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Abstract

As Europe transitions away from coal-fired power plants, there is an opportunity to
reshape the electrical infrastructure. Many of the current plans are to make a switch
to natural gas, another fossil fuel. Refurbishing existing power plants has several
advantages. Components can be put to a new purpose. Employees of the plant can
remain in their capacity. The locations are connected to the electricity and the district-
heating grid. Whilst natural gas can have relatively low emissions and address peak
loads, it is a fossil fuel with high marginal costs and its sourcing can be
problematized. There is an alternative to consider: Thermal Energy Storage system.

The literature regarding the retrofit of operating power plants with thermal energy
storage is improving the key performance indicators of an existing power plant. This
paper determines the technoeconomic feasibility of replacing the boiler as the source
of heat. A thermal energy storage system is more profitable in energy markets where
the price varies in a forecastable way. To determine the technoeconomic feasibility a
bi-level optimization is carried out. The first step is a deterministic analysis of
dispatch and then genetic optimization for the sizing. The optimization relies on open-
source software for replicability and further development. The economic aspects are
Net Present Value, capital expenses, Power Purchase Agreement price, and
Levelized Costs of Storage. Technical aspects are round trip efficiency, Capacity
Factor, Utilization Factor, and carbon dioxide emissions from the grid or fuels.

For the electricity markets analyzed in detail here, it is possible to find a solution with
a high but competitive Levelized Costs of Storage of 300 €/ MWh. It is possible for a
district heating grid connected to Combined Heat and Power plants to achieve
competitive Levelized Costs of Heating of circa 50€/MWh. Technical parameters
have highlighted the importance of round-trip efficiency.

The results show that even with optimistic assumptions regarding capital costs,
operational costs, and electricity market variations, price arbitrage is not an
economically feasible business model for repurposing coal-fired power plants. It is
possible to find insights regarding the relative sizing of Carnot Battery components
and the properties of the electricity market. Round trip efficiency and utilization
factors are important technical indicators of the economic success of a given
configuration. Conversely providing heat to a district heating grid can be a viable
market for Carnot batteries.



Table of Contents

Y 011 =T S 2
TaADIE Of FIQUIES ... 5
TabIE Of TADIES ... e 7
ACKNOWIEAGMENTS ... e e et e e e e e e e e e e et e e eeeeas 8
INEFOTUCTION ... 9
0] ][] o 4 F= 1114 i [0 ] [P 9
D= 11 0110 S 10
RESEAICh ODJECHIVES ... 11
RESEAICh QUESHION .....eviiiiiiie et e et e e e e e e e e e e e e e eee s 11
HYPOTNESIS ... 11
Scope and LIMITATION ......coooeeeeeeeeeeee e 12
Yo7 ] o1 PP EP PP TPPT 12
LIMIIEATIONS ... 12

= 7= T3 (o [ {011 T 14
Introducing the processes modeled ... 14
Coal-fired POWET PIANES.......uuiiii e 14
Alternatives to Retiring Coal ............uuuuiiiiiiiiiiiiiiiiiiiiii e 18
BIiomass-Fired BOIIEIS ........cooeeiiiiee e e e e 19
Thermal Energy Storage in CONEXE ........cvviviiiiiiiiiiiiiiiiiiiieeeeeeeeeeeeeeeeeeee e 20

YT 1= T Y- | | SRS 21
= Tod (=T o =TT o SRR 21
Electricity and Energy Markets...........ccoooeee i 22
LT = UL SR Y= 24
1Y/ T=Y i oo (0] (o o |2 USRI 28
DISPALCH ...t e aan 28
Combined Heat and POWET .........coovviiiiiiiii e e e e e 34
1= 1T - | 35
1Y/ Yo L 41
D157 o = (] o 41
Mathematical representation of the constraints ............ccccoeeeiiiiiiiieiiin e, 41
SIZING MOAEI ... e 46



TS A oTo] o 1U1 F= U1 o o PP UEPSP 48

(O (0151510 )Y <] PP 49
IVTUBBIEION. ... 50
Preliminary analysSiS...........oooi 50
Standard deviation and VOIatility ................oiiiiiiiiii s 51
Carbon dioXide and PriCE.........uiiiii e 51
RESUIES. ..o e e et e et 52
e o N o1 (= Vo [ 52
Role of the ElectriCity Market .............ccooiiii i 53
TEChNICAl KPIS ... 54
IN-DEPLh ANAIYSIS .. .o e e e e 55
CHP Connected to DIStHCt Grid ........ccovvuiiiiiiieeeeeeeieiies e e e e 58
ANAIYSIS aNd SENSITIVILY ..cceeeeeeeeeee e 59
1Y/ T o L] B0 0= 1 o 59
SENSILIVILY BNAIYSIS ... 59
Discussion and CONCIUSION.........ccoiiiiiiiiiiiieeee e 61
31T od 1K= (o] o 1 61
FUINEE FTESEAICH ... nnnennnes 61
(@0 ] o[ 11153 o] o TR 63
BibIOGrapny ..o 65
Appendix: Preliminary STUAIES.........coooiiiiiii 70
Appendix: Carbon eqUIVAIENT............oooi i 72
Appendix Choice of Optimizer module ... 74
APPENIX: SOUICE COUE... oo 76



Table of Figures

Figure 1 Diagram of the proposed system. The retiring power plant is above and a
new system is below. Dashed lines are not implemented but could be areas of

(o 12371 (o] o 1 4 1= o | O SPPPPPR 10
Figure 2 Announced or Planned Retirement Units and Capacity by Country. .......... 17
Figure 3 Announced and Planned retirement of coal-fired power plants in Europe by
year. Those announced to retire by 2030 were set to 2030 but could retire earlier.. 18
Figure 4 Age at announced retirement for coal-fired power plants in Europe........... 18
Figure 5 Assumptions regarding efficiency of the CHP. The electrical efficiency is in
blue whilst the sum of the electrical and thermal (or useful energy in red). .............. 34
Figure 6 The demand for Germany's Multi-Family House for a Medium System (0.5
TWR Thermal) ... . 35
Figure 7 Simplified result of a charge-discharge cycle. The charging is the bars in
green whilst discharge is plotted as negative. The Normalized state of charge is
plotted against the right y-aXiS in red. ... 43
Figure 8 Sample charge and discharge cycle result. The charging is the bars in green
whilst discharge is plotted as negative. The Normalized state of charge is plotted
against the right Y-aXiS IN TEU. ........uuuiiiiiiiiiiiiiiiii b 43
Figure 9 Another sample behavior of the model. Here the full charge, storage, or
discharge capacities are not used in full. Same configuration as the previous figure at
a different time Of the YEAI. ........uuiiiiiiiiiii e 44
Figure 10 Three weeks of dispatch with a heat Medium Heat Demand. Positive
values are provided by the direct electric heater and negative values are provided

from the battery. The absolute value of the bars being the heat demand................. 45
Figure 11 Flowchart of genetic algorithm for sizing optimization. ............................. 46
Figure 12 Analysis of a configuration in the genetic algorithm..............ccccccceeeeeen. 48
Figure 13 Crossover process illustrated. ...........ooouuviiiiiieiiiiiiece e 49
Figure 14 lllustration of the mutation phenomenon.................vvieiiiiieeeeeeeiiiee e, 50
Figure 15 Combined results for 2021 using optimistic assumptions for OPEX and

Power BIOCK repurpOSINg COSES. .....ooviiiiiiiieie e 52

Figure 16 Cashflow for a battery in France, where a positive is a cost to purchase
electricity to charge, and minus is cash inflow from the sale of power when
discharging. In red and on the right axis is the cumulative cost (negative meaning

[S1 01115 PP 53
Figure 17 Cashflow for a battery in Romania, where a positive is a cost to purchase
electricity to charge, and a minus is cash inflow from the sale of power when
discharging. In red and on the right axis is the cumulative cost (negative meaning

[S1 01115 PP 54
Figure 18 Technical results for the electricity market at OPEX=1% CAPEX and
POWET BIOCK @t 5Y0 COSES. ..uuuuiiiiie i e e e e e e e e e e e nane e e e e e 55
Figure 19 Capital Expenditure BreakdOwn. ..., 56
Figure 20 Cash Flow of a sample result. The Discounted Payback Period (DPP) and
final NPV are annotated...........coooooiiiiiiiiiiiiie et 57


file:///C:/Users/Vartan/Documents/Studies/Thesis/Drafts/1011Full.docx%23_Toc116476715
file:///C:/Users/Vartan/Documents/Studies/Thesis/Drafts/1011Full.docx%23_Toc116476715

Figure 21 The LCOS breakdown for a sample solution. ...........cccceeeeeiiiieeiiiiieeie e, 57
Figure 22 Results for German CHP. On the left axis is the Levelized Cost of Heating
by the Levelized Cost of Storage. The coloring is based on the CAPEX. It clearly
shows the trade between LCOH and LCOS. ... 58
Figure 23 Sensitivity analysis of a sample dispatch for different time scales............ 59
Figure 24 Plausible battery configuration for Romania by CAPEX and IRR, NPV, and
LCOS. The negative NPV or IRR values were pruned. Note that the power block
COStS range from 25%0 0 100%0......uuuuiieeee ettt e e e eeane 60



Table of Tables

Table 1 Assumptions regarding constraints for the heater of thermal battery........... 31
Table 2 Constraints for the Battery COMponent. ...........ccccoeeveeiiiiiiiiiiiiiee e, 31
Table 3 Constraints for the Power Block component. ............cccoovvviiiiiiiic e, 33
Table 4 Assumed values for capital and operational eXpenses............coceevvevvvvnnnnnn. 37
Table 6 Analysis of Standard Variation and Volatility for Selected Bidding Codes. .. 71
Table 7 Summary of relevant optimization models evaluated...................ccccevvvrnnnnnn. 75



Acknowledgments

The work presented here is created under the supervision of Silvia Trevisan, who
introduced me to the concepts and guided the workflow of the project. My gratitude
extends to the Royal Institute of Technology which has fostered my curiosity
throughout my higher-level learning. | also would like to thank Kari Lydersen for the
guiding conversation regarding the social side of the subject. | want to thank the
organizers and attendees of the International Renewable Energy Storage
Conference for the opportunity to present my work and the feedback | received. |
want to show appreciation to the many, nameless volunteers who wrote open-
sourced code, without whom this paper would be impossible. | keep this work free
and open as a humble sign of my gratitude.



Introduction

The goal of 100% renewables is stringent but feasible. The alternative of changing
climate is a dire option. There are unique challenges to be resolved going forward as
there is a mismatch between the Variable Renewable Energy (VRE) and the energy
demand. One way to overcome this is by finding ways to store energy. By storing
energy, it is possible to use cheaper, cleaner ways of producing electricity when
renewable resources are available (Connolly et al., 2016, 2016; Fennell, 2019;
Hansen et al., 2019; IPCC, 2022; PleBmann et al., 2014).

Another issue is that energy production must be maintained for goods and services
to continually be delivered during the transition from fossil fuels to renewable energy.
This will mean stranded assets the fossil fuel-based energy sources which must
produce energy up to the point where another VRE can start producing (van der
Ploeg and Rezai, 2020). Since most modern economies depend on electricity to
function, this task is comparable to switching engines mid-flight. However, European
regulators are making a combined effort to deal with the transition. Different nations
are meeting with this challenge in different ways towards similar goals. Germany has
started a series of bids to incentivize coal-fired power plant owners to retire their
structures and to identify new ways of using the structure (BMUB, 2016). Finnish
energy companies are setting goals for the retirement of coal-fired power plants. New
coal-fired power plants which were planned to be implemented are being cancelled
(Beyond Coal, 2022). Despite the different mechanisms, the trend in Europe is clear:
coal-fired power plants are being retired. In its place, variable renewables are rising.

Renewable energy integration is set as a goal over the coming decades and next
decade. The downside of renewable energy is unreliable provision because wind and
solar resources fluctuate. This paper identifies an opportunity in marrying the two
developments — closing coal power plants with making renewable energy shockproof.
Investments in renewable energy should become more lucrative if the old
infrastructure of coal power stations can be applied to iron out the inconsistent
demand and supply of energy.

Problematization

Traditional coal power plants are closing due to a shift toward meeting climate
change goals and an increased understanding of the health externalities of a coal-
fired power plant. The BMUB (Germany’s energy ministry) has together with the
owner of the sites published a list of the retiring power plants and what is expected
will happen to the sites. These plans are broad and do not show any specific
direction, simply listing different technologies. This paper proposes one concrete
solution while using the existing infrastructure to reduce costs: the application of a
Carnot battery to store and release energy at chosen moments. To achieve the best
results out of a Carnot battery, it must be appropriately sized so that it utilizes the
available infrastructure and is adequately sized for the electricity market. There are
trade-offs to be made by selecting the size of a Carnot battery in this setting. Smaller
systems cannot react to changes in the electricity price, nor store as much power to
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discharge at high price points. Larger systems have higher capital costs and may not
be profitable despite being able to earn more in their lifetime. Testing the feasibility of
the idea requires the correct size to be applied to an energy market.
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Figure 1 Diagram of the proposed system. The retiring power plant is above, and a new system is below. Dashed
lines show what must be implemented.

Definitions

It is necessary to systematically unpack the terms and define them. A system that
includes electricity to thermal energy, storage, and thermal energy back to electricity
is a Carnot battery (Aneke and Wang, 2016; Novotny et al., 2022). To know how
much income a battery can provide in a given year it is necessary to estimate how a
battery would operate in a given electricity market with its constraints. This problem is
referred to as dispatch. Sizing is the related problem of optimizing the size so that the
costs are justified to the additional benefits they provide. These systems operate in a
larger context, namely the electricity market. A bidding zone is an economic area
within which the electricity prices are the same. It often spans national borders but
can also be defined after bottlenecks in the grid. Bidding zones are ultimately political
decisions. Sweden has 4 bidding zones while Germany is a single bidding zone
despite a larger population and transmission bottlenecks (ENTSO-E, 2022). There
energy and other mechanisms such as frequency control services are traded
between different actors like producers and consumers on an hourly basis. The
electricity price can be varied and volatile. If it is varied, there are peaks and valleys.
If it is volatile, previous electricity prices are no indicator of future electricity prices.
The goal is to develop a model in which will be able to optimize the sizing of the
direct electrical heater and Carnot Battery investments and present their
technoeconomic feasibility.

10



Research Objectives

There are two problems: the future of economically viable use of retired power plants,
on one side, and the transition to 100% renewable energy on the other. The solution
investigated here is to use the sites of coal-fired power plants to house thermal
batteries and reuse the power block. This could avoid stranded assets and address
the production demand mismatch. A techno-economic analysis will focus on the
sizing of a potential Carnot battery in an existing electricity market.

Research Question

The research question is to both create recommendations and to learn about the
system-wide properties surrounding Carnot Batteries.

% Are Carnot Batteries a techno-economic feasible alternative for the repurposing of
closing coal-fired power plants?

What are the possible arrangements and sites for plausible repurposing?

How does the electricity market impact plausibility?

How is the sizing of the different components impacting the feasibility?

How robust are the results regarding plausible arrangements? What

assumptions are necessary?

YV VYV

Hypothesis

This paper is written to test, at an exploratory study level, whether the use of a
Carnot battery is an economically feasible solution in the process of closing coal-fired
power plants and conversion to cleaner energy sources. By setting and exploring the
optimistic scenario in more detall it is possible to learn from how it changes.

HO: There are no arrangements of components that constitute an economically
feasible coal-fired power plant to Carnot battery in a given electricity market Carnot
battery.

H1: There is at least one arrangement that yields an economically feasible coal-fired
power for the Carnot battery project.

Hla Carnot Batteries’ repurposing of coal-fired power plants is plausible
under the optimistic assumption.

H1lb Carnot Batteries repurposing of coal-fired power plants is plausible
under balanced assumptions.

Hlc Carnot Batteries repurposing of coal-fired power plants is plausible
under strict assumptions.

H1d Carnot Batteries repurposing of coal-fired power plants is plausible
if connected to the heat demand of a district heating network.
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Scope and Limitation

To keep the goal of this paper and the analysis of the tool sufficiently constrained so
as to be useful and robust it is necessary to set clear scopes and be transparent
regarding its limitations.

Scope

The scope of this project focuses on Carnot batteries in the process of retrofitting or
closing coal-fired power plants. The coal-fired power plants examined here are on the
utility-scale. They range from 50 MWe to GWs. For an analysis of the impact of sizing
a Carnot battery for small or large indusries, see Lant (2020). Whilst the associated
program has ways to incorporate carbon into the optimization, no renewable
resources are being considered in conjunction with the analysis. The analysis
focuses on the Carnot battery system which could allow for the grid to be more
renewable, by reacting to the pricing signals.

The software is set up to operate within the European market, but to focus the
analysis here a few countries will be selected, particularly Germany, Romania, and
France. This is based on the availability of data, the presence of retiring coal-fired
power plants, and a preliminary analysis of the electricity market. Unique nations
were selected as focus areas.

Limitations
There are several major limitations that this study does not cover. They are broken
down and categorized below.

1. Even with information from other bidding zones, such as North American markets.
The format of pricing schemas may be different in different bidding zones. Those
who do not rely on day-ahead pricing would be violating an underlying
assumption of the study done so far.

2. The second limitation is based on the computational power available.
Simplifications are necessary to ensure that the computational time is acceptable.
The first simplification is that the model cannot compute a full-year Period. This is
circumvented by applying the model for a shorter time and then concatenating the
results. This generates suboptimal results in the broader perspective of the
model. It however matches the overall cyclical nature of this shorter-term storage.

3. The model assumes to perfectly know the future energy prices within the shorter
blocks described. This is unrealistic, particularly in volatile markets where jumps
are not predicted by previous behavior and reliable future data is expensive.
Lazard’s analysis (2021) mentions a 25 thousand dollars a year fee for experts to
estimate future energy prices. The previous limitation offers a synergy. The model
cannot parse long periods of complex constraints and electricity prices are more
certain in a short term (Weron, 2014). Uncertainty does affect the operation of the
Combined Heat and Power plant which is a comparable operation to the one here
but thermal storage can aid in dealing with uncertainty(Benalcazar et al., 2021).
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4. Since electricity market features are fundamental for the results, hourly data from
2021 was used in this study. The next 30 years are assumed to behave in the
same way. A year does encapsulate seasonal variations, but historical elements
of 2021 will be embedded in this system going forward. Taking more years,
backward, can reduce the sensitivity due to a single year and comes at the cost of
taking in older data to model the future.

5. The nuance of thermodynamic interactions between temperature and efficiencies
was lost as a simple linear solver was used to deal with the dispatching.
Furthermore, the methodology of the genetic algorithm has no non-arbitrary
breaking points when (and if ever) the program has reached a steady state. Some
assumptions vastly simplify the model but distance it from reality. This
simplification can make the system overly optimistic. The efficiencies were
sensitivity tested and the insights from this study are robust but this is a static
change to a very dynamic system.

6. Due to the novelty of the technology, no Carnot batteries connected to a retired
coal-fired power plant exist so the model cannot be validated, neither by
producing dispatches similar to existing models nor by results that are akin to
existing repurpose coal-fired power plants Carnot batteries. The assumption that
the conversion is technically feasible can be questioned.

7. A marginal addition to the system, a single Carnot battery, would not influence the
prices compared to the demand and production of a bidding zone. Adding more
batteries to a grid would eventually lead to saturation and prices would not vary
as much as in the unaltered system which in turn would make the grid less
suitable for batteries. This is not central to the work here, but these questions are
a future avenue of research and a known blind spot in the work carried out here.

These issues are problematic, but this exploratory approach is still valid to explore
the features, not least because it does not have an equivalent and it can function, by
its open-sourced nature, as a starting point for further research.
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Background

The chosen topic is relevant now because the transition from coal is underway and
as such, there is a window of opportunity for the implementation of alternatives that
build upon the existing infrastructure. The plans for closing power plants remain
vague (BMUB, 2016). In the review of the published plans, a few mention natural gas
as an alternative. This could be natural gas turbines that produce lower emissions
compared to coal yet those are still fossil fuels, and their sourcing of natural gas has
increasingly shown to be problematic. Furthermore, the question remains of whether
lock-in to natural gas would complicate the energy transition to VRE (Brauers et al.,
2021; Kosowski and Kosowska, 2021; Union of Concerned Scientists, 2015).

Introducing the processes modeled

In this section, the different systems will be introduced including coal-fired power
plants, other alternatives, the Carnot battery alternative, and the electrical grid as a
market within which these systems operate within.

Coal-fired power plants

Coal-fired power plants can be thought of as an energy conversion process with two
cycles: the burning of coal and the steam cycle. The broader blackbox is that there is
an input of chemical energy on one side in the form of coal and the output of
electricity or heat. More in detail, the power plant burns coal to raise the temperature
of the water. There are classifications based on the types of coal used and the
temperature and pressure to which the water is raised. Coal is classified based on
the stage at which it is extracted from the ground. The general trend is that younger
coal, such as lignite or sub-bituminous (the border between peat as organic material
and lignite coal being somewhat unclear) contains more water and volatile matter
and is less energy-dense but cheaper than older coal such as bituminous anthracite.
Unlike other fossil fuels, coal is abundant and relatively easy to extract and prepare
for usage. Coal-fired power plants are often sited next to open pits which function as
a sourcing and energy storage system. The power plants are classified around the
critical point of water, which is 647 K and 22 MPa. At higher temperatures or
pressures the properties of water are neither liquid nor gas-like. As efficiencies of
thermodynamic processes are higher at higher temperatures and pressures, it is
often desirable to operate at supercritical conditions. However, these imply higher
temperatures and pressures which can be a factor in capital expenditures and risks.
Sub-critical power plants operate below the critical point of water. Super-critical
conversely operates above the critical point of water. Finally, there is a third
classification namely ultra-supercritical which operates far above the critical point of
water (Crow and Shippen, 2002).

A coal-fired power plant has different components. Traveling with the incoming
energy to the outgoing energy: there is a feeder, a boiler, heat exchangers, and
turbines. The feeder takes, breaks, and feeds the coal into the boiler. The boiler is a
central part of the operation. It is where the coal is burnt. The ashes are separated
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from the flue gas and each is disposed of accordingly. The flue gas is often treated to
reduce harmful pollutants and then disposed of through a smokestack (not to be
confused with the water's cooling tower pictured in the title page). Without direct
contact with the flue gas but via heat exchangers, which can be shaped as piping
that envelope the boiler, water is circulated and heated by the release of energy from
burning the coal. The water is warmed, boiled into vapor, and then superheated. The
vapor, in turn, is piped through a turbine or a system of low- and high-pressure
turbines which turns the energy into electricity. Further efficiencies can be found by
removing the water at different stages of the expansion within a turbine and using
that to reheat returning water or provide heat to a district heating grid. Notably, the
electricity produced by the turbines has inertia which supports the balancing of the
electrical grid system by reducing the steepness of frequency drops. Thereafter the
water is condensed and either returns to be reheated or is vented out to reduce
temperatures. Using water as a working fluid in this way is also often referred to as
the steam cycle, regardless of whether coal-firing or another heat source is used to
raise the temperatures (Crow and Shippen, 2002). The overall efficiency (useful
energy or the sum of Heat-to-Power and Heat-to-Heat) of the system can also be
considerably raised by operating them as both an electricity and heat source.
However unlike electricity markets, heat does not have an established hourly market,
instead consumers pay based on capacity or energy for a given period, either a
season or year with values communicated in € MWh (Sandoff and Williamsson,
2016). There is potential for district networks to take a larger section of the heat and
cooling energy markets both for private and industrial consumers.

Combined Heat and Power (CHP) are power plants that can provide both powers in
the form of electricity as well as heat. Doing so allows for higher efficiency of the
overall power plant from the burning to the energies delivered. This efficiency gain is
so high that it is the norm that the power plants can be seen as heat sources with
electricity production. If the heat demand is very high, the electricity-producing
turbine can be bypassed to produce more heat, although less energy and less quality
energy if both were being produced simultaneously. This is important in our context
of retiring power plants as many of the coal-fired power plants which are set to retire
are CHP. This means that in addition to being connected to a power network they are
likely also connected to a district or industrial heating demand network. This gives
thermal batteries another advantage as they can also be operated to produce either
power or heat. About four in five of the power plants which are planned or announced
to retire are CHP. The flexibility comes at the cost of efficiency. Whilst extracting heat
from the steam is relatively efficient, the cost comes at a reduced efficiency for the
Rankine steam cycle. The Rankine steam cycle already has a low efficiency without
any heat extraction, around 40% of the entropic energy of the steam. With heat
extraction, that value goes down roughly linearly. The advantage of doing so is that
the system can use more efficient heat production when necessary to fulfill the
demands of a heating district or produce electricity when the electricity prices are
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high. It is worth noting that heating demand has been falling and is expected to
reduce further in the coming years (JRC, 2022).

Coal-fired power plants are problematic for four major reasons: health issues, climate
change agents, they are becoming economically unsustainable and simply aging.
The local, short-term health issues associated with coal power plants are becoming
more pertinent in the current research (Vohra et al., 2021). The deaths and medical
care associated with fossil fuels in the short term can be seen as an economic
externality or a normative failure. Secondly, coal is an inefficient way to transform
energy and produces many large amounts of CO2 equivalent to other ways of
producing energy including other fossil fuel-based energy producers such as natural
gas (Spath et al., 1999). VRE price reductions have meant that coal is no longer the
cheapest method of energy production. Wind and solar energy are now cheaper in
several locations. In general, operating coal-fired power plants us the sole technology
which is cheaper than VRE (IRENA,2021). This means that further investments in
coal are not as economically sound. The fourth aspect that pushes for the retirement
of coal-fired power plants is their age. The average coal-fired power plant is 43 years
old (Europe Beyond Coal, 2022). This means that the expected lifetime of coal-fired
power plants is met and surpassed beyond which there are questions on whether the
economics of committing to the power plants’ operation and maintenance is viable.

There are three categories of retirement based on whether they are legally binding or
not: announced, planned, and neither. Announcements of retirement are legally
binding and set a specific date for which the power plant will stop operating. There
are 207 coal-fired power units announced to retire between the time of this writing,
2022 and 2048 with a total 63 GW net electricity capacity, excluding those which are
expected to announce a retirement date. About half of those, by unit or capacity, are
in Germany, followed by Poland. The age at which these announced coal-fired power
plants are set to retire is roughly normally distributed around 45 years. This brings
into question to what extent the power blocks which were presumably commissioned
in the same year as the boilers and the remainder of the plant are operational and
can be repurposed. Planned is a non-legally binding but public statement that a
power plant is set to retire by a certain year. This is often set with environmental
goals. Whilst less reliable planned retirements were also taken into consideration in
this study. 173 units are planned but not announced to be retired. These span other
countries, notably the Czech Republic and Romania. Finally, the shift away from coal
is not a complete process. New coal-fired power plants are being commissioned,
particularly in Turkey. There are coal-fired power plants that are neither announced
nor planned to be retired (Europe Beyond Coal, 2022).
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Figure 3 Announced and Planned retirement of coal-fired power plants in Europe by year. Those announced to
retire by 2030 were set to 2030 but could retire earlier.
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Figure 4 Age at announced retirement for coal-fired power plants in Europe

Alternatives to Retiring Coal

There are two well-known, commercially viable alternatives to reutilizing coal-fired
power plants’ infrastructure: Natural Gas Combined Cycle or Biomass-Fired. These
will be introduced here briefly. Whilst no quantitative analysis is carried out with these
systems, it is still advantageous to have an overview of their features.
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Unlike coal-fired power plants which operate with the steam cycle, natural gas
turbines use the Brayton cycle. Otherwise, they also convert chemical energy stored
in fossil fuels into electricity. The temperatures and pressures achieved in natural gas
burning are much higher, leading to higher efficiencies. The general efficiency of
burning natural gas is also higher due to its chemical makeup. In some cases, a
natural gas energy production system will be coupled with a steam cycle. The natural
gas turbine acts as a topping and the steam cycle as a bottoming. It means that the
energy in the natural gas cycle which would otherwise be lost is instead used to feed
a steam cycle (with a smaller input of fuel). This increases the overall efficiency of
both systems.

Natural gas has served a very specific role in the energy market. The technology has
a relatively low capital investment per unit of power but a high marginal cost per unit
of energy produced. This means that relatively large systems can be installed and
only operated when it is economically feasible when the energy prices are higher
than the marginal costs. Natural gas turbines act as peakers, sitting idle for most of
the year and then being activated in the hours in which there are the highest
demands. In the cold context, that is winter, a windless night. In a warmer country, it
could be a hot day when all the air-conditioning units are straining to maintain indoor
comfort. Natural gas turbines are significantly more flexible than steam cycle-driven
coal-fired power with lower start-up times and faster ramp-up times which also make
them suitable for ramping into peaks.

Natural gas turbines have about half of the CO2eq emissions as coal-fired power
plants, 490 compared to 820 g/kWh respectively (IPCC, 2014 pg.71). This reduction
is positive, but it is still a significant emission, especially relative to the VRE which
can be as low as 11g/kWh with wind or 45g/kWh with solar power (IPCC, 2014
pg.71). Natural gas, like biomass, leads to health issues associated with its
combustion although at a lower rate (Buonocore et al., 2021).

Biomass-Fired Boilers

The concept is similar to the Carnot battery system proposed here. The boiler is
substituted by one that burns biomass and the remainder of the components are
reutilized. Biomass is an umbrella term for waste products or processed products of,
most often, silviculture or agricultural practices. Overall, biomass has a rough
percentage-wise breakdown of chemicals compared to coal although with a lower
heating value and a few sources can be more problematic due to the high acidity of
the waste material. Although not relevant for this analysis it is important to note
biomass is also very positive in a carbon-capture context where its use can lead to
net reductions in CO2 emissions. The choice of biomass is however limited by what
is available in the vicinity as the transport of biomass can be complicated and
uneconomical (Crow and Shippen, 2002).

The infrastructure and plots of retiring coal-fired plants are situated in different

bidding zones with peculiar different-sized power blocks and grid connections, and

unique availabilities of natural gas pipelines or biomass resources. Depending on
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these factors, the thermal battery may well be outcompeted. This paper proposes
instead that there are potential spaces in which Carnot batteries could be the best
techno-economical solution. This paper will explore a methodology to ascertain what
these conditions will be.

Thermal Energy Storage in context
Energy can be stored in several different ways. By capacity, the largest energy
storage system exists in the form of pumped hydro, storing water at higher elevations
and producing electricity with its release. Electrochemical batteries follow in second.
These batteries store electricity in the form of chemical reactions which can be
reversed to produce electricity.

Pumped Hydro is as the name suggested using the potential energy of gravity to
store and then release energy. Water is pumped up for charging and then released
and goes through a hydropower turbine to generate electricity. It has advantages,
such as using effective processes at low prices. It is however geographically bound
meaning its implementation can only take place where geography allows for it. On
that note, hydropower without pumping can act as a storage system by choosing
when to produce and retain the remainder of the water storage. Therefore, grids in
which there is hydropower are without variance or volatility. They often produce
under nameplate capacity, to provide the service of ramping up if the frequency
drops.

Lithium ion have the advantage of being truly instantaneous which in turn means that
they can provide another service to the electricity grid. They< can stay at a middling
state of charge and deliver the possibility of quickly taking or delivering power to the
grid if the frequency is too high or too low. This way electro-energy storage can help
with the instantaneous regulation of the frequency. Electrochemical suffer from
somewhat high costs, inability to store for longer periods, and limitations of supply.
Furthermore, they have economic advantages due to the large-scale development of
electric cars (IEA, 2022).

Thermal energy storage is the process of converting electricity into heat and using
heat as the storage medium. It can be converted back into electricity by using
thermal energy to run one of the thermodynamic cycles. Three defining blocks can be
combined to create a Carnot Battery: the thermal sources, the storage method, and
the power cycle.

The power source can be in an increasing range of temperatures: waste heat, heat
pump, concentrated solar power (CSP), or electrical heating. The successful niche
from which the Carnot batteries are coming is in their application within CSP. There
is an excellent synergy between the CSP’s fundamentally thermal nature and its
need to match demand which often peaks shortly after the sun sets. It is due to the
application of thermal storage in that setting that the technologies have reached their
current maturity, research focus, and momentum. Waste heat utilizes, often in
combination with other sources, the energy that would have otherwise been
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dispersed. Notably, waste heat can have efficiencies higher than 100% due to its
definition, but its temperatures are dependent on the source which is often below a
recuperation threshold and the system suffers from very low efficiencies (Frate et al.,
2020). A heat pump uses the notoriously efficient heat pump cycle to source the
heat. A heat pump can also be reversed and operated as a heat engine to drive a
power cycle (McTigue, 2016). It is currently not able to achieve high temperatures.
Direct electrical heating is conversely less efficient, as opposed to a higher than one
coefficient of performance. It can however achieve the temperatures necessary to
carry out the coal-fired steam cycles and has a synergy with molten salts which can
come in direct contact and avoid oxidation (Roth, 2020).

The method of thermal energy storage can also be typified into latent or sensible
heat. Latent includes the latent heat involved in the phase change cycles of different
materials. Sensible heat storage is the increase and decrease of temperature within
a medium. Sensible heat storage can be further categorized by the arrangement of
the battery, materials in the battery, mediums to carry the heat to the battery, and
whether they are directly or indirectly coupled to the heat source. This paper focuses
on a sensible thermal energy storage system so some space will be given to its
discussion.

Molten Salt

It is the most technologically mature thermal energy storage system with industrial,
and commercial applications (Novotny et al., 2022). Furthermore, it is well-fitted for
running the steam cycle due to the temperature range at which the sensible storage
and the seam cycle operate.

Since it is in a liquid state it can be pumped and can flow in a heat exchanger or a
heater. A common variation of the battery is to separate the hot and cold sides of the
battery. The hot side is kept at the necessary temperature, often in the 500 degrees
Celsius range but it can be higher at the cost of a more expensive tank and
potentially oxidation issues. The hot side is filled when the battery charges and
pumped to the steam generator when the heat is needed. The cold side is kept at
around 280 degrees Celsius. It is pumped and then heated when the battery is
charging into the hot side and is filled after the hot side has given away the heat.
Conversely when the battery is discharging the hot molten salt runs through a heat
exchanger and is deposited on the cold side.

Packed Bed

The packed bed is a simple, inexpensive solution. The arrangement is an (often
cylindrical) container with a solid material through which a hot medium, air or Aragon,
is ventilated. The material then takes up the sensible heat and stores it. Counterflow
ventilation of the medium can then pick up the sensible heat and use it to drive the
power cycle or as a source of heat. There is a variety of materials that can be applied
here from recycled materials (Gutierrez et al., 2016) to the use of coatings to improve
the material’s properties (Trevisan et al., 2021). This means that there is a wide
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application of specific features and price point combinations. Sensible-latent
combinations can also lead to synergetic effects (Zanganeh et al., 2015).

Finally, there is the conversion process from thermal energy to electrical. Several
arrangements are possible, but well-established standard power blocks are often
used. The Brayton cycle, the Organic Rankine cycle, and the steam cycle are options
for the system. The Brayton cycle is the same used in natural gas turbines it can be
opened or closed depending on whether the gas is recuperated or not. It uses the
highly combustible material to increase the temperature and pressure of air and then
run a turbine. The Brayton cycle also has a compression stage before combustion
and cooling which allows for a more efficient burn. It has high pressures and
temperatures and can be an efficient process. The Organic Rankine Cycle (ORC) is
a variation of the Rankine cycle which uses organic materials as working fluids. This
gives the ORC more flexibility in terms of the choice of material and its properties.
The steam cycle is the most relevant for this case study and has been introduced in
the subchapter regarding coal-fired power plants. In its simplest arrangement, it
involves four stages, heating, turbine, condensation, and then it is pumped into the
heater again. New methods, such as those based on critical CO2 are producing
promising research when coupled with Carnot batteries (Mecheri and Le Moullec,
2016; Meroueh and Chen, 2020; Neises and Turchi, 2019), but the premise of this
analysis focuses on the repurposing of steam cycle based power blocks.

Electricity and Energy Markets

For the storage system to be implemented it needs to be financially attractive. It
therefore must be designed for the electricity market it finds itself in. Whilst the
thermodynamics and exergy of converting electricity into heat and back again are not
optimal since there are efficiency and energy grade losses in the process, it can
make sense economically. Electricity prices are subject to variations within a day,
within the week, and within the year although the latter is not as relevant. These price
fluctuations are not the ones that steer the frequency control. Frequency, its control
mechanism, and its market happen in a second or even milliseconds time scale.
Whilst electrochemical can be profitable by providing frequency regulation services.
Beyond the instantaneous fluctuations of the grid, there is another time scale that can
be explored. It is on an hourly scale and it impacts the price rather than the frequency
of the electricity. Wind power integration can be associated with more volatile energy
markets (Clo et al., 2015).

Electricity is a fresh resource. The use must match the production instantaneously.
This means that the price of the now de-monopolized European markets is a balance
between the demand and the available production at a given time. There are several
market mechanisms to address this, most notably day-ahead pricing. At a given time
each day, the European electricity markets estimate the production, demand, and
price for the next day. These estimates are revised on an hourly basis, often with
adjusted predictions of weather and demand.
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The price variations follow a weekly pattern based on the working patterns of society
with lows on the weekend and peaks around noon and early evening. This pattern is
not constant, there are jumps within it. Where the price does not match the previous
weeks, this is defined in this paper as volatility (Benini et al., 2002; Dong et al.,
2019), although other competing definitions are more nuanced but beyond the scope
of this paper (Goto and Karolyi, 2004). A more volatile market means that there are
variations that are harder to predict. An energy storage system would be profitable if
the market has price variations since the battery is funded by buying when the prices
are low and selling when they are high. Simple standard variation analysis is fitting in
this case since it balances the variations to the average. Since the battery system
must buy and then sell the energy at different time points the absolute variation is not
relevant and the standard variation allows for different time zones to be compared.
Volatility however means that the variation is less predictable. Volatility in the
unregulated electricity market is akin to the stock market in several respects except
that it has consistently high volatility at low prices (Simonsen, 2005). High volatility
goes against the working assumption that the model knows the prices going forward
a week. The literature around the addition of renewables into a grid and the sinking
energy price is very clear. The “merit order effect” (i.e., more renewables mean a
lower price) is seen in several different budding zones with different methodologies.
VRESs have practically zero marginal costs to operate when renewable resources are
available. Thusly when they operate the costs of electricity can plummet especially
given that the capacity of VRE is often considerably higher than its usual dispatch
(Clo et al., 2015). These factors are important to consider as the energy markets
affect the possible configurations of Carnot batteries in the transition from coal-fired
to renewables. Finally, whilst electricity is a highly formalized market heat is less
quantifiable.
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Literature Review

The literature surrounding Carnot batteries is quickly expanding field with more
papers being published (Novotny et al., 2022). On the component level, several new
materials and arrangements are being proposed to improve the key technical
parameters. On the dispatch level, increasingly thermodynamically nuanced or
successful simplifications are being applied to the dynamic analysis of how a Carnot
battery would operate in different settings. There are however gaps in the literature
within which this paper works. Most notably, the literature points to many applications
of thermal batteries as a support mechanism for (fossil fuel or concentrated solar)
power plants but not as a standalone support tool for the grid. If this system is not
feasible, no other published work points this out. The existing papers also often rely
on proprietary software. This makes replicability of the results more difficult.
Governmental and Non-Governmental Agencies which operate with utility-scale
guestions often have open-sourced requirements.

Modeling of the steam generator and its start-up limitations shows that it can
constraint the performance of a CSP steam-based. It has a nuanced analysis of how
cold, warm, or hot starts affect the speed at which a turbine can be brought from start
to full capacity. Depending on when the turbine operates last, whether less than 6,
between 6 and 48, or more than 48 hours. The time taken can be 10% in hot
conditions compared to cold conditions. This delay is to avoid temperature
differences that cause stress and reduce the lifetime of the turbine. A cold starting
turbine can take 5 hours to wind, linearly starting from the first-hour mark to full
power or half an hour hot. This problem can be circumvented with storage and
operational techniques (Kosman and Rusin, 2001; Topel et al., 2015). The
assumption in this paper is that the turbine is to some degree warm and takes
therefore two hours to wind to full capacity.

At the system level, White et al. (2013) discuss the trade-offs which happen between
the different parameters (temperature ratios, pressure ratios, etc.) on the
thermodynamic processes of Carnot battery (piping, pumping, expansion, etc) to
guide design choices. The paper underlines the complexity of designing for high
efficiencies and even estimating these.

McTigue (2016) in their doctoral carries out a multi-objective optimization between
the capital costs and the round-trip efficiency of a packed bed-heat pump system.
Whilst the system is different, it is another approach focused on component choices
for a single module. In the general subject of optimizations, Molyneaux (2005) writes
extensively about the genetic algorithm used here.

Kriger et al. (2020) explore the possibility of retrofitting coal power plants with
different combinations of thermal energy storage and points in the steam cycle
process. Their work shows a decrease in minimum load and an increase in the power
at full load. These are beneficial for the operation of the power plant and are good for
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the environmental measures but remain based around the operation of the coal
power plant and reproduction remains behind commercial software.

A new configuration for the storage and exchange of energy as sensible heat is
proposed by Meroueh and Chen (2020). The energy is stored in a solid medium,
screens ensure that the radiative can be curbed. The paper proposes a very low
Levelized Cost of Storage relative to other thermal storage. Since radiative heat
dispersion is the mechanism that coal-fired power plants use as heat exchange, it is
promising for application in repurposing coal-fired power plants as a storage
component. However, this analysis focused on molten salts since it is more
established leading to a better likelihood to be applied by risk-averse investors.

Papic (2021) explores how different actors value thermal batteries and then unpacks
a particular application, a copper mine in Chile in more detail. Most interestingly for
our analysis is the qualitative work carried out. The vast majority of the actors value a
cost-competitive solution. Thereafter other properties which are hard to quantify are
also relevant, such as recyclability, long-term (i.e., hours) storage, and low carbon
footprint. A battery's longevity can be seen as a risk as the uptakes of the battery
system are usually interested in shorter-term contracts and not a large investment
into a longer-lasting project whilst the financer of the project. Furthermore, Papic
demonstrates that the Carnot Batteries' ability to deliver heat, a property not explored
here, raises its value significantly. Papic also ventures into a simplified dispatch to be
able to provide but the values are rather static.

Another approach is by Kosman and Rusin (2020). They test different configurations
for implementing molten salts in a coal-fired power plant. They show that of the
proposed integrations they argue for improving a coal-fired power plant by ensuring
that it runs at nameplate capacity whilst the additional energy is stored in a Carnot
battery and that it runs more effectively at minimum capacity. Another synergy
between coal-fired power plants and thermal energy storage systems is the utilization
of the previously coal storage sites as placing for underground thermal energy
storage. Since coal-fired power plants often are sited near open-pit mines, the retired
sections can be used to house underground thermal energy storage which according
to the authors has better properties and can store energy on a seasonal scale. Their
proposal is not applied in the paper but is an interesting design space as the
seasonal effects are seen on the energy price and thusly on the Carnot batteries
proposed here (Li et al., 2020).

Dispatch and sizing optimizations have been carried out as well. The work of Wang
et al. (2020) shows how coal-fired power plants with Carnot batteries can reduce the
curtailment of wind power on the same grid. Another similar contribution supports
that finding (Zhang et al., 2020). A nuanced dispatch is carried out within the work of
Li et al.(2019) by accounting for emissions. Benalcazar (2021) also carries out a very
detailed dispatch and sizing study of a coal-fired power plant that combined heat and
power with integrated thermal energy storage within the Polish energy market. The
economic cost finding, dispatch, and financial optimization steps are used in this
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analysis. Finally, the results present in their work match, in general shape the ones
presented here. There is an increasing NPV with system size at the cost of IRR
which peaks with a modest system and then falters. Although the integration of
storage into fossil fuel plants reduces their impacts and supports the grid, it implies
the continuation of fossil fuels as an energy source. To make use of the retiring coal-
fired power plants and meet renewable integration goals, Carnot Batteries could
instead be a resource for the grid to regulate pricing.

For other energy storage systems, Grunewald et al.(2011) do a similar techno-
economic approach to the one carried out here, focusing on other technologies.
Whilst they do not address dispatch in as much detail, the focus is on understanding
that the profitability of an energy storage system is dependent on the sizing and the
energy market is very similar. The paper addresses several issues that are not
brought up here, such as building scenarios. The role of uncertainty between year-to-
year cash flow and the discussion of its impacts is particularly relevant. In this
analysis, the cash flow is assumed to be static during operation. As Grinewald et
al.(2011) argue, this is subject to variations in renewable uptake, weather, and
demand. Uncertainty about the cash flow can be a detractor for investors. In their
sensitivity analysis, they see the impact of energy trading (a similar result is seen
here between energy markets) and the longevity of energy storage systems. Carnot
Batteries have significantly longer lifetimes than the energy storage systems they
address.

This work builds on the economic assumptions of earlier works (Turchi et al., 2018;
Wagner and Rubin, 2014). Turchi et al propose a method for selecting molten salts
and listing their properties. Since the analysis was focused on the concentrated solar
power case, the choice of storage medium was simplified, and its properties were
used. Wagner and Rubin explore the impact of storage for CSP but do so in a very
open way which allows for a similar system to be built in this paper. Since Carnot
Batteries have a strong connection to concentrated solar power, the research is often
surrounding the field. This paper focuses on the Carnot Battery but utilizes facts and
approaches seen in the solar field.

In this study, the Carnot battery is operating without a CSP plant. Examples of such
are available, both in the peer-reviewed literature and corporate information. One
such example, the Siemens Gamesa power plant energy facility is located in
Hamburg, Germany. It uses packed beds. It has the sizing proportions of a 1.5 MW
electric heater with air as a working fluid, to charge a 130 MWhthermal in volcanic rock,
and a turbine with the capacity for 1.5 MW electrical. The Siemens Gamesa system
has a low efficiency of 22% with an expectation to be higher as the technology
develops. The efficiency for electricity-to-heat-to-heat is significantly higher than
electricity-to-heat-to-electricity so the application for CHP is also synergetic. Like the
solution proposed here, the system uses a steam cycle and the article mentions the
possible implementation of retired coal-fired power plants (Siemens Gamesa, 2020,
2019).
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The repurposing of coal power plants entirely to Carnot batteries idea is not entirely
novel. Kosman and Rusin (2020) describe a system in detail showing that the highest
possible efficiencies of a super-critical steam cycle can be reached by a molten salt-
driven system. A research branch of the RWE Group, a large transnational power
generation company carried out a study in 2021 that pointed to the infeasibility for the
company to carry out the repurposing of a coal-fired power plant into a thermal
battery-based energy system (RWE, 2022). A similar study was also carried out for a
coal-fired power plant in Chile (Michael Geyer et al., 2020). Where a coal-fired
powerplant was repurposed to either storage only or CSP with storage. There the
results were positive, demonstrating low LCOE and positive economic prospects.
Similar to this study, the dispatch was carried out and the report had insights into
how dispatch impacted the profitability. In the Chilean context, a maximum full power
dispatch was constrained by law. This paper does not delve into the legal systems of
the energy regulation of different European nations. Rather it assumes that they are
uniform.
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Methodology

The process can be considered in the following steps. To ascertain if a size
configuration is technically and economically well fitted to a given energy market it is
necessary to see how it would dispatch. With the dispatch carried out, the data about
how the battery would operate, how much money it could make and what the would-
be costs for buying energy, and how much energy it would eventually “produce.” For
that porpuse a simple dispatch model is built. This dispatch model is applied to two
cases:

1. A system disconnected to the district heating grid, without any heat demand
where the battery seeks only to exploit electricity price variations
2. A system connected to district heating network where the battery acts like a
CHP and has to meet the thermal demand without any other heat sources.
a. A small district heating grid of 0.05 TWhtw annual demand,
b. A medium district heating grid 0.50 TWht annual demand,
c. A large district heating grid of 5.00 TWhi annual demand,

Then the capital costs will be estimated for a given configuration. This estimation will
be based on a scaling cost equation and reference values from the literature.
Furthermore, assumptions will be made regarding the equity and debt make-up of the
project. With the capital cost, it is possible to estimate the operational and
maintenance cost of the thermal battery. With the inflows from the dispatch and the
outflows from the capital, operational, and energy bought, it is possible to create
cashflows. This leads to the equity IRR then weighted average capital costs (WACC),
the project IRR, and the NPV. Finally, by cherry-picking the costs and energy flows, it
is possible to calculate the LCOS of the proposed battery. These steps are repeated
to test, through a genetic algorithm, a different configuration of size for the heater and
capacity. Finally, a few simplified analyses were carried out to analyze which bidding
zones are relevant and their properties surrounding the question.

Dispatch

The dispatch must be solved not only to get estimates for the power production and
cash flow. A simpler approach could yield a rougher estimate, such as estimating the
income based on a set capacity factor. It is not enough to just solve the problem with
a simplified equation which accounts for the capacity factor. Dispatch allows the
exploration of how the battery behaves in different electricity markets since it is
dependent on a new resource, electricity price variations. An electricity market might
be volatile during a certain period of the year (e.g. German winter) whilst being stable
in others.

Given the focus on economic properties in the feasibility of a project, the goal of the
project is to reduce its cost. It is shaped as a negative so that cost for heat demands
if applicable are reduced. This means that the battery will operate in such a way that
ignores technical parameters, it is not expected to meet certain stability in power
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delivered or even directly aimed at reducing the LCOS, what the battery is capable of
is determined by its constraints.

8760

Objective = z Electricitypoygnt[hour] = Electricity Price[hour]

hour=1
— Electricityg,q[hour] * Electricity Price[hour]

Where the electricity bought can either charge the battery (at an efficiency loss) or
serve a heat load directly (in this paper set to zero). The electricity sold is the power
that arrives at the grid point. Similarly but not presented here, the cost model can
take into account carbon pricing by taking the carbon price and emissions of the grid
at a certain point in time and adding it to the cash in or outflows depending on
whether it is charging (thus “releasing COZ2”) or discharging (thus “replacing CO2”).
The very first step of the dispatch model is to add inputs to the object, most
importantly the maximum capacity of the thermal storage, the maximum charging
power, and the bidding zone. The first two will be the variables in the second-level
optimization. The latter is used to get the electricity prices of the relevant bidding
zone. This is done with a tool called entsoe-py which automates the process of
gathering data from the ENTSO-E platform (ENTSO-E, 2022). The relevant day-
ahead prices are then obtained for the given period. With these prices, a Pyomo
(Hart et al., 2017) concrete model is used to solve the dispatch. The model finds the
best combination of low prices to buy and high prices to sell to maximize the cash
flow for the process. This process is numerical but constrained by the physical
properties of a Carnot Battery. These constraints are presented here with their
reasoning:
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1. The storage has a minimum and maximum value of energy storage.
1.1. This is due to how the battery is sized
1.2. both molten salt and packed bed are expected to uphold a certain
temperature during operation and not to cool.
2. The storage is subject to losses on an hourly basis.
2.1.This reflects the thermal losses to the environment and depends on the
charge of the battery which in sensible thermal batteries reflects how much
mass is at a certain temperature.
3. The charging and discharging rates have a maximum and minimum rate.
3.1.The charging is dependent on the size of the electric heater which is more
variable but on an hourly scale expected to provide certain power.
3.2.The discharging on the size of the turbine has a clear minimum operation.
4. The charging and discharging of the battery are both submitted to efficiency
losses.
4.1.1n the charging are losses in the electrical heater, heat exchangers, piping,
and uptake of the battery. These are all simplified to one variable.
4.2.The process of thermal in the battery to electricity in the grid is also subject to
losses, such as piping, heat exchangers, and the turbine. Note that this is a
static efficiency, as opposed to depending on the power out relative to the
power capacity of discharge.
5. The charging and discharging of the Carnot battery must ramp up and down in
hourly steps.
5.1.Unlike, electrochemical batteries, this system takes a long time to ramp up to
full power. This applies both to getting the materials to warm up in charging
and the turbine to full capacity.
6. The charging and discharging are constrained through minimum up and down
commitments.
6.1.0nce the system is started or turned off, it is expected to remain off. This is
can be seen as a heuristic for the implied costs of starting and halting the
thermodynamic processes.
7. Charging and discharging cannot happen simultaneously.
7.1.Albeit some thermal storage technologies can handle simultaneous charge
and discharge, this system is assumed not to be able to do so.
7.2.Few plausible scenarios would lead to simultaneous charging and
discharging, since due to the losses the system cannot be incentivized by
prices to be both charging and discharging.

Like the discharging of thermal energy, some inflexibility in getting the medium into
the correct temperatures and ramping up the large direct heating system was
assumed.
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Table 1 Assumptions regarding constraints for the heater of thermal battery.

Variable Description Value (unit) Source Sensitivity
tested
Efficiency The factor which 0.9 (-) (Dincer, | Yes
In represents the losses 2018;
from the grid to the Mishra et
battery al., 2019)
Minimum At least non-zero power | 10% of Maximum Estimate | No
Charge which can be charged Charging (MW)
Power
Minimum The least number of 4 (hours) Estimate | No

Commit On | hours the charging
remains on once turned
on

Minimum The least number of 3 (hours) Estimate | No
Commit Off | hours the battery remains
off once turned off

Charge The maximum upwards | 50% of Maximum Estimate | No
Ramp Up step the charging can Charging (MW)

take
Charge Conversely, the 50% of Maximum Estimate | No

Ramp Down | maximum steps at which | Charging (MW)
the battery charging
wind down

For the battery constraints, the literature takes an approach of assuming 85%
capacity (Chen et al., 2009). Here 80% was assumed, which was divided into the
maximum and minimum capacity. For the thermal losses, a 5% loss over a day of
storing was broken into an hourly scale based on the previous hour of charge
(Forsman, 2021). Inflexibility to the heater was added since it is a large system that
requires time to start and reach the desired temperatures.

Table 2 Constraints for the Battery component.

Variable Description Value (unit) Source Sensitivity
tested

Minimum The lowest state of 10% of maximum (Chenet | No
Capacity charge of the battery capacity (MWh) al., 2009)
Maximum The highest state of 90% of maximum No
Capacity charge of the battery capacity (MWh)
Thermal Losses to the 0.95Y24 of the (Forsman | No
losses environment previous hour's 2021)

charge (MWh)

For the outgoing power, efficiency and time commitments were applied based on the

literature. Several estimates of the ramp-up, ramp-down, and down-time are possibly

be found in the literature. Gonzalez-Salazar et al. (2018) propose that power plants
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can so fast as be in full power in 10 minutes Whilst IRENA (2019) points to an 8-hour
minimum downtime for a coal-fired power plant. A balanced approach was taken
since in many of the papers reviewed, thermal energy storage is a solution to the
presented inflexibility of coal-fired power plants. In terms of ramp-up and ramp-down,
the literature is split between using a percentage of nameplate capacity and a strict
power ramp-up or down. Since several power blocks of different sizes were
compared, the percentage of the nameplate was applied. Finally, absent from this
process is the economic consideration of cost for starts.
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Table 3 Constraints for the Power Block component.

Variable Description Value (unit) Source Sensitivity
tested
Efficiency Efficiency from the 0.376 (-) (Bastaet | Yes
Out battery, via steam al., 2022)
generator and turbine to
the electrical grid
Minimum The least non-zero 20% of Maximum (Kriger No
discharge amount of power for the | Discharging (MW) | etal.,,
power discharge 2020)
Minimum The minimum time that | 5 (hours) (Gonzale | No
Commit On | the discharge must be on z-Salazar
once started etal.,
Minimum The minimum time the 5 (hours) 2018; No
Commit Off | discharge remains off Wang et
once turned off al., 2020)
Ramp Up Maximum upwards step | 50% of Maximum (Kosman | No
for the discharge discharge (MW) and
Rusin,
2020;
Topel et
al., 2015)
Ramp down | Maximum downwards 50% of Maximum (Gonzale | No
step the discharge can Discharging (MW) | z-Salazar
take. etal.,

2018)
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Figure 5 Assumptions regarding efficiency of the CHP. The electrical efficiency is in blue whilst the sum of the
electrical and thermal (or useful energy in red).

For the efficiency of the system, this paper relies on the thermodynamic analysis
carried out by Basta et al., (2022) which is for a 50 MWe turbine. The results of their
thermodynamic analysis were linearized to simplify the optimization process.

Electrical Ef ficiency ~ —0.376 X Heat Extraction + 0.376

Equation 1

To simulate district heating networks two methodologies were combined, When2Heat
(Ruhnau et al., 2019) and a study by Péyry, a Finish consulting company (2018).
When2Heat is a project to estimate heating demands in different European countries
based on gas usage, outdoor temperatures, and population distributions. In this
context, it is relevant that there is a thorough and validated model for hourly heating,
for space and water in single-family, apartment, and commercial buildings. This data
is then normalized to 1 TWh of yearly use. P6hry (2018) has carried out a feasibility
study for different methods of heating. Most relevant here are their assumptions
regarding the sizes of district heating demands. They categorize three sizes based
on yearly demand of 5.00,0.50, and 0.05 TWh for large, medium, and small district
heating grids. Combining the hourly data of When2Heat with the district heating
scaling of Pdhry’s analysis, it is possible to create rough demand in district heating
networks.
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Figure 6 The demand for Germany's Multi-Family House for a Medium System (0.5 TWh thermal)

Financial

Once the dispatch has been carried out and the relevant information extracted from
the process. The next step is to estimate the capital cost for the project. A cost
function was applied to the process.

. a
S lzetarget>

Costigrger = COStyef ( Size,s
re

Equation 2
Where,

e Cost refers to the costs in Euros € for the target (the sizing being estimated) or
the reference (the size for which the price is known). The reference costing is
taken from the literature.

e Size refers to the size, either of the heater or the storage, in MW or MWh that
is being estimated, here labeled as a target or is known, as a reference.

e Alpha (a) refers to a constant that describes the costing curve’s shape. Often it
is between 0 and 1 which leads to a reduction in the cost as the sizes become
bigger.
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So the Capital expenditures were calculated as the sum of the three estimates.

CAPEX = COStheater + COStstorage + (COStPower Block * FaCtorexisting)
Equation 3

Where the cost of the heater, storage, and power block are estimated and then for
the latter reduced by a factor since the power block already exists and requires only
a fraction of the cost to be refitted to a thermal energy storage system.

Whilst the heater was estimated in one cost function. The molten salt process was in
turn estimated using this configuration where each of the components was estimated.

COSttarget storage
= CoStrgnks + COStyipes + COSt pgse + COSt pyypupx + CoSting: + CoStgyys

Equation 4

These were in turn calculated for the target cost function and published data. The
data was in 2012 USD which was converted to Euros using the year's average
exchange rate and then scale following technology and inflation to 2022 values. The
salt cost was unique. A price point from 2021 was available so there is a different
CEPCI and valuta conversion. Furthermore, unlike the other components, the salt
cost is arguably linear, since buying more salt is not like building a larger storage
tank which requires fewer components for a larger size.

OPEX = (CAPEXexisting=1 X OPEXpercentage) + COStbuying electricity
Equation 5

The operational costs are calculated for the storage as a percentage of the capital
cost. The costs for buying electricity are accounted for here and the inflows come
from the dispatch model by selling electricity. Note that while the CAPEX may be
discounted for the existing power block, the OPEX is calculated for the full estimated
price of the Power Block.
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Table 4 Assumed values for capital and operational expenses

Type Iltem Reference Reference Size Source
Cost (units) (unit)
Capital Direct electric heater 500,000.00 10 | Estimate
(2021€) (MW)
Capital Tanks 42,888,000 1745
(2012%) (MWh)
Capital Piping 1,418,000 1745
(20123%) (MWh)
Capital Foundation 520,000 1745
(2012%) (MWh) | (Wagner and Rubin,
Capital Pumps and Heat 29,7660,00 1745 | 2014)
exchangers (20123%) (MWh)
Capital Instruments 5,677,000 1745
(2012%) (MWh)
Capital Power block 941 | Linearly applied
(2012%$/kW)
Capital Power block factor 5to 25 (%) | Multiplied by the 5% in optimistic
Existing cost of building a 15% in balanced
new power block to | 25% in conservative
account for
connection to the
new system
Capital Salt 2.65 | Linearly applied to (Caraballo et al.,
(2021$/MJ) | Storage size 2021)
Operational | Percentage of 1to 5 | Linearly applied to 1% in optimistic
Capital (%/anno) | CAPEX 2.5% in balanced
5% in conservative

To calculate the financial aspects of a project, a cash flow was calculated by
breaking the project into three distinct phases. First is the construction over which the
capital expenditures are linearly spent. The second phase is the operation over which
the energy is bought, stored, and sold as well as operational expenditures are
considered. Finally, there is a year of decommissioning.

Cashflowyeq,
1 < year < construction CAPEX /construction
= { construction < year < construction + lifetime Inflow — OPEX
construction + lifetime = year Decomission
Equation 6

Where,

Cashflow is the value of cost or profit for a given year
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Year is the year that is being considered. Often there are 2 construction years
assumed, then 30 years of active use, and finally, 1 year to decommission. The
source code is flexible for other lengths though.

Construction is the length of time in years for the construction of the project
Lifetime is the length of time in years for which the project is active

CAPEX is the total capital cost it is evenly split over the construction times
Inflow is the money earned in one year

OPEX is the operational cost

Decommission is assumed to be a percentage of the capital costs but set to zero to
simplify IRR calculations.

The Weighted Average Cost of Capital (WACC) accounts for the split between equity
and debt and their respective expected returns as per Guédez (2016). To get a more
nuanced picture of how a project of this scale would be financed and how that, in
turn, affects the economics of funding a project of this scale.

WACC = (Percentoquiry X IRRequity)
+ (Percentg.p: X Interestyep:) X (1 — Corporate tax)

Equation 7

Where,
The percent equity is the share of the total capital cost which is funded by equity

The IRR equity is the expected IRR for the equity not to be confused with the IRR for
the whole project. It was calculated for every case by doing the IRR calculation of the
equity cash flow with fixed loan repayments in addition to the other cash in- and
outflows.

The percent debt is conversely the share that is financed by debt
The interest debt is the expected interest on debt, here assumed to be 8%

The corporate tax is the country’s specific rate of taxation

The WACC is an important value because it determines several other descriptors of
feasibility such as the NPV and the LCOS. To ensure comparable results a fixed
WACC was applied in this analysis. The Net Present Value is calculated by the
following equation:

38



construction+lifetime

z Cashflowyeq,
(1+ WACC)veer

NPV =

year=1

Equation 8

The Levelized Cost of Energy Storage, LCOS, follows the same pattern as the NPV
but focuses on the cost

Zlifetime CAPEXyear + OPEXyear
year=1 (1 + WAcc)year
Zlifetime EleCtriCiterar
year (14 WACC)Year

LCOS =

Equation 9

Where the top of the dividend is the NPV without the monetary gains and the divisor
is a levelization of the energy output. Note that unlike the cash flows the inflows are
not considered. Energy is the sum of the energy “produced” by the Carnot battery as
given by the dispatch model. The LCOS balances the overall costs of running the
battery with the energy delivered and sets a minimum for which the energy can be
sold over the lifetime for the project to break even and could be the basis for price
setting a power purchase agreement. The rate is similar to NPV a reduction in the
present value of both future expenditures and energy flows. A similar methodology
was applied to determine the Levelized Cost of Heat, LCOH.

Zlifetime CAPEXyear + OPEXyear
year=1 (1 + WACC)year

Zlifetime Heatyear
year (14 WACC)Year

LCOH =

Equation 10

For the technical parameters the round-trip efficiency, capacity factor, utilization
factor, and carbon dioxide emissions. The round-trip efficiency is affected by the
losses of charging and discharging the battery and the thermal losses while holding
power. The simplest method to calculate power efficiency is simply to find the power
into and out of the system.

Electricity

Roundtrip Ef ficiency Electrical = ngrg = Electricity
in

Equation 11

39



The capacity factor is used in the power generation context. It shows the extent to
which the nameplate capacity of an installed power generation unit is utilized. In this
setting, the values are likely to be lower than in standard power generation since the
battery cannot charge and discharge simultaneously. Assuming an evenly sized
charge and discharge, the capacity factor is less than half accounting for in and out
efficiencies and thermal losses.

CF Electriciy s

"~ PowerBlock * Hours
Equation 12

In the battery context, there is another measure of a better fit for its properties: the
utilization factor. The utilization factor takes into account the charge and discharge
cycle of a battery to measure the use of the battery’s capacity.

Electricity;, + Electricity

2 -days - Capacity
Equation 13

Carbon emissions were considered by a simplified offsetting. Data for the physical
consumption of electricity on an hourly timescale was applied. When electricity was
bought from the grid, its carbon footprint was added, and conversely when electricity
was sold that carbon footprint was deducted. The additionality of requiring more
electricity might impact the prices and carbon footprint of electricity sources produced
however that was overlooked in this analysis.

Carbon Footprint
8760

= z Electricitypoygnt[hour] * Carbon Footprint[hour]

hour=1
— Electricitygyq[hour] * Carbon Footprint[hour]

With these factors established it was necessary to systematically apply these
methods to test the feasibility of the Carnot batteries. For that purpose, two models
were built.
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Model

To create a dispatch scheme with these constraints and then apply these to a
systematic overview, two optimization models were built. One translates the
constraints to mathematical terms and finds the best solution for them within a time
limit. A second model is built of several dispatches in a genetic algorithm to find the
best configuration without having to test all of them.

Dispatch

Dispatch optimization refers to optimizing the decisions of the charge, discharge, and
storage of the battery to maximize a metric based on those decisions. The
optimization model solves how the battery should behave on an hourly basis.

Mathematical representation of the constraints

To translate the empirical constraints in a way that the computer can process, it is
necessary to present the mathematically. Since a linear programming approach was
taken here, many mathematical formulations are excluded.

Charging the battery is constrained by maximum power, the state of charge, ramp
up/ramp down, simultaneous charge/discharge, and a commitment factor. The first
few factors are self-explanatory. The battery cannot charge more than its heater size
nor to a value that would lead the state of charge to go above its maximum. It cannot
ramp up or down faster than the respective values. The charger can also be off, that
is can technically be under the charge minimum if that value is zero.

ChargeMinimum < Charget < SOCMaximum - ChargeMaximum

Charge;_; — RampDown,,,, < Charge; < RampUp,,4, — Charge;_,
Equation 14

The simultaneous charge/discharge constraint and the up and down commitments
require the model to be aware of whether any amount of charging is happening.
Without an if/then loop (unavailable in linear programming) Equation 15 was applied.

SWitChCharge(O,l) X ChargeMinimum < Charget < SWitChCharge(O,l) X ChargeMaximum
Equation 15

This forces the Switch to represent whether the system is charging or not. There is
no if/then clause implementation. When the switch is set to zero then the charge
must be zero. Conversely, if the charge is zero the switch must also be zero. The
charge is also bound by the minimum and maximum so that it cannot escape the
constraint. The up and down commitments were modeled as per Equation 16 and
Equation 17.
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commitment

Commitmenty,, * (Switchcharge,t - Switchcharge,t_l) < 2 Switchcharge,t+n

n=0
Equation 16
Commitment oy, * (SWitchenarge, -1 — SWitchenarge,r)
commitment
< z (Switchchargersn — 1) * —1
n=0
Equation 17

Similarly, the discharge is bound by the charging switch indirectly. This ensures that
there is no charging and discharging simultaneously while the model can choose if it
discharges or not while the system is not charging.

Switchenargeo,1) X (Dischar geno atiowea — 1) * —1
< Discharge to Grid, + Discharge to Load,
< Switchcnarge(o,n) X (Dischargenot aitowea — 1) * —1

Equation 18

Similar constraints were applied to the discharge, with small variations due to the
reflect the discharge process (most notably ensuring that the maximum discharge is
constraint by not lower the state of charge below its minimum). In the simple test
displayed here, the system parameters were set to simple values to show how the
battery behaves. The prices were set to be negative in the first half and positive in
the second.
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Figure 7 Simplified result of a charge-discharge cycle. The charging is the bars in green whilst discharge is plotted
as negative. The Normalized state of charge is plotted against the right y-axis in red.

Figure 7 is not a relevant result but a simplified test in which the perfect conditions
are set up for the battery. It shows the ramp-up of the charging and the discharging
as well as the ramp-down of the charging and the discharging. Finally, it shows that
the model maintains the battery below the minimum capacity.
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Figure 8 Sample charge and discharge cycle result. The charging is the bars in green whilst discharge is plotted
as negative. The Normalized state of charge is plotted against the right y-axis in red.
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Figure 8 shows a more complex scenario. This is a sample result from a
configuration for the Romanian electricity market. It shows still that the battery
maintains the minimum charging and discharging times, as well that the gaps. Here,
the maximum charging and discharging are different which affects their respective
minimums and how the battery charges and discharges.
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Figure 9 Another sample behavior of the model. Here the full charge, storage, or discharge capacities are not
used in full. Same configuration as the previous figure at a different time of the year.
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When including heating demand into the optimization process, there inclusion of the
heat extraction makes the model a non-linear, non-convex, and semi-continuous.
This creates a complex optimization problem which is more time demanding and
requires a non-open sourced optimization software, Gurobi. The dispatch includes
the decision from where to source the heat but the patterns are comparable.
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Figure 10 Three weeks of dispatch with a heat Medium Heat Demand. Positive values are provided by the direct
electric heater and negative values are provided from the battery. The absolute value of the bars being the heat
demand.

Figure 10 shows how a medium heat demand (see also Figure 6 for the yearly
demand) is met by the system. The focus here is on the thermal side of the
cogeneration. Spring is shown here has more application of heat storage than
summer likely as electricity prices are more varied and there is a higher heat
demand.
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Since the slope between two steps in the design variables is not necessarily
indicative of the next step, the process is not linear. A genetic algorithm is a way a
good solution can be found without individually evaluating every single combination.
With this setup process set up, it was possible to run the model for several bidding
codes, leading to how location affected the overall sizing. A few bidding codes were
selected based on the preliminary statistical analysis for both stable and unstable
energy prices. Furthermore, with the same dispatch methodology, it was possible to
optimize the size with different objectives in mind.

Furthermore, to ensure that the results were robust, a sensitivity analysis is carried
out. This can be both a validation of the results as there is no data to run this
experimental setup and as a result in itself showing which inputs and components
disproportionately impact the Carnot battery.

There are three design variables: the heater size, storage capacity, and discharge
power block size. Each comes with a cost associated with them. To see how these
would impact the profitability each year, it is necessary to run them through a
dispatch analysis. The process is not linear since a change in the design will impact
the investments and the dispatch in ways that are not proportional.

However, it is not feasible to run every combination of the variables since the
dispatching is time and memory intensive. Thus, a genetic model is used from an
established library, Pygad (Gad, 2021). This is a technique to test a non-linear
problem stochastically and systematically. The process has a few steps:

1. An initial population is generated. This population is a set of possible solutions
based on the three design parameters, heater, storage sizing, and power block.
The power block size is set by the retiring power blocks in a given bidding zone.
An initial population was created out of the power blocks. For example, a
population of ten sets of two numbers is created.

2. This population is tested for fitness. In this case, fitness is one of the KPIs for
example NPV.

3. The fittest members are selected as parents. This could be four parents in a set of
ten.

4. Parents crossover. Crossover is when the input numbers are traded among the
parents to create a new population that has a similar feature as the parents.

5. Then the population mutates. Adaptive mutation means that the better-fitting

members are less likely to mutate. This ensures that all new solutions are created

for the next generation.

The crossed and then mutated population is the new generation.

7. The process is repeated keeping track of the fittest solution for either a set
number of generations, until a specific fitness is met, or no change in best fithess
across many generations.

»
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First population

The initial population was built by taking the unique power blocks available in a giving
bidding zone and then building dispatch optimizations for each of a combination of
factors. This initial population is based on the results of the literature. Zurita et al.,
(2021) show that circa 8 hours of storage lead to the best result in a CSP and molten
salt configuration. The Siemens Gamesa system in Hamburg has a feed-in electrical
heater of 1 to ratio to its power block and storage sized as 24 hours of those.

For each unique power unit size available:
For each heater factor in [0.3,1,3,10]
For each storage hours in [0.1,1,2,3,6,8,12,24]:
Set heater to heater factor*power unit
Set the storage to storage hours * power unit
Optimize Dispatch

Save Results

This initial population improves the genetic algorithm by taking some of the starting
randomness out. Otherwise, the algorithm may propose solutions that are not
feasible, a heater too small to compete with the thermal losses or are unlikely to be
economically feasible since there are not seen in similar applications.

Direct Heater Size P
Dispatch
Storage Size e T & ] Fitness

Financial

Power BlockSize

Figure 12 Analysis of a configuration in the genetic algorithm.

In the genetic algorithm, three features can be changed to see how well a given
configuration is done in a bidding zone. These can be thought of as genes. These
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are simply numbers within a given range for example 30 MW direct heater, 3000
MWh storage capacity to a power block of 30 MW. A dispatch and financial
evaluation are carried out to see to what extent a configuration is well-fitted. The
fitness can be NPV, IRR, LCOE, etc. but is constrained to a single objective or a
weighted.

Crossover
Direct Heater Size X Direct Heater Size Y
Best Fitness Second Best Fitness
Storage Size A Storage Size B

Power Block Size

Power Block Size Delta
Omega

Direct Heater Size X Direct Heater Size Y

Storage Size B /\ Storage Size A

Power Block Size Power Block Size Delta
Omega

Figure 13 Crossover process illustrated.

Good solutions cross over (get properties from other good solutions) to create new
possible solutions to be tested in the next generation. Parents are kept seeing if the
offspring do better or not. A "tournament" determines which parents and genes are
selected to crossover. In the example above, the storage size of one parent is
inherited by one child while otherwise keeping their other (genetic) properties
(Molyneaux, 2005).
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Mutation

Direct Heater Size Z Direct Heater Size Chi
Above Average Fitness Below Awerage Fitness

Storage Size C Storage Size Delta

Power Block Size Power Block Size Delta
Omega
. - Direct Heater Size
Direct Size Z Chi+random
Storag e Size C+random Starage Size Delta

Power Block Size
Omega

Power Block Size Delta

Figure 14 lllustration of the mutation phenomenon.

New possible solutions are also created by adaptive mutation. This introduces a
randomness (stochastic) process to get better coverage. In the example, the storage
size was mutated in the above-average arrangement and the direct heater in the
below-average solution. Note that arrangements that lead to better than average
fitnesses are less likely to mutate so there is a balance between creating new
arrangements and convergence of the population around better solutions as
generations go by. The size of the mutation (once it occurs) is random but within the
feasible arrangements. This means that a new power block gene will still be within
the list of unique power blocks for the bidding zone.

Preliminary analysis

Several simpler analyses were carried out to check in a computationally simple way
which of the bidding zones is more likely to be well fitted for the thermal battery with
standard deviation, which energy markets are more volatile (and thusly the
assumption that they can be easily predicted is violated), to what extent a time limit
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impacts the optimization problem above, and exploration between the relationship
between CO2 emission. Finally, earlier simulations, with incomplete or incorrect
variables and equations did provide insights into which scenarios should be tested in
more detail and pointers for the sensitivity analysis.

Standard deviation and volatility

So the bidding zones in Europe were analyzed using their standard deviations to
check which would be more receptive to batteries. The underlying concept is that
standard deviation captures how much the bidding zone’s prices vary relative to the
mean. This is relevant to the battery dispatch as more variation is more. A rolling
standard variation the covers a specific period such as 24 hours where the standard
deviation is carried out.

Volatility is a measure of how unpredictable an energy market is. Several
methodologies range in complexity. Since it is not central to this work, a simplified
method that takes into account weekdays, the previous week’s prices, and the
previous week’s demand. This methodology is very simple which misses some of the
nuances of volatility analysis with jumps and conflates random error with the
measurand. It serves however as a methodological way to quickly test in which
bidding zone the underlying assumption that the energy prices can be foretold (to
ascertain that the battery is being charged at lows).

The solver of the dispatch has the option to either run until the optimal solution is
found or to run until a certain amount of time has elapsed and then it returns the best
solution it has found thus far. In the interest of time, the latter was chosen. To be
aware of the scale of the trade-off in optimization time and results a quick analysis is
carried out to ascertain what impacts a time limit has on the solver.

Carbon dioxide and Price

Although not directly related to the focus of this analysis, it is interesting to briefly
analyze whether the electricity price and the CO2 emissions are correlated. If so,
optimizing for a better price implies optimizing for CO2 emissions. Otherwise, as is
the case, it is possible to implement an optimization for the emissions and open the
analysis for considering the carbon pricing. Preliminary results showed the
importance of the OPEX assumption and showed that the assumption that the power
block can be reutilized is central to whether the model is profitable or not. So these
were tested in more detail.
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Results

The results are divided into two sections. The results are divided into without and
with a district heating demand. Without heat demand, the results show that price
regulation or arbitrage is not a viable market for the repurposing of coal-fired power
plants. The genetic algorithm can effectively find the Pareto front. There are a few
points that lie in the non-domination front. However, these points show that there is
no combination of factors that leads to an economically feasible arrangement. LCOS
is relatively high which can be explained by higher electricity prices and the optimizer
only purchasing and then selling electricity in days of high variation (otherwise the
optimal strategy is to not produce). IRR is seldom defined due to infeasible
arrangements, but the NPV shows a clear connection to the CAPEX.

Price Arbitrage

Since the electricity market is well understood, it is possible to do detailed economic
analysis of a purely Power-to-Heat-to-Power system. The results however show that
even the optimistic scenario are not profitable. The variations of the electricity market
are not sufficient to justify the losses through the low efficiency Rankine cycle. As
Figure 15 shows, no configuration of system was deemed profitable, all the NPVs are
negative. The highest (i.e., least negative) NPVs were for smaller systems. The
results show high LCOS circa 300 € MWh (mostly in Finland) relative to the literature
which points at the goal of 100 €/ MWHh.

Sizing Results for in 2021
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Figure 15 Combined results for 2021 using optimistic assumptions for OPEX and Power Block repurposing costs.
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Role of the Electricity Market

Looking at the results for different electricity markets, it is possible to see the impact
of the standard deviation analysis which shows that in 2021 Romania had the largest
standard deviation whereas France had one of the lower (see Appendix 2). Another
factor that makes France a less suitable candidate is that it has fewer retiring coal-
fired power plants with a little variation between their sizes (two small power blocks in
the 50 MW range and two larger power blocks in the 600 MW range). In summary,
two factors on the national scale influence economic feasibility: the shape of the
electricity market and the availability of retiring power blocks. Most importantly, it
requires a varied market, this allows for the battery to profit from the variations.
Standard deviation analysis is a simple very fast predictor for suitability for Carnot
batteries projects. Many varied unique-sized power blocks allow the model to find the
correct sized heater and storage. Figure 16 shows the cash flows for the full year of
a Carnot battery operating in the German electricity market. The details are not as
relevant as the general trend, that is there is more power purchased and sold at the
end of the year, which reflects price trends at that time. This is a volatile market and
is not as hospitable as the Romanian electricity market, as seen in Figure 17 with the
same configuration. There the Carnot battery is better able to profit from the
changing price throughout the year. The shape of the electricity market and that
dispatch is relevant for sizing remains relevant. A constant variation in price makes
the battery better able to operate.

Cashflow over the year
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Time (hours)

Figure 16 Cashflow for a battery in France, where a positive is a cost to purchase electricity to charge, and minus
is cash inflow from the sale of power when discharging. In red and on the right axis is the cumulative cost
(negative meaning profits).
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Cashflow over the year les
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Figure 17 Cashflow for a battery in Romania, where a positive is a cost to purchase electricity to charge, and a
minus is cash inflow from the sale of power when discharging. In red and on the right axis is the cumulative cost
(negative meaning profits).

Technical KPIs

By looking into the different technical KPIs and analyzing how these fare, it is
possible to establish which are important to ascertain which factors predict
successful behavior.

54



Technical Parameters for 2021
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Figure 18 Technical results for the electricity market at OPEX=1% CAPEX and Power Block at 5% costs.

Figure 18 shows the results by filtering through technical aspects, rather than
economic results. The clear patterns regarding the size of the direct electric heater
impact the CAPEX. In terms of capacity factor, it is again unclear. The high Utilization
Factor is a good predictor of being on the Pareto front pointing at trade-offs between
this technical parameter and economic factors. Finally, the results for the Round-Trip
Efficiency (on the bottom right) are remarkably stable for different configurations. This
supports the results of the sensitivity analysis.

In-Depth Analysis
With the different trends for different countries established, it is possible to have a
deeper look into a few promising points and explore them further.

For one given point, here the results with the best IRR are presented, it is possible to
look in more detail into the financial factors, like the capital expenditures breakdown,
lifetime cash flows of the project, and what are the factors impacting the LCOS
breakdown.

In Figure 19, the breakdown of the different costs is included. For visibility, the two
smallest investments were lumped, namely the foundation and pipes for the Carnot
battery. The power block shown here is assumed to be at 50% of the estimated cost
of building a new power block. Its share decreases or increases if this assumption is
altered.
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Figure 19 Capital Expenditure Breakdown.

Figure 20 shows the cash flow over the entire project, the discounted payback
period, and the final NPV. The discount on future payments has a clear effect on the
progression of the NPV.
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Cash Flow and NPV Over Lifetime
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Figure 20 Cash Flow of a sample result. The Discounted Payback Period (DPP) and final NPV are annotated.

Figure 21 based on similar graphs in the literature shows what are the sources of the
different costs in the LCOS analysis (Lazard, 2021). In this case, the cost of buying
electricity is a clear majority. This implies a risk for the operator. Long-term trends in
the electricity market are difficult to predict and these govern the majority of the
LCOS.

LCOS Breakdown
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Figure 21 The LCOS breakdown for a sample solution.
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CHP Connected to District Grid

The Pareto Front is clear on the multiple objective charts here. This is an expected
result given the multi-objective genetic algorithm used here (Molyneaux, 2005). With
the addition of a heating demand which simulates a district heating network, the
system optimization becomes about heating rather than electricity production. There
are two factors to consider. First, cost optimization is about reducing the costs of
supplying heat, either by storage or power production. Secondly, the only alternative
to storage is via the electric heating system. Thusly providing heating via the battery
is equivalent to providing power (as it replaces power production) with high efficiency.
Thusly, the optimization software finds optimal to store at a low electricity price and
deliver as a heat product, Power-to-Heat-to-Heat. The cost is rarely reduced by
power production, which as the previous section shows is not a viable strategy.
However, as a heat source, the economics are favorable. The necessary cost to
justify the project is comparable to other district heating projects, given the
assumptions about the costs.

Sizing Results Germany 2020 with a Medium Size District Heating Grid (0.5 TWh)
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Figure 22 Results for German CHP. On the left axis is the Levelized Cost of Heating by the Levelized Cost of
Storage. The coloring is based on the CAPEX. It clearly shows the trade between LCOH and LCOS.

Figure 22 summarizes the results. With the economics for heat markets not as well
defined as the hourly day-ahead electricity market, the LCOH is a good measure of
the viability of a system. The system becomes more of a thermal battery and less of
a Carnot battery. Some dispatch optimisations even show no power production at all.
With the heating demand, however, the battery could be profitable, as the optimal
sizing has LCOH around 50 €/ MWh at a low CAPEX, with optimistic assumptions. It
is conversely, possible to achieve high but reasonable LCOS (400-500 €/MWh) at the
expense of CAPEX. Smaller and larger distribution grids presented a similar curve
but with higher or lower LCOH, respectively. The LCOS is comparable for smaller
grids. Larger district heating grids have higher LCOS as the systems which are viable
often produce exclusively power and higher CAPEX since smaller system are unable
to cover the heat demand. Those are deemed infeasible by this optimization.
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Analysis and Sensitivity

A sensitivity analysis of the model and the results is carried out to understand the
trade-offs when simplifying systems and ensuring the robustness of the model.

Model metrics

Since the dispatch model had to operate sufficiently quickly to consider hundreds of
configuration points, it is necessary to trade off some optimization for a time
constraint. However, the results should not be compromised, this sensitivity analysis
is carrying out the dispatching for the same configuration under different time
constraints. Since the best result is returned at the end of the time, increasing the
time limit led to better results, to a point. Note that this is a simplified analysis since
there is machine randomness to consider, so even the same simulation can lead to
different run times.
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Figure 23 Sensitivity analysis of a sample dispatch for different time scales.

Sensitivity analysis

Carrying out a sensitivity analysis for a fixed configuration shows the impact of the
efficiency on the factors is disproportionally affected by the efficiency of the battery. It
is particularly noteworthy that for the point analyzed, which was profitable with the
assumed efficiency, a lower efficiency value led to an unprofitable solution. Similar
(but perhaps inverted) patterns are seen for the other metrics. The results are
therefore extremely sensitive to the efficiencies. This is a dynamic process that
depends on the dispatch parameters (i.e., energy sent to the turbine relative to the
nameplate and heat extraction). These factors require further attention for future

59



studies in which non-linear optimizations or discretization are carried out for the
dispatch.

If two assumptions are made about the capacity to produce and deliver heat the
model becomes more positive. If there is a demand for heat throughout the year and
heat and electricity are similarly priced, the overall useful energy efficiency of the
system becomes 80%, that is 20% electric and 60% heat as seen in Basta et al.'s
work (2022). In that case, several constellations are deemed feasible even with very
strict economic assumptions.

Summary for Romania
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In short, the model is sensitive to efficiency. With higher efficiency, much harsher

economic assumptions yield positive results. Ultimately it is Rankine’s cycle of low
efficiency which makes arbitrage not viable. Future studies should unpack in more

detail the technical assumptions made here and fine-tune the assumptions in the

technical factors.
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Discussion and Conclusion

In short, the model has successfully shown that even given optimistic and balanced
assumptions regarding operational expenditures and conversion investment, it is not
possible to find arrangements that are profitable and have high returns. Stricter
assumptions especially regarding the operational costs make these results not
profitable. Sensitivity analysis shows that variations to the efficiency in and out of the
battery impact the results, whilst different economic models do not. With the results
of this model in mind, it is possible to discuss its implications. Then what these would
mean for future research going forward, and some concluding remarks answering the
research questions.

Discussion

This model is an open-sourced approach to addressing the literature gap in the often
discussed but not analyzed, the possibility of incorporating energy storage into
retiring coal-fired power plants. The model showed a balanced and positive picture
taking into account the underpinning assumptions. It remains to be seen whether
other more profitable enterprises use the same resources, raising the opportunity
costs. These are for example data centers that can make use of the electrical grid
connection and water cooling (Uhlenhuth et al., 2020) or natural gas turbines. The
question remains whether other limitations would not allow for the integration of the
Carnot battery into the site or would imply increased costs which make the
technoeconomic analysis less favourable.

It is beyond the scope of this paper to analyze the impact of the retirement of coal-
fired power plants. Based on historical data It is possible to argue that as these
dispatchable energy sources are being substituted by VRE, the variance of the
market will increase leading to better conditions for the integration of energy storage
systems. Also, outside the scope of this work but worth placing in his context, is that
the economic analysis should be made with a critical perspective. The economic
standpoint here is of a small fraction of shareholders, namely equity and debt
holders. Other shareholders, such as coal-fired power plant employees and people
who live in the area, should be considered. Whilst this paper does not take a social
perspective, the closing of coal-fired power plants can be beneficial for the health of
those living in the area but it will likely impact their livelihood, especially those who
worked there. A Carnot battery can be a solution to keep the valuable human capital
of the retiring coal-fired power plant in place. This work also assumes that future
planned retirements will take place. Whilst it is impossible to predict if the governing
bodies will follow through on their commitments it is an addition to the
implementation. This highlights the importance of governance being dependable so
that other actors can plan and invest accordingly.

Further research
One of the main advantages of using open-sourced modeling is that it is versatile and
can be applied to further methods without licensing restrictions. There are several
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aspects to be considered further: validation, technical aspects of repurposing, heat,
an industrial case study, carbon pricing, and modeling the electricity grid.

The model presented here is subject to several assumptions about the technical
aspects of dispatch energy. Validation by obtaining data from operating Carnot
batteries, although these are few, could guide the dispatch modeling process. It can
be then improved to better match reality, or its error understood. If there are any
systematic mismatches between the empirical data and the model those can be
corrected. The system is simplified, and a certain level of error is expected and
acceptable. However, it is important to be aware of the margin of error.

This study hinges on the assumption that coal-fired power plants can be repurposed.
Technical analysis of a sunsetting power plant can be relevant. Such a study can
answer the questions regarding what such repurposing would entail in practice. Then
further nuanced projections of the cost of the power block adaptation can be made.

One of the main advantages of running a thermal battery is that it can output energy
in the form of heat in a very efficient way. Coupled with the demand for heat in the
district heating networks are the heating needs of the industry. A more in-depth
analysis of meeting heating demands and finetuning the underlying software would
be the next step forward. Current CHP plants do not operate alone but rather in
conjunction with heat pumps or heat only boilers. By including these in the analysis, it
is possible to see if a Carnot battery could provide the same service, the base load,
in a heat and power system. Unlike electricity which is in constant supply and
demand with a very clear price and pricing market, heat is not a well-established
market. The process would therefore require sizing a battery following heating
demands (and in cooperation with other conventional energy sources, such as
natural gas). The financial analysis would be a comparison to the costs of the
conventional system.

Then with an electricity and heat system in place, it will be possible to explore a case
study for a risk-averse industry. As mentioned above, the heat and electricity
demands can be inputted into the system and supplied, either by conventional
heating systems, the electricity grid or by storing earlier than releasing the energy
with the Carnot battery. The dispatch and financial analysis combined with the
genetic algorithm can be used to find a profitable configuration. Finally, there are two
features in the industry that are more understood than in the utility case: waste heat
and carbon pricing. Waste heat if not already utilized by the industry in question can
be used (with or without upgrading via a heat pump) to charge the battery and supply
heat or power at a more costly time. Carbon pricing is a complex market tool that
sets ceilings for carbon dioxide emissions for different processes.

An extensive and more nuanced analysis of how carbon pricing in the cost schema
for this battery should be factored into calculating its financial aspects. Carbon pricing
is becoming an established market tool to support the transition to processes that are
more efficient in terms of climate change impact. By incorporating carbon pricing into
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the Carnot battery, it can be pushed to store lower-emission energy rather than solely
cheaper energy. Finally, the analysis rellies on intraday prices, for which no
forecasting is necessary on a daily basis. Intra-day prices (which change hourly) are
more varied and could be used for price arbitration if the forecasting problem is
addressed.

Electricity is transferred in and out of the system without consideration for the local
grid. One advantage of repurposing retiring power plants is that they are built into the
transmission grid. It is possible to test the impact of switching a generating power
source to one that also consumes power. The IEEE Reliability Test System, the iUl
(a typical utility infrastructure), or a model of the local grid could be tested with a
transient battery instead of a generator (Bauer et al., 2022; Subcommittee, 1979).
This would highlight the impacts on the local grid such as voltage drops. These are a
few directions that this model can be improved or applied to in the future. It is a
flexible model in its infancy which can grow.

A factor which was relevant in the optimization results, particularly with a 24 hour
time scale was the economic losses or the suboptimization due to maintaining the
lower temperature (here modelled as a minimum charge) on longer periods of low
price variations. To avoid freezing, the battery must be at above a certain State of
Charge. Since losses are based on the State of Charge, the battery tends to operate
at a low level. In days of no variations, the optimization would be to charge and
discharge even though not economically optimal in order to avoid the lower bound.
Researchers should take this into consideration when considering the LCOS and
LCOH of thermal storage systems.

Conclusion

The goal is to facilitate the planning of the closing of power plants to make use of the
existing resources and infrastructure. This goal is met is by finding the optimal
techno-economic point of the size of the (heater, storage, and power block)
components. This is an untested idea, with a maturing technology so a more robust
model which provides an overview of the possibilities is arguably more relevant at
this stage.

The proposed model answers the question: is a stand-alone thermal battery fitted to
a certain bidding zone or a district heating grid lucrative? It cannot be lucrative given
historical data as a conventional electricity storage. Even when including early 2022
in the analysis (not shown in the results), which was a particularly unstable period for
energy prices, the variations were not enough to justify a purely electric Carnot
Battery conversion. The system could function as a repurposing of a coal-fired plant
into a thermal storage system that sells heat in addition to power. In this case, the
connection to a district grid and the opportunity to sell heat would make the project
justifiable or comparable to other CHP economic metrics. In larger district heating
grid the optimization pushed to system to a thermal only solution. However, given the
lower temperatures of district heating perhaps a large heat pump and simple
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accumulator combination is a more viable solution. The software can provide Pareto
charts that allow for the different actors involved, such as constructors or operators,
to see the trade-offs in the different stages of construction or ownership of the
project. These trade-offs including balancing the advantages of CHP plants. There
may be scenarios where the combination of LCOS, LCOH and CAPEX are useful.
The tool provided is also open-sourced so that different actors can use and change it
according to their needs or make simple adjustments such as financial analysis at
different equity/debt points. With more data about district heating networks, the
software can be applied to quickly test the feasibility of implementing this repurposing
to a particular plant.

Previous literature has provided an analysis of the potential for improving operating
power plants with thermal batteries. Whilst the reduced emissions and economic
advantages are an improvement, the trend in Europe is that coal-fired power plants
are closing. Finally, it is clear the energy market shapes the sizing of the market. In
short, Carnot batteries could be implemented into markets with high price
fluctuations, if the power blocks can be repurposed, the operational costs are kept
low, and there is a heating demand market to be served.
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Appendix: Preliminary Studies

Two pivotal preliminary studies were carried out to quickly predict whether a given
energy market is conducive to Carnot Batteries. First is the rolling standard variance.
This is an application of the standard variance, the basic statistical analysis tool, to
the electricity price in a window of 24 hours. The result then shows how much the
electricity price varies in a daily cycle, which is relevant for the industry and the
Carnot battery. Secondly, a volatility analysis was carried out. Volatility is a measure
of whether an energy market is predictable. There are several methods for
quantifying volatility but the analysis carried out here is based on the work of Benini
et al (2002).To get the expected price the price of an earlier similar point with
accounting for the day of the week and the demand at both points expected and
earlier points. Similar points are based on the days of the week: Sunday, Mondays,
Tuesday, Friday, and Saturday are compared to the prior week. Wednesday and
Thursdays are compared to the point 24 hours prior. The standard variance of the
difference between this simple expected price and the actual value at that point is the
volatility over a period. Benini et al. (2002) have applied a two-week perspective but
here the daily scale is more relevant.

365 1 24
Standard Variance = Z >3 z (Pricepyy,r — Price)?
day=1 hour=1
Equation 19
. . Loadhour
Prwehour,expected = Prwesimilar ) Load
0algsimilar
Equation 20
Upour = Pricehour - Pricehour,expected
Equation 21
365 24
. 1
Volatility = 23 (Unour — Unour)?
day=1 hour=1
Equation 22

So whilst the price has to vary, be different at different hours, to be volatile, it is
possible that the price varies systematically and thus is varied but not volatile. On
one hand, a varied electricity market is more welcoming for a Carnot battery, since it
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shows that there are low and high points to buy and sell electricity. Volatility on the
other hand goes against the underlying assumption that the dispatch can predict.
Since time to run the dispatch model is a constraint, the countries with high variance
and lower volatility were focused on since the results they were more likely to lead to
robust results. Romanian had in that sense exemplary numbers. The Nordics are not
very relevant for this study since no coal-fired power plants are closing there.
However, the analysis shows that the low and stable electricity prices are neither
varied nor volatile. Another supporting element is that neighboring countries also
have similar variance and volatility spikes.

Table 5 Analysis of Standard Variation and Volatility for Selected Bidding Codes.

Bidding Code \S/fg‘a‘igg Volatility
RO 106.1 1477.6
FR 84.6 2230.1
CH 84.5 1364.9
BE 79.9 2478.6
ES 751 2009.3
PT 751 1997.6
DE LU 74.4 1887.6
cz 72.2 1566.9
SE 4 64.7 3252.8
DK_2 68.3 3083.2
EE 68.3 28235
Fl 66.1 3132.9
DK_1 65.2 24416
SE 3 60.2 3002.8
NO_1 495 1688.1
NO_2 49.0 1534.8
NO_5 48.8 1638.1
NO_3 26.7 2046.1
SE 2 28.5 2777.8
SE 1 28.4 2678.7

NO_4 26.1 1952.2
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Appendix: Carbon equivalent

Carbon intensity data for Germany was obtained via the academic license of the
electricity Map (2022). Carbon accounting is a complex field of its own with the
intricate discussion surrounding whether marginal or average values should be
applied. Combining the grid’s carbon intensity and the electricity pricing it is possible
to test if the price matches with carbon intensity. If the price is positively correlated
with the emissions, the Carnot battery does not need any more signals to operate in
a way that reduces the overall impact of the grid. The hypothesis is that both price
and carbon intensity drops as renewables come to full capacity. So a very simple
regression is carried out to test if that is the case, in Germany in 2021. The results
however are not very promising.
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At a glance, there are lulls in both the price and carbon intensity which seem to point
to a correlation. However, a simple linear regression shows statistical insignificance
and a weak effect. There are many hours with low prices and a high carbon footprint
and no hours with a high prices and a low carbon footprint. Extrapolating such weak
patterns to 30 years is questionable. Therefore, another mechanism or signal needs
to be implemented if the carbon equivalent emissions should be optimized for the
dispatch. It is possible to optimize for a reduction in carbon emissions, but
conversely, the reduced financial prospects make its implementation unlikely.
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Appendix Choice of Optimizer module

While it is possible to custom-write a solver, there are reputable projects which have
done this. The criteria for the choice of optimization module were based on whether
the project was open-sourced, threading, warm start, and finally whether it could deal
with the second stage of optimization which is non-linear.

The concept of open-sourced is defined if the project's underlying code is made
available including but not necessarily for contributions if the code is made available
for free, and what licensing the code is under. There are commercial applications that
often obfuscate the source code to protect their intellectual property and sell it as a
product or service. These commercial codes have academic licensing which means
that students and researchers have access to the product. It does mean that
academic work can be reasonably reproduced, and for-profit use can support its use.
Commercial applications have the benefit of being supported by a well-funded
company. It is not ideal as this is still subject to licensing and protection of intellectual

property.

Threading is the process of separating the calculation over several parallel processes
(or threads), it adds complexity to the system as processes that depend on each
other can lead to deadlock and non-negligible random errors can occur. Certain
processes benefit more from threading than others depending on how they are set in
the machine. The upside is that the resources of a computer are better utilized,
leading to the process running significantly faster. Since solving the model is by far
the slowest step in the process if the solver can use multithreading the bottleneck is
avoided or at least alleviated. Another way of speeding up the solving mechanism is
to allow for a warm start (not to be confused with a hot start in turbine maintenance).
A warm start is the usage of mathematical features as well as starting points from
another earlier solution of the optimization. Since the optimization is broken down
into weeks, there is a very similar process being repeated. A solver that allows for a
warm start can store the mathematical features of the problem, in the form of
matrixes, as well as the previous solution as a starting point. Finally, whilst the
simplified dispatching is built as a linear problem, the sizing is non-linear. For a given
unknown x, linear optimization problems are those which depend on x! formulations,
that no x?, two unknowns Xy, or noncontinuous equations can be presented (although
some linear solvers can deal with the power of two but not higher-order) or two
unknowns to be solved for multiplied. These are mathematically quicker to estimate
because their derivatives can be used to establish the trend. The dispatch, which in
this case is a means to the end of establishing the sizing is formulated as a linear
problem. However, the non-linear problem of the sizing needs to be addressed thusly
it is good to map out which solvers can deal with non-linear problem formulations.
Finally, two solvers were used, CBC and PYGAD, for the linear and non-linear levels
respectively. Pyomo was used as the higher-level language for the CBC model.

74



Table 6 Summary of relevant optimization models evaluated.

Optimizer | Method Open-Sourced Threading | Warm Non-linear
name (commercial, start optimization
academic, free,
or free open-

source)
GLPK Linear Free and Open- No No No
Programming | Source
Ipopt Inside point Free and Open- No No Yes
Optimization Source,
dependencies

can be under an
academic license

CBC Branch and Free and Open- Yes Yes No
Cut with Sourced
Multiple

Integer Linear
Programming

CVXPY Several Free and Open- Yes Yes Yes
Sourced
PyGAD Genetic Free and Open- Possible No Yes
Algorithm Source but no
benefit
Cplex Simplex Academic Yes Yes No
Gurobi Several Academic Yes Yes Yes
methods
Matlab Supported Academic Yes Yes Yes
language with
built-in

optimization
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Appendix: Source Code

The code is available with an MIT license on GitHub. The code is in its infancy so
many of the established computer science practices are not in place. The method is
transparent and can be applied in different settings or improved upon. This is a living
resource under development.

https://github.com/VartanAhrensKayayan/carnot-battery-technoeconomic-optimizer
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