installed capacity of direct electricity
to industrial heating conversion technology is observed in the heating sector. However, this graph
is excluded as the behavior is similar to the previous graph shown when describing the impact of
the CB on a 25 MtCOg, system. Interested parties will still find these graphs in Appendix F
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Carnot battery with constraint at 5 MtCO,,,

Now, the focus shifts to the impact of the CB on the 5 MtCOg,, system presented in Appendix
D. In this system, the main difference is found in the use of renewable fuels and the increased
electrification of the system.

Impact of the Carnot battery on resource consumption

In this system, renewable gases are employed in the heat sector instead of the CB due to their
superior efficiency. For the CB to be implemented, a lower cost and high efficiency are needed.
However, these conditions are not met for the TI-CBs. Consequently, the preference is to minimize
gas usage in the Combined Heat and Power (CHP) system, using direct solar production to
generate and then store the high-temperature heat.
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Figure 3.46: Impact of the Carnot batteries on the resource consumption

In the cases where the CBs are actually deployed, figure 3.46 demonstrates a reduction in
ammonia consumption alongside an increase in solar, wind, and renewable gas consumption,
attributable to the implementation of the CB. This time, the increase in energy consumption
linked to the insertion of the CB is much greater, thanks on the one hand to the large capacities
installed in these scenarios, and on the other hand to the low efficiency of these batteries. In
this scenario, the CB has a limited impact on the electricity sector. It mainly makes it pos-
sible to reduce the installed capacity of electrical resistance for the production of industrial
high-temperature heat. This reduction is accompanied by a reduction in storage capacity. It is
important to highlight that, in this particular scenario, gas consumption exhibits an increase.
This deviation can be attributed to the absence of a reduction in gas consumption within the
mobility sector, coupled with an increase in the heating sector. These factors account for the
reversed trend observed in the system. Again, as the behavior is similar in this system, the
corresponding figures can be seen in the appendix F.
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3.3 Techno-economic analysis - Mapping

This section focuses on the technical and economic aspects of CBs. First, the costs per unit of
energy and per unit of power required to deploy CBs 1 GWh, - 100 MW, are quantified. Then, for
technologies involving multiple components (TI-CB and Retrofitted CB), the share of investment
and maintenance costs is presented. The amount of waste heat consumed by the two thermally
integrated systems is then quantified, and the number of cycles achieved by these systems is
discussed, providing a better understanding of their behavior. Lastly, the impact of time of
discharge on the CB will be studied through its impact on the total system cost.

First, a mapping of optimization scenarios allowing different combinations of cost fractions
and different discharge times is presented. The results are based on optimization at the most
favorable constraint for technology deployment, that is a GWP of 25 MtCOgq.

Investment costs per unit of energy

This section is dedicated to the comparison of all the CBs based on their respective cost per unit
of energy. It is important to highlight that this comparison evaluates the CBs concerning their
electricity storage capacities, which is calculated by multiplying their (Thermal) capacities by
their output efficiencies. It begins with an examination of the storage cost of the CBs. Figure
3.47 presents the installed capacity of the CBs in relation to their cost per unit of storage.
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Figure 3.47: Cost per unit of storage of deployed Carnot batteries

The graph reveals that the deployment of CBs occurs at costs below 90€/kWhe, with the
highest efficiency technology being the first to be deployed (n = 63.2%).
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It is shown that investments are not ’all-or-nothing’ investments where the battery is sud-
denly deployed on a large scale. Instead, the various batteries are deployed gradually and,
depending on their price, different adaptations are made to the system, notably by changing the
installed capacities of PVs and CCGTs. Therefore, the presence of trade-offs arises due to the
interaction between the installed capacities of generation units and the installed capacities of CBs.

Finally, the figure demonstrates that the lowest efficiency CB is deployed at higher prices per
unit of storage compared to the Brayton and retrofit options, which have higher efficiencies. This
inconsistency can be explained by the maintenance costs associated with the retrofit battery.
Indeed, the maintenance costs of the retrofit battery, and in particular of its discharge cycle,
have been considered to be much higher than those of other technologies, and constant; this
leads the technology to be less attractive compared to other technologies. A full explanation of
this result is provided in a specific appendix, the appendix E.
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Investment costs per unit of power

Now, the cost per unit of power of the machines deployed by EnergyScope is being examined.
The figure 3.48 provides a visualization of the deployment of CBs based on their costs per unit
of power.
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Figure 3.48: cost per unit of power of deployed Carnot batteries

The figure displays the deployment of CBs with varying costs per unit of power. For the
TI-CBs, the deployment cost can reach up to £800<€/kW, while for the same technology at a
lower efficiency, the cost is £640€/kW. On the other hand, the retrofit CB has the lowest cost
per unit of power, with a maximum of +£600€/kW. This lower cost is attributed to its free
discharge cycle and higher maintenance costs, resulting in reduced total investment costs, and
ultimately leading to a lower investment cost per unit of power. The Brayton implementation is
not shown on this graph as its implementation lacks of proper discharge cycle, rendering the
data points misleading and nonsensical.
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3.4 Techno-economic analysis - Even Cost Reduction Approach

The work is now being continued with the assumption that costs are going to decrease in
similar/even ways. This big assumption results in a lot of uncertainty in the results, but it is a
necessary step to make some sense of the provided results. The results are based on optimization
at the most favorable constraint for technology deployment, that is a GWP of 25 MtCOg.,. This
section starts by examining the investment shares in the TI-CBs and the retrofitted CBs.

Cost shares

First, the examination is conducted on the investment shares achieved in the different TI-CB
configurations (here, all cost percentages less than or equal to 10% and 7% are shown, they corre-
spond to the cost fractions enabling deployment of the battery with poor and good performance,
respectively).

Figure 3.49 shows that for a discharge time of 6h, the investment mainly comes from the
charge cycle. The figure that follows, figure 3.50, shows that increasing the discharge time only
slightly changes this investment pattern, and the charging cycle remains the largest part of the
investment in the technology. In particular, a reduction in investment in the discharge cycle is
reflected in an increase in investment in the charge cycle and thermal storage. This analysis also
applies to all discharge times between 6h and 14h.
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Figure 3.51: Investment shares in thermally integrated Carnot batteries

For the implementation of this battery, maintenance costs are proportional to investment
costs, so the breakdown of maintenance costs is similar.
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The investments and maintenance shares made for the retrofit battery are then examined.
Figure 3.52 shows that the primary investment lies in molten salt HS. Due to the implementation
of this CB, the investment distribution is not affected by the discharge time, nor is it affected
by the reduction in component costs. However, because of the assumptions made, a significant
proportion of the machine’s cost is reflected in the maintenance cost of its discharge cycle. This
is shown in figure 3.55. (This is also one of the reasons why this assumption is not fundamentally
wrong, since high maintenance costs can be expected on pre-existing systems).
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Figure 3.52: Investment shares in Retrofitted Carnot batteries - Constant for all discharge time

Because the maintenance cost of the discharge cycle is fixed, these maintenance costs vary
according to cost fractions. As the maintenance costs of the charge cycle and storage decrease,
the fraction represented by the discharge cycle increases. As the discharge time increases, the
installed discharge cycle capacity decreases, reducing the maintenance costs share associated to
the discharge cycle of the battery.
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Figure 3.53: Discharge time of 6h Figure 3.54: Discharge time of 14h

Figure 3.55: Maintenance shares in Retrofitted Carnot batteries
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Waste heat consumption

In this section, the variations in heat consumption for thermally integrated batteries are illus-
trated. The relationship between heat consumption and storage capacity, particularly with a
discharge duration of 6 hours, is depicted in Figure 3.56. A nearly linear trend in consumption
under the condition of a fixed discharge time is revealed by the data when these CBs are deployed.
This linear trend suggests a consumption of 475 GWh per GWh, of storage for the battery
consumming waste heat at a temperature above 70°C. This is 354 GWh per GWh, of storage
for the second battery. These values decrease to 290 and 236 GWh of waste heat per GWh, of
storage once the discharge time is increased to 14 h.

Furthermore, we observe a limitation in the capacity of thermally integrated batteries due
to the availability of waste heat. The highest efficiency battery has a restricted capacity of
approximately 10 GWhe, whereas the second battery, which trades off some efficiency for the
use of lower temperature heat, is constrained to about 20 GWhe of storage capacity. However,
these limitations are subject to considerable uncertainties due to the way in which waste heat is
estimated.
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Figure 3.56: Discharge time of 6h Figure 3.57: Discharge time of 14h

Figure 3.58: Heat consumption with respect to storage capacity

When the allowed discharge time is increased, it is observed that the heat consumption per
storage unit decreases, as demonstrated in the right-hand side figure 3.57. The reason behind
this result comes from the relationship between battery discharge time and the number of full
cycles performed by the battery. As the discharge time increases, the number of cycles decreases,
reducing the amount of stored electricity.
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Number of cycles

In the previous section, the number of cycles performed by the TI-CBs and the influence of
discharge time on this quantity were briefly discussed. In this section, for systems with similar
cost reductions, the effect of discharge time on the number of cycles carried out by the CB
throughout the year is presented. The number of cycles achieved by the different batteries is
shown in Figure 3.61.
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Figure 3.61: Number of cycles performed by Carnot batteries according to their discharge time

It is shown that the number of cycles achieved by the TI-CBs revolves around 35 to 50
complete cycles per year. These cycles are mainly performed on sunny summer days to take
advantage of PV panels production. One can compare this number of cycle to the number of
cycles achieved by the deployed 6 GWh PHS. The observation reveals that PHS undergoes a
greater number of cycles throughout the simulated year, owing to its superior efficiency compared
to all implemented technologies. Consequently, it is favored for charging electricity, while CBs
come into play for storing leftover electricity. It should be noted that when the efficiency of a CB
is lower, a greater number of cycles are accomplished by hydroelectric pumped storage. Finally,
an extended discharge period diminishes the annual number of cycles and also influences the
operation of the PHS which tends to increase its number of cycles. In Appendix F.3, the number
of cycles related to other CBs are proposed. The order of magnitude of the number of cycles
achieved by these batteries is similar to those presented here.
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Impact of Carnot battery on total system cost

In this concluding section, the impact of the discharge duration in the overall reduction of the
system’s costs is highlighted. As shown in Figure 3.66 below, the cost reduction achieved by CBs
is portrayed. As before, the batteries featured here represent those with the highest feasible cost
(with equal percentages for the two thermally integrated batteries to ensure a fair comparison
between them).
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Figure 3.66: Energy system cost reduction with discharge time

In these graphs, the primary observation is that shorter discharge times and consequently
lower energy-to-power ratios (high power systems) minimize system costs. This hypothesis is
confirmed when we look at the implementation of the Brayton battery, which does not take into
account the costs of its discharge cycle. Indeed, in his case, the minimum cost is obtained for an
energy-to-power ratio of 2h. Because of the assumption made regarding the maintenance costs
of the retrofit battery’s discharge cycle, its energy-to-power ratio is extended to over 9 hours.
If an assumption similar to other batteries had been made (considering its maintenance cost
as 5% of its investment cost), then a result similar to the Brayton battery would be expected.
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Finally, for TI-CBs, it is demonstrated that the cost reduction of the system is unaffected by the
discharge time as long as it falls within the range of 2 to 8 hours. This is attributed to the higher
investment cost per unit of their discharge cycles. As a result, systems designed by EnergyScope
tend to have energy-to-power ratios greater than what is permissible.

These results are significantly influenced by one of the parameters imposed on EnergyScope,
which forces the implementation of daily storage. Nevertheless, this constraint can be removed,
and a similar experiment can be conducted to explore storage possibilities that extend beyond
the daily timeframe.

In order to better understand how discharge time can influence system cost, a comparison
between 2 energy systems, one with a 6h discharge time battery and the other with a 14h
discharge time battery, is proposed in the appendix F.4. The main difference is a reduction in
CB power output and behavioral adjustments. Small recharges are added in some typical days
and some small discharges during synthetic nights, thus showing a prolonged use of the battery.
This prolonged use also leads to energy losses through heat losses in the thermal storage.
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Chapter

Discussion

In this discussion section, the limitations of the various models that have been produced, as
well as the methodological constraints, will be pointed out. Additionally, the model results will
be contextualized in relation to reality, and potential areas for additional research questions or
avenues of improvement for future work will be highlighted.

4.1 Discussing the models

The discussion will start by introducing the three implemented models. These models are the
Carnot Brayton battery, the Thermally Integrated Carnot battery, and the Retrofitted coal-fired
power plant Carnot battery.

Recuperated Brayton

The first implementation was the recuperated Brayton Carnot battery. Readers will notice that
the cost per unit of power (both for the charging and discharging cycles) is not taken into account
by this implementation. It is crucial to have these costs to quantify the power capacities that
these batteries can provide.

During this study, an attempt was made to consider the machine costs based on the discharge
time (and hence, the cost per unit of power). However, this approach led to results that were
challenging to analyze. The method used was as follows.

McTigue et al. [30] provide a cost curve per unit of power concerning the machine’s discharge
time, similar to Figure 4.1 below:
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Figure 4.1: Cost per unit of power according to the time of discharge

In the same study, the author determines the cost per unit of energy by simply dividing the
machine’s cost per unit of power by its discharge time. Performing this operation using the
preceding figure yields the following figure, which allows to associate a specific cost per unit of
energy value with a particular discharge time. This approach would have enabled to consider the
cost of the discharge cycle, and consequently, for longer discharge times, the cost would be lower
since the discharge cycle (which is generally more expensive than storage) is reduced. This is
illustrated in Figure 4.2 below.

0 Capital cost [$/kWhe]

250

6 7 8 9 10 11 12
Discharging duration [h]

Figure 4.2: Cost per unit of energy according to the time of discharge

The model’s results obtained from EnergyScope were difficult to comprehend and lacked
coherence. Consequently, the methodology was abandoned in favor of adopting a fixed-cost
approach. Within this study, the presentation of results related to the power cycle of this machine
was deliberately avoided to prevent the display of inconsistent information.

For future research, one could revisit McTigue et al’s thermodynamic model [31] and use it to
develop a new model that evaluates costs per unit of energy based on the discharge time.
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Multi-component models

Multi-component models do not include heat exchangers. This option was chosen due to the
challenge of accurately modeling these elements in terms of cost and efficiency, considering the
varying admissible scale of Carnot batteries. It was therefore preferable not to take them into
account in the various models.

Retrofitted coal-fired power plant

In the retrofit battery model, it’s important to mention that due to a lack of data from manu-
facturers, the cost associated with electrical resistance may be slightly out of line. The costs
chosen come from a study aimed at forecasting future heat production system costs, and originate
from the European commission [13]. In this document, the investment and maintenance costs
of the electric resistance are given with a margin of uncertainty. The problem with this electri-
cal resistance model is that its cost is not adapted to the scale of the machines studied in this work.

Retrofitted coal-fired power plant, in Belgium?

The main purpose of modeling this concept was comparative. To better understand the technical
potential of this technology. But an existential question had to be asked. How do you renovate
a coal-fired power plant when there are none currently in operation in Belgium? The author
believes that it will only be a few years before existing CCGTs (which are also retrofits) have to
be renovated. Although the application is not to be prioritized, there will come a day when the
primary cycle of these plants will also have to be replaced/renovated due to their age. There
is therefore a potential window of opportunity to use one of these power plants for a grid-scale
battery. Of course, this is the opinion of a young engineering student, and some technical
constraints might escape his notice.

Available amount of waste heat and exergy content

In chapter 2, a quantity of waste heat was calculated using the available means at our disposal,
serving as an upper limit for the realization of this work. However, these results should be
approached with caution due to the high level of uncertainty associated with this outcome. This
is because the presented data are first calculated based on information from two different studies.
Furthermore, the data provided in [14] are aggregated to represent a global average rather than
specifically reflecting Belgium itself. Finally, the amount of heat at a temperature level below
100 °C does not reveal the exact fraction of this heat that is at precisely 100 °C; it is possible
that 90% of this quantity is actually at 25°C, for example. A dedicated study is necessary to
better quantify this waste heat. Based on these findings, it would be interesting to assess whether
integrated thermal battery technology remains a deployable solution in Belgium.

Data used and representative demand

The data used in this study dates back to 2020. These data have been used to reduce the
uncertainty already present in this work. Indeed, it is quite difficult to predict how the costs of
certain technologies will evolve, and the author found it judicious to use data from the past to
build his work. These data are also accompanied by a demand corresponding to the year 2020,
and it is worth noting that this demand will change in the future.
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4.2 Discussing the methodology

In this section, the methodology employed will be addressed and critiqued in order to put the
study’s results into perspective with reality.

Reducing the costs of the Carnot batteries

To achieve feasible scenarios, it was deemed necessary to reduce the costs of components in each
of the Carnot batteries. Ideally, cost projections for these components would have been preferred,
but due to limited data and scarce projections, it was necessary to rely on fractions of their
respective costs to identify study scenarios. (Also, it is worth noting that if projections had been
used, they might not have produced any results.) These reductions were assumed to be bounded
by a cost fraction of 5% for all components. This method has enabled us to obtain results for
this work, but in no way constitutes proof that these conditions will ever be met. Take the
electrical resistor as an example; although projections indicate stable costs for this component, it
was assumed otherwise in this study.

Maintenance costs assumptions

For many components, it was assumed that their yearly maintenance costs are fractions (5%)
of their investment costs (this is the case for the thermally integrated battery and the Brayton
battery), due to the lack of data. Where data was found, it was assumed that the yearly
maintenance cost varied with the investment cost. These costs are therefore also reduced as
investment costs are reduced. These costs can be formulated as follows, with x being the cost
fraction:

Cinv = 2% X (Init. Inv. cost)
Cmaint — 5% X Cipy Or
Cmaint = % X (Init. Maint. cost)

However, it is not the case for the retrofit Carnot battery’s discharge cycle which had a fixed
investment cost and therefore, a fixed maintenance cost. This is formulated as:

Cine = O0[€/kW]
Craint = 20.92[€/kWy]

This method is debatable and is the reason for the disturbing retrofitted coal-fired power plant
battery results. This doesn’t mean that the results are all wrong, but it is important to keep in
mind that the costs attributed to this technology are different, and can therefore lead to 'unex-
pected’ results. This is why the obtained results should be taken with an informed understanding
of the hypothesis.

For a deeper explanation of the impact of the hypothesis on the results, an appendix, appendix

E is provided. This appendix illustrates the causal factors behind the results and presents
additional outcomes, enhancing the author’s ability to visualize the hypothesis’s impact.
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4.3 Discussing the results

The results presented in this study suggest that the viability of employing Carnot batteries on
a daily basis for grid scale electricity storage arises when the cost of these batteries reaches
a threshold of approximately £90€/kWh, for the firsts GWh, and +800€/kW, for the first
100 MW, of power output. These threshold move according to the efficiency of the different
Carnot batteries and also depend on the maintenance costs of these technologies. This feasibility
is especially relevant for energy systems reliant on renewable sources. Additionally, the study
reveals that the integration of Carnot batteries into the Belgian energy system is restrained by
their efficiency. Consequently, the Belgian energy system would find greater benefit in direct
electricity consumption to minimize losses. These findings need to be contextualized within
the specific country under investigation. Belgium, characterized by its high population density,
unfortunately lacks substantial renewable energy resources to fulfill its energy requirements.

These results require nuance. It should be aware that the outcomes of an optimization tool
warrant cautious consideration. The nature of this study is essentially deterministic and depends
heavily on the quality of the data used, necessitating a significant degree of caution prior to
making any assertions regarding the implementation of the Carnot battery. Furthermore, the
translation of optimization model results into real-world implications is not automatic. While
EnergyScope excludes lithium-ion batteries from its energy system considerations, it’s important
to note that this technology is currently undergoing significant global development (it’s worth
noting that some lithium-ion battery projects are already underway in Belgium). Thus, the
outcomes presented in this context do not amount to a condemnation of the Carnot battery.

This work also demonstrates that the deployment of an integrated Carnot battery requires a
significant cost reduction (cost reduction by a factor of 10) and that this reduction is not the
sole constraint for its deployment. Indeed, even though the amount of waste heat presented in
this study is sufficient for battery integration, the estimations of this quantity remain vague once
again, and additional efforts could be undertaken to more accurately quantify these values. This,
in turn, would facilitate a better understanding of the potential role of the thermally integrated
battery.

Regarding the investment shares in thermally integrated Carnot batteries, it’s important
to consider that the costs will not evolve in the same manner as proposed in this study. The
investment shares are thus highly sensitive to these developments. Nevertheless, the study already
reveals two trends. If batteries are developed in alignment with EnergyScope’s proposed usage
(10-hour charge time, discharge time of approximately 4+ 8 hours), the thermally integrated
battery will gain a substantial advantage from reducing its charging cycle and storage costs
(although a cost reduction in the organic Rankine cycle will also enable more powerful systems).
As for the retrofit battery, the projected cost of electrical resistance show no signs of decreasing[13].
However, costs associated with molten salt storage could decrease in the coming years (given the
technology’s increasing use in solar towers and even certain nuclear power plant technologies).
Consequently, due to their lower initial costs, these technologies have a higher likelihood of
being deployed. (And this is confirmed by the presence of numerous projects currently under
consideration in Chile.[23])

The technology’s role in extending renewable generation and mitigating daytime power peaks

is indicated by the number of cycles and the evolution of its costs in relation to discharge
time. This function arises due to the daily constraint imposed. Nevertheless, considering the
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energy-to-power ratios established by EnergyScope for thermally integrated batteries, it would
be interesting to analyze the batteries behavior in the absence of this constraint. Exploring a
potential long-term storage role might offer greater utility for these technologies. As for the
retrofit battery, the existing discharge cycles present an opportunity to create a storage system
designed for daily use but once again, this will depend on the evolution of costs related to these
technologies. Future work could provide more information on this question.
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4.4 Reflections & Future work

In this section, some of the author’s thoughts and ideas for improvement and further development
are presented.

Concerning the Carnot batteries, it would be interesting to find or carry out studies to better
define the investment or maintenance costs of the machines used in this work. As the assumption
concerning the maintenance costs are an order of magnitude, it would be interesting to be able
to better quantify them for each machine. Improvements in the modeling of the Brayton battery
would also be welcome.

With regard to the energy system modeled, improvements can be achieved by constraining
the energy system with regard to the quantities of renewable fuels (ammonia, hydrogen, natural
gas). In this work, all these quantities are assumed to be unlimited. Gaining insight into how
this constraint influences the deployment costs of the Carnot batteries would be of interest, as
this could have a positive influence on its deployment. It would also be interesting to do the
same with the available amount of waste heat.

Sensitivity analysis could be carried out on the energy model studied. Here are a few ideas
that the author would have liked to address in the continuation of this work:

1. The impact of relaxing the daily use constraint would have on the results proposed in this
work.

2. The impact of a nuclear phase-out on Carnot’s battery deployment costs.(To make this
analysis realistic, we may need to constrain the availability of resources such as ammonia,
renewable natural gas and hydrogen.)

3. Analyses of the cost of resources and technologies that interact with the Carnot battery
during its deployment, such as the investment cost of photovoltaic panels, wind turbines,
industrial resistors or various heat storage systems.

4. During this work, the author also considered the idea of making a comparison between
several storage technologies, including the Carnot battery, but this time taking into account
the COg9 emissions involved in the construction, use and decommissioning of all technologies.
Lithium-ion batteries are being developed rapidly, and the technology could play an
important role in daily electrical storage. However, the massive deployment of this storage
medium overlooks the importance of planetary limits. It would be interesting to compare
these systems with a global approach taking these limits into account.

5. In this work, thermal integration was only partially achieved, since waste heat consumption
was only a pretext to increase the electrical efficiency of the Carnot battery. However,
the technology could have a role to play when integrated into a heating network. An
implementation enabling this integration would be worth considering to realize the impact
this could have on its deployment cost.

6. Finally, it would be interesting to study the integration of these technologies in other
countries, in order to understand the extent to which renewable resources such as sun, wind
and hydroelectricity enable the integration of this technology.

64



Chapter

Conclusion

At a time when the world needs to make an energy transition in order to combat climate change,
it is now necessary to carry out studies into the techno-economical feasibility of the technologies
that will power tomorrow’s world. These studies focus in part on storage technologies, and
among them is the Carnot battery. It is in this work that the techno-economic feasibility of
this technology is studied in the context of daily electricity storage in Belgium. This work has
addressed the following questions:

At what costs do these technologies become attractive? And what is the impact of
efficiency on these costs?

The most efficient technology, the thermally integrated battery with an efficiency of 63.2%, has
a cost per unit of energy and power of less than 90 €/kWh, and 800€/kW,. These costs decrease
as the efficiency of Carnot batteries decreases. These costs are obtained with a maintenance cost
equivalent to 5% of the investment cost.

What role will the technology play in the Belgian energy system once deployed?

Carnot batteries, when competitive, are used when the system is constrained by its COq
emissions, in order to extend the use of renewable energies such as solar photovoltaic and wind
power. This reduces the peak power required for industrial heat production, which in turn
reduces the need for industrial heat storage.

How does the discharge time, and therefore, the energy to power ratio of these
technologies affect their deployment and the energy system in which they are
integrated ?

For daily electricity storage, EnergyScope shows that minimizing the energy to power ratio
maximizes the cost reduction of the system in which the battery is integrated. However, this
result must take into account that discharge cycle costs tend to increase this ratio due to their
discharge cycle cost. A future study could investigate these same systems by removing this daily
constraint to determine if another optimum exists.
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Specifically to thermally integrated Carnot battery, what amount of heat is
necessary to have a deployment of the technology ?

This study demonstrates that achieving high-efficiency thermally integrated daily electrical
storage necessitates 475 GWh of waste heat per GWh, of installed capacity, while a lower-efficiency
system would lower this requirement to 354 GWh of waste heat per GWh, of capacity.

In summary, this study demonstrates that the investigated Carnot batteries have a journey
ahead before reaching cost optimality in Belgium. The key takeaway remains unchanged.

The best energy is the energy we do not consume
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Appendix

Heat pump costs

Heat pump name Cost [euro/kw] (lower) Cost [euro/kw] (upper)
Rotation Heat Pump ecop Technologies GmbH 700 700
Hydrocarbon Heat Pump / HS-compressor Mayekawa Europe NV 450 450
Hydrocarbon Heat Pump / FC-compressor Mayekawa Europe NV 720 720
GEA CO2 Heat Pump GEA Heating and Refrigeration Technologies 200 300
CO2 Heat Pump System for Hot Water Production Fenagy A/S 250 425
Screw compressor high-temperature heat pump Rank 200 400
HWW 2/95831 R1233zd(E) COMBITHERM GmbH 200 400
ThermBooster SPH Sustainable Process Heat GmbH 150 1000
High Temperature Heat Pump Hybrid Energy 200 600
TC-C920 ToCircle Industries 250 430
Weel & Sandvig 150 250
Reversed Stirling Cycle Olvondo Technology AS 1200 1200
HeatBooster Heaten AS 250 350
HoegTemp UHT heat pump Enerin AS 600 800
High Temperature Heat Pump 300 400
Spilling Steam Compressor Spilling Technologies GmbH 100 400
MVR-HP EPCON Evaporation Technology AS 200 400
Turboden Large Heat Pumps 300 700
ETES CO2 Heat pump 300 500
Compressors and blowers for open loop MVR cycle and steam heat pumps 850 850
Industrial Heat Pump 250 800
Qpinch Heat Transformer 1000 2000
SkaleUP 500 700
Mean price euro/kW 405.2 642.4

Table A.1: Heat pump costs from manufacturer data sheets
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Appendix

Reference scenario - Data used

Here, the data used to model the 2020 energy model are grouped together. These data do not
include information on the CBs implemented.

B.1 Demand

The following table shows the demand considered in the year 2020.

Table B.1: 2020 Demand by category

Demand Households | Services | Industrial | Units
Electricity 18.6756 19.857 36.244 [TWh)]
High temperature heat | 0.0 0.0 59.414 [TWh]
Space heating 59.77 27.875 15.455 [TWh]
Hot water 15.279 6.249 4.004 [TWh)]
Non-energy 0.0 0.0 51.451 [TWh)]

Demand Consumption Units
Freight 69186.2 [Mtkm]
Private mobility 109702.8 [Mpkm]

B.2 Technologies

The technologies are implemented using the following units depending on their supposed function
(Storage, heat or electricity generator, car,...).

Name | Inv. cost Maint. cost GWP lifetime
Units | [€/kW] [€/kWy] [gCO2/kW]| [y]
Units | [€/kWh] [€/kWhy] [gCO2/kWh] [y]
Units | [€/(kmpass/h)| | [€/(kmpass/h)y] | [gCO2/(kmpass/h)| | [y]
Units | [€/(tonkm/h)] | [€/(tonkm/h)y] | [gCO2/(tonkm/h)] | [y]
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The implemented technologies are the following :

Nuclear 4845.73 | 102.93 | 707.88 60
Combined cycle gas turbine 825.96 20.92 | 183.79 25
Ammonia combined cycle gas turbine 825.96 20.92 | 183.79 25
Ultra-supercritical coal power plant 2598.77 | 30.34 | 331.6 35
Integrated gasification combined cycle with coal 3351.65 | 50.00 | 331.6 35
Photovoltaic 1220.85 13.94 | 2081.43 | 25
Wind onshore 1141.96 | 13.28 | 622.85 30
Wind offshore 5357.30 | 37.27 | 622.85 30
Hydro river 5044.92 | 50.44 | 1262.82 | 40
Geothermal power plant 8764.36 | 162.82 | 24929.09 | 30
Cogeneration gas (industry) 1528.10 | 98.22 | 1024.32 | 25
Cogeneration wood (industry) 1172.95 | 42.94 | 165.33 25
Cogeneration waste (industry) 3182.91 | 117.34 | 647.82 25
Boiler gas (industry) 70.67 1.42 12.32 17
Boiler wood (industry) 138.22 2.76 28.87 17
Boiler oil (industry) 65.83 1.42 12.32 17
Boiler coal (industry) 138.22 2.76 48.18 17
Boiler waste (industry) 138.22 2.76 28.87 17
Electrical resistors (industry) 387.73 1.76 1.47 15
Heat pump (DHN) 395.73 13.42 | 174.79 25
Cogeneration gas (DHN) 1361.46 | 39.81 | 490.88 25
Cogeneration wood (DHN) 1172.95 | 42.94 | 165.33 25
Cogeneration waste (DHN) 3182.91 | 117.34 | 647.82 25
Cogeneration wet biomass (DHN) 1491.64 | 121.40 | 1024.00 | 25
Cogeneration hydrolysis (DHN) 4923.77 | 240.59 | 647.80 15
Boiler gas (DHN) 70.67 1.42 12.32 17
Boiler wood (DHN) 13822 | 2.76 | 2887 |17
Boiler oil (DHN) 65.83 1.42 12.32 17
Geothermal (DHN) 1611.94 | 60.40 | 808.76 30
Solar thermal (DHN) 381.37 0.45 221.22 30
Electrical heat pump (decentralised) 564.78 23.55 | 164.89 18
Thermal heat pump gas (decentralised) 362.35 10.59 | 381.93 20
Cogeneration gas (decentralised) 1528.10 | 98.22 | 1024.32 | 20
Cogeneration oil (decentralised) 1416.89 | 86.93 | 1024.32 | 20
Advanced cogeneration (Fuel cell) gas (decentralised) | 9185.33 | 171.18 | 2193.45 | 20
Bioler gas (decentralised) 190.24 5.71 21.09 17
Boiler wood (decentralised) 554.93 19.42 | 21.09 17
Boiler oil (decentralised) 170.86 10.25 | 21.09 17
Solar thermal (decentralised) 757.56 8.41 221.22 20
Direct electrical heaters (decentralised) 43.61 0.19 1.47 15
Tram or metro 625.00 12.50 | 0.00 30
Bus diesel 577.94 30.56 |0 15
Bus diesel hybrid 822.56 3333 |0 15
Bus gas 585.04 30.56 |0 15
Bus fuel cell (H2) 1114.04 | 31.25 |0 15
Train (passenger) 1506.02 | 54.35 |0 40
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Car gasoline 397.47 24.00 |0 10
Car diesel 410.87 24.00 |0 10
Car gas 411.06 24.00 |0 10
Car methanol 397.47 24.00 |0 10
Car hybrid (gasoline) 423.86 34.00 |0 10
Car plug-in hybrid 473.46 34.00 |0 10
Car electric 613.66 10.00 | 0O 10
Car fuel cell (H2) 1062.10 | 10.00 |0 10
Train (freight) 104.42 2.09 0 40
Boat diesel 72.24 3.82 0 40
Boat gas 73.13 3.82 0 40
Boat methanol 72.24 3.82 0 40
Trucks diesel 350.97 18.56 | 0 15
Truck methanol 350.97 1856 | 0 15
Truck fuel cell (hydrogen) 430.17 12.07 |0 15
Truck electric 878.38 2313 |0 15
Truck gas 355.28 1856 | 0 15
Efficiency measures in energy system 5600.00 | 0.00 0 1
District heating network 825.88 0.00 0 60
Electrical grid cost 74919.06 | 0.00 0 80
Electrolysers 2784.81 | 76.58 |0 15
Steam methane reforming 775.33 71.55 |0 25
Biomass to hydrogen 4798.23 | 338.03 | O 25
Wood gasification 4007.94 | 282.54 | 0 25
Hydrogen methanation 349.6 89.32 |0 40
Biomass methanation 1122.22 | 1555 |0 20
Biomass hydrolysis 1811.76 | 123.53 | O 15
Wood pyrolysis to gasoline and diesel 2554.01 | 116.08 | 0 25
Wood pyrolysis to LFO 2593.5 72.2 0 25
Carbon capture atmospheric 5342.73 | 132.62 | 0 40
Carbon capture from industry 2671.37 | 66.31 |0 40
Hydrogen methanolation 2647.88 | 75.14 | 0 20
Methane to methanol 1511.16 | 66.08 | O 25
Biomass methanolation 4788 73.15 |0 20
Haber bosch (H2 to ammonia) 963.97 18.85 |0 20
Ammonia to H2 775.33 71.55 |0 25
Oil to HVC 449.55 2.39 0 15
Gas to HVC 907.75 2269 |0 25
Biomass to HVC 3311.7 98.8 0 20
Methanol to HVC 793.49 71.41 |0 20
Batteries 501.3 0.78 61.3 15
Batteries of electric cars 0 0 0

Batteries of plug-in hybrid cars 0 0 0

Pumped hydro storage 58.8 0 8.33 50
Decentralised direct elec 18.97 0.13 0 20
Decentralised electrical heat pumps 18.97 0.13 0 20
Decentralised thermal heat pumps gas 18.97 0.13 0 20
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Decentralised cogeneration gas 18.97 0.13 0 20
Decentralised cogenration oil 18.97 0.13 0 20
Decentralised fuel cell cogeneration gas 18.97 0.13 0 20
Decentralised fuel cell cogenration H2 18.97 0.13 0 20
Decentralised boiler gas 18.97 0.13 0 20
Decentralised boiler wood 18.97 0.13 0 20
Decentralised boiler oil 18.97 0.13 0 20
Centralised daily 3 0.01 0 40
Centralised seasonal 0.59 0.00 0 25
Thermal storage industries 28.03 0.30 0 25
Gas storage 0.05 0.00 0 50
Hydrogen storage 6.19 0.39 0 20
Diesel storage 0.01 0.00 0 20
Gasoline storage 0.01 0.00 0 20
LFO storage 0.01 0.00 0 20
Ammonia storage 0.01 0.00 0 20
Methanol storage 0.01 0.00 0 20
CO2 storage 49.5 0.50 0 30
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B.3 Resources

The existing resources are the following :

Table B.3: Implemented resources

Availability | Direct and indirect emissions | Price Direct emissions
units [GWh/y] [ktCO2-eq./GWh] [Meuro/GWHh] | [ktCO2-eq./GWHh]
ELECTRICITY 25205.63483 | 0.412971429 0.063732 0
GASOLINE 1E+15 0.3448 0.065566486 0.25
DIESEL 1E+15 0.3148 0.063479071 0.27
BIOETHANOL 1E+15 0 0.122502774 0.25
BIODIESEL 1E+15 0 0.131394244 0.27
LFO 1E+15 0.3115 0.047882136 0.26
GAS 1E+15 0.2666 0.033636659 0.2
GAS RE 1E+15 0 0.132345636 0.2
WOOD 23400 0.0118 0.030123691 0.39
WET__BIOMASS 38900 0.0118 0.005285223 0.39
COAL 33354.99944 | 0.4014 0.015545445 0.36
URANIUM 1E+15 0.0039 0.003876456 0
WASTE 17800 0.1501 0.021187834 0.26
H2 1E+15 0.414044616 0.077642645 0
H2 RE 1E+15 0 0.137854413 0
AMMONTA 1E+15 0.285 0.071991938 0
METHANOL 1E+15 0.35 0.081184572 0.24570329
AMMONIA_RE 1E+15 0 0.092751343 0
METHANOL_RE | 1E+15 0 0.122502774 0.24570329
ELEC_EXPORT 1E+15 0 0 0
CO2_EMISSIONS | 1E+15 0 0 0
RES_WIND 1E+15 0 0 0
RES SOLAR 1E+15 0 0 0
RES_HYDRO 1E+15 0 0 0
RES_GEO 1E+15 0 0 0
CO2_ATM 1E+15 0 0 0
CO2_INDUSTRY |0 0 0 0
CO2_CAPTURED | 0 0 0 0
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Appendix

Environments

The changes made to environments to include technologies are detailed here.

C.1

To carry out this implementation, it is necessary to establish a singular electricity storage system.
Subsequently, the task involves modifying the parameters of the CB in a code which runs the

Recuperated Brayton

optimizations.
Table C.1: Modifications to storage characteristics
param : storage charge time | storage discharge time | storage availability | storage losses
PHS 4.8309 4.2955 1 0
BATT_LI 4 4 1 0.0002
Recup_ Brayton | 10 X 1 0.0020833333

Table C.2: Modifications to storage Eff. in

param storage_eff in : | ELECTRICITY CO2_CAPTURED
PHS 0.866 0
BATT LI 0.95 0
BEV_BATT 0.95 0
PHEV_BATT 0.95 0
Recup_ Brayton 0.768115 0
CO2_STORAGE 0 1

Table C.3: Modifications to storage Eff. out

param storage_eff out : | ELECTRICITY | GASOLINE
PHS 0.866
BATT LI 0.95
BEV_BATT 0.95
PHEV_BATT 0.95

Recup_ Brayton

0.768114575

TS DEC_DIRECT ELEC

0
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Table C.4: Modifications to technologies

Technologies param | c_inv | c_ maint gwp__constr | lifetime | c_p fmin_ perc | fmax_ perc | f min | f max
NUCLEAR 4845.73 | 102.930986 | 707.88 60 0.843906 | 0 1 0 5.925
BATT_LI 501.3 0.775025166 | 61.3 15 1 0 1 0 1.00E+15
PHS 58.8 0 8.33 50 1 0 1 5 6.5
Recup_ Brayton b'e X 6 25 1 0 1 0 1.00E+15

In this table, the x values are altered as the code goes through a loop, performing various
optimizations.
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C.2 Thermally integrated & Retrofit

Within this context, the x-values should be substituted with the respective values of technologies.
The sole distinction between the retrofitted CB and the Thermally Integrated CB arises from the
matrix that links layers to technologies and vice versa. In the case of the thermally integrated
CB (specifically the charging cycle), it uses waste heat as an additional input alongside electricity
in order to produce stored heat.

Table C.5: Added resources - Thermal storage layer and Waste heat layer

Availability | Direct and indirect emissions | Price Direct emissions
parameter name | avail gWp__op c_op CO2_op
ELECTRICITY | 25205.63 0.412971 0.063732 | 0
WASTE_HEAT | 1.00E+15 0 0 0
LAYER_TES 0 0 0 0

Table C.6: Modifications to storage characteristics
param : storage charge time | storage discharge time | storage availability | storage losses
PHS 4.8309 4.2955 1 0
BATT_LI | 4 4 1 0.0002
TES 10 X 1 0.0020833333

Table C.7: Modifications to storage Eff. in

param storage_eff in : | ELECTRICITY WASTE HEAT | LAYER TES
PHS 0.866 0 0
BATT LI 0.95 0 0
BEV_ BATT 0.95 0 0
TES 0 0 1
Table C.8: Modifications to storage Eff. out
param storage_eff in: | ELECTRICITY WASTE HEAT | LAYER TES
PHS 0.866 0 0
BATT LI 0.95 0 0
BEV_BATT 0.95 0 0
TES 0 0 1
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Table C.9: Modifications to technologies

Technologies param | ¢_inv c¢_maint | gwp_ constr | lifetime | ¢_p fmin_ perc | fmax_perc | f min | f max

NUCLEAR 4845.73 | 102.931 | 707.88 60 0.843906 | 0 1 0 5.925

Charge c;‘cle X X X X 1 0 1 0 1.00.];3.4-15

Discharge cycle X X b'q X 1 0 1 0 1.00E+15

TES X X X X 1 0 1 0 1.00E+15
Table C.10: Modifications to Layers_in_ out

param layers_in_out: | ELECTRICITY WASTE HEAT | LAYER TES

ELECTRICITY 1 0 0

WASTE HEAT 0 1 0

LAYER TES 0 0 1

NUCLEAR 1 0 0

Discharge cycle 1 0 -X

Charge cycle -X -X 1
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Appendix

Reference energy systems

D.1 System with 25MtCO,., constraint

At a CO2 emission constraint of 25 MtCOs.,, the energy system continues to rely on fossil
fuels, with gas being a significant fuel source alongside Uranium. Gas plays a crucial role in
electricity production, heat generation, and transportation. However, the energy system is
currently undergoing a transition phase, characterized by a substantial consumption of methanol
for non-energy purposes and the increasing utilization of renewable energy sources like solar and
wind for electricity generation. Additionally, biomass and non-renewable waste are used for heat
production and fuel generation, particularly in the case of wet biomass where synthetic natural
gas (SNG) is produced.
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Figure D.1: Resource consumption in reference 25 MtCOg,, energy system
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From the following figure, it is shown that the energy system primarily generates electricity
through PV panels, wind farms, and nuclear power, with the surplus energy stored in pumped
hydro storage for early morning or evening electricity production. The CCGT is employed for
electricity generation as needed, such as during nighttime or in winter. Heat production primarily
relies on electricity, supplemented by gas, wood, and waste. Since this heat is generated during
periods of high electricity demand, significant storage capacity is necessary to accommodate it.
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Figure D.2: Electricity and heat production and storage

As mentioned, the energy system produces a small amount of gas through bio-hydrolysis
(Wet-biomass consumption)
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Figure D.3: Gas production and storage
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Power [GW]

Finally, as mentioned earlier, gas is mainly used for mobility assets.
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Figure D.4: Mobility assets

The energy system behavior is shown in the following figure.
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Figure D.5: Behavior of the energy system under the 25 MtCOg., constraint

D.2 System with 10 MtCO,., constraint

With the shift towards more stringent CO2 emission regulations, the energy system is undergoing a
transition. Solar energy utilization is being expanded, accompanied by the adoption of Renewable
Ammonia (Re. ammonia) for electricity generation, replacing the previous reliance on gas-fired
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CCGTs). Additionally, there is an emergence of bio-diesel, employed for boat freight, while the
diminishing use of gas is leading to a shift in the mobility sector towards electrified vehicles.
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Figure D.6: Resource consumption in reference 10 MtCOg., energy system

Figure D.7 illustrates notable changes in the energy system. There is a significant surge in
PV utilization, accompanied by an increase in the utilization of ammonia-fired CCGTs, while
the usage of traditional gas-fired CCGTs experiences a decline. The wind farm production has
reached its maximum capacity, and we now rely on vehicle-to-grid technology for electricity
storage, functioning similarly to pumped hydro storage. Similar to the previous energy system,
heat generation primarily relies on electricity, with a slight rise in direct electricity-to-heat
conversion and a reduction in gas cogeneration. We can also observe a large increase in seasonal

HS.
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Figure D.7: Electricity and heat assets and respective storage

In the energy system, there is still a minor contribution of gas production from wet biomass.
However, as the consumption of gas decreases, a corresponding reduction in gas storage is
observed.
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Figure D.8: Gas production and storage

As previously mentioned, the transition from natural gas vehicles to battery electric vehicles
is taking place, along with the replacement of natural gas trucks with fuel cell trucks and boats
with (bio)-diesel boats. However, due to the relatively lenient constraint on the system, natural
gas cars are still present. This is shown in figure D.9

87



People mob. [Mpass-km/h]
Freight mob. [Mt-km/h]

1004 [ ]
80 -
60 -
40
20 -
1 o
= N . %
& & &L L ¥ § ¢
< > N N ) e o s
> N Q o 3 <& A8 2
& 2O R »
D QQZ <& @)
Q & <2 é"{'\
(tf) (53
2
Q

Figure D.9: Mobility assets

Finally, the energy system behavior is shown in the following figure.

Layer electricity

40 4

Ind. cogen. gas

Other prod.

PV

Wind onshore

Wind offshore
Electricity

Pumped hydro sto. Pout
Electric vehicle batt. Pout
End use

Other cons.

DHN HP elec.

Dec. HP elec.

Ind. direct elec.
Pumped hydro sto. Pin
Electric vehicle batt. Pin
Elec export

204

Power [GW]

240t mm e

73 S
96 e
216 f—mmmmmmmmm

28 o

0
8 4
16
32
40
48
56
64
80
88 -

200

208

224 4

232

248

256

264 1

272

280

288

HHHHHHHHHHHH

Figure D.10: Behavior of the energy system under the 10 MtCOz,, constraint

D.3 System with 5MtCO,., constraint

Lastly, as we reach the most constrained system, we observe the emergence of renewable hydrogen
and renewable gas consumption, accompanied by a decrease in electricity imports.

88



Consummed resources [TWh]

120~

100 ~

80 1

60 1
40 -

20 A
0- N "
S O & L 2 2 QO L o &
&\)@(\Q}q‘(@(\ (\?}Q {o’b OQ\ $OO\§\®C} ocge' e 6\?’% @QO Q}Q
0{0@,9‘}@\0@@ SR
P @ N Y e QY @&\ 8
N

Figure D.11: Caption

In Figure D.12, it can be observed that the electricity and heat production assets remain
relatively stable. However, with the ongoing electrification of the mobility sector, there is an
increase in the storage capacity for electricity. Notably, there is a decrease in seasonal storage
capacity, primarily driven by the expansion of electricity storage capacity and the rise in renewable
fuel consumption.
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Figure D.12: Electricity and heat assets and respective storage

Once again, there is a reduction in gas storage capacity, although it is not completely
eliminated as renewable gas is now being utilized. The production of gas from wet-biomass
continues as part of the energy system.
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Figure D.13: Gas production and storage

In Figure D.14, we observe a dominance of battery electric vehicles, with other types of cars
having disappeared entirely from the system.
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Figure D.14: Mobility assets

Finally, the energy system behavior is shown in the following figure.
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Appendix

Discrepancy in costs per unit

The aim of this appendix is to explain why a CB with a lower efficiency would be deployed with
a higher investment cost per unit of storage and power. The following figure shows a selection of
points that highlight this characteristic.
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Figure E.1: Cost per unit of storage of deployed Carnot batteries

So we’re going to work by elimination, and follow a first path that attempts to look at the
number of cycles and the capacity factor of the two CBs in question. These two characteristics
are presented in the following figures:
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Figure E.2: Caption

The first graph shows that the number of cycles for the two systems is fairly similar for
different capacities. The second graph shows that, for both systems, the discharge cycle operates
between 4 and 5% of the time at maximum power, with the retrofit battery operating more
often at higher power. These two graphs therefore do not specifically show an advantage for the
thermally integrated battery.

Next, the costs of the specific components of each battery are inspected, and this time we

notice a reason that could explain the deployment of the thermally integrated battery. In the
figure E.3 below, we can see the costs per unit of each component.
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Figure E.3: Specific components costs

For the retrofit battery, investment costs for the charge cycle and storage are higher than for
the thermally integrated battery. On the other hand, the opposite trend can be observed for the
discharge cycle. We should therefore find ourselves with higher energy-to-power ratios in the
case of the thermally-integrated battery. (since the power developed should, logically, be lower).
However, this is not what is observed, as shown in figure E.4 below. In particular, the first
figure shows that the power of the thermally integrated battery is higher than that of the retrofit
battery. The reason for this is given in the following figure. This figure shows the evolution
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of maintenance costs for the thermally integrated battery and the retrofit battery. Because of
its constant maintenance cost, the retrofit battery has rising maintenance costs, whereas the
thermally integrated battery has very low maintenance costs. This prevents the deployment of
more output power. Part of the system’s costs are therefore obscured by these maintenance costs,
and we therefore find ourselves with comparison issues when it comes to comparing the retrofit
battery with other technologies.
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Figure E.4: Reason for discrepancy

We can therefore see that the technology is poorly positioned due to an implementation that
does not reduce the costs associated with discharge cycle maintenance costs. The results linked
to this battery should therefore, if we change the way we treat maintenance costs, give us more
sensible results and increase the cost at which the retrofit battery is deployed (making it 'more
interesting’ from the point of view taken by this study).
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We will first show the impact of a reduction in maintenance cost with the fraction of cost
applied, the costs concerning the retrofitted CB will be formulated as follows, with z the applied
cost fraction:

Cine = O0[€/kW]
Cmaint = 20.92 x 2[€/kWy]

The results of this change are shown in the following figureE.5:
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Figure E.5: Cost per unit of storage of Deployed Carnot batteries - Decreased retrofit maintenance
costs

Despite this, we can see that the maintenance cost of the renovation battery’s discharge cycle
is an obstacle to its deployment, and that as this cost decreases, installed capacity increases.

96



Finally, if we're really looking for 'perfect’ results, we can make the same assumption for all
batteries. In other words, we can impose that maintenance costs are all strictly equal to 5% of
investment costs. In this case the maintenance costs are written as follows for all CBs:

Cmaint = 5% x Cinv [€/kWy]
And we obtain the figure E.7:
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Figure E.6: Cost per unit of storage of Deployed Carnot battery - Maintenance cost is 5% of
investment costs for all technologies

With this assumption, the deployment of the CB has a deployment that makes more physical
sense. However, these results come with the assumption that the maintenance cost of the
renovation battery’s discharge cycle is zero, since its investment cost is itself zero.

A similar figure is provided for the costs per unit of power of the batteries where we can now

observe that the retrofitted coal-fired powerplant battery is deployed earlier than all the other
technologies since its discharge cycle is now free.
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Figure E.7: Cost per unit of power of Deployed Carnot batteries - Maintenance cost is 5% of
investment costs for all technologies

This appendix is very lengthy, and highlights the fact that uncertainty and the impossibility
of finding data on investment costs, maintenance costs and correct cost projections lead to results
that are highly dependent on the assumptions made by the author. The author of this work
acknowledges that the methodology employed is not perfect and shows flaws, but these results
can still be used, taking into account the hypothesis and the lessons that have been learned from
this appendix.
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Appendix

Additional figures

This section is intended to add graphs that describe similar behaviors when analyzing energy
systems. This section will first show the graphs for the system with a constraint of 10 MtCOq.q
and then move on to the system with a constraint of 5 MtCQO2.q.

F.1 Energy system with 10 MtCO,.q constraint

In Chapter 3, we looked at the changes in system behavior following the insertion of the CB
with regard to heat production. These changes are as follows:
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Figure F.1: (a) Retrofit - n = 40% Figure F.2: (b) Brayton - n = 59%
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Figure F.5: Difference in heating technology capacities due to Carnot battery insertion

As stated earlier, we see a change in industrial heat production, with a large decrease in
installed capacity for industrial heat production through electric resistance, as well as small
adjustments in production through industrial boilers. Finally, an adjustment in district heating
network production is visible in all scenarios (similar to what we saw in the case where the
constraint was 25 MtCOq.q). Finally, for this constraint, the variation in heat production is
accompanied by a variation in HS, as shown in the figure F.10 below.
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Figure F.6: (a) Retrofit - n = 40% Figure F.7: (b) Brayton - n = 59%
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Figure F.10: Difference in heating technology capacities due to Carnot battery insertion

F.2 Energy system with 5 MtCO,.,q constraint

As mentioned in Chapter 3, here are the figures for the electricity and heat generation as well as
the HS.

This time, we can see that installed CCGT capacities are practically the same, due to the
system’s increased reliance on electricity. With this, we also see an increase in production due to
cogeneration.
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Figure F.11: (a) Retrofit - n = 40%
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Figure F.12: (b) Brayton - n = 59%

Figure F.13: Difference in electricity technology capacities due to Carnot battery insertion

On the heat generation side, shown in figure F.19, the variations shown in this graph are
similar to those observed previously. There is a decrease in the capacity to produce process heat
using electrical resistance. This is accompanied by small changes in wood-fired process heat
production and a slight increase in (renewable) gas-fired cogeneration. Finally, a decrease in
the installed capacity of electric heat pumps in district heating networks is observed, but this is
offset by an increase in seasonal storage, as can be seen in the figure F.19 below:
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Figure F.14: (a) Retrofit - n = 40%
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Figure F.15: (b) Brayton - n = 59%

Figure F.16: Difference in heating technology capacities due to Carnot battery insertion
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Figure F.17: (a) Retrofit - n = 40%
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Figure F.18: (b) Brayton - n = 59%

Figure F.19: Difference in heat storage capacities due to Carnot battery insertion
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F.3 Number of cycles

Here are the numbers of cycles for the other CBs studied. As this number is similar, the figures

have been appended so as not to overload readers.
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Figure F.20: (a) Retrofit - n = 40%

Figure F.22: Number of cycles for Retr

Discharge time [h]

Figure F.21: (b) Brayton - n = 59%

ofit and Brayton Carnot batteries

F.4 Discharge time - Comparison

This appendix compares two systems with a CB. The first system has a minimum discharge time
of 6 hours, while the second has a discharge time of 14 hours. We can see a reduction in the
power of the discharge cycles and the addition of certain components that go beyond everyday
behavior, enabling night-time and early-morning discharges. (Circled in dotted red on figure .)
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Figure F.23: Carnot battery behavior with 74s., = 6 h
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