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Abstract

WITH the transition to intermittent renewable energy sources, the need for en-
ergy storage is expected to increase significantly. Moreover, the technolo-

gies required for this transition will lead to a substantial rise in demand for strategic
materials, making their rational and optimal use essential. It is therefore crucial to
develop various storage technologies, each tailored to meet specific needs. In this
context, Carnot batteries, which store energy in the form of heat and convert it
using heat pumps and heat engines, emerge as true Swiss Army knives for multi-
energy systems, particularly benefiting from the heat-to-power coupling. How-
ever, for Carnot batteries to effectively contribute to the energy transition, optimal
thermodynamic and economic configurations must still be identified, both in terms
of use case and technology. More specifically, low-temperature systems (< 150◦C)
have been scarcely investigated within literature. To broadly explore this challenge,
this thesis proposes a three-pronged approach:

(i) Thermodynamic optimisation, aimed at identifying the configurations that
deliver maximum performance while aligning with diverse technological
preferences;

(ii) Techno-economic optimisation, based on two case studies, to characterise
and understand how to improve their financial performance and their con-
tribution to energy systems;

(iii) Environmental optimisation, to identify the distinctive environmental bene-
fits of Carnot batteries compared to more popular electro-chemical batteries.

Importantly, our work proposes several methodological innovations. Regarding
thermodynamic design, the ’Modeling to Generate Alternatives’ approach was ap-
plied for the first time to the optimisation of thermodynamic cycles, in order to
investigate a wide range of Carnot battery configurations and identify the nec-
essary trade-offs. Regarding techno-economic optimisation, Linear Programming
was used, with the goal of optimising both the design and operations of the sys-
tem. Lastly, we report one of the first Life Cycle Assessment of a Carnot battery,
using a prospective approach to challenge the widely-held belief of reduced im-
pact compared to electro-chemical batteries. Due to its superior performance for
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low-temperature systems, the Carnot battery technology examined in this work
is based on vapour compression heat pumps, sensible heat storage in pressurised
water tanks, and organic Rankine cycles.

The results show that identifying optimal designs is not straightforward, as power-
to-power efficiency (affecting operational costs) and electrical energy density (af-
fecting capital expenditure) are generally conflicting objectives. Additionally, de-
pending on design parameters such as storage temperature, cycle regime, or fluid
selection, not all technological preferences can be simultaneously satisfied. Trade-
offs in performance must therefore be discussed to identify the design best suited to
the intended integration. For example, opting for volumetric compression and ex-
pansion machines, and tolerating moderate pressurisation of the storage (2.5 bar),
efficiencies between 26% and 33% could be achieved, with corresponding energy
densities ranging from 3.7 kWhel/m3 to 2.1 kWhel/m3. The economic analysis
reveals that, under conservative costs assumptions, Carnot batteries are financially
viable–though not competitive with electro-chemical batteries. Two cases are specif-
ically examined: (i) Electricity storage to improve energy self-sufficiency in a data
centre fed by a photovoltaic system, and where waste heat helps increase the Carnot
battery efficiency; (ii) Combined heat and power storage in residential applications.
For both applications, opportunities for improving the Carnot battery design are
thoroughly discussed, pointing towards enhanced performance potential. Finally,
the environmental analysis shows that Carnot batteries do not provide a substan-
tial benefit in terms of greenhouse gas emissions compared to lithium-ion batteries,
mainly due to their much lower efficiency, which requires increased deployment of
renewable energy sources. However, they offer a distinct advantage in terms of
mineral resource consumption, which could be further reduced by replacing steel
with other materials, such as plastic, for the construction of the thermal storage.

In conclusion, although Carnot batteries suffer from lower technical and economic
performance compared to technologies such as electro-chemical batteries, they re-
main a flexibility option worth considering for heat and power coupling, and for
reducing reliance on strategic materials. The recommendations at the end of this
thesis also provide avenues for improving their performance.
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1
Introduction

ENERGY storage has existed since mankind has mastered energy. The ongoing
energy transition, however, has revitalised its importance, driving the de-

mand for clean and efficient solutions. Carnot batteries present several advantages,
including heat and power coupling, making them valuable complements to exist-
ing and other emerging technologies. Yet, they face challenges, notably lower ef-
ficiency and unproven financial feasibility. In order to guide their development,
this thesis contributes to defining the optimal role of Carnot batteries in renewable
energy systems, and to optimising their nominal performance.

1.1 Context

1.1.1 Energy storage

An historical perspective
Energy storage is neither a new necessity nor a recent innovation. Historically,

when energy systems relied on intermittent renewable sources–complemented by
controllable ones like coal or biomass–storage was crucial to capture energy when
available and release it when needed. It also enabled concentrating energy, allow-
ing for higher instantaneous power outputs than the original source could pro-
vide. Early examples include water wheels, where upstream basins could store
the kinetic energy of rivers as gravitational potential energy, later converted into
mechanical work [1]. More recent developments, emerging at the turn of the 20th
century and operating on seasonal cycles, are mountain hydroelectric dams, which
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store spring and summer snowmelt for electricity generation during autumn and
winter [2–4]. Solar-powered organic Rankine cycles (ORC), often paired with ther-
mal energy storage (TES), represent another application [5, 6].

With the advent of large-scale electrification and well before any defossilisation,
energy storage became pivotal for lowering costs and enhancing power system op-
erations [7, 8]. It acts as a buffer to mitigate the inflexibility of certain generation
sources and to reduce the need for extensive controllable (often fossil-based) gen-
eration capacity to meet peak demands. A notable large-scale solution is pumped-
hydro energy storage (PHES), which began developing in the second half of the
20th century to enhance power systems flexibility. By 2020, PHES accounted for
over 150 GWel and 8 TWhel of the global capacity, making it the most prevalent
form of grid electricity storage worldwide (> 95%) [9]. Other industrial appli-
cations, like steam accumulators, further highlight the widespread use of energy
storage technologies. Even at the residential level, to address the daily opera-
tional rigidity of large scale coal and nuclear power plants, electric storage heaters
(i.e., heat accumulators with refractories) have been used to accumulate energy
overnight–through the off-peak tariff mechanism–and release it during daytime [10].
Similarly, electric boilers accumulate energy over long periods (typically at night)
to provide high thermal power over short durations (around 10 to 20 kWth for
activities like showering), thereby reducing grid connection needs and associated
generation capacity [10]. Cold storage in ice banks, widely used for air conditioning
in large buildings, offers another example [11]. These cases also illustrate how cou-
pling different energy vectors–such as using electricity to supply thermal needs–
can enhance energy systems design and operation.

A need renewed by the energy transition
In response to climate change, primarily driven by the combustion of fossil fu-

els, transitioning to climate-neutral energy systems with greater reliance on renew-
able energy sources is essential [12]. Currently, nearly three quarters of greenhouse
gas (GHG) emissions are associated with the use of fossil fuels [12]. Nevertheless,
climate change is only one facet of a broader challenge: the energy transition must
also align with respecting the nine identified planetary boundaries [13, 14].

Various energy transition scenarios propose optimal pathways from a techno-
economic perspective, predominantly relying on intermittent renewable energies
such as solar and wind [15–19]. While these scenarios are not unique and re-
flect socio-political choices and compromises, such as the degree of energy suffi-
ciency [20–23], studies consistently indicate that energy systems will heavily de-
pend on these intermittent sources, and thus necessitate flexibility options [18, 19].
For instance, in Belgium, wind and photovoltaic electricity could account for ap-
proximately 30% of the primary energy supply [16, 17], while this figure rises to
70% and even more for whole Europe [18, 19].
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At present, flexibility is primarily provided by fossil-fueled peaker plants, which
must evolve in alignment with the energy transition [16–18]. Achieving this flexi-
bility will require measures such as demand-side management, expanded grid in-
terconnections, and increased sector coupling [24]. However, temporal mismatches
between production and demand, such as day/night and summer/winter cycles,
will significantly drive the demand for energy storage [25].

Each storage option has its own optimal economic model, tailored to specific
time frames and services within the energy system [26]. For example, grid-scale
batteries are well-suited for short-term storage, spanning a few hours to a day,
and for providing grid balancing services [25, 26]. Batteries will also play a piv-
otal role in mobility [16–18]. Seasonal heat storage, such as pit thermal systems,
can store heat in summer for release in winter [16, 18]. Hydrogen and its deriva-
tives (the so called electrofuels) will likely serve as energy carriers, transporting en-
ergy from regions with high renewable potential to areas with low potential and
high demand [16–19]. These carriers will also replace fossil fuels in applications
where direct electrification is challenging, such as long-distance transport, high-
temperature industrial processes, and non-energy uses [18]. Pumped-hydro energy
storage will continue to balance the grid and shift solar energy production to align
with demand [16].

The various energy storage technologies are not competitors but complemen-
tary solutions, each with its optimal role within the energy system. Given the
substantial energy storage capacity that must be deployed to enable the energy
transition [16–19], and considering the limited potential for expansion of certain
technologies like pumped-hydro due to geographical constraints [9], the addition
of any viable storage capacity is highly valuable. For the sake of resilience and
robustness, it is also crucial to diversify the portfolio of technologies. As a result,
the development of new storage technologies has become an active research area.
Efforts are being directed towards innovations such as compressed air energy stor-
age, redox-flow batteries, liquid air energy storage, metal fuels and more. Within
this dynamic research landscape, the concept of Carnot battery has emerged, offer-
ing a novel approach to addressing future energy storage needs.

1.1.2 Carnot batteries

Concept and genesis
Carnot batteries store energy in the form of thermal exergy. During charge, a

receiving machine (i.e., a heat pump) converts work into an exergy difference be-
tween low- and high-temperature reservoirs (this is analogous to potential energy).
This exergy is accumulated in a thermal energy storage. During discharge, a prime
mover (i.e., heat engine, or power cycle) converts the stored exergy back into work.
This cyclic process is illustrated in Fig. 1.1.
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charge dischargestorage
heat pump heat enginethermal energy storage

Fig. 1.1 Representation of the Carnot battery concept. W+ and W– are the incoming and
outgoing work (or electricity), respectively. Q+

L and Q+
H denote the heat exchanged during

charge with the low and high temperatures reservoirs. Q–
L and Q–

H are for discharge.

In energy terms, for charge, the heat pump transfers heat from a low-temperature
reservoir (extracting heat from it) to a high-temperature reservoir (delivering heat
to it), thus creating heat and cold. For discharge, the stored heat drives the heat
engine, transferring heat back from the high-temperature reservoir (extracting heat
from it) to the low-temperature reservoir (delivering heat to it).

By analogy with pumped-hydro energy storage (PHES), Carnot batteries have
historically been referred to as pumped heat energy storage (PHES) [27, 28] or
pumped thermal energy storage (PTES) [29, 30]. To a lesser extent, other terms
such as electro-thermal energy storage (ETES) [31], thermo-electrical energy stor-
age (TEES) [32, 33] and compressed heat energy storage (CHEST) [34] have also
been used. However, the term Carnot battery, which encompasses all these con-
cepts, tends to become the standard since 2020–at least for Rankine cycle derived
systems [35–41].

The name Carnot battery is a direct reference to Carnot’s reversible cycle [42].
Assuming reversible cycles for charge and discharge, the power-to-power efficiency
ηP2P

1, which is defined as the electrical energy (or work) recovery ratio, is always

1The term power-to-power efficiency is preferred over roundtrip efficiency. Here, power refers
to the electricity entering and leaving the system (i.e., electrical energy, not the rate of energy
transfer), whereas roundtrip efficiency encompasses all forms of energy entering and exiting
the system (i.e., electricity, heat, and cold). Since this work focuses on coupling with the ther-
mal vector, power-to-power and roundtrip efficiency will not always yield the same value.
Additionally, while the term power-to-power may be considered an imprecise substitution for
work-to-work, its use is justified due to its widespread adoption within the community.
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100%. Neglecting exergy losses in the storage, this is demonstrated as

ηCarnot
P2P =

W–

W+

=
ηCarnot

HE · Q–
H

Q+
H/COPCarnot

HP

= COPCarnot
HP · ηCarnot

HE

=
TH

TH – TL
· TH – TL

TH

= 1 ,

(1.1)

where COPHP is the heat pump coefficient of performance and ηHE the heat engine
efficiency. The concept of Carnot battery, while gaining attraction in recent years, is
not new–some authors trace its origins back to the 1920s [43, 44]. However, signifi-
cant scientific interest in converting this theoretical concept into practical machines
only emerged in the early 2010s. Notable contributions include:

• Howes [27] and Desrues et al. [45], who independently explored systems
based on closed (reversed) Brayton cycles;

• Mercangöz et al. [31] and Morandin et al. [32], who collaboratively worked
on designs employing transcritical CO2 cycles;

• Peterson [46], who proposed using vapour compression cycles for charging
and (organic) Rankine cycles for discharging.

Their aim was to adapt proven thermodynamic cycles with thermal storage, striv-
ing to minimise irreversibilities, and thereby maximise power-to-power efficiency.
According to the second law of thermodynamics, any heat exchange between the
cycles and storage conducted in finite time inevitably involves irreversibilities (i.e.,
the so called external irreversibilities). Furthermore, technological limitations in-
herent to the design and operation of practical machines lead to internal irreversibil-
ities (e.g., friction, pressure drops, and non-idealities in compression and expansion
processes). As a result, the efficiency of a real Carnot battery will always fall short
of the ideal 100%.

To characterise this practical performance, a simplified model that accounts for
both external and internal irreversibilities can be employed. Key parameters in this
model include ΨCarnot

HP , the fraction of the Carnot COP, and ΨCarnot
HE , the fraction

of the Carnot efficiency. These are defined as

ΨCarnot
HP =

COPreal
HP

COPCarnot
HP

ΨCarnot
HE =

ηreal
HE

ηCarnot
HE

,
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with COPreal
HP the coefficient of performance of the real heat pump and ηreal

HE the
efficiency of the real heat engine. The real efficiency of a Carnot battery ηreal

P2P can
then be written as

ηreal
P2P =

W–

W+

= COPreal
HP · ηreal

HE

= ΨCarnot
HP · TH

TH – TL
· ΨCarnot

HE · TH – TL
TH

= ΨCarnot
HP · ΨCarnot

HE .

(1.2)

Achieving efficiencies of 50% requires ΨCarnot
HP and ΨCarnot

HE of approximately 70%,
which is close to the upper limits of current technological capabilities. As a result,
since the early 2010s, designing systems maximising ΨCarnot has been an active
field of research, with new concepts introduced since then.

Distinctive advantages of Carnot batteries
From more pragmatic and technological perspectives, Carnot batteries present

several advantages, which highlight the reasons behind the growing interest in
them. First, the investment and maintenance costs could be relatively low. If ther-
mal storage relies on abundant materials such as water or rocks, its cost can remain
low (i.e., low cost per kWhth). Furthermore, as the cycles are closed (i.e., no di-
rect exchange with the environment) and do not involve reactive transformations,
fouling is limited. Additionally, Carnot batteries could have exceptionally long
lifespans. Thermal storage can endure a very high number of cycles with minimal
ageing [47], and the charge and discharge machines typically exhibit long opera-
tional lifetimes. Another key advantage is the limited reliance on rare and strategic
materials. This not only enhances strategic independence of supply but also pro-
vides resilience against price fluctuations. Moreover, the reduced use of scarce ma-
terials is expected to limit the environmental footprint of the system [48]. Carnot
batteries also offer limited safety risks, such as flammability or toxicity, although
this depends on the working fluids and storage temperatures.

Other notable benefits include scalability, with applications that can range from
the kilowatt (e.g., domestic heat pumps) to the hundreds of megawatts (e.g., power
plants) [36, 38]. They are also modular, allowing storage capacity to be expanded
easily by adding more thermal storage units. Unlike other storage technologies,
Carnot batteries benefit from a degree of geographical independence, as they do
not require elevation differences (as with pumped-hydro) or pressure-tight caverns
(as with compressed-air energy storage). They also have potential for retrofitting
steam power plant, thereby reducing investments [49, 50]. Finally, for large scale
systems, the rotating machinery used in the charge and discharge cycles can pro-
vide mechanical inertia to the power grid, which presents an additional revenue
opportunity [51].
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But the key advantage of Carnot batteries probably lies in sector coupling.
By their very nature, they can combine heat and power vectors, as illustrated in
Fig. 1.2. For example, the heat pump can be supplied, in addition to the compres-
sion work, by thermal exergy from a heat source at higher temperature than the
heat sink of the heat engine. This thermal integration, besides increasing the power-
to-power efficiency of the Carnot battery (potentially above 100%), could also pro-
vide flexibility to multi-energy systems. This configuration is commonly known
as thermally integrated pumped thermal energy storage (TI-PTES). Various applications
have been explored, including utilising diurnal temperature cycles, such as charg-
ing during sunny and warmer periods (day), and discharging during colder times
(night). Other applications consider harnessing low-temperature geothermal or so-
lar thermal energy. Waste heat recovery is another interesting route. Some propos-
als also suggest coupling them with district heating systems and seasonal thermal
storage. The stored heat can also be utilised to meet thermal demand, provided the
temperature ranges are compatible. Furthermore, Carnot batteries can implement
combined cooling, heating, and power (CCHP) systems. Other types of couplings
are also possible, including combined heat and power (CHP) generation with the
heat engine, as illustrated in Fig. 1.2.

Challenges for Carnot batteries to penetrate the market

Nearly 15 years after the pioneering concepts were introduced, Carnot batter-
ies have yet to find their market. Two main reasons explain this: the currently lim-

charge dischargestorage
heat pump heat enginethermal energy storage

hot
reservoir

work work

heat heat

low grade heat

thermal discharge

thermal charge

low grade heat

Fig. 1.2 Conceptual representation of the different heat and power coupling options for the
Carnot battery. The cold reservoir is here removed and replaced by the ambient.
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ited penetration of renewable energy means that the demand for storage has not
fully emerged yet [16, 17], and the techno-economic performance of Carnot batter-
ies remains uncompetitive compared with more established technologies, such as
pumped-hydro or electro-chemical batteries. First, under realistic design assump-
tions, the power-to-power efficiency of Carnot batteries rarely exceeds 50% [38,39].
Second, techno-economic studies conducted over the past five years reveal a funda-
mental trade-off between cost and efficiency [52, 53]. This trade-off arises because
increasing efficiency inherently adds technological complexity, such as higher tem-
perature ranges and enhanced component performance, which, in turn, drives up
costs. More specifically, while the energy-specific cost can remain relatively low
thanks to thermal storage, the power-specific cost tends to be significantly higher,
primarily due to the dual cost of the charging and discharging systems.

Carnot batteries still face several challenges if they are ever to reach the mar-
ket. In terms of design, one major question is how to balance system complexity
with investment and maintenance costs. Determining the optimal technological
implementation remains a challenge, as it is highly application-specific (i.e., which
cycles, components?). Identifying more profitable business models and alternative
revenue sources is equally crucial. Questions remain over the optimal scale and
applications: should Carnot batteries target residential use for integrated heat and
power management? Industrial applications for waste heat recovery and to pro-
vide combined cooling, heating, and power (CCHP)? Or grid-scale applications to
deliver ancillary services and energy arbitrage? The business model is equally un-
clear. Is pure load shifting sufficient, or should additional services like arbitrage or
polygeneration be included? Should Carnot batteries focus on ancillary services,
participate in capacity markets, or rely on subsidies?

Operations also present unresolved questions, such as optimising charging and
discharging duration. In sector coupled applications, should thermal or electrical
discharge take priority? The underlying issue remains: what are the optimal ap-
plications for Carnot batteries? Answering this requires detailed case studies to
identify scenarios where Carnot batteries are more relevant than other energy stor-
age technologies. By addressing these questions, Carnot batteries could eventually
unlock their potential as a viable solution within the energy storage landscape.

1.2 Thesis objectives and outline

1.2.1 Research questions
As further detailed in the literature review in Section 1.3, research on Carnot

batteries has historically drawn on the analogy with pumped-hydro energy stor-
age, focusing primarily on their role as a pure grid-scale electricity storage systems
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(i.e., > 1 MWel). This approach appeared promising due to the economies of scale
and efficiency gains achievable at larger powers. Furthermore, systems derived
from the Joule-Brayton cycle appeared suitable (i.e., ηP2P ≥ 50%), provided they
could achieve temperature differences exceeding 500 K between the cold and hot
reservoirs, along with isentropic efficiencies above 90% for compression and ex-
pansion machines [27, 45].

In contrast, the potential for sector coupling, particularly at small to medium
scales (i.e., < 1 MWel), has received significantly less attention. This thesis there-
fore seeks to contribute to addressing the following question:

For small-scale Carnot batteries (i.e., < 1 MWel) to have a significant
contribution to flexibility options for heat and power,

what are the successful thermodynamic and economic configurations?

To address this question, the thesis explores three distinct angles: the first examines
the thermodynamic and technological aspects, the second focuses on the techno-
economic considerations through case studies, and the third evaluates the environ-
mental implications. The overall research question will be addressed through five
specific sub-questions.

Question #1 Thermal integration is an interesting application for Carnot batter-
ies, increasing their power-to-power efficiency and bringing flexibility to energy
systems. For such application, other indicators like exergy efficiency, which also
considers thermal exergy consumption, and electrical energy density must also be
used. However, the performance that Carnot batteries could have with regard to
these three indicators and the wide range of temperatures encountered in real ap-
plications is not yet well mapped. In addition, generic design recommendations to
guide manufacturers are still lacking. We thus ask ourselves:

What is the catalogue of efficient Carnot battery configurations
for small-scale thermal integration, and how can they be optimally designed?

Question #2 Developing a design that maximises these indicators is valuable for
identifying the theoretical optimal performance. However, such a design may be
complex to implement or even impractical from a techno-economic perspective, as
it could require non-standard or costly components. Consequently, it is beneficial
to propose near-optimal alternatives, enabling manufacturers to select a solution
that aligns with their specific preferences and constraints. We thus ask ourselves:

What are the design alternatives and trade-offs to reduce investment
costs and align with different technological preferences?

Question #3 The thermal integration of Carnot batteries offers a wide range of
potential applications, each of which warrants a detailed techno-economic analysis
to assess its profitability. Given the significant energy losses associated with waste
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heat in energy systems (more than 50% of the primary energy worldwide [54]),
this work concentrates specifically on the case of waste heat recovery. We thus ask
ourselves:

Under what real-world conditions could waste heat recovery
be economically viable for thermally integrated Carnot batteries?

Question #4 Another form of coupling is the combined storage of heat and
power, which could be applied in industrial processes or tertiary sector. However,
determining which type of discharge–thermal or electrical–should be prioritised to
maximise system profitability remains unclear, as this choice depends on the time
of day and the season. We thus ask ourselves:

How should Carnot batteries be optimally sized and operated for
integrated heat and power management in residential applications?

Question #5 Finally, Carnot batteries are often praised for their supposedly
lower environmental impact than other storage technologies. However, there is
a lack of evidence in the literature on this subject. We thus ask ourselves:

Could Carnot batteries have a lower environmental impact than
electro-chemical batteries across the main impact categories?

1.2.2 Thesis outline
To tackle the five research questions, the thesis is structured as follows. Part I

focuses first on the thermodynamic aspects, introducing the model (Chapter 2)
and optimising the thermodynamic design for different applications (Chapters 3
& 4). Part II then investigates the techno-economic aspects through two case stud-
ies (Chapters 5 & 6). Part III finally looks at the environmental performance of
Carnot batteries (Chapter 7). Fig. 1.3 illustrates this structure.

Chapter 1 introduces the research question and provides a corresponding state-of-
the-art. It first describes the different Carnot battery concepts, classified according

Techno-economic analysis
(case studies)

Thermodynamic analysis
Environmental analysis

Ch7. Comparative life-cycle 
assessment

Ch4. Near-optimal design to 
generate alternatives

Which perspectives for Carnot 
batteries in renewable energy systems?

Part I Part II
Part III

Ch3. Performance mapping 
across an extended domain

Ch2. From elementary theory 
to practical cycles modelling Ch5. Waste heat recovery in 

data centres with photovoltaics

Ch6. Integrated residential 
heat and power management

Fig. 1.3 Illustration of the thesis outline.
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to the cycles and types of storage. It then reviews the different applications con-
sidered and discusses their techno-economic performance. Finally, it outlines the
main challenges that need to be addressed to further develop Carnot batteries.

Part I – Thermodynamic analysis

Chapter 2 first focuses on the fundamental thermodynamics of Carnot batteries.
Using a simplified model, it provides an intuitive understanding of the phenomena
involved. It then introduces the thermodynamic model used to characterise and
optimise Rankine cycle-based Carnot batteries.

Chapter 3 tackles Question #1. It maps the maximum achievable performance of TI-
PTES based on vapour compression heat pumps and organic Rankine cycles across
an extended thermal integration domain. Based on the optimised cycles obtained,
it provides generalised design guidelines. At various points within the domain,
it also characterises the Carnot battery trilemma, i.e., the fundamental trade-off be-
tween power-to-power efficiency, exergy efficiency, and electrical energy density.

Chapter 4 addresses Question #2, observing that thermodynamically optimal de-
signs may be less favourable from technological and techno-economic perspectives.
To generate alternatives with similar performance, it applies the near-optimal de-
sign method to Carnot batteries. A total of sixteen configurations (with or without
internal recuperators) and different regimes (subcritical or transcritical) are con-
sidered. To this end, a new method for generating alternative designs is derived
from a genetic algorithm. The results illustrate the necessary trade-offs between
performance and technological aspects to meet specific design preferences.

Part II – Techno-economic analysis

Chapter 5 explores Question #3 by focusing on the specific case of waste heat recov-
ery in data centres coupled with photovoltaic systems. The study aims to maximise
both the energy self-sufficiency ratio (SSR) and the internal rate of return (IRR) on
investment. Although these objectives are conflicting, the results demonstrate the
financial feasibility of Carnot batteries under certain conditions. To effectively in-
crease the self-sufficiency ratio, the study also provides perspectives on new Carnot
battery architectures to be evaluated for this type of application.

Chapter 6 focuses on Question #4 by investigating Carnot batteries as integrated
solutions for heat and power management in residential applications with photo-
voltaics. Considering a wide range of possible investment costs, the objective is
to optimise the design and operations of the system to minimise the annualised
energy cost. A linear programming model, based on the performances obtained
in Part I, is used to simulate a housing development of twenty dwellings. The re-
sults demonstrate the potential of the concept under different assumptions (e.g.,
fixed or dynamic electricity pricing) and show that thermal discharges mainly oc-
cur during the cold season, while electrical discharges are more profitable during
the warm season.
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Part III – Environmental analysis

Chapter 7 finally addresses Question #5 by performing a life cycle assessment (LCA)
of the residential case studied in Chapter 6. It compares different energy system
architectures, including those with batteries. Although the environmental impact is
mainly driven by the photovoltaic installation and grid electricity consumption, the
results show that the Carnot battery helps reduce the impact on mineral resource
use. However, in terms of global warming potential, the Carnot battery does not
outperform the Li-ion battery.

The Conclusion draws together the main lessons from the different chapters. It
provides perspectives for future research and further development of Carnot bat-
teries, addressing both thermodynamic and technological improvements, as well
as potential application cases.

1.3 The landscape of Carnot batteries

This section reviews the literature on Carnot batteries. The main concepts and
technologies (see Fig. 1.4) are first introduced and discussed in Section 1.3.1. Var-
ious applications are then presented in Section 1.3.2. The focus is on sector cou-
pling and the techno-economic aspects. The key messages are summarised in Sec-
tion 1.3.3. As a complement to this section, further insights into the commercial
development of Carnot batteries can be found in the review by Novotny et al. [38].

StorageCycles

Carnot 
batteries

Brayton

Solid sensible heat 
storage

Reciprocating, 
Turbomachinery

Rocks, Refractories

Liquid sensible heat
storage

Molten salts ,
Thermal oils

Cryogenic 
hydrocarbons

Rankine

Hybrid latent and
sensible heat 

storage

CO2 transcritical

CHEST

Pure sensible 
heat storage

Basic cycles

Flash cycles

Zeotropic cycles

Variants

Fig. 1.4 Suggested Carnot batteries classification. Not all existing concepts are included,
just the most common ones. Other derived concepts will be mentioned in the applications.
This work investigates Rankine Carnot batteries with sensible heat storage and basic cycles.
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1.3.1 Concepts and technologies

When designing Carnot batteries, the aim is to minimise the internal and ex-
ternal irreversibilities of the charging and discharging cycles. The first step in
minimising external irreversibilities (or heat transfer irreversibilities) is an efficient
match between the thermodynamic cycles and the thermal reservoirs, so as to
minimise the mean temperature difference (see Fig. 1.5). If the reservoir exploits
sensible heat (e.g., water, rocks), then a cycle with non-isothermal heat exchange
will be more appropriate. Conversely, if the reservoir exploits latent heat (e.g.,
phase-change materials) or sensible heat with very low temperature glide (e.g., at-
mosphere), isothermal heat exchanges will provide better performance. The chal-
lenges for Carnot battery designers are therefore (i) to identify the optimal coupling
between proven cycles and existing thermal storage systems and (ii) to modify the
cycles to improve this coupling.

non-isothermal

non-isothermal

isothermal

non-isothermal

isothermal

isothermal

Fig. 1.5 Illustration of the cycles-reservoirs matching problem on temperature-entropy di-
agrams. The black dotted lines illustrate charging cycles, the red straight lines hot reservoirs
and the blue straight lines cold reservoirs. Pale colours indicate ineffective matches, while
darker colours indicate couplings that minimise external irreversibilities.
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Based on well-established Carnot battery concepts, we propose the following
classification (see Fig. 1.4). At a minimum, Carnot batteries are defined as systems
for storing electricity in the form of thermal exergy. The classification first differ-
entiates concepts based on the charging and discharging cycles. On one hand are
the cycles in which the working fluid remains in a gaseous state, and heat trans-
fers occur non-isothermally (i.e., Brayton Carnot batteries). On the other hand are
the cycles where the fluid undergoes phase change in at least one of the heat ex-
change processes (i.e., Rankine Carnot batteries). The second level of classification
relates to the different storage technologies used. A third level introduces the well
established concepts.

Brayton based Carnot batteries
The first pumped thermal energy storage (PTES) concepts appeared in the early

2010s, with two similar systems introduced separately by Howes [27] and Desrues
et al. [45]. Drawing on the statement that the potential of pumped hydro energy
storage (PHES) and compressed air energy storage (CAES) was limited due to ge-
ographical constraints and their high cost, they proposed developing a large-scale
electricity storage system that would store energy at low-cost as thermal exergy in
simple and abundant materials.

Systems with solid sensible heat storage

The system introduced by Howes [27] and Desrues et al. [45] uses two sensi-
ble heat stores, hot and cold, based on solid materials (see Fig. 1.6). During the
charge phase, an ideal gas (e.g., argon, air, nitrogen, helium) is compressed (1–2)
to generate high-temperature heat (reaching from 500◦C [27] up to 1000◦C [45] ac-
cording to the concept). This heat is then transferred to the hot store (2–3, direct
heat exchange between gas and storage material). After it has cooled down, the
gas is expanded (3–4) to produce work and cold (reaching from –70◦C [45] down
to –150◦C [27]). Heat is thereafter absorbed from the cold store and transferred to
the gas (4–1, cold is ’transferred’ to the storage material). This lower temperature
reduces the subsequent compression work (1–2). In discharge mode, the process is
basically reversed to convert the hot and cold thermal exergy into work. The main
differences between the machines of Desrues et al. and Howes are that the former
use refractory materials for storage and two sets of turbomachines (i.e., compres-
sor and turbine) for charge and discharge (not represented in Fig. 1.6), whereas the
latter uses packed-beds of rock particles and two reciprocating machines capable
of acting both as compressors and expanders (i.e., ’invertible’ machines).

The strength of the system is the direct heat exchange between the working
fluid and the sensible heat storage material, which minimises the temperature dif-
ference and therefore external irreversibilities. Such effective match between the
storage and the cycle is well represented by the top left diagram of Fig. 1.5. De-
spite the large sensitivity to the performance of compression and expansion ma-
chines [35, 55], power-to-power efficiencies of around 60% – 70% are generally
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Fig. 1.6 Schematic representation of Brayton Carnot batteries with solid sensible heat stor-
age (packed-beds). The cycles are also reported on a temperature-entropy diagram. Typ-
ical storage materials involve rocks and refractories. Storage temperatures can go up to
500◦C/1000◦C and down to –70◦C/ – 150◦C. Heaters and coolers (i.e., ambient heat ex-
changers) are necessary to compensate for irreversibilities. Both reciprocating and turbo-
machines are considered for compression and expansion. Note that a single set of compres-
sion and expansion machines is depicted but two can be employed. Working fluids are subject
to optimisation, but air, nitrogen and argon are commonly used.

claimed for isentropic efficiencies of 90% [36, 44]. Energy density is usually above
50 kWhel/m3, depending on the materials and storage temperature [30, 56, 57].

This Carnot battery configuration, however, also represents major challenges.
From a technological point of view, the storage containment vessels must be pres-
surised, which increases their cost. In addition, thermal cycling generates stresses
in the vessels. From an operational point of view, the shape and position of the
thermoclines in the hot and cold stores vary with the state of charge, influencing the
outlet temperatures and, consequently, the cycles. Heaters and coolers are therefore
added to maintain constant temperatures and control the cycles (see Fig. 1.6). Dur-
ing the storage phase, neglecting heat losses to the environment, irreversibilities are
also caused by the spreading of the thermocline (i.e., mixing losses). To limit this,
White et al. [29, 56, 58] optimised the size of the packed-beds particles to improve
stratification and minimise pressure losses. McTigue et al. [30,59,60] have pursued
these efforts by optimising designs (geometries, arrangement of packed-beds) and
proposed segmenting the packed-bed into several layers. Using an evolutionary-
based algorithm, they characterised the conflict between power-to-power efficiency
and electrical energy density by studying the Pareto front between these objec-
tives. The variation in thermodynamic conditions in the stores also affects the mass
of air contained in them, which requires the addition of a buffer vessel to control
pressure levels in the system (not represented in Fig. 1.6) [30, 57]. To improve ef-
ficiency by reaching higher temperatures but without increasing the compression
ratio, Benato [57] also suggested using an electric heater at the compressor outlet
in heat pump mode. To address the issue of vessels pressurisation, Davenne and
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Peters [61] introduced a concept with intermediate heat exchangers between the
cycle and the storage. They assessed limited additional irreversibilities (efficiency
down from 65% to 59%).

Systems with liquid sensible heat storage

To avoid the challenges associated with packed-beds (e.g., thermocline, ther-
mal cycling), liquid storage media contained in two-tank present an interesting
alternative (see Fig. 1.7). Morandin and Henchoz [62] were the first to suggest this
concept in 2011, although first characterisations only started in 2017 with the work
of Laughlin [63]. In this case, a heat exchanger is placed between the cycle and
the reservoirs. For the hot part, molten salts (nitrate salts, chloride salts, etc.) or
thermal oils (synthetic oils, mineral oils) may be used, depending on the tempera-
ture range. For the cold section, cryogenic hydrocarbons (methanol, hexane, etc.)
are generally used. As the maximum temperature of liquids is much lower than
in rocks (< 600◦C), a recuperator is generally considered to increase the cycles
efficiency. While Salomone-Gonzalez et al. [64] and Gonzalez-Ayala et al. [65] re-
ported power-to-power efficiencies below 50%, Farres-Antunez et al. [66] reported
a value of 62%. As far as energy density is concerned, this is generally well below
50 kWhel/m3 due to the dead volume occupied in two-tank [52, 66]. Yet, recent
works also considered the use of single stratified tank to increase density [50].

Although Brayton Carnot batteries based on liquid storage are much more re-
cent, they appear to be more mature from a technological point of view and could
be the first to reach the market [35].
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Fig. 1.7 Schematic representation of Brayton Carnot batteries with liquid sensible heat stor-
age. The cycles are also reported on a temperature-entropy diagram. Typical storage media
involve molten salts and cryogenic hydrocarbons, like methanol. Storage temperatures do
usually not exceed 600◦C and –50◦C. Ambient heat exchangers are necessary to compen-
sate for irreversibilities (the exchanger for discharge, 1a–4a, is not shown for clarity). Turbo-
machines are preferred for compression and expansion. Note that a single set of compression
and expansion machines is depicted but two can be employed. Nitrogen and argon are com-
monly considered as working fluids.
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Rankine based Carnot batteries
In parallel with the development of high-temperature Brayton Carnot batteries,

some authors have rather focused on systems with smaller temperature differences
and more mature technologies. In the modern history of Carnot batteries, Peter-
son [46] was the first in 2011 to look at systems with phase change cycles (i.e.,
’Rankine’ Carnot batteries). His concept uses a refrigeration cycle to charge the
storage (see Fig. 1.8). Liquid propane is evaporated (4–1) by extracting heat from
cold latent heat storage (–15◦C, ethylene glycol). The temperature of the fluid is
then raised by compressing it (1–2), allowing it to reject heat to the environment
(2–3, 35◦C). The liquid is finally expanded through a ’liquid motor’ (3–4) and the
cycle can begin again. For the discharge phase, the propane circulates in the oppo-
site direction. Due to similarity, the discharging cycle can reuse certain components
of the charging cycle. The liquid motor is replaced by a pump and the compres-
sor by an expander, giving a proper Rankine cycle (see Fig. 1.8). This concept is
therefore well represented by the diagram at the bottom right of Fig. 1.2.

To improve the efficiency of the system, Peterson introduced a sensible heat
storage (granite) to reduce the temperature difference between the fluid and the
storage, and reduce heat transfer irreversibilities (packed-bed with thermocline,
see Fig. 1.8). This recovers heat from sub-cooling after condensation during charge
phase. In discharge phase, this heat is used to preheat the liquid propane leaving
the pump. Peterson characterised the system and showed that power-to-power
efficiency was highly sensitive to the isentropic efficiency of the compression and
expansion machines (internal irreversibilities) and to the mean temperature dif-
ference at heat exchanges (external irreversibilities). For plausible technological
parameters, he claimed that an efficiency of 50% could be achieved.
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Fig. 1.8 Schematic representation of the concept introduced by Peterson [46]. The cycles are
also reported on a temperature-entropy diagram (100% isentropic efficiencies are assumed).
During discharge, the ’liquid motor’ is replaced by a pump. The system is based on an invert-
ible compressor/expander. Propane is used as working fluid while ethylene glycol is used for
latent heat storage. Granite is considered for sensible heat storage.
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To further increase the power-to-power efficiency, Peterson finally proposed
using a heat source (e.g., diurnal temperature variation, solar thermal, waste heat,
geothermal) warmer than the ambient to feed the power cycle during discharge.
This alternative is known today as cold thermally integrated pumped thermal energy
storage (cold TI-PTES, see later). Note that Henchoz et al. [67] proposed a similar
version of the cold TI-PTES based on subcritical ammonia cycles. The main dif-
ference is the position of the sensible heat storage, which collects the sensible heat
from vapour de-superheating after the compressor instead of liquid subcooling af-
ter condenser.

Since Peterson’s work, other concepts based on hybrid latent and sensible heat
storage have been studied. In a bid to reduce costs and complexity, systems based
exclusively on liquid sensible heat storage were subsequently investigated. The
main focus was the study of the charge and discharge cycles. For low-temperature
systems, solid storage of sensible heat is practically not considered.

Systems with hybrid latent and liquid sensible heat storage

Starting from 2012, Mercangoz et al. [31] proposed using transcritical CO2 cy-
cles for charge and discharge. As illustrated by the diagram in the centre of Fig. 1.5,
this type of cycle is perfectly suited for coupling with latent heat storage on the
cold side and sensible heat storage on the hot side. For the cold part, they sim-
ply considered ice (0◦C melting point). For the hot part, they assumed a pres-
surised two-tank storage filled with water at 10◦C and 120◦C respectively. The
motivation of Mercangoz et al. for this CO2 system was to use cycles that were
as invertible as possible for charging and discharging (cost reduction) and to use
materials that were benign for the environment. They estimated that at a commer-
cial scale (> 10 MWel), the system could achieve 65% efficiency. Instead of cold
storage, they also suggested using a higher temperature source for the heat pump
mode, while the atmosphere would serve as a cold sink for the heat engine (i.e.,
TI-PTES). Morandin et al. [32, 68] then turned their attention to the concrete imple-
mentation and optimisation of the system. In particular, due to large variations in
specific heat capacity for supercritical CO2, they evaluated the use of separate stor-
age units to achieve effective coupling between the CO2 and water in the reservoirs
(storage-split). They concluded on a maximum efficiency of about 60%. They also
considered alternative configurations with recuperators, as well as coupling with
ammonia cycles.

Other studies on transcritical cycles have also been carried out. To obtain more
realistic results, Baik et al. [69] used a more accurate heat exchanger model. They
demonstrated that to maximise efficiency, there was an optimum temperature spread
between the two water tanks. The maximum efficiency obtained was no more than
30%. This lower efficiency was due to the lower temperature difference between
hot and cold reservoirs (they used ambient water instead of ice), the absence of
two-phase expander, and the fact that only one storage unit was used, so the match
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Fig. 1.9 Schematic representation of CO2 transcritical Carnot batteries with hybrid latent
and sensible heat storage. The cycles are also reported on a temperature-entropy diagram
(100% isentropic efficiencies are assumed). Typical storage materials involve liquid water
and ice. Storage temperatures are typically bounded to 120◦C to limit pressurisation needs.
Ambient heat exchangers, necessary to compensate for irreversibilities, are not represented
for the sake of clarity. Note that an invertible compressor/expander is here depicted but
separate charging and discharging cycles are more frequently encountered. The two-phase
expander is sometimes substituted by an expansion valve to reduce costs, despite this reduces
the efficiency. For better fit with the supercritical fluid, separate storage units at different
temperatures can also be placed in series (storage-split).

between supercritical CO2 and water was less effective (see Fig. 1.9). In contrast,
Ayachi et al. [70] kept the cold latent heat reservoir, but proposed using the ground
as a cheap reservoir of hot sensible heat (serial-parallel borholes). Kim et al. [71]
looked at a modified version using isothermal compression and expansion.

This system based on CO2 transcritical cycles provides effective coupling with
sensible and latent heat storage, and therefore efficiencies that are fully competitive
with Brayton Carnot batteries, despite the significantly lower storage temperatures.
On the other hand, these cycles pose a series of challenges in terms of pressures
(around 30 bar on the cold side, 150 bar on the hot side), which generates addi-
tional costs. They also require more complex control due to the strong sensitivity
of efficiency to pressure variations in the gas cooler/heater, and to the necessary
state-of-charge synchronisation when different storage units are used in series.

An alternative to transcritical CO2 is the CHEST concept (compressed heat en-
ergy storage). Introduced in 2014 by Steinmann [34], it is based on more conven-
tional subcritical cycles. To achieve an efficient coupling with vapour compression
heat pumps (charging) and Rankine cycles (discharging), it is based on three dis-
tinct storage units: a first ’hot’ sensible heat storage (exchange with superheated
vapour), a latent heat storage (exchange during phase change) and a second ’cold’
sensible heat storage (exchange with subcooled liquid). Ambient is used as cold
reservoir. In its original form, this concept was based on multi-stage cascade heat
pumps using ammonia and water for charging, and a steam cycle with resuper-
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heating for discharging. For latent storage at 305◦C (sodium nitrate) and isentropic
efficiencies of 90%, a power-to-power efficiency of over 70% was claimed.

In its current form, the CHEST concept is simplified to reduce costs and opera-
tional complexity (see Fig. 1.10). Due to its limited contribution, hot sensible heat
storage has been removed. As a result, the charge and discharge cycles must limit
the degree of superheating on the high-pressure side, using, for example, dry or
isentropic fluids. Also, the charge cycle is limited to a simple subcritical vapour
compression heat pump, while the discharge cycle is a subcritical organic Rankine
cycle. In contrast to transcritical cycles, this allows the use of off-the-shelf compo-
nents. Compared with the original CHEST, the storage temperature has also been
lowered to just over 150◦C. Jockenhöfer et al. [72] provided the first characteri-
sation of a thermally integrated CHEST. After assessing that butene was a suitable
fluid, they calculated the achievable efficiencies for heat sources ranging from 40◦C
to 100◦C and assuming a water-cooled ORC. For storage with a melting tempera-
ture of 133◦C, they estimated that the power-to-power efficiency could range from
45% to almost 125%. However, they showed that these values were very sensitive
to the average temperature difference between the phase change materials (PCM)
and the saturation temperatures.

Hassan et al. [73,74] optimised a CHEST design (choice of fluids, phase-change
materials and different temperatures), focusing in particular on the heat pump.
They concluded that R1233zd(E) was the most suitable fluid. Their work con-
tributed to the development of the first 10 kW-scale CHEST prototype, the per-
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Fig. 1.10 Schematic representation of CHEST Carnot batteries with hybrid latent and sen-
sible heat storage. The cycles are also reported on a temperature-entropy diagram (100%
isentropic efficiencies are assumed). Storage is typically composed of phase change materials
(PCM) and liquid water. Storage temperatures are usually bounded to 150◦C to limit pres-
surisation needs. Alternative configurations with single stratified tank instead of two-tank
are also possible. Note that an invertible compressor/expander is here depicted but separate
charging and discharging cycles are actually most common. Working fluid selection is usu-
ally optimised among organic fluids, according to temperature ranges, etc. (active research
field). Thermal integration is now almost systematically considered to increase efficiency.
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formance of which was reported by Theologou et al. [75] in 2024. At best, a 37%
power-to-power efficiency could be demonstrated, using a 95◦C heat source and a
25◦C cold sink. Further work on the CHEST was conducted by Tafone et al. [76].
They simulated an alternative configuration where the hybrid latent and sensible
heat storage was replaced by a cascade of three latent heat storages (133◦C, 120◦C
and 108◦C). For similar source and sink temperatures, they claimed 48% efficiency
and about 7 kWhel/m3 energy density.

Systems with liquid sensible heat storage

To reduce the operational complexity (i.e., synchronism of the different storage
units) and cost of Carnot batteries, systems based on a single sensible storage unit
have also been considered (see Fig. 1.11). The downside is that the match between
the cycle and the storage will, at first glance, be less efficient. As a result, the effi-
ciency of these systems is likely to be lower. However, different workarounds have
been imagined. A first approach is to consider thermal integration almost system-
atically (i.e., use of a low-grade heat source). Dumont and Lemort [77], for example,
have mapped performance (i.e., efficiency, density) for heat sources ranging from
50◦C to 90◦C and heat sinks ranging from 0◦C to 40◦C. They also compared sev-
eral fluids in order to identify those that perform best depending on their position
in the thermal domain. For a 80◦C heat source, Frate et al. [78] optimised configura-
tions with and without internal heat exchanger (i.e., ’recuperator’) and maximised
the power-to-power efficiency, the exergy efficiency and the energy density. They
concluded that the recuperator was always beneficial, and that it had the poten-
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Fig. 1.11 Schematic representation of Rankine Carnot batteries with sensible heat storage.
The cycles are also reported on a temperature-entropy diagram (100% isentropic efficien-
cies are assumed). Storage is typically based on liquid water, and temperatures are usually
bounded to 150◦C to limit pressurisation needs. Alternative configurations with single strat-
ified tank instead of two-tank are also possible. Note that an invertible compressor/expander
is here depicted but separate charging and discharging cycles are actually most common.
Working fluid selection is usually optimised among organic fluids, according to temperature
ranges, etc. (active research field). Thermal integration is almost systematically considered.
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tial to become the reference configuration for TI-PTES. However, they also showed
that these objectives were strictly conflicting. Finally, while the majority of TI-PTES
concepts only exploit the heat source when charging, Zhang et al. [79] introduced
a TI-PTES design where a preheater is inserted into the ORC. This is used to start
economising the fluid with the heat source, before evaporation thanks to the heat
from the storage. Their analysis showed that for low storage temperature spreads,
ηP2P could increase by more than 15% when the source is at 70◦C.

To achieve better coupling with sensible heat storage during discharge, Weitzer
et al. [80] suggested the use of organic flash cycles. Unlike organic Rankine cy-
cles, the heat input is limited to the liquid phase (sensible heat). The vapour is
obtained after separation from the liquid in a flash evaporator. Although the irre-
versibility of heat transfer can be minimised, the power-to-power efficiency of the
Carnot battery is lower than that of the simple recuperated ORC. To achieve higher
efficiency, the cycle needs to be modified to incorporate a two-phase expander in
place of the throttle valve, a recuperator and use multiple pressure levels. Weitzer
et al. [81] have also looked at the conflict between power-to-power efficiency, ex-
ergy efficiency and energy density. They were the first to refer to this conflict as the
‘Carnot battery trilemma’. Due to low technological maturity, flash cycles have been
studied very little for TI-PTES applications. Yet, Weitzer et al. also emphasized that
despite their increased complexity, these cycles required further consideration for
TI-PTES because of their interesting potential to soften the Carnot battery trilemma.

Another approach to achieve better coupling between sensible heat storage and
the cycle is to use zeotropic mixtures as working fluids. Their distinctive feature are
the non-isothermal isobars at saturation: the temperature difference between the
dew point and the bubble point is called the ‘temperature glide’. By optimising the
composition of the mixture, the curvature of the isobar and the glide can be adapted
to better match the storage temperature profile. The principle is well represented
by the diagram at the top left of Fig. 1.5. A well known application of zeotropic
fluids is the Kalina cycle [82].

Koen et al. [83] appear to be the first who applied this concept to Carnot bat-
teries in 2021. They estimated that an efficiency of 61% could be achieved with
unpressurised water reservoirs and isentropic efficiencies of 90% for the compres-
sion and expansion machines. One drawback of the system, however, is that it
also requires the use of low-temperature storage because of the non-zero glide on
the low pressure side (using the ambient would generate too much irreversibility).
This results in a density limited to 2.4 kWhel/m3.

At the same time, Bernehed [84] was also interested in Carnot batteries with
zeotropic fluids. However, this was limited to water-ammonia mixtures. To achieve
perfect coupling, he considered three sensible heat storage units on the hot side:
one for the superheated vapour part, one for the saturated part and one for the sub-
cooled liquid part. Superheating is necessary to avoid two-phase expansion during
the discharge phase (water and ammonia are wet fluids). As the storage temper-
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ature rose to 500◦C, molten salts were considered in addition to water. For isen-
tropic efficiencies of 90%, he estimated that the power-to-power efficiency would
be around 50%, at best.

Since then, other authors have looked at zeotropic mixtures. Lu et al. [85], for
example, compared TI-PTES cycles with azeotropic and zeotropic fluids and an-
nounced that a relative efficiency gain of more than 20% could be expected. Other
studies have also recently been carried out to compare zeotropic TI-PTES with other
configurations [86–88]. Note that although these cycles with zeotropic mixtures are
very attractive in theory, they present certain challenges in real machines. These
include composition shift over time, system regulation, and the lack of thermody-
namic models and data needed to optimise the design of these machines.

Finally, because of the similarity of the charging and discharging cycles, ’invert-
ible’ machines (i.e., the term ’reversible’ is also generally employed) can be used to
reduce costs, as shown in Figs. 1.9, 1.10 & 1.11. Only the pumps and valves need
to be paralleled, while the heat exchangers and compression/expansion machine
can be used bi-directionally. However, this is at the cost of slightly reduced per-
formance, as these components are neither optimal for HP nor ORC. Dumont et
al. [89] and Staub et al. [90] first highlighted the potential of such concept for TI-
PTES. Optimum designs were further investigated by Eppinger et al. [91, 92] To
date, the performance of two invertible TI-PTES prototypes have been reported
by Dumont et al. [93, 94] (scroll machine) and Weitzer et al. [95] (screw machine).
These highlighted that optimum refrigerant charge management was key to avoid
e.g., excessive subcooling in ORC mode.

1.3.2 Applications and economics
This section reviews the main applications envisaged for Carnot batteries. It

also presents the techno-economic studies associated with the various cases and
highlights the main challenges. Pure electricity storage, thermal integration and
combined cooling, heating and power (CCHP) are the cases in point.

Grid-scale electricity storage
The motivation behind the development of Carnot batteries was to serve as

bulk electricity storage technologies, such as pumped-hydro. Two main concepts
now seem to be best fit for this function. The first is based on Brayton cycles
(packed-beds or molten salts), while the second aims to retrofit coal-fired power
plants into Carnot batteries.

Studies have shown that Brayton Carnot batteries are very sensitive to the effi-
ciency of compression and expansion machines [35, 55]. As a result, they are best
suited to large-scale applications (> 1 MWel), to benefit from highly efficient ma-
chinery and ensure high power-to-power efficiency [38]. Moreover, because of the
required temperature ranges, they are not well adapted for thermal integration [72].
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For systems with packed-bed storage and reciprocating machines, Smallbone et
al. [96] compared the levelised cost of storage (LCOS) in different scenarios, includ-
ing low capital costs and high efficiency (350 e/kWel, 13 e/kWhel and 72%), and
conservative costs and efficiency (797 e/kWel, 21 e/kWhel and 52%). Assuming a
constant electricity price of 0.03 e/kWhel and 730 charge-discharge cycles a year,
they obtained that the LCOS would be between 0.07 e/kWhel and 0.11 e/kWhel.
For turbomachines instead of reciprocating machines, Zhang et al. [97] considered
electricity prices ranging from 0.025 $/kWhel to 0.060 $/kWhel and 365 charge-
discharge cycles a year. As they considered higher capital costs, they obtained a
much higher mean LCOS of 0.247 $/kWhel. For Brayton Carnot batteries with liq-
uid sensible heat storage, McTigue et al. [52] compared the use of two different
salts, corresponding to different storage temperatures. They also considered min-
eral and synthetic oils for hot storage. They showed that the two salts, although
corresponding to different storage temperatures (560◦C and 750◦C), could give
equivalent LCOS. Finally, for electricity prices from 0.025 to 0.060 $/kWhel, they
explored the cost-efficiency trade-off. Assuming 365 charge-discharge cycles a year,
they showed that nitrate salts (560◦C) could provide an efficiency of 59% and aver-
age LCOS of 0.13 $/kWhel (capital costs of 2600 $/kWel and 260 $/kWhel), while
chloride salts (750◦C), despite reaching an efficiency of 72%, led to 0.38 $/kWhel,
because of the higher capital costs due to the higher temperature. These results
demonstrate that there is an optimal trade-off between efficiency and investment
costs, and that identifying it can be challenging due to uncertainties (investment
costs, electricity price, charging and discharging durations, etc.).

An alternative–potentially cheaper–option for grid scale electricity storage is to
repurpose coal power plants [38]. The steam cycle discharges the Carnot battery,
while resistive heaters are generally considered for charging–some studies are also
investigating Brayton heat pumps [49]. Within these systems, the cold reservoir is
the ambient. For storage, packed-beds with volcanic rocks have been considered,
although the more recent trend is molten salts [38]. Blanquieth et al. [49] for in-
stance considered recuperated Brayton heat pumps, molten salts and supercritical
steam power cycles. For storage temperatures of 540◦C, power-to-power efficien-
cies of about 64% and electrical energy densities of approximately 50 kWhel/m3

could be reached. Klasing et al. [50] looked at systems using electrical heaters
for charging molten salt storage. They compared subcritical and supercritical cy-
cles. They showed that thanks to its superior efficiency (47.4% against 40.4%), the
supercritical configuration led to lower LCOS. For specific capital costs of 1528 –
2652 e/kWel and of 153 – 265 e/kWhel, an electricity price of 0.05 e/kWhel and
assuming 365 cycles a year, they estimated a LCOS of 0.141 – 0.183 e/kWhel. They
also showed that the retrofitted Carnot battery was more profitable than grid scale
Li-ion batteries for lower number of charge-discharge cycles. This illustrates well
that when compared to Li-ion batteries, Carnot batteries have lower energy-specific
costs, but higher power-specific costs.
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Studies have also been carried out from the energy systems perspective. Using
EnergyPLAN [98] as energy system optimisation model, Sorknæs et al. [99] inves-
tigated the potential of large-scale Carnot batteries for a 100% renewable energy
system in Denmark. They showed that currently existing stand-alone Carnot bat-
tery concepts (i.e., without thermal integration) are not able to achieve economic
feasibility today, and that solutions for cost reductions are therefore required. They
also showed that, when optimally operated, Carnot batteries should perform less
than 30 charge-discharge cycles per year, reflecting their low energy-specific but
high power-specific costs. In such configuration, Carnot batteries would contribute
to reduce the consumption of renewable fuels used in peaker plants.

Gayina [100] used the EnergyScope TD model [101] to assess the potential of
different concepts in Belgium. For retrofitted coal plants, assuming a 40% power-
to-power efficiency, they showed that Carnot batteries would start to develop for
power-specific and energy-specific costs below 600 e/kWel and 60 e/kWhel, re-
spectively. This result clearly shows that the number of annual charge-discharge
cycles must be low so as to reduce the energy-specific cost of the machine, and
confirms the result of Sorknæs et al.

Finally, Nitsch et al. [102] extended the analysis to Central Europe using the
REMix (energy system optimisation) and AMIRIS (market model) models. Their
results showed that for an efficiency of 55%, the power and energy-specific costs
had to be less than 450 e/kWel and 60 e/kWhel for the technology to develop.
If the efficiency is 75%, the acceptable cost rises to 90 e/kWhel. These results are
fairly consistent with those of Gayina et al. Nitsch et al. also highlighted the good
synergy between Carnot batteries and wind energy, which makes it possible to
extend the storage duration (hence reduce the number of charge-discharge cycles).

These three macro studies show that, for Carnot batteries to be used as a grid-
scale electricity storage option, with an efficiency of 50%, their cost must be around
500 e/kWel and 50 e/kWhel. Although specific to the conditions of each mar-
ket (cost of other storage and production technologies, imports), these values are
orders of magnitude to keep in mind.

Thermal integration

Thermally integrated Carnot batteries (or thermally integrated pumped ther-
mal energy storage, TI-PTES) exploit low-grade heat sources (< 100◦C) to increase
their efficiency. Due to the intrinsic lower efficiency of small-scale Rankine Carnot
batteries (< 100 kWel) operating at low temperatures (100◦C), thermal integration
is almost always considered for them. There are two main approaches:

• Either use the heat as a source for the heat pump, which increases its COP,
and store the energy in a hot reservoir (i.e., hot TI-PTES);

• Or use a chiller to cool a cold reservoir, and use the heat source to power the
heat engine, which uses the cold storage as a heat sink (i.e., cold TI-PTES).
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The heat sources typically include low grade solar thermal and geothermal heat,
waste heat, seasonal thermal storage, diurnal temperature variation, etc. [34, 72,
103]. As the cold TI-PTES is intrinsically less efficient than the hot (COPcooling <

COPheating), it is relatively less common [77].
Liquid sensible heat storage with subcritical cycles is the most common form

of TI-PTES. From a technical point of view, this can be explained by the ease of
implementation, and by the lower observed pinches than in latent TES, which is
key because Carnot batteries with low-temperature storage (< 150◦C) are very
sensitive to this parameter [77]. However, this usually comes at the cost of lower
energy densities, and less efficient matches between the cycles and the TES. Still,
most techno-economic studies consider sensible TES, generally in two-tank in order
to maintain constant thermal profile and avoid the diffusion problems found in
single stratified tanks [78, 104–107].

Since 2020, a number of studies have focused on the optimal design of these sys-
tems. Questions have focused in particular on the choice of charge and discharge
cycles (e.g., need for recuperators?) and the type of thermal storage (e.g., two-tank
configuration? what temperature?). Typical design criteria are the power-to-power
efficiency and the LCOS, and the energy density to a lesser extent [108]. For exam-
ple, Hu et al. [104] optimised the LCOS and the efficiency of the basic hot TI-PTES
for different heat source temperatures. They obtained a LCOS of 0.30 $/kWhel
and ηP2P of 70% when the heat source temperature was 85◦C. They also proved
that the LCOS and ηP2P were strictly conflicting in all cases, showing that the HP
evaporation temperature and storage temperature levels were key variables to ar-
bitrate the trade-off. For similar parameters, other studies later came to the same
conclusions [105, 106, 109].

Yu et al. [107] looked at TI-PTES with basic subcritical cycles and two-tank stor-
age. They compared the separate HP/ORC and invertible HP/ORC configura-
tions. They showed that the best efficiency was for the separate configuration, but
that the best LCOS for the invertible system. Alnaqi et al. [110] finally compared
TI-PTES with basic cycles and two-tank storage with a system based on cascaded
heat pumps. Although heat transfer irreversibilities are increased, this is usually
more appropriate for higher lifts as it limits the compression ratios. They concluded
that the cascaded system performs better in terms of LCOS (–4.0%) and efficiency
(+11.6%).

Studies have also looked at specific cases for thermal integration. The most
common are listed below:

• Waste heat recovery Waste heat is perceived as an abundant and cheap
source of energy: it has been estimated that 52% of the primary energy con-
sumed worldwide was actually lost as technically recoverable waste heat [54].
Given its reduced exergy content (63% of this waste energy has a tempera-
ture below 100◦C), Carnot batteries are good candidates to recover it.
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Applications under consideration include heat recovery from data centres [111,
112], waste heat from the paper industry [113], waste heat from coal-fired
power plants during off-peak periods [114], and even engine waste heat from
ocean-going vessels during harbour stays [115]. However, it remains to be
seen whether this will be profitable in real-life–and non-ideal–conditions.

• Solar thermal Low-temperature solar thermal energy can be produced
at limited cost, making it an attractive option for the TI-PTES. Henchoz et
al. [67] for instance looked at a cold TI-PTES using flat plate collectors with
buffer storage to preheat the liquid before evaporation in the heat engine.
They performed design optimisation and showed that efficiency and invest-
ments costs were conflicting. Frate et al. [116] performed an operational anal-
ysis of a Carnot battery drawing the 120◦C heat from parabolic collectors to
charge a two-tank sensible heat storage (150◦C, thermal oil). Niu et al. [117]
looked at a hybrid Carnot battery charged both by solar collectors and the
heat pump in parallel. They also showed that the efficiency and the LCOS
were conflicting.

• Geothermal Carnot batteries present a new opportunity to exploit low-
temperature geothermal heat [118]. Scharrer et al. [119] looked at invert-
ible Carnot batteries with geothermal supply (85◦C) in single stratified tank
(120◦C). They performed a comparative life-cycle assessment for different
regions in Germany and showed that Carnot batteries had a lower global
warming potential than electro-chemical batteries.

• Seasonal thermal storage Carnot batteries can serve as smart sector cou-
pling options for energy systems based on district heating networks com-
bined with seasonal thermal storage and other renewable energy sources
(such as wind power and solar thermal). In particular, they provide daily
electricity storage capacity, while relying on the seasonal storage to increase
their efficiency [72, 120].

Combined cooling, heating and power

By their very nature, in addition to storing thermal exergy, Carnot batteries can
generate electricity and provide heating and cooling at different temperature lev-
els. This makes them relevant options for combined cooling, heating, and power
(CCHP, see Fig. 1.2). Such integration is being considered both at the industrial
level [121] and for residential applications [122, 123]. Other studies have focused
on heat and electricity storage for residential [124, 125] and office building appli-
cations [126]. Electricity storage and cold production in farming applications have
also been explored [127, 128].
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1.3.3 Key messages
• While the first Carnot battery concepts appeared in the 1920s, the recent

surge of interest in them began around the early 2010s. Various systems
have been proposed, differing in the types of thermodynamic cycles used
for charge and discharge, the nature of storage, the temperature ranges, and
potential coupling with thermal flows.

• Their power-to-power efficiency varies significantly with the technological
choices. While it could reach the 60-70% range, the inherent technological
and operational complexities (advanced cycles, resistance to high tempera-
tures and pressures, etc.) make such systems costly. Instead, the efficiency of
simpler systems falls down to around 30%. It is therefore necessary to bal-
ance this cost-efficiency trade-off by selecting designs with maximised eco-
nomic performance (e.g., LCOS), despite lower efficiencies (likely ≤ 60%).

• Due to the high costs, the exact market segment for each of these concepts
(power range, energy services, business model) has yet to be clearly identi-
fied. However, given their high power-specific cost (charging + discharging
machines) but lower energy-specific cost (thanks to thermal storage), Carnot
batteries seem best suited for long-duration energy storage (i.e., ≥ 10h).

• Hence, the first challenge to tackle is reducing the cost and complexity of
Carnot batteries, while limiting the impact on efficiency. This can be achieved
through the use of low-cost, off-the-shelf technologies and by limiting the
number of components. Beyond optimising common thermodynamic cycles,
the use of invertible charging and discharging machines is a key factor.

• The second challenge is to identify, through case studies, the relevant contri-
butions of each Carnot battery concept. Do Brayton Carnot batteries, given
their low efficiency at a small-scale, make sense anywhere other than at the
grid scale? Is thermal integration essential for the profitability of small-scale
Rankine Carnot batteries? Can they play a significant role as a waste heat
recovery technology or in combined cooling, heating, and power (CCHP)
systems? Is load-shifting sufficient, or must they also provide grid services?
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2
From elementary theory to

practical cycles modelling

THIS chapter first looks at the fundamental thermodynamics of Carnot batter-
ies. By deriving a simple model that incorporates external and internal irre-

versibilities into the Carnot cycle, the maximum theoretical efficiency is effectively
bounded. Some intuitive understanding of the main design guidelines is also pro-
vided. Next, the thermodynamic model used to characterise the performance of
practical Carnot batteries is introduced, including first and second law indicators.

2.1 Simplified thermodynamic analysis

2.1.1 Sources of irreversibilities

Studying Carnot batteries using theoretical concepts enables to establish the
main design principles, identify the maximum efficiency as function of the techno-
logical parameters, and provide designers with a certain intuition. Yet, neglecting
irreversibilities like in the Introduction (see Eq. 1.1) does not allow for this, as it
systematically yields an efficiency of 100%. Introducing irreversibilities in Eq. 1.2
showed the maximum efficiency achievable according to the fraction of Carnot ef-
ficiency. From a phenomenological perspective, however, separately characterising
the impact of external and internal irreversibilities is relevant, for example, in un-
derstanding their specific impact on the optimal storage temperature.
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External irreversibilities
External irreversibilities are due to the temperature gradient at the heat ex-

changes between the working fluid and the thermal reservoirs. These are pure
heat transfer irreversibilities and stem from the second law of thermodynamics,
which states that any heat transfer in finite time produces entropy. To illustrate
these losses, Fig. 2.1 depicts the temperature gradient ∆T across all heat exchanges
for different Carnot battery concepts. Assuming no internal irreversibilities, Fig. 2.1
hence represents endoreversible cycles for the basic, hot and cold thermally inte-
grated pumped thermal energy storage (TI-PTES). Taking the hot TI-PTES, neglect-
ing storage losses, its power-to-power efficiency is then written as

ηexternal
P2P =

Wnet
HE

Win
HP

=
QH

Win
HP

· Wnet
HE

QH
= COPexternal

HP · ηexternal
HE

=
(TH + ∆T)

(TH + ∆T) – (Ths – ∆T)
· (TH – ∆T) – (T0 + ∆T)

(TH – ∆T)

=
TH + ∆T

TH – Ths + 2∆T · TH – T0 – 2∆T
TH – ∆T .

(2.1)

Note that this definition is also valid for the basic PTES (i.e., Ths = T0 = TL)
but not for the cold TI-PTES, which should use the cooling coefficient of perfor-
mance COPcooling for charging. This simplified modelling approach for external
irreversibilities is commonly employed for Carnot batteries [31, 72].

PTES TI-PTES (hot) TI-PTES (cold)

HP HP

HP

HE HE

HE

Fig. 2.1 Illustration of external irreversibilities with the temperature gradient ∆T for dif-
ferent Carnot battery concepts. The red frames represent endoreversible Carnot heat pumps
while the blue represent endoreversible Carnot heat engines. From left to right: basic PTES,
hot TI-PTES and cold TI-PTES. TH is for high temperature reservoir, TL for low temperature
reservoir, T0 for ambient and Ths for low grade heat source. QH and QL are for heat.
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Eq. 2.1 shows that external irreversibilities, represented by ∆T, must be min-
imised to maximise efficiency (see Fig. 2.2). Designers must therefore minimise the
mean temperature difference at heat transfers between the reservoirs and the cy-
cles. This gives rise to the fundamental matching problem, as illustrated in Fig. 1.5.

Fig. 2.2 Effect of external irreversibilities ∆T on the power-to-power efficiency ηexternal
P2P of

PTES for TL = T0 = 15◦C, and for different hot reservoir temperatures (TH).

Fig. 2.2 also expresses that the hot storage temperature should be maximised
to maximise the power-to-power efficiency: the relative impact of external irre-
versibilities decreases, until the limit case TH = ∞ where ηP2P = 100%. How-
ever, the trend is asymptotic, meaning that beyond a certain point, any further
increase in storage temperature has only a marginal impact on the efficiency. This
suggests a necessary trade-off between efficiency and system cost, assuming cost
increases proportionally with temperature. Also, fewer external irreversibilities re-
sult in lower sensitivity of efficiency to storage temperature.

The model developed in Eq. 2.1 is based on endoreversible cycles with isother-
mal heat exchanges, which are well suited for isothermal reservoirs (e.g., latent
heat storage). However, if sensible heat storage is used, other endoreversible cy-
cles such as the Lorenz cycle can be used without affecting the conclusions of the
analysis. The Lorenz cycle assumes isentropic compression and expansion, but
non-isothermal heat exchanges. This is further discussed in Appendix A.1.

While the model using a constant ∆T to represent external irreversibilities pro-
vides a reasonable intuition of the trends, it lacks realism. In actual machines, ∆T
is variable and typically increases with the temperature difference between the hot
and cold reservoirs. A more accurate representation of these irreversibilities for
heat engines is offered by the Curzon-Ahlborn model [129] (see Appendix A.2).
However, since this model has no equivalent for heat pumps, it cannot be applied
to Carnot batteries. Hence, the model presented here relies on a constant ∆T.
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Internal irreversibilities

In contrast to external irreversibilities, internal irreversibilities arise from the
production of entropy within the cycle: friction losses inducing pressure drops
without producing work, singular pressure losses (e.g., expansion valve), abrupt
compression and expansion processes (leading to pressure gradients in control vol-
umes bounded by work-exchanging interfaces), thermal imbalances between the
liquid and vapour phases, etc. These are, for example, the irreversibilities in com-
pression and expansion machines. Heat transfer irreversibilities in internal heat
exchangers (e.g., recuperators) can also be considered as internal irreversibilities.

By representing the internal irreversibilities as a cycle with a fraction gCarnot of
the efficiency of the reversible Carnot cycle, and referring to the nomenclature in
Fig. 2.1, the power-to-power efficiency of the hot TI-PTES is written as

ηinternal
P2P = COPinternal

HP · ηinternal
HE

= gCarnot
HP · TH

TH – Ths
· gCarnot

HE · TH – T0
TH

.
(2.2)

Assuming, the same Carnot fraction for the heat pump and the heat engine, the
equation can be simplified as

ηinternal
P2P =

(
gCarnot)2 · TH – T0

TH – Ths
. (2.3)

This simplified modelling approach was already introduced by Peterson [46]. In
this case, the graph in Fig. 2.3 shows that the storage temperature has no effect on
efficiency of PTES. Again, the Lorenz cycle could also be used for non-isothermal
reservoirs, without changing the conclusions of the analysis.

Fig. 2.3 Effect of internal irreversibilities gCarnot on the power-to-power efficiency ηinternal
P2P

of PTES for TL = T0 = 15◦C, and for different hot reservoir temperatures (TH). External
irreversibilities are not considered (i.e., ∆T = 0 K).
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2.1.2 Combining external and internal irreversibilities

Combining external and internal irreversibilities, the power-to-power efficiency
of the hot TI-PTES can be written as

ηP2P = gCarnot
HP

TH + ∆T
TH – Ths + 2∆T · gCarnot

HE
TH – T0 – 2∆T

TH – ∆T . (2.4)

For different source and storage temperatures, and for gCarnot
HP = gCarnot

HE = gCarnot,
Fig. 2.4 draws the impact of external and internal irreversibilities on the power-to-
power efficiency. The values of ∆T = 7.5 K and gCarnot = 0.6 were set so as to
represent realistic cycles for Rankine based TI-PTES (refer to Chapter 3). There is a
threshold around which it is preferable to either minimise or maximise the storage
temperature. For Ths – T0 < 30 K, maximising the storage temperature maximises
the efficiency. Conversely, for Ths – T0 > 30 K, it is preferable to minimise it.
The value of this threshold depends solely on external irreversibilities (30 K corre-
sponds here to ∆T = 7.5 K, more information on this in Appendix A.3).

(a) ∆T = 0 K, gCarnot = 1.0 (b) ∆T = 7.5 K, gCarnot = 1.0

(c) ∆T = 0 K, gCarnot = 0.6 (d) ∆T = 7.5 K, gCarnot = 0.6

Fig. 2.4 Impact of external and internal irreversibilities on the power-to-power efficiency
ηP2P of the hot TI-PTES for T0 = 15◦C and for varying heat source and storage temperatures.
Ths – T0 represents the difference between the source and sink temperatures.
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Note that this result conceals the fact that the ratio between the thermal energy
absorbed by the heat pump and the work generated by the heat engine is normally
constrained by the application (e.g., amount of waste heat available). The storage
temperature should therefore not be chosen independently from the application.
This will thoroughly be discussed in Chapter 3 on the performance mapping and
in Chapter 5 on the data centre case study.

This analysis with a simplified model gives a foretaste of the thermodynamics
of Carnot batteries. Specifically, to design systems with low storage temperatures,
particular attention must be paid to reducing the mean temperature difference at
the heat exchanges (i.e., external irreversibilities). Furthermore, for fractions of
Carnot efficiency gCarnot = 0.6 and mean temperature differences ∆T = 7.5K at
the heat exchangers, the efficiency should remain below 26% for PTES with ther-
mal storage at 100◦C (e.g., non-pressurised water). For a 120◦C storage, this value
could rise to 28%, and to 30% for a 150◦C storage. Nevertheless, confirming and
comparing these results with models of real cycles is necessary. Performing exergy
analyses would also enable to characterise irreversibilities in each component of
the system, in order to identify priority points for action to increase the power-to-
power efficiency (e.g., isentropic efficiencies, etc.).

2.2 Thermodynamic model for Rankine Carnot batteries

In this work, Rankine Carnot batteries with single pressurised water storage
are considered (see Fig. 2.5). As the aim is to study small-scale systems with low-
temperature storage, Rankine Carnot batteries are the most suitable. Steinmann [35]
showed that Brayton Carnot batteries were much more sensitive to the isentropic
efficiency of the machinery, which is a severe penalty at small scale. Storage tem-
peratures above 300◦C are also usually required for Brayton Carnot batteries [52].
Furthermore, these are not really suitable for integrating low-grade heat sources
(< 100◦C) as they would marginally benefit from it [37].

The single hot reservoir option is adopted to limit the cost of the system and
make it easier to control (e.g., no worries about synchronising the state of charge
of different storage units, etc.). Using liquid sensible heat storage instead of latent
heat storage in phase-change materials (PCM) is motivated by the lower pinches
to which it gives rise (i.e., reduction in mean temperature difference, hence exter-
nal irreversibilities). In addition, this allows effective match with the superheating
and subcooling parts of the high-pressure heat exchanges. It can also be effectively
coupled to transcritical cycles. Storage in two-tank instead of one stratified tank,
despite the additional cost, makes it possible to limit exergy losses (i.e., no diffu-
sion). This also limits the model complexity as it eliminates its time dependency

36 |



Thermodynamic model for Rankine Carnot batteries | 2.2

Fig. 2.5 Different architectures for the Carnot battery. Left: basic and recuperated vapour
compression heat pump. Top: sensible heat thermal energy storage with high and low tem-
perature tanks (pressurised water). Right: basic and recuperated organic Rankine cycle. ’ht’
is for high temperature, ’lt’ for low temperature, ′hs′ for heat source, ′cs′ for cold sink, ′su′

for supply and ′ex′ for exit. The shaded areas show the position of the recuperator when it is
considered, while the dotted lines show the case without the recuperator.

(i.e., no thermocline needs to be modelled), provided that heat losses can be ne-
glected. Pressurised water is considered as storage medium due of its superior
heat capacity. Yet, to avoid storage pressurisation, thermal oils could also be used.

The model developed in this chapter will be used for the optimisation of the
thermodynamic cycles of Carnot batteries, as well as for exergy analyses. No oper-
ational considerations (e.g., off-design efficiency degradation, part-load efficiency
degradation) or dynamics are taken into account. Only thermodynamic parame-
ters are considered. Below, the physical model for each component is described in
detail. Then, the algorithm for the numerical resolution of the physical model is
presented. The indicators for energy and exergy analyses are finally introduced.

2.2.1 Physical model
The model represents vapour compression heat pumps (HP) and organic Rank-

ine cycles (ORC), as shown in Fig. 2.5. Under the steady-state assumption, it obeys
the conservation of energy for each component. Also note that each component is
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assumed adiabatic (i.e., no heat losses). The use of recuperators is optional and will
be further discussed in Chapter 4. In the following, the case without a recuperator
will be referred to as ‘basic’ and the case with a recuperator will be referred to as
‘recuperated’. Also, the cycles are modelled so as to be able to operate either in
subcritical or in transcritical regime.

Compression and expansion machinery
Compression and expansion machinery is modelled with the isentropic effi-

ciency. Mechanical losses (e.g., bearings) and electro-mechanical losses (e.g., power
converters) are ignored.

Compressor Following the nomenclature of Fig. 2.5, the isentropic efficiency of
the compressor, assuming it is adiabatic, is defined as

ηis,comp =
h2,is – h1
h2 – h1

, (2.5)

for the basic HP, with h the working fluid specific enthalpy and h2,is the enthalpy
at the compressor discharge for an isentropic compression. For the recuperated HP,
it is defined as

ηis,comp =
h2,is – h1r
h2 – h1r

. (2.6)

Feed pump The isentropic efficiency of the feed pump of the ORC, assuming it
is adiabatic, is defined as

ηis,pmp =
h2,is – h1
h2 – h1

, (2.7)

with h2,is the enthalpy at the pump outlet for an isentropic compression.

Expansion valve The expansion valve is modelled as an adiabatic component
that does not produce any work. For the basic HP, the relationship for enthalpy is
therefore

h4 = h3 . (2.8)

For the recuperated HP, the relationship is

h4 = h3r . (2.9)

Expander The isentropic efficiency of the expander of the ORC, assuming it is
adiabatic, is defined as

ηis,exp =
h3 – h4

h3 – h4,is
, (2.10)

with h4,is the enthalpy at the expander outlet for an isentropic expansion.

External heat exchangers
External heat exchangers include the evaporators and the condensers. In tran-

scritical cycles, due to the absence of proper ’phase change’, the supercritical heat
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exchangers are referred to ’gas heaters’ and ’gas coolers’. In both cases, these are
modelled as adiabatic using the pinch point method: the model identifies the pres-
sure level that sets the desired pinch ∆Tpp in each heat exchanger (see numerical
model, Section 2.2.2). As this work focuses on low-power systems, heat exchang-
ers are assimilated to counter-flow plate heat exchangers. Auxiliaries (e.g., circu-
lating pumps, etc.) are neglected here. This is a common simplification during
thermodynamic design [77, 81, 91, 103]. Yet, it is important to note that auxiliaries
consumption–such as the evaporator fan in an air-source HP or the condenser fan
in an air-cooled ORC–can be significant, particularly at small scales [130, 131].

Subcritical heat exchangers For subcritical heat exchangers with phase change,
the three-zone model with moving boundaries is commonly adopted [78]. For low
pressure heat exchangers, the three segments of the working fluid (i.e., subcooled
liquid, saturated and superheated vapour) can be linearised on the temperature-
enthalpy diagram (see the isobars in Fig. 2.6). The pinch is typically located at sat-
urated liquid in evaporators and saturated vapour in condensers. This is illustrated
in Fig. 2.7a. However, there may be exceptions in the event of strong superheating
in the evaporator or strong subcooling in the condenser: the pinch would then be
located at the edge of the heat exchanger.
For higher pressures, and specifically getting closer to the critical point, the isobars
are less and less linear (see Fig. 2.6). The linearisation of the heat exchange thus pro-
gressively becomes less and less valid. To illustrate, Fig. 2.7b depicts a condenser
diagram for a fluid near its critical pressure: the model ends up not positioning
the pinch at the right location–or even violates the Clausius principle if the curves
of the working fluid and the secondary fluid intersect. Hence, for high pressure
heat exchangers, a consistency check is performed with a multi-zone model (1 K
discretisation, see Fig. 2.7c) after evaluation with the three-zone model. If the re-

(a) R600a (dry fluid) (b) R717 (wet fluid)

Fig. 2.6 Isobars of dry and wet fluids on temperature-enthalpy diagrams. The closer to the
critical point, the less linear the isobars. Red dots indicate the typical pinch point locations for
low pressure heat exchangers. Orange lines highlight the zone where the pinch is typically
located in near-critical condensers. Green lines does the same for near-critical evaporators.
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(a) Linearised (three-zone) low-pressure condenser model.
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(b) Linearised (three-zone) high-pressure condenser model (near-critical fluid).
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(c) Discretised (multi-zone) high-pressure condenser model (near-critical fluid).

Fig. 2.7 Schematic representation of the subcritical condenser model on the temperature-
heat diagram. In the near-critical regime, the isobar becomes highly non-linear, making lin-
earisation unsuitable for correctly applying the pinch model. To accurately capture the pinch,
the non-linear zones must be discretised with high precision.
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quired pinch is not respected, the heat exchange is re-evaluated using a 0.25 K dis-
cretisation in the multi-zone model (see Fig. 2.7c). This 0.25 K value is a trade-off
between model accuracy and computational cost, and is conservative with respect
to the current practice [132].

Pressure losses can also be considered in the heat exchangers. These are simply
defined as a pressure drop ∆p between the saturated liquid and saturated vapour
states. A model distributing these losses more precisely along the exchanger in the
three zones would require a precise definition of its geometry. This is outside the
scope of the thermodynamic model.

Supercritical heat exchangers In supercritical heat exchangers, the isobar of the
working fluid is always non-linear. A discretised model, such as shown in Fig. 2.7c,
is therefore systematically used for gas heaters and gas coolers. In supercritical heat
exchangers, as opposed to subcritical heat exchangers, the pinch can be located
at different positions along the heat exchange, depending on the pressure. Yet,
this pressure affects the cycle efficiency: there exists an optimum (see Fig. 2.8 for
basic HP and basic ORC). The optimisation of this pressure will be discussed in the
numerical part in Section 2.2.2. For supercritical heat exchangers, pressure losses
can also be considered by imposing a pressure drop ∆p.

pressure = 45.0 bar
COP = 2.03120

50

15
10

pressure = 47.3 bar
COP = 2.81

pressure = 50.6 bar
COP = 2.79

(a) Transcritical HP with R290
120

15
20

50

pressure = 31.9 bar
efficiency = 8.12 %

pressure = 40.4 bar
efficiency = 8.66 %

pressure = 62.4 bar
efficiency = 7.46 %

(b) Transcritical ORC with R115

Fig. 2.8 Temperature-heat diagrams for the low and high pressure heat exchangers of trans-
critical HP (red) and ORC (blue). Pinches are marked by the blue (HP) and red (ORC) crosses.
These diagrams illustrate the necessity of optimising the high pressure in transcritical cycles.
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Internal heat exchangers
Internal heat exchangers, also known as ’recuperators’ or ’regenerators’, pre-

heat the working fluid before (HP) or after (ORC) compression by recovering the
heat from subcooling (HP) or de-superheating (ORC). These are modelled assum-
ing a constant effectiveness, which represents the ratio of heat actually recovered
over the maximum heat theoretically recoverable. This is defined as

εrec
HP =

T1r – T1
T3 – T1

, (2.11)

εrec
ORC =

T4 – T4r
T4 – T2

. (2.12)

In each recuperator leg, pressure losses are also modelled as pressure drops ∆p.

Thermal energy storage
Thermal storage is assumed adiabatic, so the storage duration has no effect on

the tanks temperature (Tht
TES and Tlt

TES). This is a fair assumption for daily storage,
a typical losses are lower than 5%/day [133]. The temperature difference between
the two tanks is called the temperature spread (∆Tsp

TES). Tanks pressurisation de-
pends on the desired storage temperature for the liquid water. Auxiliaries such as
circulation pumps are not taken into account in the model.

2.2.2 Numerical model

The thermodynamic model is implemented in Python1. It uses the low level
interface of the CoolProp library [134] for thermodynamic properties, so that other
libraries such as REFPROP can also be employed, according to the user preference.
By default, equations of state are formulated in the Helmholtz free energy [134].
However, tabular interpolation can also be used to accelerate computations.

The aim of the resolution procedure is to identify the pressure levels in the
cycles in order to meet the desired pinch temperature differences in the external
heat exchangers. It is as follows (see Fig. 2.9):

1. Setting the model parameters:

• To obtain the enthalpies of the secondary fluid at the inlet and outlet of the
heat source, the following properties must be user-defined: supply tem-
perature (Ths,su), supply pressure (phs,su), temperature glide across the heat
exchanger (∆Tgl

hs), secondary fluid (e.g., dry air, water).

• To represent the heat pump cycle, the following parameters must be de-
fined: vapour superheating (∆Tsh

HP), liquid subcooling (∆Tsc
HP), compressor

1The model is available at: https://github.com/laterrea/CBSim
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isentropic efficiency (ηis,comp), pinch in condenser (∆Tcd,pp
HP ) and evaporator

(∆Tev,pp
HP ), pressure losses in condenser (∆pcd

HP) and evaporator (∆pev
HP), recu-

perator effectiveness (εrec
HP) and working fluid.

• For the thermal storage, the following parameters must be defined: hot
tank temperature (Tht

TES), storage temperature spread (∆Tsp
TES), storage pres-

sure (pTES), storage medium (e.g., water).

• To represent the organic Rankine cycle, the following parameters must be
defined: vapour superheating (∆Tsh

ORC), liquid subcooling (∆Tsc
ORC), pump

isentropic efficiency (ηis,pmp), expander isentropic efficiency (ηis,exp), pinch in
condenser (∆Tcd,pp

ORC ) and evaporator (∆Tev,pp
ORC ), pressure losses in condenser

(∆pcd
ORC) and evaporator (∆pev

ORC), recuperator effectiveness (εrec
ORC) and work-

ing fluid.

• To obtain the enthalpies at the inlet and outlet of the cold sink, the follow-
ing properties must be defined: supply temperature (Tcs,su), supply pressure
(pcs,su), temperature glide across the heat exchanger (∆Tgl

cs), secondary fluid
(e.g., dry air, water).

2. Based on the source, sink, and storage temperatures, the model estimates
educated guesses for the low and high pressures in the HP and ORC. These
pressures are determined as the average between the theoretical minimum
and maximum values required to maintain the desired pinch temperature
differences, as well as the specified degrees of subcooling and superheating
during heat exchange.

3. The model iterates to find the pressures such that the measured pinches cor-
respond to the target ones. This is done using the fsolve function from the
SciPy library [135].

Physical modelParameters Solver

, , 

, , 

, , 

Residuals on pinches: 

New pressure levels: 

Fig. 2.9 Illustration of the numerical model used for simulating Carnot batteries.

| 43



2 | From elementary theory to practical cycles modelling

Note that the HP and ORC are solved independently. Also, for transcritical cycles,
an extra step optimises the upper pressures to maximise the HP and ORC efficien-
cies. This is achieved using the minimize function from the SciPy library.

2.2.3 Energy and exergy analyses

Heat pump

Referring to the nomenclature of Fig. 2.5, the coefficient of performance of the
basic HP is defined as

COPHP =
Qout

HP
Win

HP
=

h2 – h3
h2 – h1

, (2.13)

with Qout
HP the thermal energy output and Win

HP the work input. Note that for the
recuperated case, the specific compression work is defined as h2 – h1r instead of
h2 – h1. To properly account for the consumption and production of thermal exergy,
the exergy efficiency of the HP can also be used. This is defined as the ratio between
the thermal exergy output and the total exergy input (work and thermal exergy):

ηII
HP =

Exout
HP

Exin
HP + Win

HP

=
(h2 – h3)/(hht

TES – hlt
TES) · (eht

TES – elt
TES)

(h1 – h4)/(hhs,su – hhs,ex) · (ehs,su – ehs,ex) + (h2 – h1)
,

(2.14)

with Exout
HP the thermal exergy output, Exin

HP the thermal exergy input and e the
fluids specific exergy. This is defined as

e = (h – h0) – T0 · (s – s0) , (2.15)

with h0 and s0 the specific enthalpy and entropy at the reference temperature T0.
This reference temperature corresponds to the lowest natural temperature in the
system, either the same ambient source and sink temperature (Ths,su = Tcs,su)

in case of PTES, or the sink temperature (Tcs,su) in case of hot TI-PTES (Ths,su >

Tcs,su). Including the exergy absorbed at the evaporator in the exergy efficiency
definition is essential for heat pumps using heat sources at temperatures higher
than ambient. As this exergy is non-zero, it must be taken into account [78]. In
Eq. 2.14, the ratios of enthalpy differences multiply the exergy differences due to
energy conservation at both heat exchangers:

ṁwf · (h2 – h3) = ṁTES · (hht
TES – hlt

TES) (2.16)

ṁwf · (h1 – h4) = ṁhs · (hhs,su – hhs,ex) , (2.17)
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with ṁ, the fluids mass flow rates. Hence, the terms of Eq. 2.14 can be defined as:

⇒ Ėxout
HP = ṁTES · (eht

TES – elt
TES) = ṁwf ·

(h2 – h3)

(hht
TES – hlt

TES)
· (eht

TES – elt
TES) (2.18)

⇒ Ėxin
HP = ṁhs · (ehs,su – ehs,ex) = ṁwf ·

(h1 – h4)

(hhs,su – hhs,ex)
· (ehs,su – ehs,ex) (2.19)

⇒ Ẇin
HP = ṁwf · (h2 – h1(r)) . (2.20)

In addition to the exact exergy efficiency ηII
HP, other forms of second law efficien-

cies are commonly used. The Lorenz cycle is a fairly good representation of cycles
with large source and sink temperature glides. The fraction of Lorenz efficiency is
therefore a good proxy of the cycle performance. It is defined as

ΨLorenz
HP =

COPreal
HP

COPLorenz
HP

=
(h2 – h3)/(h2 – h1(r))

TH/(TH – TL)
, (2.21)

with TH and TL the mean sink and source temperatures defined as

TH =
Tht

TES – Tlt
TES

ln(Tht
TES/Tlt

TES)
,

TL =
Ths,su – Ths,ex

ln(Ths,su/Ths,ex)
.

(2.22)

The Lorenz model is here employed as it is more suitable than the Carnot model
for Carnot batteries with sensible heat storage (further discussed in Appendix A.1).

Organic Rankine cycle

The efficiency of the basic ORC is defined as

ηORC =
Wnet

ORC
Qin

ORC
=

Wout
ORC – Win

ORC
Qin

ORC
=

(h3 – h4) – (h2 – h1)

h3 – h2
, (2.23)

with Qin
ORC the thermal energy input, Win

ORC the work input and Wout
ORC the work

output. For the recuperated case, the specific input thermal energy is defined as
h3 – h2r instead of h3 – h2. The exergy efficiency of the basic ORC is defined as

ηII
ORC =

Wnet
ORC

Exin
ORC

=
Wout

ORC – Win
ORC

Exin
ORC

=
(h3 – h4) – (h2 – h1)

(h3 – h2)/(hht
TES – hlt

TES) · (eht
TES – elt

TES)
,

(2.24)

with Exin
ORC the thermal exergy input. In Eq. 2.24, the ratios of enthalpy differences

multiply the exergy difference due to energy conservation at both heat exchangers
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(same as in Eq. 2.14). The fraction of Lorenz efficiency is

ΨLorenz
ORC =

ηreal
ORC

ηLorenz
ORC

=
[(h3 – h4) – (h2 – h1)]/(h3 – h2(r))

(TH – TL)/TH
, (2.25)

with TH and TL the average source and sink temperatures defined as

TH =
Tht

TES – Tlt
TES

ln(Tht
TES/Tlt

TES)
,

TL =
Tcs,su – Tcs,ex

ln(Tcs,su/Tcs,ex)
.

(2.26)

Carnot battery
Assuming an adiabatic thermal energy storage (i.e., Qout

HP = QTES = Qin
ORC),

the power-to-power efficiency of the Carnot battery is defined as

ηP2P =
Wnet

ORC
Win

HP
=

QTES
Win

HP
· Wnet

ORC
QTES

= COPHP · ηORC .
(2.27)

The electrical energy density is another important metric when assessing the
performance of energy storage technologies. Considering only the volume of the
tanks and neglecting the size of the HP and ORC, it is defined as

ρel =
Wnet

ORC
Vtot

TES
=

QTES
Vtot

TES
· Wnet

ORC
QTES

=
hht

TES – hlt
TES

vht
TES + vlt

TES
· ηORC

= ρth · ηORC ,

(2.28)

with ρth the storage thermal energy density and vht
TES and vlt

TES the specific vol-
ume of the liquid in the high and low temperature tanks.

Knowing that for adiabatic storage Exout
HP = ExTES = Exin

ORC, the exergy effi-
ciency of the thermally integrated Carnot batteries is defined as

ηII =
Wnet

ORC
Exin

HP + Win
HP

=
ExTES

Exin
HP + Win

HP
· Wnet

ORC
ExTES

= ηII
HP · ηII

ORC .
(2.29)
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an extended domain

THERMAL integration presents an interesting application for Carnot batteries,
as it enables the use of various energy carriers to charge the system (e.g., re-

newable electricity, (very) low-grade waste heat, renewable heat, etc.). This can
provide an additional source of flexibility to energy systems. Although several im-
plementations have been studied over the past decade, they all face the same design
challenge: it is not possible to simultaneously maximise power-to-power efficiency
(i.e., effectiveness of electricity recovery), total exergy efficiency (i.e., effectiveness
of combined heat and electricity recovery), and electrical energy density (i.e., stor-
age size). Moreover, the thermal integration domain (i.e., the combination of heat
source and cold sink temperatures) remains largely unexplored, making it difficult
to map the theoretical maximum performance of thermally integrated Carnot bat-
teries. Specifically, identifying the optimal designs and nominal performance for
heat sources below 60◦C is a challenge. To provide general design guidelines with
respect to these three criteria and across the entire thermal integration domain, this
chapter contributes to the following research question:

What is the catalogue of efficient Carnot battery configurations
for small-scale thermal integration, and how can they be optimally designed?

To achieve this, Section 3.1 first examines the coverage of the thermal integration
domain in recent studies. Section 3.2 then describes the optimisation model used in
this chapter. The results are presented in Section 3.3, starting with the performance
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maps derived from a multi-criteria analysis (Section 3.3.1), followed by the formu-
lation of design guidelines across the entire domain (Section 3.3.2), and conclud-
ing with a detailed analysis of the trade-off between the three optimisation criteria
(Section 3.3.3). Section 3.4 summarises the key findings and offers perspectives for
future works. This chapter is adapted from a publication in Energy [JP2].

3.1 Mapping the Carnot battery trilemma

During the past decade, the concept of thermally integrated pumped thermal
energy storage (TI-PTES) has attracted growing interest and several implementa-
tions have been proposed. The most common is the basic hot TI-PTES (depicted
in Fig. 3.1), consisting in a subcritical vapour compression heat pump (HP), a two-
tank sensible heat thermal energy storage (TES), and a subcritical organic Rankine
cycle (ORC) [78]. When designing TI-PTES, typical criteria include maximising
the power-to-power efficiency ηP2P (i.e., effectiveness of electricity recovery, disre-
garding the opportunity cost of the heat source), the total exergy efficiency ηII (i.e.,
effectiveness of combined heat and electricity recovery) and the electrical energy
density ρel (i.e., storage size). However, these are usually conflicting [37, 78, 80]. It
is therefore not possible to design a TI-PTES that maximises these three criteria si-
multaneously, and that trade-offs must therefore be discussed. It was recently sug-
gested to formalise this conflict by referring to it as the Carnot battery trilemma [81].

Fig. 3.1 Layout of the basic hot TI-PTES: vapour compression heat pump (left), two-tank
sensible heat thermal energy storage (top) and organic Rankine cycle (right). ’ht’ is for high
temperature, ’lt’ for low temperature, ′hs′ for heat source, ′cs′ for cold sink, ′su′ for supply
and ′ex′ for exit. Note that the circulating pumps and other auxiliaries are not considered.
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Several studies have optimised the thermodynamic design of TI-PTES, and pro-
posed cycle modifications to enhance the performance. Internal recuperators could
for example be inserted the HP and in the ORC to increase the efficiency [78]. To
better match the TES with the cycles–thus reduce external irreversibilities–and to
reach higher energy densities, hybrid TES using both sensible and latent heat can
also be considered [72]. An alternative to hybrid TES is to adapt the cycles to TES:
organic flash cycles, for instance, offer effective match with sensible heat storage.
However, only complex layouts with two-phase expansions and multiple pressure
levels can provide efficiency gains [80, 81]. Yet, despite their increased complex-
ity, these cycles could be further considered for TI-PTES because they soften the
Carnot battery trilemma. Zeotropic mixtures also represent an alternative to reduce
external irreversibilities and increase efficiency [85]. To exploit the low grade heat
source during discharge, preheaters can also be inserted into the ORC [79]. These
start preheating the liquid fluid before evaporation with the heat from the TES.

In the aforementioned works, waste heat recovery (WHR) emerges as the most
commonly pursued application, with sensible heat storage generally favoured over
latent heat. From a technical point of view, this can be explained by the ease of
implementation. However, this usually comes at the cost of lower energy densi-
ties, and less efficient matches between the cycles and the TES. Still, most techno-
economic studies also consider sensible TES, generally in two tanks, in order to
maintain a constant thermal profile and avoid the diffusion problems found in sin-
gle tanks with thermoclines [78, 104–107].

Although TI-PTES is an active research topic, most studies published to date
do not cover the Carnot battery trilemma in its entirety. This is reflected in the fact
that the technology is often studied in isolation, and not integrated into energy sys-
tems where all three criteria matter. In particular, the use of waste heat is often
perceived as a way of ’artificially’ boosting ηP2P, without looking at the overall
gain for the energy system. Density is also frequently overlooked. In addition,
many studies are limited to parametric analyses, without any optimisation. Also,
although different fluids are sometimes considered, the analysis methods are usu-
ally not systematic and therefore do not consider all potential synergies between
the fluids and the thermodynamic cycles.

Currently, no study has focused on optimising and mapping the performance
of TI-PTES with respect to the Carnot battery trilemma and in the entire thermal in-
tegration domain (i.e., combination of possible source and sink temperatures). As
an illustration, the current domain exploration for TI-PTES with sensible TES is
represented in Fig. 3.2. The region with source temperatures below 60◦C has been
particularly little explored. This can be attributed to the fact that ηP2P is lower in
that region (i.e., usually below 50%, refer to Chapter 2), whereas as TI-PTES has
often been considered primarily as an electrical storage option, this performance
may have seemed rather poor. However, when looking at TI-PTES as a flexible
waste heat recovery option, there is no indication that ηP2P should override ηII.
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Fig. 3.2 Exploration of the thermal domain for TI-PTES with sensible TES. Most works have
not studied the trilemma in its entirety and only few of them have conducted proper optimisa-
tion. List of references: Zhang et al., 2023a [136]; Zhang et al., 2023b [79]; Qiao et al., 2023 [137];
Wang et al., 2023 [115]; Yu et al., 2023 [107]; Zhang et al., 2022 [106]; Lu et al., 2022 [85]; Weitzer
et al., 2022b [80]; Fan and Xi, 2022 [105]; Hu et al., 2021 [104]; Dumont and Lemort, 2020 [77];
Frate et al., 2020a [78] & 2020b [53]; Staub et al., 2018 [90]; Frate et al., 2017 [103].

Moreover, a significant share (45%) of the global low temperature waste heat to
be recovered is precisely below 60◦C [138]. A direct consequence of this poor in-
vestigation of the integration domain is that it is currently not possible to provide
theoretical maximum performance and design guidelines for TI-PTES across the
entire domain, and with regard to the three criteria of the Carnot battery trilemma.

This chapter therefore investigates and characterises the Carnot battery trilemma
over the entire integration domain. Source temperatures go up to 100◦C, a value
above which it does not seem appropriate to employ TI-PTES–waste heat could be
recovered more efficiently. The sink temperatures range from –25 to 50◦C to cover
the majority of climates (i.e., from polar to hot) that can be encountered, and to
represent a certain range of poly-generation applications where the latent heat of
condensation in the ORC is recovered (see Fig. 1.2).

3.2 Model and methods

3.2.1 System model

The basic hot TI-PTES configuration is here considered (see Fig. 3.1). Although
enhanced cycles can provide better performance (e.g., recuperated [78], zeotropic
mixtures [83]), the basic configuration is adopted as the aim is to provide generic
design guidelines for this reference case. Based on the irreversibilities observed in
the optimised cycles, improvements are suggested in the Section 3.3. Thermody-
namic performance is assessed using the model introduced in Section 2.2.
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The model parameters and corresponding design constraints are reported in
Table 3.1. These are employed to give technical plausibility to the cycles, without
being too restrictive from a technological point of view (the aim of the analysis
is above all to understand the fundamental thermodynamics of Carnot batteries).
Minimum pressures of 0.5 bar are set in the HP and ORC to limit the necessary
degree of vacuum [78,139]. Of course, above-atmospheric pressures are ideally de-
sired, but this would be quite restrictive for the choice of working fluids in some
parts of the domain (i.e., the higher the critical point, the lower the saturation pres-
sure, which is a penalty for the ’cold region’ of the domain, see Appendix B.1).
Note that the pressure and volume ratios are not constrained, as multi-stage com-
pression and expansion can be used (although this increases cost and complex-
ity) [141,142]. There is therefore no limit on the maximum pressures. Although the

Table 3.1 Model parameters and constraints for the TI-PTES optimisation.

Parameter Symbol Value Units Ref.
Heat source temperature Ths –25 to 100◦C ◦C n/a
Heat source temperature glide ∆Tgl

hs design var. K n/a
Cold sink temperature Tcs –25 to 50◦C ◦C n/a
Cold sink temperature glide ∆Tgl

cs 10 K [78]
Hot tank storage temperature Tht

TES design var. ◦C n/a
Storage temperature spread ∆Tsp

TES design var. K n/a
Max. storage temperature Tht

TES,max 150 ◦C [81]
Min. storage temperature Tlt

TES,min Ths – ∆Tgl
hs

◦C n/a
Storage pressure pTES 7.5 bar n/a
HP working fluid fluidHP design var. n/a n/a
ORC working fluid fluidORC design var. n/a n/a
HP vapour superheating ∆Tsh

HP design var. K n/a
HP liquid subcooling ∆Tsc

HP design var. K n/a
ORC vapour superheating ∆Tsh

ORC design var. K n/a
ORC liquid subcooling ∆Tsc

ORC 3 K [81]
Compressor isentropic eff. ηis,comp 0.75 – [77]
Expander isentropic efficiency ηis,exp 0.75 – [77]
Feed pump isentropic eff. ηis,pmp 0.50 – [77]
Pressure losses in heat exch. ∆pHP/ORC 0 bar [78, 81]
Pinch point in heat exchang. ∆Tpp

HP/ORC 3 K [77, 78]
Min. HP temperature lift ∆THP,min 5 K [77]
Min. ORC temp. drop ∆TORC,min 5 K [77]
Max. compress. disch. temp. Tcomp,ex

HP,max 180 ◦C [78]
Min. HP superheating ∆Tsh

HP,min 3 K [81]
Min. HP subcooling ∆Tsc

HP,min 3 K [81]
Min. ORC superheating ∆Tsh

ORC,min 3 K [81]
Min. HP pressure pmin

HP 0.5 bar [78]
Min. ORC pressure pmin

ORC 0.5 bar [78]
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maximum pressures obtained remain compatible with standard equipment (across
all results, they stay below 55 bar in the HP and 49 bar in the ORC), compression
ratios can reach up to 60 in the HP and expansion ratios up to 28 in the ORC (across
all results). This clearly confirms the need to employ multi-stage compression and
expansion chains. Also, minimum temperature lifts and drops (i.e., temperature
difference between storage and source/sink) of 5 K are set in the HP and in the
ORC. This is to prevent the cycles from degenerating into configurations where
their action on the heat sources would be zero (see designs maximising the power-
to-power efficiency in Section 3.3.1). The hot tank temperature is restricted to 150◦C
to limit the need for water pressurisation (thus the cost). The maximum compres-
sor discharge temperature is 180◦C to represent the current HP practice [139, 140].
Some work even recommend not exceeding 150◦C [141]. Main reasons for that are
to prevent lubricant degradation and fluid decomposition [139–141]. All pressure
drops, which are technology dependent, are neglected to get more generic conclu-
sions. Nevertheless, the sensitivity of TI-PTES performance to these losses deserves
further analyses. Specifically, certain parameters–such as the vapour density of the
fluid–significantly influence pressure drops. Benzene is a good example: although
it often appears to be a promising candidate from a thermodynamic perspective,
its low vapour density necessitates very high volumetric flow rates, which in turn
increases pressure drops [130]. There is also no constraint on the volumetric work.
However, this is addressed through the volumetric heating capacity (HP) and vol-
ume coefficient (ORC) in Chapter 4. Finally note that the heat source and sink are
treated as pure dry atmospheric air (i.e., only sensible heat is considered).

3.2.2 Optimisation problem

The Carnot battery trilemma consists of the conflict between the power-to-power
efficiency ηP2P, the exergy efficiency ηII, and the energy density ρel. These perfor-
mance indicators are therefore adopted for the multi-criteria analysis. To optimise
the system, a set of eight design variables are used (see Table 3.1). The hot tank
temperature Tht

TES, heat source glide ∆Tgl
hs (i.e., difference between supply and exit

temperatures at the HP evaporator) and storage temperature spread ∆Tsp
TES (i.e.,

difference between the hot and cold tanks temperature) have already been identi-
fied as key parameters influencing ηP2P, ηII and ρel, respectively [77, 78, 80]. Note
that the heat source is here treated as ’free’ or ’open source’ waste heat (i.e., the heat
source glide is not constrained by the application). This typically involves exhaust
gas, etc. Therefore, in the definition of exergy efficiency in Eq. 2.29, Exin

HP = ehs,su
instead of Exin

HP = ehs,su – ehs,ex to account for ambient losses. As design variables,
we also include the liquid subcooling ∆Tsc

HP in the HP as well as the vapour super-
heating ∆Tsh

HP/ORC in the HP and in the ORC. These parameters can take on differ-
ent optimal values depending on the thermal profiles and working fluids [78, 132].
The constraints associated with these variables are reported in Table 3.1.
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The thermodynamic cycles and the selection of working fluids in the HP and
ORC are simultaneously optimised to fully embrace the existing synergies between
them (instead of running optimisation for all possible pairs and keeping only the
best performing sets [53]). A set of 34 pure working fluids is considered. These
were selected from CoolProp because they have zero ozone depletion potential
(ODP, compliance with Montreal protocol), low to moderate global warming po-
tential (GWP, compliance with Kigali Amendment and EU F-gas regulation) and
because their critical point is compatible with subcritical cycles. The full list of
fluids is available in Table 3.2.

To map the performance of TI-PTES, the integration domain is discretised with
a 5 K resolution into 296 cells. In each cell, optimisation is carried out using
NSGA-II [144] (see Fig. 3.3) through the RHEIA framework [145]. NSGA-II is a well-
established evolutionary algorithm for solving multi-criteria optimisation prob-
lems. It is inspired by natural selection, using genetic operations such as mutation
and crossover to evolve solutions across generations. At each generation, individ-
uals are ranked into different fronts based on the non-dominance criterion, ulti-
mately producing a diverse and representative Pareto front of optimal trade-offs.
Note that multi-objective particle swarm optimisation (MOPSO) was also tested
through pymoo [146]. However, it did not show a lower computational budget for
equivalent convergence levels. Note also that brute-force optimisation is not feasi-
ble due to computational cost constraints (i.e., too many combinations to evaluate).

In Table 3.1, all design variables are continuous, except the working fluids. To
integrate them to the problem, these were sorted by critical temperature and got
assigned tags ranging from 1 to 34. The continuous design space for each fluid
then ranges from 0.51 to 34.49, and each tag is obtained by rounding the value to
the closest integer. Note that sorting the fluid by critical temperature is intended to
facilitate the natural selection of well performing fluids from generation to gener-
ation. Yet, more intelligent strategies could integrate other parameters, including
the slope of the saturated vapour curve (i.e., wet, dry or isentropic fluids).

thermodynamic
model

max

min

ranges on 
design variables

genetic algorithm 
(NSGA-II)

offspring generation + selection

population of designs 

position in the domain 
(1 among 296 cells)

sets of performance criteria

min. 1000 
generations

3D Pareto front
including optima and

corresponding designs

(optional initial starting 
population )

Fig. 3.3 Illustration of the optimisation process for each cell. Initially, no starting popula-
tion is provided, so the optimiser selects the 500 designs from the ranges of design variables
through Latin Hypercube Sampling.
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Table 3.2 Technical and physical properties of the investigated working fluids (data from
CoolProp 6.4.1 [134]).

Fluid Type Tcrit pcrit psat,15◦C GWP100 ASHRAE Shape No.
[◦C] [bar] [bar] 34b

R1150 (Ethylene) HO 9.2 50.4 n.a. 6.8 A3 wet 1
R170 (Ethane) HC 32.2 48.7 33.7 0.437a A3 wet 2
R41 HFC 44.1 59.0 30.1 135a N/A wet 3
R1270 (Propylene) HO 91.1 45.6 8.9 3.1 A3 wet 4
R1234yf HFO 94.7 33.8 5.1 0.501a A2L dry 5
R290 (Propane) HC 96.7 42.5 7.3 0.02a A3 wet 6
R161 HFC 102.1 50.1 7.0 4.84a N/A wet 7
R1243zf HFO 103.8 35.2 4.4 0.261a N/A isentropic 8
R1234ze(E) HFO 109.4 36.3 3.6 1.37a A2L isentropic 9
R152a HFC 113.3 45.2 4.4 164a A2 wet 10
R13I1 H 123.3 39.5 3.7 0.4 A1 wet 11
RC270 (cyclo-Propane) HC 125.2 55.8 5.5 N/A A3 wet 12
RE170 (dimethyl-Ether) HC 127.2 53.4 4.4 1.0 A3 wet 13
R717 (Ammonia) 132.2 113.3 7.3 N/A B2L wet 14
R600a (iso-Butane) HC 134.7 36.3 2.6 N/A A3 dry 15
1-Butene HC 146.1 40.1 2.2 N/A N/A dry 16
R1234ze(Z) HFO 150.1 35.3 1.2 0.315a A2L isentropic 17
R600 (n-Butane) HC 152.0 38.0 1.8 0.006a A3 dry 18
trans-2-Butene HC 155.5 40.3 1.7 N/A N/A dry 19
Neopentane HC 160.6 32.0 1.2 N/A N/A dry 20
R1233zd(E) HCFO 166.5 36.2 0.9 3.88a A1 dry 21
Novec649 168.7 18.7 0.3 N/A N/A dry 22
R601a (iso-Pentane) HC 187.2 33.8 0.6 N/A A3 dry 23
R601 (n-Pentane) HC 196.5 33.7 0.5 N/A A3 dry 24
R602 (n-Hexane) HC 234.7 30.4 0.1 3.1 N/A dry 25
Acetone 235.0 47.0 0.2 0.5 N/A isentropic 26
cyclo-Pentane HC 238.6 45.7 0.3 N/A N/A dry 27
Methanol 239.4 82.2 0.1 2.8 N/A wet 28
R603 (n-Heptane) HC 267.0 27.4 < 0.1 N/A N/A dry 29
cyclo-Hexane HC 280.5 40.8 < 0.1 N/A N/A dry 30
Benzene HC 288.9 48.9 < 0.1 N/A N/A dry 31
MDM Siloxane 290.9 14.1 < 0.1 N/A N/A dry 32
Toluene HC 318.6 41.3 < 0.1 3.3 N/A dry 33
ethyl-Benzene HC 344.0 36.2 < 0.1 N/A N/A dry 34
a Value from Table 7.SM.7 of IPCC AR6 [143]
b ASHRAE Standard 34-2022, ’Designation and Safety Classification of Refrigerants’

Note that the simultaneous optimisation of the working fluid and the thermo-
dynamic cycle is an active area of research. An alternative approach to the one pre-
sented here, sometimes referred to as ’reverse engineering’, consists of first defining
an ideal hypothetical fluid and then identifying real fluids with similar properties
that maximise actual performance [147–151]. Specifically, in this approach, flu-
ids are represented using continuous and/or discrete variables to build an equa-
tion of state used to determine their thermodynamic properties. These variables
may correspond to the thermophysical properties of the fluid (i.e., critical pressure
and temperature, acentric factor, heat capacity parameters) [147] or to its molecu-
lar structure (i.e., segment number, segment diameter, segment energy parameter,
and dipole moment) [148–150]. Different types of equations of state, such as Peng-
Robinson or Perturbed-Chain Statistical Associating Fluid Theory (PC-SAFT), can
be used. This enables, through an optimisation algorithm, the identification of the
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ideal fluid properties and optimum process parameters (e.g., temperature levels)
that maximise the cycle performance. The optimisation is generally carried out
using (Mixed-Integer) Non-Linear Programming algorithms. Methods based on
molecular structure even allow for the design of new fluids. Given the original ap-
proach proposed by these methods, it would be interesting to compare them with
the method presented in this work in terms of convergence speed and quality of
the results obtained.

In this work, the optimisation process is carried out in two main stages, in or-
der to achieve global convergence and avoid the curse of local optima. Indeed,
the optimisation domain to cover is relatively complex–the term porous could be
employed–as many combinations of variables lead to physically infeasible solu-
tions, or which do not respect the design constraints (e.g., high storage tempera-
tures make subcritical operations impossible if the critical temperature of the fluid
is too low). To cover this optimisation domain properly, the population size and
mutation probability are first set to 500 and 50%, respectively. In this sense, the
idea is to build a preliminary map in a way that is almost like a random search. Ex-
perience has shown that 1000 generations are generally sufficient to obtain ’global’
optima for each objective. The results are then post-processed: when a cell of the
thermal domain shows much worse performance than its neighbours, or causes a
discontinuity in the map trends, some individuals from the surrounding cells are
inserted in its population. Then, optimisation is relaunched for that cell, using this
updated initial population. These two steps are reproduced until hypervolume
convergence seems to be reached (i.e., the ’volume’ of the Pareto front is not in-
creasing anymore, see Appendix C.1). In a second stage, the mutation probability
is reduced to 10% and optimisation is relaunched in the entire domain to refine the
results and smoothen the Pareto fronts.

3.3 Results of performance optimisation

The first part of this section focuses on mapping the performance of the basic
hot TI-PTES over the entire thermal integration domain, and on analysing the op-
timal thermodynamic designs. The various trends are then discussed and design
guidelines are step-by-step constructed according to the objectives sought. Con-
flicts between the different objectives are also qualitatively assessed. In the second
part, the design guidelines are summarised and illustrated over the domain. Fur-
ther discussions on some design parameters are also carried out. In the third part,
the Carnot battery trilemma is studied quantitatively by analysing the Pareto fronts
resulting from the multi-criteria analysis.
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3.3.1 Performance mapping

In each of the 296 cells of the domain, the three designs providing the best ηP2P,
ηII, and ρel were selected to construct the maps depicted in Fig. 3.4. They are rep-
resented as a pay-off table to illustrate the conflict between the different objectives
of the trilemma: for each optimised objective, the value of the two others is also
mapped. The corresponding heat source temperature glide ∆Tgl

hs, hot storage tem-
perature Tht

TES and storage temperature spread ∆Tsp
TES are depicted in Fig. 3.5, as

they are key variables in TI-PTES [77,78]. The other design variables, including the
working fluids, vapour superheating and liquid subcooling are discussed later in
Section 3.3.2. To give a more pictorial reading of the results, representative T – s
diagrams corresponding to four locations in the domain are represented in Fig. 3.6.

Results for optimised power-to-power efficiency

As expected from the simplified model in Chapter 2 (see Fig. 2.4b), the power-
to-power efficiency increases with the difference between the source and sink tem-
peratures (∆Ths–cs = Ths – Tcs). It ranges from about 30% when ∆Ths–cs = 0 K
to more than 400% when ∆Ths–cs = 125 K (see Fig. 3.4). However, because of a
design shift, the growth is not continuous. For ∆Ths–cs ≥ 30 K, the storage tem-
perature Tht

TES is minimised so that the heat pump lift is always minimised (i.e.,
∆THP = 5 K). In this sense, COPHP is maximised to the detriment of ηORC,
which is negatively affected by the lower Tht

TES.
Below the tipping point (i.e., ∆Ths–cs < 30 K), on the other hand, the lift is

almost always maximised, so that Tht
TES = Tht

TES,max = 150◦C. The only excep-
tion is for the part of the domain where Ths > 35◦C and ∆Ths–cs < 30 K, where
Tht

TES gradually increases with decreasing ∆Ths–cs. The reason for this discon-
tinuity in Tht

TES is the technical constraint on the maximum storage temperature
(i.e., Tht

TES,max = 150◦C)1. In fact, as Tcs is also higher in that region, ηORC is
penalised since the temperature drop ∆TORC = Tht

TES – Tcs decreases. To com-
pensate, COPHP is increased by reducing Tht

TES (which, by the way, affects ηORC
even more). An new optimal trade-off must therefore be found between ηORC and
COPHP. Nonetheless, the effect of this Tht

TES,max = 150◦C constraint on ηP2P
is very small. The iso-ηP2P lines shown in Fig. 3.4 are actually homogeneous in
that region of the domain, and they show no discontinuity. On the other hand, on
that upper left region, the storage spread is minimised, resulting in a significant
reduction in ρel. The message that emerges from this analysis is that the optimal
thermodynamic configuration can be a function of the design constraints. Overall,
this also illustrates that approaches such as near-optimal design could lead to dif-

1By increasing the constraint Tht
TES,max, ηORC would increase and it would no longer be

necessary to decrease Tht
TES to maximise ηP2P. This is illustrated in Appendix B.1 by raising

Tht
TES,max to 250◦C–although this is probably beyond the technological limits for HP.
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Fig. 3.4 Performance maps of power-to-power efficiency ηP2P (1st row), exergy efficiency
ηII (2nd row) and electrical energy density ρel (3rd row) for the configurations maximising
ηP2P (1st column), ηII (2nd column) and ρel (3rd column). Some maps have been smoothed
using Gaussian filtering to eliminate local convergence issues (model artifacts). The spacing
between the contour lines is refined on some maps to increase legibility.
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tipping point

tipping point

Fig. 3.5 Set of design variables with the most significant influence on the Carnot battery
trilemma: heat source temperature glide ∆Tgl

hs (1st row), hot storage temperature Tht
TES (2nd

row) and storage temperature spread ∆Tsp
TES (3rd row) for the configurations maximising

ηP2P (1st column), ηII (2nd column) and ρel (3rd column). Some contour lines have been
smoothed to eliminate local convergence issues (model artifacts).

58 |



Results of performance optimisation | 3.3

(a) Ths = 10◦C, Tcs = 10◦C,
max. ηP2P = 29.6%

(b) Ths = 10◦C, Tcs = 10◦C,
max. ηII = 29.6%

(c) Ths = 10◦C, Tcs = 10◦C,
max. ρel = 6.44 kWhel/m3

(d) Ths = 40◦C, Tcs = 30◦C,
max. ηP2P = 32.9%

(e) Ths = 40◦C, Tcs = 30◦C,
max. ηII = 30.8%

(f) Ths = 40◦C, Tcs = 30◦C,
max. ρel = 4.21 kWhel/m3

(g) Ths = 60◦C, Tcs = 10◦C,
max. ηP2P = 114.4%

(h) Ths = 60◦C, Tcs = 10◦C,
max. ηII = 31.0%

(i) Ths = 60◦C, Tcs = 10◦C,
max. ρel = 6.43 kWhel/m3

(j) Ths = 100◦C, Tcs = 10◦C,
max. ηP2P = 254.2%

(k) Ths = 100◦C, Tcs = 10◦C,
max. ηII = 31.3%

(l) Ths = 100◦C, Tcs = 10◦C,
max. ρel = 6.54 kWhel/m3

Fig. 3.6 T – s diagrams of the configurations maximising ηP2P (1st column), ηII (2nd col-
umn) and ρel (3rd column) for four different locations in the domain. Red solid lines are
for the HP and the blue are for the ORC. Green dashed lines correspond to the TES and are
positioned to illustrate the heat transfer with the cycles. Grey dashed lines indicate the heat
source and cold sink. Note that these dashed lines do not formally represent heat transfers,
but they provide useful intuition regarding their quality. They also help to better grasp the
Carnot batteries designs.
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ferent cycles for similar performance, and that such methods should be considered,
for instance, to identify whether tolerating a small loss in ηP2P makes it possible
to maintain ρel at a high level. This issue is further discussed in the multi-criteria
analysis in Section 3.3.3 and addressed in Chapter 4.

The existence of the 30 K tipping point, which Weitzer et al. [80] also detected,
can be attributed to external irreversibilities, as discussed in Chapter 2. Below it,
the relative impact of external irreversibilities is minimised when the storage tem-
perature is maximised (see Eq. 2.4 and Fig. 2.4). To maximise the exergy efficiency
of the charging and discharging cycles–and a fortiori the power-to-power efficiency
of the TI-PTES, the storage temperature must be maximised. It can also be shown
that the value of the tipping point increases with the heat transfer irreversibili-
ties (refer to Appendix A.3). In practice, this 30 K value is specific to the pinch-
points selected in this work. Yet, the external irreversibilities (∆T in Eq. 2.4) are
also largely influenced by the storage temperature spread, and by the degrees of
subcooling and superheating. Nevertheless, 30 K is an order of magnitude to bear
in mind for TI-PTES (Weitzer et al. [80] obtained a similar value).

Note that this analysis with the simplified thermodynamic model confirms the
assumption that Tht

TES should always be maximised below the tipping point (even
for Ths > 35◦C), and that the results observed in Fig. 3.5 are effectively due to the
constraint on Tht

TES,max (further refer to Appendix B.1).

Another key message from these results is that when ∆Ths–cs is above the tip-
ping point, optimising for maximum ηP2P results in a TI-PTES system that effec-
tively degenerates into a simple TES + ORC configuration–i.e., the heat pump lift
is minimised. In this case, the system becomes suitable for pilotable electricity pro-
duction but ceases to function as a true power-to-power storage solution. Thus,
designing a TI-PTES solely based on maximising ηP2P is fundamentally flawed. It
leads to the use of a heat pump that performs no real work: the exergy content of
the heat source remains unchanged (i.e., the thermal storage operates at the same
temperature as the source), and the electricity consumed by the heat pump merely
offsets the cycle irreversibilities and the losses in transferring heat from the source
to the thermal storage. This degeneration is well illustrated in the T – s diagrams
in Figs. 3.6g & 3.6j.

Regarding the heat source glide ∆Tgl
hs and storage spread ∆Tsp

TES, these are
minimised on the largest part of the domain (see Figs. 3.6d & 3.6g). Consequently,
ηII and ρel are rather poor (see Fig. 3.4), since a lot of exergy is lost at the source
(∆Tgl

hs is minimised) and because the low ∆Tsp
TES limits the thermal density. Never-

theless, ηII gradually deteriorates as ∆Ths–cs increases, because the exergy content
of the source also increases, while most of it is lost to the environment. In the
south-eastern part of the domain, ∆Tsp

TES increases slightly (this is also highlighted
in Fig. 3.7) in order to reduce the condensation temperature in the HP (see Fig. 3.6j)
and to increase its COP, which results in a partial improvement in the density.
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constraint on storage
temperature

south-eastern part

30 K tipping
point

30 K tipping
point

Fig. 3.7 Optimised power-to-power efficiency ηP2P (top), and corresponding relative stor-
age spread ∆Tsp

TES,rel (center) and relative heat pump lift ∆THP,rel (bottom) according to the
source-sink temperature difference ∆Ths–cs. The deviation from theory due to Tht

TES,max =
150◦C is marked with gray dots (red and black mark the results which are in line with the-
ory). The spread increase in the south-eastern part of the domain is marked with green dots.

The above analysis does, however, not apply to the region of the domain where
the storage temperature is maximised (i.e., below the 30 K tipping point). There,
the storage spread takes much higher values: the relative storage spread, which is
defined as

∆Tsp
TES,rel =

∆Tsp
TES

Tht
TES – Tcs

=
∆Tsp

TES
∆TORC

, (3.1)

lies between 70% and 90%, as illustrated in Fig. 3.7. Weitzer et al. [80] also showed
that when the storage temperature was maximised, increasing the storage temper-
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ature spread was necessary to maximise ηP2P. The main reason for this is that large
spreads make it possible to lower the condensation temperature in the HP, which
reduces the compression work, while at the same time allowing significant sub-
cooling, thus improving COPHP (this is well illustrated in Fig. 3.6a). However, as
this also penalises ηORC, there is an optimal spread to be found. Interestingly, this
leads to increased ρel and relaxes the Carnot battery trilemma, as this will be further
discussed in the multi-criteria analysis.

To ease the formulation of design guidelines, Fig. 3.7 also introduces the relative
heat pump lift,

∆THP,rel =
Tht

TES – Ths
Tht

TES,max – Ths
=

∆THP
∆THP,max

. (3.2)

The latter effectively indicates where the lift is minimised (black dots) and max-
imised (red dots), and prescribes it an optimal value in the region where ∆Ths–cs <

30 K and Ths > 35◦C (grey dots).

Results for optimised ηII

The exergy efficiency globally drops as the sink temperature Tcs increases, from
about 35% when Tcs = –25◦C to about 30% when Tcs = 15◦C (see Figs. 3.4 & 3.8).
The main driver is the decrease in ORC efficiency ηORC (see Fig. 3.8), because, by
Carnot efficiency, an increase in Tcs leads to a reduction in ηORC (the storage tem-
perature Tht

TES is always maximised in that region of the domain). The storage
temperature spread ∆Tsp

TES also decreases as Tcs increases, so as to limit the effect
on ηORC (i.e., the lower the spread, the higher the evaporation point, and there-
fore the higher ηORC). This result contrasts with that of Frate et al. [78] who, for
equivalent design variables, also recommended maximising Tht

TES but minimising
∆Tsp

TES. The explanation we find is that, when Tht
TES is maximised, increasing the

spread is necessary because the gain in COPHP thanks to subcooling compensates
for the loss in ηORC (i.e., there is an optimal trade-off between COPHP and ηORC).

When Tcs > 15◦C, ηII slightly re-increases and stabilises around 32.5% because
of a design shift (see Fig. 3.8): Tht

TES is reduced to values between 130◦C and 150◦C
(especially for lower ∆Ths–cs) and ∆Tsp

TES to values below 30 K. The reason for
this shift is the same as the one introduced for ηP2P: while ηORC deteriorates and
cannot be increased by a higher Tht

TES because of the Tht
TES,max constraint, it can no

longer compensate for the lower COPHP. Reducing Tht
TES slightly therefore helps

to find another optimal trade-off between ηORC and COPHP. Finally, the drop in
∆Tsp

TES increases ηORC as this increases the evaporation temperature (this is clearly
visible in Fig. 3.8).

The other key parameter influencing ηII is the heat source glide ∆Tgl
hs. A high

∆Tgl
hs leads to an effective waste heat recovery (it reduces the exergy losses at the

source), but this reduces COPHP, as the evaporation temperature decreases (see
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constraint on storage
temperature

Fig. 3.8 Optimised exergy efficiency ηII (top), ORC efficiency ηORC (second), storage tem-
perature spread ∆Tsp

TES (third) and corresponding relative heat pump lift ∆THP,rel (bottom)
depicted according to the sink temperature Tcs. Grey dots correspond to the region affected
by the constraint on maximum storage temperature.
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Figs. 3.6h & 3.6k). A trade-off must therefore be found. The relative heat source
glide, defined as

∆Tgl
hs,rel =

∆Tgl
hs

∆Ths–cs
, (3.3)

remains between 50 and 65% when ηII is maximised (see Fig. 3.9).

Fig. 3.9 Relative heat source glide ∆Tgl
hs,rel for the design maximising the exergy efficiency.

Finally, because ∆Tsp
TES is relatively high when maximising ηII, the density ρel

obtained throughout the zone where Tht
TES = 150◦C is close to that obtained when

ρel is maximised (see third column in Fig. 3.4). This will be further discussed in the
multi-criteria analysis (Section 3.3.3).

Results for optimised ρel

The optimal electrical energy density is a trade-off between the thermal density
(i.e., the higher ∆Tsp

TES, the higher the thermal density) and ηORC (i.e., the higher
∆Tsp

TES, the lower ηORC). As it can be observed in Figs. 3.4 & 3.10, because ηORC
is a function of Tcs, ρel linearly decreases with increasing Tcs. It ranges from about
12 kWhel/m3 when Tcs = –25◦C to 2.5 kWhel/m3 when Tcs = 50◦C. Note that a
TES in a single tank with an ideal thermocline could double these values, as one of
the two tanks would be removed.

The optimal storage spread linearly varies from about 150 K when Tcs = –25◦C
to about 70 K when Tcs = 50◦C. To reach such spreads and to maximise ηORC,
Tht

TES is always maximised. Moreover, as a rule of thumb, it is shown in Fig. 3.10
that for the designs maximising the density, the relative storage spread ∆Tsp

TES,rel
lies between 70 and 90%.

Note that the heat source glide ∆Tgl
hs has a clear increasing trend with increas-

ing ∆Ths–cs (see Fig. 3.5). This is due to the fact that this parameter must have
a sufficient value to ensure that the evaporation temperature in the HP is lower
than the condenser exit temperature, so as to allow significant storage temperature
spreads and large large subcooling (see Figs. 3.6i & 3.6l). A beneficial consequence
of this is that the exergy losses at the source are reduced, thereby favouring ηII.
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Fig. 3.10 Optimised electrical energy density ρel, ORC efficiency ηORC, storage spread
∆Tsp

TES and relative storage spread ∆Tsp
TES,rel according to the sink temperature Tcs.
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3.3.2 Further design analyses

In Section 3.3.1, only the variables mainly affecting the Carnot battery trilemma
have been discussed. However, parameters such as the choice of optimal fluids
and the levels of superheating and subcooling also play an important role. This
section therefore focuses on these. In addition, it provides a graphical summary of
the design guidelines for the basic hot TI-PTES.

Optimal fluids

To represent the diversity of fluids encountered over the entire domain, Fig. 3.11
shows a mosaic where the colour of each tile represents one of the fluids from Ta-
ble 3.2. 26 of these are actually used to provide optimal performance. Depending
on the objective, the optimal fluids vary, in particular because of the shape of the
cycles and due to changes in temperature levels. Although there are local fluctua-
tions, certain areas seem to be emerging. For example, in regions where the stor-
age temperature spread ∆Tsp

TES is large, R1234ze(E) is very often used in the ORC.
When ηP2P and ηII are maximised, Acetone predominates in the HP and in the
ORC, throughout the zone where Tcs > 15◦C. The few disparities within the uni-
form zones are also a sign suggesting that opting for near-optimal methods would
be relevant (different fluids give similar performance). At some locations, the same
fluid is used in the ORC and in the HP (e.g., Acetone): this is an encouraging sign for
the development of invertible HP/ORC systems [89, 90]. Also, when ηP2P is max-
imised, the choice of fluid in the HP is contingent on Ths, whereas it is contingent
on Tcs in the ORC.

Although Fig. 3.11 is interesting for assessing the diversity of fluids encoun-
tered, it says very few about the way they are used. When looking at the T – s
diagrams in Fig. 3.6, it appears that when large ∆Tsp

TES are used, the HP and the
ORC usually operate in ’near-critical’ regime. To map this, Fig. 3.12 shows the tem-
perature difference between the critical point of the fluid and the high saturation
temperature in the HP and in the ORC. In regions with large ∆Tsp

TES, this temper-
ature difference is very small (≤ 7.5 K). For the ORC, this can be explained by
the fact that increasing the evaporation temperature (and a fortiori the evaporation
pressure) reduces the calorific action required to evaporate the working fluid, and
therefore maximises its efficiency. For the HP, by minimising the amount of latent
heat in the heat transfer with the TES, the heat exchange profile makes it possible to
reduce both the heat transfer irreversibilities and the condensation pressure, which
is favourable to COPHP.

Based on these observations, in the concerned regions, transcritical cycles could
be good candidates for TI-PTES. Maraver et al. [132] have for instance shown that,
for ORC with large heat source glides (i.e., corresponding to large storage spreads
here), the transcritical regime can sometimes provide efficiency gains over the sub-
critical regime. However, these observations were contingent on the fluids selected

66 |



Results of performance optimisation | 3.3

Fig. 3.11 Optimal fluids in the HP (1st row) and in the ORC (2nd row) for the configurations
maximising ηP2P (1st column), ηII (2nd column) and ρel (3rd column) respectively.
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Fig. 3.12 Difference between critical temperature of the fluid and the high saturation tem-
perature in the HP (1st row) and in the ORC (2nd row). The blue zones indicates the regions
where the difference is below 7.5 K (i.e., near-critical operations). In the cyan zones, this dif-
ference is below 15 K for both. It is above 15 K in the rest of the domain.
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and on the temperature of the heat source. Dedicated analyses would therefore be
required to extend these results to TI-PTES. Also, as a large number of constraints
apply to the choice of the working fluid when designing a HP or an ORC (e.g., max-
imum permitted charge, price, density, compliance with local regulation, etc.), ap-
plying near-optimal analyses for this phase of the design seems relevant to broaden
the range of possibilities. Both these aspects will be addressed in Chapter 4.

Optimal superheating and subcooling

In the HP, liquid subcooling ∆Tsc
HP is always maximised, so the condenser out-

let temperature is equal to the cold reservoir temperature (i.e., Tlt
TES) plus the pinch

∆Tpp. This is well illustrated in the various T – s diagrams in Fig. 3.6 (although
these are not strictly heat transfer diagrams). Because of its importance, this sub-
cooling must be implemented and regulated using dedicated techniques. Active
charge control in the cycle to regulate the liquid level in the condenser or the use of
a separate heat exchanger (i.e., a subcooler) are two possible options [152, 153].

At the evaporator outlet, vapour superheating ∆Tsh
HP is usually maximised to

minimise heat transfer irreversibilities, so the compressor supply temperature is
equal to the source temperature Ths minus the pinch ∆Tpp. Consequently, for large
heat source glides and large storage spreads, this makes it possible to bring the
compressor discharge temperature high enough to allow significant heat transfer
with the TES through vapour de-superheating, while the lower condensing tem-
perature increase COPHP. This is clearly visible in Figs. 3.6h, 3.6i, & 3.6l for wet
and isentropic fluids. For very dry fluids, ∆Tsh

HP is still maximised, although this
does not allow to reduce the condensation pressure much (see Fig. 3.6k).

Because of the large superheating and de-superheating, these heat pump cycles
are closer to the ideal Lorenz cycle (non-isothermal heat transfer, i.e., sensible heat)
than to the Carnot cycle (isothermal heat transfer, i.e., latent heat). From a techno-
logical point of view, the design of the evaporator and condenser will have to be
adapted to enable these cycles to be implemented, where a significant proportion
of the heat exchange will be sensible, compared with the more common case where
the exchange is mainly latent. This also opens up prospects for the development of
new cycles, particularly those using zeotropic mixtures.

There is no strict rule for the vapour superheating ∆Tsh
ORC in the ORC. Based

on Fig. 3.6, the drier the fluid, the more ∆Tsh
ORC will be minimised in order to limit

condenser losses. In the case of isentropic fluids, ∆Tsh
ORC can take different optimal

values. Finally, in the case of wet fluids (see Fig. 3.6h), ∆Tsh
ORC will have a much

higher value to prevent from saturation at the expander outlet.

At this point, it is worth discussing the use of recuperators in TI-PTES. For the
ORC, depending on the vapour superheating and the type of fluid, there may be
some sensible heat left at the end of expansion. This energy could be recovered
through a recuperator to start preheating the liquid fluid after the pump, instead
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of being lost at the condenser (see Fig. 3.6). However, if a very large spread is
applied to the storage (= high thermal density), the temperature at the pump out-
let may be very close to that of the cold tank (Tlt

TES). Since this cannot be higher
than Tlt

TES – ∆Tpp, the use of a recuperator may be problematic. Consequently, the
maximum value of the spread would be constrained by the amount of heat avail-
able at the expander outlet: the higher this is, the higher the temperature of the
pressurised fluid at the recuperator outlet, and therefore the lower the permitted
spread. Two antagonistic mechanisms are then at work. On the one hand, the max-
imum thermal density is reduced, which necessarily reduces the electrical density
ρel. But on the other hand, ηORC is increased, which increases ρel. So there is a
trade-off to be found. Hence, the use of recuperated ORC for TI-PTES deserves
further investigation, including the effect of the fluid type (i.e., dry or wet).

For the HP, depending on the liquid subcooling, a lot of exergy can remain at
the expansion valve inlet. A simple way to recover this exergy and reduce inter-
nal irreversibilities–without using two-phase expanders, which typically produce
limited work due to low efficiencies [154, 155]–is to use recuperators to superheat
the vapour at the compressor inlet. Here too, there are antagonist effects. On the
one hand, as the vapour is hotter, the compression work is increased, which re-
duces COPHP. But on the other hand, this ensures that the vapour at the compres-
sor outlet is sufficiently hot. In systems with large storage temperature spreads,
this enables a reduction in condensing temperature–and thus pressure–as a sig-
nificant portion of the heat exchange in the condenser occurs through vapour de-
superheating. This, in turn, reduces the compression ratio and limits the condenser
irreversibilities, thereby increasing COPHP.

It is therefore evident that recuperators could bring efficiency gains, but that
this could affect ρel. Studies have shown that the gains vary according to the design
objectives and to the source temperatures (the cycles maximising ηP2P and ηII do
for instance not give rise to the same quantities of sensible heat and exergy to be
recovered) [78]. For example, the T – s diagram in Fig. 3.6d illustrates a HP cycle
in which a recuperator would likely increase the compression work without any
reduction in condensing pressure–due to the very low storage temperature spread,
which prevents a lower condensing temperature. This would result in a reduction
in COPHP. This diagram also illustrates an ORC cycle in which there is no sensible
heat to be recovered. We can therefore conclude that recuperators are interesting
candidates for TI-PTES, but that case-by-case evaluation is preferable to systematic
use. This will be addressed in Chapter 4.

Guidelines summary
To graphically summarise the guidelines deduced from the maps, Fig. 3.13 rep-

resents how to handle the main design variables according to the desired objectives
in the different regions of the domain.
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Fig. 3.13 Summary of the design guidelines in the different regions of the domain depend-
ing on the objectives sought. Note that only the variables which have the most significant
impact are reported here. ’max’ is for maximise and ’min’ for minimise. ’opt’ is for optimal
and the corresponding optimal value is given in Section 3.3.1.
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3.3.3 Multi-criteria analyses

Four locations in the domain are selected for the multi-criteria analyses. These
cover the main four regions described in Section 3.3.1, which are depicted in the
first map of Fig. 3.13. The corresponding Pareto fronts are shown in Fig. 3.14. To
ease their reading, these 3D fronts are 2-dimensionalised: the three fronts result-
ing from the conflict between each objectives pair are represented for each loca-
tion. The discontinuities observed in the various fronts are, for most, due to design
shifts, typically caused by changes in fluids. To quantify and map the Carnot bat-
tery trilemma, the non-dimensional Euclidean distance between the best and worst
performance for each indicator of the 3D Pareto fronts is used. This is defined as:

dEuclidean =

√(
ηmax

P2P – ηmin
P2P

ηmax
P2P

)2
+

(
ηmax

II – ηmin
II

ηmax
II

)2
+

(
ρmax

el – ρmin
el

ρmax
el

)2
. (3.4)

In the region where dEuclidean < 25%, the point [Ths = 10◦C, Tcs = 10◦C] is
almost not subject to the trilemma. Generally speaking, in that part of the domain,
the best performing cycles are very similar to each other and finding an acceptable
trade-off is quite straightforward. The point [Ths = 40◦C, Tcs = 30◦C] is located
in the region where Tht

TES is not maximised when optimising ηP2P and ηII, and
where ∆Tgl

hs and ∆Tsp
TES are minimised (the difference due to their slightly different

Tht
TES is not be perceptible in Fig. 3.14). Consequently, ηP2P and ηII do almost not

conflict, but there is a slight one with ρel. This conflict is, however, of moderate
intensity since maximising ρel at the expense of ηP2P and ηII only causes them to
drop by –15.8%rel and –15.5%rel, respectively. Hence, as maximising ρel is not ’too
damaging’ to ηP2P and ηII, the trilemma is ’weak’ at this point. This illustrates once
again that different designs can give very similar performance and that conducting
near-optimal analyses would be relevant for the study of TI-PTES.

In contrast, Fig. 3.14 shows that the trilemma is much more intense for the point
[Ths = 60◦C, Tcs = 10◦C]. The front between ηP2P and ηII is linear, and it results
mainly of a simultaneous trade-off between ∆Tgl

hs, Tht
TES and ∆Tsp

TES, which is in
line with the observations drawn in Section 3.3.1. The steep front between ρel and
ηP2P illustrates well the very binary nature of the problem: it is not really possible
to obtain a satisfactory trade-off between the two criteria, as one tends to clearly de-
grade the other. Indeed, maximising of ηP2P requires minimising ∆Tgl

hs, Tht
TES and

∆Tsp
TES whereas opposite trends are observed for ρel. Such front shape between

ρel and ηP2P is well know in the literature [37, 86]. However, we note that for the
point [Ths = 100◦C, Tcs = 10◦C], which lies in the area where ∆Tsp

TES is slightly
increased to maximise ηP2P, the minimum density is thereby increased, which has
the effect of slightly reducing the trilemma.

When designing a Carnot battery in this part of the domain, one approach to ar-
bitrating the trilemma and identifying optimal storage temperatures is to introduce
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Fig. 3.14 Pareto fronts of the Carnot battery trilemma for four locations in the domain. The
map of the domain shows the non-dimensional Euclidean distance between the best and
worst performance of the three criteria.

the economic dimension. For known cost functions of each of the Carnot battery’s
components, the aim of optimising the thermodynamic design will be to optimise
an economic criterion, such as the Levelised Cost Of Storage (which is actually a
function of ηP2P, ηII and ρel). It should be stressed, however, that identifying such
cost functions is not trivial, as they are non-constant and generally non-linear (e.g.,
the higher the storage temperature, the more expensive it will be). Environmental
indicators could also be used instead of economic.

Finally, in the region where dEuclidean > 150%, ρel and ηII are much less con-
flicting with each other than with ηP2P. This is largely due to the fact that they both
maximise the storage temperature and that they need a large storage spread. They
also both require large heat source glides, in one case to ensure an effective waste
heat recovery (i.e., maximisation of ηII) and in a second case to allow large spreads
(i.e., maximisation of ρel and ηII). All in all, this result proves that the trilemma
is essentially caused by the maximisation of ηP2P–which moreover leads to a TI-
PTES degenerated into a TES + ORC, which no longer makes it a genuine electricity
storage system but rather a pure waste heat recovery system (see Section 3.3.1).
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3.4 Summary and discussions

This chapter looked at the Carnot battery trilemma for subcritical cycles over an
extended thermal integration domain. Multi-criteria optimisation was used to map
the maximum theoretical performance that could be provided by TI-PTES in terms
of power-to-power efficiency ηP2P (i.e., quality of electricity recovery), exergy ef-
ficiency ηII (i.e., quality of combined heat and electricity recovery) and electrical
energy density ρel (i.e., storage size). Eight optimisation variables were used, in-
cluding both the parameters of the thermodynamic cycles and the choice of work-
ing fluids. The multi-criteria analysis also made it possible to characterise the na-
ture of the conflict between these objectives, in particular by analysing the shape of
the Pareto fronts obtained. The main conclusions of this chapter and prospects for
future work are discussed below.

3.4.1 Main results

Results have shown that ηP2P grows with the difference between the source
and sink temperatures, ∆Ths–cs. This growth is however not continuous because
of a design shift. For ∆Ths–cs < 30 K, the storage temperature Tht

TES is maximised,
whereas it is minimised for ∆Ths–cs ≥ 30 K. For its part, ηII decreases as the sink
temperature Tcs increases, because the ORC efficiency ηORC falls. However, for
Tcs > 15◦C, ηORC (and therefore ηII) stabilises thanks to a design shift (Tht

TES and
the storage spread ∆Tsp

TES are reduced). Finally, ρel decreases as Tcs increases, both
because the thermal density and ηORC decrease.

Design guidelines for maximising each of the trilemma objectives have been
formulated. However, these are not uniform across the thermal domain and are
adapted in the different sub-regions. Some of these sub-regions are linked to the
intrinsic thermodynamics of TI-PTES (e.g., choice of the optimal Tht

TES as a function
of heat transfer irreversibilities) while others are linked to the technological con-
straints imposed (e.g., choice of the optimal Tht

TES as a function of the maximum
Tht

TES,max permitted). This result highlights the importance of considering these
constraints when formulating design guidelines, since optimal cycles obtained can
deviate from theory.

Analyses have also revealed the strong synergy between Tht
TES and ∆Tsp

TES,
which are two main design variables in TI-PTES with sensible heat storage. When
Tht

TES is high, which is in favour of ηORC but penalises COPHP, ∆Tsp
TES is also large

so as to maintain a sufficiently high COPHP, which in fact also reduces ηORC. The
conflict between COPHP and ηORC is therefore resolved by simultaneously ad-
justing Tht

TES and ∆Tsp
TES. Maximising COPHP using larger spreads is achieved

by lowering the condensation pressure in the HP and by maximising the subcool-
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ing. Conversely, when Tht
TES is minimised (i.e., the heat pump lift is minimised),

∆Tsp
TES is also generally minimised, so as to approach ideal Carnot cycles.

With respect to the Carnot battery trilemma, its intensity increases as ∆Ths–cs
increases. This suggests that the trilemma is driven by ηP2P, while the conflict be-
tween ηII and ρel is much weaker. The hinge variable is Tht

TES, which is minimised
for ηP2P when ∆Ths–cs ≥ 30 K, and is maximised in the other cases. Below this
tipping point (i.e., ∆Ths–cs < 30 K), the intensity of the trilemma is therefore lower.

Overall, the concept of thermal integration for Carnot batteries should probably
be reconsidered. While it was introduced to artificially increase ηP2P, this work
showed that, for ∆Ths–cs ≥ 30 K, maximising ηP2P leads to very low ηII and
ρel. Moreover, the TI-PTES degenerates into a TES + ORC (i.e., zero–or marginal–
contribution from the heat pump), which makes it an option for pilotable electricity
production but no longer a true power-to-power storage system. However, the
majority of studies to date have focused on ∆Ths–cs > 45 K, because ηP2P is much
better there. These results therefore challenge the relevance of using ηP2P as a
key indicator for TI-PTES. In addition to the fact that maximising it leads to non-
sense designs, it is biased by the assumption of a zero opportunity cost for the heat
source–limiting its validity range. An indicator such as the ratio between the work
output and the thermal exergy input could for instance be used more systematically
to provide a more comprehensive characterisation of TI-PTES.

In cases where the heat source glide is constrained (e.g., frequently at 10 K in
cooling applications), the exergy losses from the source to the environment disap-
pear, which relatively increases ηII. Still, maximising ηP2P always leads to min-
imising Tht

TES, which penalises ρel and leads to a degenerated TI-PTES.

3.4.2 Perspectives
In view of the large spreads involved, and the fact that the critical points of

the selected fluids are generally well below Tht
TES, the study of transcritical cy-

cles in TI-PTES applications seems of interest. This is addressed in Chapter 4. A
second avenue worth investigating is zeotropic mixtures. Future work could char-
acterise and optimise these systems to see if they can alleviate the Carnot battery
trilemma and increase the performance. The key question that these comparative
cycle studies should address is whether the gain provided by mixtures is sufficient
to outweigh the additional complexity. Systematic consideration of the use of a re-
cuperator in the HP and in the ORC also seems essential. However, as discussed,
this will not systematically result in better performance and must therefore be as-
sessed on a case-by-case basis.

Finally, the application of near-optimal analyses to the study of TI-PTES could
potentially make new designs emerge. In particular, tolerating (very) slight per-
formance degradation could make it possible to find configurations that are, for
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instance, less prone to the trilemma, or cheaper to implement (e.g., lower storage
temperature). This would also make it possible to identify designs that are less
sensitive to slight deviations of parameters from nominal conditions, which is very
useful in operational analyses (e.g., degree of superheating, of subcooling, pinches,
etc.). Eventually, this would enable to characterise which parameters should not
deviate from nominal conditions (i.e., the so-called ’must-haves’), which would en-
able effective control strategies.

3.5 Key messages

• To maximise each indicator of the Carnot battery trilemma (i.e., power-to-
power efficiency, exergy efficiency, and electrical energy density), a specific
trade-off must be identified between the coefficient of performance of the
heat pump, the efficiency of the organic Rankine cycle, and the storage ther-
mal density. This trade-off is primarily driven by the storage temperature
and the storage temperature spread.

• While the maximum power-to-power efficiency for the basic hot TI-PTES
increases from about 30% for source and sink temperatures of 10◦C to more
than 250% for source temperature of 100◦C, the maximum exergy efficiency
and maximum electrical energy density remain confined to about 30% and
6.5 kWhel/m3, respectively.

• To arbitrate the Carnot battery trilemma, additional considerations, such as
economic or environmental, are necessary. Constraints linked to the appli-
cation must also be taken into account (e.g. the ratio between the amount of
heat available at source and the amount of electricity required). The trilemma
could also be softened by considering other cycles, such as transcritical or
based on zeotropic mixtures.

• Thermal integration, motivated by the need to increase the power-to-power
efficiency of Carnot batteries, should be considered with caution. For heat
source and heat sink temperature differences greater than 30 K, maximising
this efficiency degenerates the TI-PTES into a TES + ORC (zero contribution
from the HP). For these temperature ranges, the power-to-power efficiency
indicator should be set aside.

• The optimisation results, both because of design constraints and possible
lack of convergence, showed that different designs gave similar performance.
This encourages the use of near-optimal methods to provide designers with
alternatives to better satisfy their preferences.
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OPTIMISING the thermodynamic design of a Carnot battery enables characteris-
ing its theoretical maximum performances. However, this approach results

in a unique design for each performance criterion, and leads to inflexible design
guidelines. These unique designs may, in practice, be unsuitable for several rea-
sons: incompatibility with existing regulations (e.g., on maximum pressures or
fluid charge limits), overly complex or non-standard architectures that are too ex-
pensive or difficult to operate, etc. As discussed in Chapter 3, though, alterna-
tive designs can achieve similar performance, that are only marginally lower. This
highlights the value of exploring alternatives, based on a tolerable performance
slack, through techniques such as near-optimal design (also known as Modelling
to Generate Alternatives, MGA). This approach brings the designer experience into
the optimisation process to help identify the trade-offs required to obtain high-
performing configurations which better align with his design preferences. This
chapter therefore addresses the following question:

What are the design alternatives and trade-offs to reduce investment
costs and align with different technological preferences?

To this end, Section 4.1 first provides context on the need for alternative designs,
and explains how MGA can complement traditional design methods based on lev-
elised cost of storage minimisation. Section 4.2 then introduces the method specifi-
cally developed in this work to generate alternative Carnot battery configurations.
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In Section 4.3, the method is applied to (i) challenge existing design guidelines
by evaluating the flexibility and design margins available (i.e., must-have vs real
choices), and (ii) explore the trade-offs required on certain design parameters in
order to better align with the designer technological preferences. Section 4.4 then
discusses the main findings and offers perspectives for future research in this field,
while Section 4.5 summarises five key takeaways. This work has been submitted
to the Journal of Energy Storage [JP5].

4.1 Motivation

For Carnot batteries to achieve financial competitiveness, designers must lever-
age two key factors: increasing efficiency and reducing investment costs. Improv-
ing efficiency involves limiting exergy destruction by employing high-performance
machinery (addressing internal irreversibilities), as well as reducing mean temper-
ature differences during heat exchanges (tackling external irreversibilities) [31, 72].
This implies efficient, customised components and complex cycles. On the other
hand, cost reduction relies on using standard, off-the-shelf components, and adopt-
ing simple, standardised designs. These objectives are therefore conflicting, requir-
ing designers to find the right balance [53]. A common strategy for resolving this
trade-off is to minimise the LCOS of the system. Literature for instance shows that
efficiency and LCOS are conflicting objectives, confirming that a trade-off must be
found between efficiency and investment costs [104, 105].

The main limitation with this LCOS minimisation approach is its high suscep-
tibility to techno-economic uncertainties: any small deviation in an uncertain pa-
rameter can make the system financially non-competitive [156]. For example, if the
cost of certain components were to rise and the efficiency was lower than expected,
the system would lose profitability. To address this, robust design optimisation
could be employed [157]. This consists in including the stochastic dimension dur-
ing the design phase, so that the optimisation objectives are to minimise the mean
and the variance of the LCOS. However, this approach suffers from two limitations:
(i) mean and variance are generally conflicting, leaving designers with a choice to
arbitrate between various designs [158], and (ii) the exact and universal character-
isation of uncertainties is challenging, if not impossible, due to limited data and
dynamic conditions [159].

Another way to frame the inherent uncertainties in the LCOS minimisation ap-
proach is that it overlooks several real-world factors that cannot be captured by
mathematical models [160]. These factors include practical considerations such
as manufacturers expertise in assembling and operating systems (e.g., manufac-
turing challenges, maintenance complexity, regional climatic variations), strategic
decisions and business models (e.g., regional regulations, expected returns on in-
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vestment), market perception (e.g., user needs, system standardisation for specific
applications), and supply chain dynamics (e.g., component availability, discounts,
delivery timelines). Providing designers with a single, supposedly optimal, solu-
tion is therefore inadequate. They are more interested in a range of alternatives
with equivalent performance, allowing them to choose the option that best aligns
with their experience and preferences, and enabling them to understand the com-
promises that need to be made to satisfy specific preferences [160–162]. This ap-
proach also provides a deeper understanding of the true physical nature of the
design problem, rather than reducing it to a single techno-economic indicator.

The aim of this chapter is therefore to generate alternative thermodynamic
designs for Carnot batteries (see Fig. 4.1). These alternatives will help design-
ers (i) better grasp the thermodynamics of Carnot batteries (i.e., flexibility in de-
sign variables) and (ii) identify the necessary trade-offs to select the one that best
matches their specific preferences. The main performance indicators are the power-
to-power efficiency (affecting operational profitability) and the energy density (af-
fecting storage-related capital costs). While the financial optimum results from a
trade-off between these two, it remains contingent on the chosen cost correlations–
making it uncertain and case-specific. Jiang et al. [164] for instance suggested that
this trade-off lies approximately halfway between maximum efficiency and maxi-
mum density, whereas Hu et al. [104] reported that minimum LCOS is achieved at
maximum density. Hence, both efficiency and density are retained to allow design-
ers the flexibility to navigate this trade-off according to their own preferences.

Drawing on work carried out in the construction of energy transition scenar-
ios [19, 161, 162, 165–167], near-optimal exploration methods are suitable for our
problem. The idea of such methods is to identify alternative designs that are ‘near’
the previously identified global optimum (or Pareto front in case of multi-criteria
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Fig. 4.1 Application of the near-optimal method for the thermodynamic design of Carnot
batteries. For clarity, only two design variables and one performance criterion are represented
(several can however be considered). Illustration inspired from Dubois and Ernst [163].
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optimisation). The objective is generally to maximise the diversity of solutions,
and then to identify the parameters these solutions have in common (i.e., must-
haves) and the degrees of freedom (i.e., real choices) [161]. Designers can then
make a choice based on their own preferences. Unlike constraints, which are rigid,
preferences can be compromised if the trade-off yields compensatory benefits. Be-
yond clarifying the nature of the problem (i.e., distinguishing must-haves from real
choices), the near-optimal method explicitly highlights the trade-offs required to
align with specific preferences.

While near-optimal analyses are typically performed for single objective and
linear programming models, the thermodynamic design of Carnot batteries is highly
non-linear and discontinuous (i.e., non-physical solutions). Meta-heuristic algo-
rithms, such as evolutionary [85, 104, 105, 114, 118] or swarm intelligence [106], are
therefore usually employed for design optimisation. This is also a multi-criteria
problem, since the aim is to maximise both efficiency and density. Unfortunately,
the literature on near-optimal methods for meta-heuristic and multi-criteria prob-
lems is rather scarce. Two attempts have been identified, both based on evolution-
ary algorithms. The MOTRAN (Multi-objective Trade-off Analyzer) method [168]
is based on the Non-dominated Sorting Genetic Algorithm NSGA-III [169], while
the MDO-MOPSO (Multiple Design Options Multiple-Objective Particle Swarm
Optimisation) method [165] is based on particle swarm optimisation. Hence, in this
work, we introduce a new method for generating near-optimal alternative Carnot
battery designs, considering a comprehensive set of configurations, fluids, temper-
ature and pressure settings.

4.2 Model and methods

4.2.1 Carnot batteries model

The Carnot batteries considered in this chapter are based on vapour compres-
sion heat pumps (HP), sensible heat thermal energy storage (TES) in two water
tanks, and organic Rankine cycles (ORC). For the HP and the ORC, configurations
with and without internal exchangers (’recuperators’) are considered (see Fig. 2.5).
As discussed in literature [78, 80] and in Chapter 3, although they increase the effi-
ciency of the Carnot battery, these recuperators require additional investment costs.
Moreover, when the storage temperature spread is large (i.e., large temperature dif-
ference between the two tanks, necessary for greater thermal densities), recupera-
tors generate more heat transfer irreversibilities in the ORC evaporator, reducing
efficiency [90]. Cycles without recuperator therefore remain a relevant option. For
clear distinction, they will be referred to as ‘basic’ or ‘recuperated’ HP and ORC.
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For the HP and the ORC, subcritical and transcritical operating regimes are also
compared, based on the relevance indicated in literature [91] and as discussed in
Chapter 3. Conceptually, transcritical cycles can offer a better match between the
temperature profiles of the working fluid and the sensible heat storage, reducing
heat transfer irreversibilities. Although they were popular at the genesis of Carnot
batteries in the early 2010s [31–33], particularly with CO2 as working fluid, tran-
scritical cycles have been less studied than subcritical cycles for this application,
perhaps due to the inherent technological difficulties (higher pressures, which ne-
cessitate stronger components and reduce compatibility with standard equipment,
as well as complex control requirements due to the strong sensitivity of efficiency
to pressure variations in the gas cooler/heater, etc.) [80].

Considering all architectures and regimes, a total of 16 Carnot battery con-
figurations are investigated (see Table 4.1 for corresponding acronyms). While
zeotropic mixtures are promising for reducing heat transfer irreversibilities [83, 85,
87], this work limits to pure working fluids, focusing on the relevance of near-
optimal analyses in this field.

The performances of the different configurations are assessed using the ther-
modynamic model introduced in Section 2.2. The assigned parameters and design
constraints are reported in Table 4.2. Some are fixed (e.g., pinch-point in heat ex-
changers) while some others are employed as optimisation variables (e.g., storage
temperature). These parameters are in line with other works on the thermodynam-
ics of Rankine Carnot batteries [77, 78, 80, 91].

The heat source of the HP and the cold sink of the ORC is assumed to be dry
ambient air at 15◦C. The temperature glide for ambient air (difference between
supply and exit temperatures) is set to 5 K. This value represents a common trade-
off between limiting exergy destruction in the heat exchangers (as illustrated by
the results in Chapter 3) and reducing the heat exchangers cost by limiting the re-
quired heat transfer area. The liquid subcooling in the ORC is set to 3 K to prevent
pump cavitation. The isentropic efficiencies of the HP compressor and ORC ex-
Table 4.1 Description of the 16 Carnot battery configurations investigated in this work and
the corresponding acronyms.

Heat Pump (HP)
Subcritical

(S)
Transcritical

(T)
Basic
(B)

Recuperated
(R)

Basic
(B)

Recuperated
(R)

Organic
Rankine

Cycle
(ORC)

Subcrit.
(S)

Basic
(B)

#1: SBHP
+ SBORC

#3: SRHP
+ SBORC

#6: TBHP
+ SBORC

#11: TRHP
+ SBORC

Recup.
(R)

#2: SBHP
+ SRORC

#4: SRHP
+ SRORC

#8: TBHP
+ SRORC

#13: TRHP
+ SRORC

Transcrit.
(T)

Basic
(B)

#5: SBHP
+ TBORC

#7: SRHP
+ TBORC

#9: TBHP
+ TBORC

#15: TRHP
+ TBORC

Recup.
(R)

#10: SBHP
+ TRORC

#12: SRHP
+ TRORC

#14: TBHP
+ TRORC

#16: TRHP
+ TRORC
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Table 4.2 Set of model parameters and constraints for Carnot batteries optimisation.

Parameter Symbol Value Units
Heat source temperature Ths 15 ◦C
Heat source temperature glide ∆Tgl

hs 5 K
Cold sink temperature Tcs 15 ◦C
Cold sink temperature glide ∆Tgl

cs 5 K
Hot tank storage temperature Tht

TES design var. ◦C
Storage temperature spread ∆Tsp

TES design var. K
Max. storage temperature Tht

TES,max 120 ◦C
Cold tank storage temperature Tlt

TES Ths – ∆Tgl
hs

◦C
Storage pressure pTES 2.5 bar
HP working fluid fluidHP design var. n/a
ORC working fluid fluidORC design var. n/a
HP vapour superheating ∆Tsh

HP design var. K
HP liquid subcooling ∆Tsc

HP design var. K
ORC vapour superheating ∆Tsh

ORC design var. K
ORC liquid subcooling ∆Tsc

ORC 3 K
Compressor isentropic eff. ηis,comp 0.75 –
Expander isentropic efficiency ηis,exp 0.75 –
Feed pump isentropic eff. ηis,pmp 0.60 –
Recuperator effectiveness εrec

HP/ORC 0.80 –
Pressure losses in heat exch. ∆pHP/ORC 0 bar
Pinch temp. diff. in HP cond. ∆Tcd,pp

HP 3 K
Pinch temp. diff. in HP evap. ∆Tev,pp

HP 5 K
Pinch temp. diff. in ORC evap. ∆Tev,pp

ORC 3 K
Pinch temp. diff. in ORC cond. ∆Tcd,pp

ORC 5 K
Max. compress. disch. temp. Tcomp,ex

HP,max 200 ◦C
Min. HP superheating ∆Tsh

HP,min 2 K
Min. HP subcooling ∆Tsc

HP,min 3 K
Min. ORC superheating ∆Tsh

ORC,min 2 K
Min. HP pressure pmin

HP 0.5 bar
Min. ORC pressure pmin

ORC 0.5 bar

pander are set to 0.75, so as to represent volumetric machines (scroll or screw). The
pump isentropic efficiency is set to 0.60 so as to represent centrifugal machines–
slightly higher than in Chapter 3, in accordance with recommendations found in
the literature [170, 171]. The pinch point temperature difference for low pressure
heat exchangers is assumed to be 5 K. Instead, the pinch point for high pressure
heat exchangers is assumed to be 3 K (secondary fluid is water instead of air). The
last parameter is the recuperator effectiveness, which is set to 0.80. Also note that
pressure losses in heat exchangers and piping are neglected. Heat losses are also
neglected for both cycles.

The optimisation variables are the same as in Chapter 3 (refer to Fig. 3.3), except
the heat source glide, which is fixed here. Yet, the maximum storage temperature is
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here further constrained to 120◦C so as to bound the heat pump lift to more plau-
sible values (< 105 K) and limit the tanks pressurisation needs to 2.5 bar (limited
capital cost). Further details on the impact of the maximum storage temperature
are provided in Appendix B.3. Note that for transcritical HP, liquid subcooling is
inexistent and is removed from the set of variables. Same for vapour superheating
in transcritical ORC.

The working fluids can be selected among an extended version of the list intro-
duced in Table 3.2. This extended list also contains some fluids with non-zero ODP
and/or very high GWP (i.e., R13, R125, R143a, R115, R22, R134a, R227ea and R12,
refer to Table B.1). Although banned (or being phased out) by the Montreal Proto-
col, the Kigali Amendment and/or the F-gas regulation (EU), these are considered
for illustrative purposes. In fact, the list of fluids compatible with these regulations
and available in CoolProp suffers from a severe gap in the range of critical temper-
atures between 44.1◦C and 91.1◦C. Yet, it is specifically this range that is needed to
enable transcritical cycles in the Carnot battery application under consideration.

As a conservative choice, two-phase compressions and expansions are not per-
mitted (including two-phase conditions in limited stages of the compression and
expansion processes). Although preliminary results have shown interesting per-
formance, this choice guarantees the components lifetime (limitation of mechanical
stress due to potential pressure peaks) and preserves the plausibility of the model
(the isentropic efficiency tends to fall for two-phase mixtures) [172].

4.2.2 Near-optimal design with evolutionary algorithms

The objective during the thermodynamic design of the Carnot battery config-
urations is to maximise the power-to-power efficiency ηP2P and the electrical en-
ergy density ρel [77, 78, 80]. The former is linked to the operational profitability
of the system, while the latter affects the capital cost associated to storage (i.e.,
the lower the density, the larger the tanks, hence the more expensive). In the first
stage, we will optimise each of the 16 Carnot battery configurations (see Table 4.1)
for these two criteria using multi-objective optimisation (MOO). The 16 resulting
Pareto fronts will then be assembled to form one ’global’ Pareto front. In the sec-
ond stage, we will generate the sub-optimal space to explore diverse design alter-
natives with a reasonable performance trade-off, addressing uncertainties related
to the key drivers and the designers preferences.

Multi-criteria optimisation of the Carnot battery designs
As ηP2P and ρel are conflicting objectives, a single optimum design cannot be

achieved [80]. Instead, the optimal designs will be distributed along Pareto fronts.
In view of our problem, a meta-heuristic and multi-criteria algorithm is neces-
sary to generate these Pareto fronts by optimising the seven design variables intro-
duced in Section 4.2.1. As it has performed well in similar problems [104, 173], the
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Non-dominated Sorting Genetic Algorithm NSGA-II [144] is here adopted through
RHEIA, a Python package [145]. This methodology was further illustrated in Fig. 3.3,
and corresponds to Step #1 in Fig. 4.2. Further details on the convergence can be
found in Appendix C.1. Once the Pareto fronts corresponding to each of the 16 con-
figurations are generated, all the non-dominated solutions among these are then
assembled to form the global Pareto front (Step #2 in Fig. 4.2).

Generating alternative Carnot battery designs

After the optimised solutions are retrieved, the second stage is to find the near-
optimal alternatives. To do so, we must define what is near-optimal, and thus
the slack we allow on the performance indicators (i.e., the tolerated performance
degradation, also referred to as the ’sub-optimality coefficient’). For instance, in
Section 4.3.2, we will allow for a 7.5% slack on ηP2P and ρel, resulting in a sub-
optimal space (Step #3 in Fig. 4.2). It is within this sub-optimal space that near-
optimal alternatives will be sought.

Create Pareto front
for the 16 Carnot
battery config . with
NSGA-II

Assemble the 16
fronts to form the
global Pareto front
(for sub -opt . space)

Bound sub -optimal
space with desired
slack (i.e., sub -opt .
coe�icients)

Generate near -opt.
design alternatives
for the 16 Carnot
battery config.

#1 #2 #3 #4

𝜂P2P  [%]

𝜌el

config. #1

config. #2

𝜂P2P  [%]

𝜌el global front

𝜂P2P  [%]

𝜌el

sub -optimal 
space

𝜂P2P  [%]

𝜌el

Discard individ.
which are out of
the sub-opt imal
space

Assign reference
design belonging
to Pareto front to
each individual

pop. for
gen. i

Assess fitness
values: absolute
distance to ref.
design

NSGA-II bluids
o�springs based
on the values of
the 7 criteria

#4a #4b #4c #4d

𝜂P2P  [%]

𝜌el

rejected

pop . for 
gen. i+1

ΔTTES − ΔTTES ,ref

…

𝜂P2P  [%]

𝜌el The reference design has shortest
normalised Euclidean distance in 

terms of design variables to the 
individual being tested

first stage: multi-criteria design optimisation

second stage: generating near-optimal alternatives

selected

loop until convergence

Fig. 4.2 Schematic representation of the generation of the sets of alternatives. Step #1 is fur-
ther detailed in Fig. 3.3. Only 2 fronts are represented for sake of clarity, but 16 are effectively
considered. During the creation of the near-optimal designs (Step #4), 1500 generations are
typically performed and the mutation probability is 50% to capture the global optima.
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Once the sub-optimal space is defined (Step #3 in Fig. 4.2), the proper search for
alternative designs can begin (Step #4 in Fig. 4.2). To achieve this, the optimisation
problem is reconfigured. The initial populations for each Carnot battery config-
uration are derived from the Pareto fronts obtained at the end of the first stage,
eliminating the need for Latin Hypercube Sampling. The optimisation criteria are
no longer ηP2P and ρel. Instead, the objective is to maximise the Euclidean dis-
tance between the solutions and reference designs belonging to the global Pareto
front obtained at Step #2. This approach aims to maximise solutions diversity and
enhance the exploration of the sub-optimal space. The process unfolds as follows:

1. The initial populations (i.e., gen. 0) for generating the alternatives correspond
to the optimised Pareto fronts for the 16 Carnot battery configurations.

2. The offspring populations (i.e., gen. 1) are generated through mutations and
crossovers using NSGA-II. Individuals that fall outside the sub-optimal space
are discarded (Step #4a in Fig. 4.2). This is achieved assigning them random
negative fitness values between 0 and 1.

3. Each individual within the sub-optimal space is assigned a ’reference’ indi-
vidual from the Pareto front of the same Carnot battery configuration (Step #4b
in Fig. 4.2). The reference individual is selected based on design similarity
rather than proximity in ηP2P and ρel. Specifically, similarity is determined by
comparing the storage temperature levels, superheating and subcooling de-
grees, and working fluids. This is quantified using the normalised Euclidean
distance in the 7-dimensional design space. Normalisation ensures consis-
tency across variables with different units. The reference individual is the one
with the shortest normalised Euclidean distance to the considered individual.

4. Compared to the first stage in Multi-criteria optimisation of the Carnot battery
designs, new optimisation criteria are introduced. To enhance the exploration
of the sub-optimal space, the objective is to maximise the deviation from the
reference designs in the Pareto front (i.e., the Euclidean distance). The optimi-
sation criteria are thus the absolute differences between the 7 design variables
of the individual under consideration and of its corresponding reference de-
sign (Step #4c in Fig. 4.2). The initial population (gen. 0) is a special case, as
it consists of the reference points themselves, resulting in zero difference be-
tween individuals and their references.

5. Using the fitness values of the 7 criteria for the N individuals of gen. 0 and
gen. 1 (a total of 2N individuals), NSGA-II retains N individuals based on
dominance. After applying the necessary mutations and crossovers, NSGA-
II generates a new offspring population (Step #4d in Fig. 4.2), and the pro-
cess loops back to Step #4a. This iterative cycle continues until convergence is
achieved (further insights in Appendix C.2).

Once the generation of alternatives is complete, these are assembled along with the
reference designs to form a comprehensive set of near-optimal alternatives.
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4.2.3 Key performance indicators and technological parameters

Near-optimal analyses provide designs with similar performance indicators
(ηP2P and ρel in this case), but with different design parameters and varying tech-
nological indicators, opening a close-to-reality design with trade-offs. Four types of
indicators are used in this study: distance to the critical point, slope of the saturated
vapour curve, volume ratio, and the volumetric capacity.

In subcritical cycles, when the upper saturation pressure is close to the critical
point, the cycle is in ’near-critical’ regime. This type of regime poses a series of
challenges, particularly in terms of control (high sensitivity to pressure and tem-
perature) [174, 175]. This regime also requires particular attention for the design
of heat exchangers (sudden variation in fluid properties, including heat capacity).
The proximity to the critical point can be defined as the difference between the
critical temperature Tcrit and the saturation temperature Tsat,ht, as

∆Tcrit
HP = Tcrit

HP – Tsat,ht
HP , (4.1)

∆Tcrit
ORC = Tcrit

ORC – Tsat,ht
ORC . (4.2)

For drawing up guidelines on the working fluids, it is convenient to classify
them into different categories. A common parameter is the inverse of the slope of
the saturated vapour curve ξ∗M on the Tr – s∗ diagram [176], with Tr = T/Tcrit the
reduced temperature and s∗ = s/R the dimensionless entropy. This is defined as

ξ∗M =
ds∗v

dTr

∣∣∣∣
Tr,M

, (4.3)

with s∗v the reduced saturated vapour entropy and M the inflexion point where

d2s∗v

dT2
r

∣∣∣∣
Tr,M

= 0 . (4.4)

When negative, the fluid is ’wet’ (an isentropic expansion from saturated vapour
leads to a two-phase state). When positive, the fluid is ’dry’ (an isentropic expan-
sion from saturated vapour leads to superheated vapour). Finally, close to zero, the
fluid is sometimes said ‘isentropic’.

In addition to the above thermodynamic quantities, technological indicators
can also guide designers in their choice. The volume ratio rv is particularly inter-
esting for adapting the compression and expansion machines (scroll, screw) to the
cycles. Using the nomenclature of Fig. 2.5, this ratio is defined as

rv,HP =
v1(r)
v2

, (4.5)

rv,ORC =
v4
v3

. (4.6)
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Their efficiency varies with this ratio, and nominal efficiency is reached when the
cycle volume ratio matches their built-in volume ratio. Designers might therefore
prefer a thermodynamic design according to its volume ratio.

Another useful indicator for HP based on volumetric machines is the volumet-
ric heating capacity, VHCHP [177]. This characterises the ratio between the specific
quantity of heat produced and the specific volume of fluid entering the compressor.
The lower this capacity, the larger and/or faster the compressor will have to run.
Using the nomenclature of Fig. 2.5, this is defined as

VHCHP =
h2 – h3
v1(r)

. (4.7)

A similar–though somewhat inverse–indicator for assessing the compactness of the
ORC is the volume coefficient, VCORC [130]. This is defined as the ratio between
the specific volume of fluid entering the expander and the specific work produced.
Using the nomenclature of Fig. 2.5, this is written as

VCORC =
v3

h3 – h4
. (4.8)

The larger VCORC, the larger and/or the faster the expander will have to run. Note
that an alternative could be to define a volumetric power coefficient as the ratio
between the specific work produced and the specific volume of the fluid entering or
leaving the expander. Yet, such indicator is not popular in the literature; therefore,
the volume coefficient VCORC is preferred [132, 178].

4.3 Results

This section first looks at the construction of the Pareto fronts (first stage in
Fig. 4.2) and illustrates the designs of Carnot batteries maximising ηP2P and ρel
(Section 4.3.1). A first set of near-optimal alternatives is then generated to discuss
the main performance drivers. It identifies the required parameters (i.e., the must-
haves) and the room for maneuver (i.e., the real choices) to optimise Carnot battery
design (Section 4.3.2). Subsequently, a second set of alternatives with larger slack
illustrates how the near-optimal approach can be used to identify designs that sat-
isfy some specific preferences and discuss the necessary trade-offs (Section 4.3.3).

4.3.1 Identifying the Pareto fronts

Even if the Pareto fronts were obtained with an exhaustive search of the 16
Carnot battery configurations, subcritical recuperated cycles (both for HP and ORC)
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Fig. 4.3 Pareto fronts corresponding to the 16 Carnot battery configurations. While sub-
critical recuperated cycles (both for HP and ORC) dominates the other designs in terms of
efficiency, the four systems with transcritical basic ORC provide the best energy density.
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dominate the other designs in terms of efficiency (see Fig. 4.3). Conversely, for en-
ergy density, several configurations provide the same performance. The four sys-
tems with transcritical basic ORC actually emerge as the best performers, while the
HP configuration has no impact on density (ρel is not a function of COPHP). This
is because large ρel is obtained with large thermal densities (i.e., large storage tem-
perature spreads) and good ORC efficiencies, such as defined by Eq. 2.28. While
transcritical cycles typically offer better efficiency than subcritical cycles for (very)
large heat source glides [132], transcritical recuperated cycles do not maximise ρel
here. The recuperator raises the evaporator inlet temperature, preventing the cold
tank from reaching sufficiently low temperatures. As a result, the storage temper-
ature spread is reduced, lowering the thermal density. Finally, in the intermediate
zone of the global Pareto front, TRHP + TRORC and SRHP + TRORC offer the best
trade-off between ηP2P and ρel.

To illustrate the corresponding Carnot battery designs, Fig. 4.4 depicts the HP
and ORC cycles maximising ηP2P and ρel (i.e., the extrema of the global Pareto
front). In both cases, the storage temperature is maximised (120◦C), as expected

(a) SRHP cycle maximising ηP2P (b) TRHP cycle maximising ρel

(c) SRORC cycle maximising ηP2P (d) TBORC cycle maximising ρel

Fig. 4.4 Temperature-enthalpy diagrams of the for the HP (red) and ORC (blue) cycles max-
imising the power-to-power efficiency ηP2P and the electrical energy density ρel. In both
cases, the storage temperature is maximised (120◦C) while the storage temperature spread is
about 30 K when maximising ηP2P, compared with about 85 K when maximising ρel.
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from Chapter 2. On the other hand, the storage temperature spread is about 30 K
when maximising ηP2P, compared with about 85 K when maximising ρel. This
illustrates the pivotal role of this variable. It should also be mentioned that for sub-
critical cycles (i.e., those maximising ηP2P), subcooling in the HP and superheating
in the ORC are maximised. Also note that the HP cycle in Fig. 4.4a is peculiar: al-
most 40% of the heat transferred to the storage comes from vapour de-superheating
at the compressor outlet.

The conclusions regarding the configurations maximising ηP2P and ρel are con-
tingent upon the maximum storage temperature and the availability of working
fluids. For instance, when the storage temperature is increased to 150◦C, recu-
perated transcritical cycles can outperform recuperated subcritical cycles, both in
terms of ηP2P and ρel (see Appendix B.3). Also, for interested readers, Grassmann
diagrams associated with the cycles in Fig. 4.4 are provided in Appendix B.4. These
illustrate the distribution of exergy losses across each component of the Carnot bat-
teries. Finally, the transcritical cycles in Figs. 4.4b & 4.4d use fluids with very high
global warming potential and/or non-zero ozone depletion potential. This result
therefore highlights the potential interest in identifying new molecules in this range
of critical temperatures. However, one of the interests of the near-optimal method
can also be to find alternative designs and fluids providing similar performance.

4.3.2 From the Pareto to understanding the main drivers

Unlike the only two extreme cycles described in the previous section, this sec-
tion aims to determine the flexibility available among the seven optimisation vari-
ables and the different Carnot battery configurations to achieve designs with high
efficiency and high density. To do this, the slack was set to ε = 7.5%rel for both
criteria. This value allows a sufficiently wide range of design alternatives to be ex-
plored. Values ranging from 3%rel to 10%rel are common for modelling to generate
alternatives in energy systems [19, 162, 165]. Fig. 4.5 shows the corresponding sub-
optimal space and the associated near-optimal designs. The greater concentration
of points at higher densities and lower efficiencies directly reflects the findings from
Fig. 4.3: the Pareto fronts for most configurations are positioned in this region of the
sub-optimal space, thereby constraining most configurations to this area. Further-
more, the objective function when generating the alternatives aims at maximising
the difference with optimal designs, which positions them away from the Pareto
fronts (see Section 4.2.2). Yet, maximising this objective does neither translate into
being on this border, hence the added-value of such analysis.

Figs. 4.6 & 4.7 show the performance indicators associated with these near-
optimal designs. Fig. 4.6 focuses on the designs being maximum 7.5%rel away from
the best efficiency, while Fig. 4.7 highlights designs being maximum 7.5%rel away
from the best density. The rest of this section should now be read as ‘By tolerating
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Fig. 4.5 Sub-optimal space (pale surface) and associated near-optimal designs (grey points)
for sub-optimality coefficients of 7.5%rel for both ηP2P and ρel.

a maximum performance degradation of 7.5%rel with respect to the global Pareto
front, then (...)’. The first observation is that, as far as the efficiency-density conflict
is concerned, it is possible to expect densities of 2.96 kWhel/m3 with efficiencies of
over 30.8% (see red dots in Fig. 4.6). Conversely, efficiencies of up to 29.0% can be
reached with densities greater than 3.46 kWhel/m3 (see blue dots in Fig. 4.7). Also,
except SRHP + SRORC and TRHP + SRORC, nearly all configurations succeed in
reaching high densities (real choice, see Fig. 4.7). Instead, only subcritical recuper-
ated cycles can provide high efficiencies (see Fig. 4.6). This therefore represents a
must-have whenever prioritising the efficiency.

Regarding storage temperature, this must theoretically be maximised to max-
imise efficiency and density (see Chapters 2 & 3). Density is however more sen-
sitive to this parameter. The minimum storage temperature required to maintain
near-optimal density is 116.5◦C (see Fig. 4.7), while it can fall to 109.1◦C for effi-
ciency (see Fig. 4.6).

The storage temperature spread is large for high density (63.7 K to 85.7 K, blue
dots in Fig. 4.7), while moderate for high efficiency (28.2 K to 46.7 K, red dots in
Fig. 4.6). A large spread increases the thermal energy density (ρth = 35.3 kWhth/m3

to 48.4kWhth/m3 compared with ρth = 15.8 kWhth/m3 to 26.2 kWhth/m3 for ef-
ficiency). But in the meantime, it reduces the ORC efficiency, due to the reduc-
tion in evaporation temperature and the increased heat transfer irreversibilities
(ηORC = 7.4% to 9.8% for density compared with ηORC = 11.2% to 13.4% for
efficiency). Larger spreads are also beneficial to the HP coefficient of performance
(COPHP = 2.51 to 3.38 for density compared with COPHP = 2.44 to 2.75 for effi-
ciency) as they reduce the condensing temperature (hence, the discharge pressure)
and increase the permitted subcooling degree. The optimum spread for efficiency
is therefore a trade-off between COPHP and ηORC, while for electrical energy den-
sity, it is a trade-off between ρth and ηORC. This optimum spread is therefore not
the same for efficiency and density. Moreover, its values are not unique, but can be
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Fig. 4.6 Performance indicators corresponding to the near-optimal designs reported in
Fig. 4.5. The Carnot battery configurations and optimisation variables are at the bottom left
(shaded area). Red dots mark the designs being maximum 7.5%rel away from the best ef-
ficiency (i.e., minimum 30.79%), while grey dots correspond to remaining near-optimal de-
signs from Fig. 4.5. The red frames delimit the upper and lower bounds.
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Fig. 4.7 Performance indicators corresponding to the near-optimal designs reported in
Fig. 4.5. The Carnot battery configurations and optimisation variables are at the bottom left
(shaded area). Blue dots mark the designs being maximum 7.5%rel away from the best den-
sity (i.e., minimum 3.46 kWh/m3), while grey dots correspond to remaining near-optimal
designs from Fig. 4.5. The blue frames delimit the upper and lower bounds.
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span over a range of around 20 K for both criteria. Note that when the storage can
reach higher temperatures, the optimum spread can be the same for both (e.g., for
150◦C storage, as illustrated in Chapter 3).

Subcooling in the HP must theoretically be maximised to maximise COPHP [152].
However, near-optimal results reveal that it can reach low values down to 5.5 K for
systems maximising efficiency. This low subcooling is made possible by the pres-
ence of the recuperator, which recovers part of the exergy available at the valve inlet
and which would otherwise be lost. This shows that there is some flexibility in the
choice of this parameter (i.e., real choice), provided that a recuperator is installed in
the HP. Vapour superheating in the ORC can take on a wide range of values in sys-
tems maximising efficiency (from 4.5 K to 35.2 K). On the other hand, in systems
maximising density, it is generally minimal and in all cases less than 6.0 K. This can
be explained by the fact that subcritical cycles with large storage spreads use dry
fluids (ξ∗M,ORC > 0.0). Therefore, any superheating would raise the temperature
of the vapour leaving the expander, which would increase the condenser losses.
The use of recuperators to overcome this is limited by the large storage spreads,
since the temperature at the evaporator inlet must remain lower than that of the
cold tank. Therefore, for subcritical ORC maximising density, vapour superheating
must be kept as low as possible (i.e., must-have).

In terms of fluids, the choice is much more limited for cycles maximising ef-
ficiency (3 for HP and 4 for ORC) than density (25 for HP and 5 for ORC). This
can be explained by the fact that only one Carnot battery configuration works for
efficiency, while nearly all configurations work for density, and also by the fact that
COPHP does not affect density. So, a HP fluid giving poor COPHP will still be ac-
ceptable. This is illustrated by the fact that the range of COPHP maximising density
is much wider than that maximising efficiency (2.51 to 3.38 for density against 2.44
to 2.75 for efficiency). As the ORC efficiency is important for both density and ef-
ficiency, only the fluids providing the best ηORC are selected, which explains why
the range of possibilities is smaller for the ORC than for the HP.

For cycles maximising efficiency, only dry fluids (i.e., ξ∗M > 0.0) are used in
the HP and the ORC. For the HP, this can be explained by the fact that a dry fluid
limits the superheating at the compressor discharge compared with a wet fluid,
and therefore reduces irreversibility at the condenser. For the ORC, the exergy re-
maining in the superheated vapour leaving the expander is reused by the recuper-
ator to preheat the liquid before the evaporator (although this produces some heat
transfer irreversibility). Additionally, the fluids used in the HP have high critical
temperatures, resulting in large temperature differences between the critical point
and saturation (between 47.0 K and 64.1 K). For systems maximising density, wet
fluids (i.e., ξ∗M < 0.0) are also an option for the ORC and the HP. However, ORC
with wet fluids only operate in transcritical regime.

A final technological parameter worth observing is the volume ratio of the dif-
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ferent cycles. As the built-in volume ratios of scroll and screw machines are usually
limited to a maximum of 5.0, the best is to find cycles with a volume ratio equal
to or less than this. This is possible for HP and ORC maximising density (upper
pressure limited thanks to the large storage spread, which reduces the saturation
temperature). However, this is not possible in the HP maximising efficiency (the
lower spread increases the saturation temperature, and therefore the compressor
discharge pressure). Using two compressors in series would be a way to increase
the performance of the compression stage under large pressure ratios, but this con-
figuration increases the cost of the system and makes it more complex to design
and to control.

4.3.3 Choosing the Carnot battery that suits your own preferences

Various thermodynamic designs of Carnot batteries can achieve comparable
performance, while presenting distinct trade-offs. The near-optimal method en-
ables designers to access a range of alternatives that align, either partially or fully,
with their technological preferences. These preferences are shaped by both techno-
economic factors and non-technical considerations, which cannot be entirely cap-
tured by mathematical models. They often arise from practical experience in con-
structing and operating machines (e.g., fabrication challenges, maintenance com-
plexity, climatic conditions), strategic and business model choices (e.g., regional
regulations, expected returns on investment), market perceptions (e.g., user needs),
supply chain dynamics (e.g., component availability, discounts, or delivery time-
lines), etc. Unlike constraints, which are rigid and non-negotiable, preferences rep-
resent desirable criteria that may be compromised if outweighed by other benefits.
This inherently requires subjective evaluation and prioritisation by the designers.
The objective, therefore, is to present a curated list of viable alternatives, empow-
ering designers to select solutions that best align with their own set of preferences.
To illustrate this methodology, we selected four preferences relevant for Carnot
batteries:

• Tht
TES < 100◦C: To reduce investment costs, pressurisation should be avoided

so as to reduce material strength requirements. The storage temperature
must thus remain below the atmospheric boiling point of water. This enables
the use of cost-effective materials, such as plastic tanks.

• Tcomp,ex
HP < 160◦C: To facilitate the use of standard lubricants in the HP

compressor and prevent damage, the discharge temperature is limited to
160◦C [141]. This also minimises risks of thermal instability in the refrigerant-
lubricant mixture and simplifies component selection by reducing demands
for high-temperature resistance.

• rv,HP < 8: To reduce design and manufacturing costs of the HP compressor,
and to limit the system regulation complexity if several compressors were
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used in series, the volume ratio of the HP cycle should be capped at 8. This
allows the use of a maximum of two compressors in series while maintaining
design flexibility.

• Tsc
HP < 5 K: Large subcooling degrees in the HP can be achieved with an

additional heat exchanger (subcooler), but this increases investment costs
and limits operational flexibility (no possible regulation of subcooling de-
gree) [153]. Alternatively, subcooling can be performed in the condenser by
controlling the liquid refrigerant level, which may require a second expan-
sion valve for charge control during part-load operation [179]. To avoid these
complexities, subcooling should be kept minimal (e.g., below 5 K). Addi-
tionally, limiting the subcooling reduces the refrigerant charge, which could
further decrease costs and ease compliance with regulations.

To explore a wider range of designs so as to meet each preference, a new set
of alternative designs was generated. Slacks were here set at 15%rel for efficiency
and 30%rel for density. The latter is particularly important to reach storage temper-
atures below 100◦C. Design alternatives were then explored within a part of the
sub-optimal space, limited to 20%rel below the maximum efficiency (i.e., efficiency
above 26.6%, corresponding to the south-eastern part of the sub-optimal space).
Efficiencies below this threshold are considered too low to remain competitive.

Following the preferences they satisfied, eight distinct subsets could be iden-
tified among the alternatives. These are reported in Table 4.3. Fig. 4.8 illustrates
the range of values for various indicators covered by these subsets (coloured bars),
along with the other near-optimal designs that do not belong to any subset (repre-
sented by grey dots). These indicators are firstly those for the four preferences, i.e.,
storage temperature Tht

TES, compressor discharge temperature Tcomp,ex
HP , HP vol-

ume ratio rv,HP and HP subcooling ∆Tsc
HP. Next to these are the two performance

criteria, the efficiency ηP2P and the density ρel. The other indicators are the Carnot
battery configuration CBconfiguration, the ORC volume ratio rv,ORC, the ORC up-
per pressure pmax

ORC, the proximity to the near-critical regime ∆Tcrit
HP in the HP, the

HP volumetric heating capacity VHCHP and the ORC volume coefficient VCORC.

Table 4.3 Table representing the eight subsets identified among the near-optimal designs,
according to the preferences they satisfy. One subset satisfies three preferences (#1), three
satisfy two (#2, #4, #5) and four satisfy just one (#3, #6, #7, #8).
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Fig. 4.8 Range of values for the indicators covered by the 8 subsets (coloured bars), along
with other alternative designs that do not belong to any subset (grey dots). The violins indi-
cate the distributions. Subset #1 has just one design, while the others have several.

None of the subsets satisfies all four preferences, so choices need to be made.
One subset satisfies three preferences (#1), three satisfy two (#2, #4, #5) and four
satisfy only one (#3, #6, #7, #8). Although Subset #1 satisfies the greatest number
of preferences, this contains only one feasible design, leaving no room for choices
across the various indicators. For that subcritical recuperated configuration, the
required HP subcooling ∆Tsc

HP is approximately 14 K, necessitating careful con-
denser design and precise system regulation. Efficiency is moderate (28.4%), while
density reaches its minimum (1.58 kWhel/m3). This outcome aligns with the de-
cision to minimise storage costs by opting for non-pressurised tanks. As an indi-
cation, the fraction of Lorenz efficiency for the HP and ORC are ΨLorenz

HP = 59%
and ΨLorenz

ORC = 52%, respectively (these values will be used in Chapters 6 and 7).
The ORC volume ratio rv,ORC is sufficiently low (< 4.5) to require a single ex-
pander, and the maximum ORC pressure remains relatively low (3.04 bar), making
it compatible with most plate heat exchangers (typically limited to 30 bar). The
HP avoids the near-critical regime, simplifying control and reducing pressure and
temperature sensitivity. Its volumetric heating capacity (VHCHP = 1195 kJ/m3)
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is comparable to the lower range of values typically observed in high-temperature
heat pumps with similar temperature lifts (from 1000 to 3500 kJ/m3 [141]). How-
ever, it remains lower than alternative design options. Conversely, the ORC volume
coefficient VCORC is relatively high (close to 3 m3/MJ), likely necessitating a cus-
tomised expander design and large heat exchangers (as the norm typically ranges
between 0.3 and 0.65 m3/MJ [130, 178]), which increases costs.

Conversely, Subset #4 offers real choices with respect to other performance in-
dicators, despite not allowing for non-pressurised storage. At least three alterna-
tives can be identified, as outlined in Table 4.4. However, these alternatives involve
distinct trade-offs, as no single option can satisfy all preferences simultaneously.

For instance, aiming for a lower storage temperature (Tht
TES = 105◦C) to reduce

the pressurisation needs, Alternatives A and B can be considered. This initial deci-
sion impacts the achievable efficiency and density, presenting the first compromise.
From there, it is possible to choose between the SRHP + TRORC configuration (Al-
ternative A) or the SBHP + SRORC configuration (Alternative B). In Alternative A,
opting for a transcritical ORC (despite its operational complexity and higher cost
due to elevated pressures) allows for an acceptable VHCHP and a VCORC com-
patible with off-the-shelf expanders. In contrast, Alternative B avoids a transcriti-
cal ORC and its associated challenges, but the VCORC then falls outside standard
ranges. Also, while VHCHP improves, the density is reduced.

By accepting a higher storage temperature (Tht
TES = 120◦C) and a transcriti-

cal ORC, Alternative C achieves the best efficiency and density, along with a high
VHCHP and an acceptable VCORC (0.16 m3/MJ), thereby enhancing the HP and
the ORC compactness. The trade-off involves a very high ’evaporation’ pressure
(53.8 bar) in the ORC and a HP operating in the near-critical regime, which poses
control challenges.

Overall, Alternative A seems to offer a good compromise between the various
performance indicators. It should also be noted that its configuration (SRHP +
TRORC) already appeared on the Pareto fronts in Fig. 4.3 as a good compromise
between efficiency and density.

Table 4.4 Payoff table comparing some performance indicators for three design alternatives
from Subset #4. Bold font highlights desired values while italic font highlights values to be
avoided. In view of the considered criteria, Alternative A appears to be a feasible compromise.

Indicator Alternative A Alternative B Alternative C
Tht

TES [°C] 105.2 105.0 120.0
CBconfiguration SRHP + TRORC SBHP + SRORC SRHP + TRORC
ηP2P [%] 27.1 27.5 28.8
ρel [kWh/m3] 2.21 1.75 3.52
VHCHP [kJ/m3] 1749 3346 3338
VCORC [m3/MJ] 0.29 1.91 0.16
pmax

ORC [bar] 31.9 4.4 53.8
∆Tcrit

HP [K] 38.2 24.9 5.4
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4.4 Summary and discussions

4.4.1 Main results

Drawing on the current trend in analysing alternative transition scenarios for
energy systems, this work looked at the use of the near-optimal method for the
thermodynamic design of small-scale Carnot batteries based on vapour compres-
sion heat pumps, sensible heat storage in water tanks and organic Rankine cycles.
A method based on the NSGA-II evolutionary algorithm was introduced to gener-
ate the near-optimal alternative designs. Out of these alternatives, the first objec-
tive was to understand, as opposed to the single optimum, what values the design
variables could take if a slight performance slack is tolerated. This highlights the
variables for which only one value–or a very narrow range of values–is possible
(i.e., must-have) and those that can take on different values, within a defined range,
offering designers greater flexibility (i.e., real choices).

The results showed that, when the storage temperature is limited to 120◦C, and
for the considered list of fluids, only Carnot batteries based on subcritical recuper-
ated cycles can maximise efficiency (must-have). Conversely, most configurations
based on sub- and transcritical cycles, with or without recuperators, can maximise
energy density (real choice). While maximising efficiency and density requires high
storage temperatures, density is more sensitive to this parameter than efficiency.
Maximising density also requires larger storage temperature spreads than max-
imising efficiency. However, for both criteria, the spread does not take on a single
optimum value but can lie within a 20 K-wide range (real choice).

In the HP, subcooling, which must theoretically be at a maximum to maximise
the coefficient of performance, can in fact be as low as 5.5 K. In the ORC, to max-
imise efficiency, the vapour superheating degree has to lie between 5 and 35 K (real
choice). Conversely, to maximise density, this superheating must be minimised
(must-have). As far as the choice of working fluids is concerned, only ‘dry’ fluids
can be used to maximise efficiency (must-have). Instead, ‘wet’ fluids can also be
used to maximise density (real choice). Yet, in the ORC, this involves operating
only in transcritical regime (must-have).

The second objective of this work was to apply the near-optimal method to ex-
plore trade-offs between different technological parameters, which are necessary
for identifying Carnot battery designs that best align with specific designer pref-
erences. These preferences result from various factors but, unlike constraints, they
are not rigid. For the desired technological preferences, it was not possible to iden-
tify a design that satisfied all of them simultaneously. Choices therefore had to be
made, and only one design satisfied three preferences: it did not require storage
pressurisation (< 100◦C), had a compressor discharge temperature below 160◦C
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and the number of compressors to be used in series was limited to two (volume ra-
tio < 8). The corresponding efficiency and density were 28.4% and 1.58 kWhel/m3,
respectively. On the other hand, a compromise had to be made on the subcooling
in the HP (14 K) and on the volume coefficient of the ORC (equal to 3.00 m3/MJ).

If a compromise can be made on storage pressurisation, it is then possible to
identify alternatives. A design with 105◦C storage, for instance, gives an efficiency
of 27.2% and a density of 2.21 kWhel/m3. Its other advantages are an increased HP
volumetric heating capacity, from 1195 to 1749 kJ/m3, and an ORC volume coeffi-
cient that drops to 0.29 m3/MJ. The downside, however, is the use of a transcritical
ORC instead of subcritical, and a resulting pressure that is rather high (31.9 bar).

4.4.2 Perspectives
The problem of optimising the thermodynamic design of Carnot batteries is

highly non-linear and discontinuous (e.g., non-physical solutions). It also includes
continuous and discrete variables. The method used here with NSGA-II works,
but it would be interesting to benchmark it with other algorithms (Particle Swarm
Optimisation, etc.) to compare the quality of solutions and convergence speeds.
The same applies to the method for generating near-optimal designs. Future work
could seek to improve and validate it by ensuring that it does effectively maximise
the diversity of the solutions and the differences from the reference designs. Other
algorithms, such as NSGA-III, could also be tested. It would also be interesting to
benchmark its performance and compare it with other methods in terms of speed
of convergence, diversity of solutions, and differences from reference designs. As
the literature on meta-heuristic and multi-criteria near-optimal methods is rather
scarce, there is considerable scope for innovation in this area.

With regard to the cycles considered, it would be interesting to extend the anal-
ysis to zeotropic mixtures. Although they increase performance by reducing heat
transfer irreversibility, they bring additional complexity. The use of two-phase ex-
panders could also be considered, specifically in heat pumps with high pressure
ratio. In light of the large volume ratios required in the heat pumps, looking at cas-
cade cycles and two-stage compression appears necessary. However, in the same
way as the recuperator in the ORC, these configurations could impose a lower limit
on the temperature of the cold reservoir. For high-efficiency designs, this should
not be a problem. On the other hand, it could restrict the storage spread in higher
density designs. Finally, only a few technological indicators have been used here
for illustrative purposes. Nevertheless, designers are free to adapt these to the
specific nature of their problem, and to their own preferences. The specific heat
transfer area of heat exchangers could for instance be considered.
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4.5 Key messages

• For storage temperatures limited to 120◦C and for the considered fluids, only
subcritical recuperated cycles can maximise efficiency (must-have). Instead,
most configurations based on sub- and transcritical cycles, with or without
recuperators, can maximise energy density (real choice).

• Maximising density requires larger storage spreads than maximising effi-
ciency. However, for both criteria, the spread does not take on a single opti-
mum value but can lie within a 20 K-wide range (real choice).

• The near-optimal method makes it possible to discuss the trade-offs required
for certain technological parameters in order to identify designs that best
align with the designer preferences.

• Extending the analysis to other cycles would enrich the discussion on the
necessary trade-offs. Zeotropic mixtures offer potential performance gains
that must be weighed against the added complexity. Similarly, the benefits
of two-phase expanders in heat pumps should be compared to the extra cost.

• The method for generating near-optimal alternatives deserves to be improved
and validated in order to ensure both the maximisation of the Euclidean dis-
tance from the Pareto front and the diversity of the solutions.
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PART II
Techno-economic analysis





5
Waste heat recovery in data

centres with photovoltaics

THE integration of Carnot batteries in data centres coupled with photovoltaic
systems is an increasingly discussed application, as they can recover the waste

heat, which improves their efficiency, while simultaneously reducing the cooling
duty [111, 112, 180, 181]. The case of data centres is of particular interest because
few other technologies are able to recover the waste heat: due to low temperatures,
organic Rankine cycles have too poor efficiency [112,182] and direct heat reuse can-
not always be envisaged. However, the economic viability of such application re-
mains to be proven, particularly under real-world conditions. Specifically, studies
conducted to date are generally limited to ideal cases, with fixed numbers of cycles
throughout the year. In response, this chapter explores the following question:

Under what real-world conditions could waste heat recovery
be economically viable for thermally integrated Carnot batteries?

To this end, Section 5.1 first provides context on the need for more realistic techno-
economic studies for Carnot batteries. Section 5.2 then describes the three integra-
tion scenarios considered, while the techno-economic model is introduced in Sec-
tion 5.3. The results of the design optimisation, aimed at maximising both the en-
ergy self-sufficiency and the internal rate of return on investment, are subsequently
discussed in Section 5.4. A sensitivity analysis is also conducted to assess the im-
pact of techno-economic uncertainties. Finally, Section 5.5 summarises the main
results and future perspectives, while Section 5.6 highlights the key takeaways of
this chapter. This chapter is adapted from a publication in Energy Conversion and
Management [JP1].
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5.1 Need for realistic techno-economic analyses

Studies have shown that diverse designs and integration scenarios can be en-
visaged for thermally integrated Carnot batteries. Yet, they do not indicate exactly
where and how Carnot batteries (CB) could become relevant and cost-effective for
energy systems [37–39]. For example, it is not yet clear what services they should
provide in the various scenarios: Pure load shifting? Energy arbitrage? Grid ser-
vices? Electrical and/or thermal discharge? Storage duration? etc. [37,39,125]. Nor
is it clear at what cost and efficiency they might begin to penetrate the market. In
other words, it has not yet been determined precisely which designs would enable
CB to be technically and financially sound in the different scenarios.

To answer these questions, some studies have sought to compare and optimise
the techno-economic performance of different machines, assuming cyclic and ideal
boundary conditions (e.g., constant efficiencies and power profiles over time, fixed
number of charge and discharge cycles over lifetime, etc.) [104–106, 183]. Typi-
cal criteria are to minimise the levelised cost of storage (LCOS) and maximise the
efficiency (ηP2P). Generally speaking, these studies concluded that thermally in-
tegrated Carnot batteries could be competitive with chemical batteries. However,
the ideal conditions in which they were studied probably made the results too op-
timistic. In practice, the conditions under which they would operate would be less
ideal. Due to intermittent operations, charge and discharge times could vary. Sim-
ilarly, power profiles could fluctuate in frequency and amplitude over time. Also,
the temperatures at the boundaries of the thermal machines will probably not be
constant (e.g., ambient), which affects their efficiency. Finally, the link between
power levels and heat source availability could be a real operating constraint, lim-
iting the charging capacity.

To address that, new studies have produced scenario-based analyses. In these,
time series representing the integration scenarios are used to simulate the system
behaviour on an hour-by-hour basis. Tassenoy et al. [111] looked at CB for photo-
voltaic (PV) load shifting in an office building. With a constant efficiency model,
they used synthetic production and consumption profiles to size a CB that recov-
ers the 50◦C waste heat from a data centre so as to maximise the net present value
(NPV). They showed that without subsidy or tax mechanisms, it was not possible
to obtain positive NPV. They also showed that CB could become competitive with
Li-ion batteries for ’long duration’ energy storage (i.e., charging and discharging
times exceeded 7 hours).

Poletto et al. [112] were also interested in the integration of CB in PV fed data
centres. They showed that for high spot electricity prices (i.e., those of the 2022
energy crisis) and moderate investment costs, the economic gain could be positive
with associated discounted payback periods of less than 5 years. They also showed
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that, depending on the electricity prices, there was an optimum storage capacity
for maximising this gain. Zero feed-in tariffs were also very favourable to storage
deployment.

The difference between the conclusions of Tassenoy et al. and Poletto et al. is
essentially due to the fact that Tassenoy et al. considered higher investment costs
while using lower electricity prices. Poletto et al. also carried out a study using
the 2018 electricity prices and came to the same conclusion as Tassenoy et al.: it is
not possible to have a positive NPV with low electricity prices. It is worth noting
that another recent study also focused on this case [181]. To achieve positive NPV,
the authors considered dynamic pricing schemes, with electricity costs being 3 to
5 times higher during peaks compared to valley periods. However, they demon-
strated that electricity prices had the most significant impact on the NPV.

In the above referred studies, when techno-economic optimisation was carried
out, the models generally assumed fixed efficiencies over the operations and did
not take into account the constraint on the availability of the heat source (i.e., they
assumed infinite source). When more advanced models taking into account vari-
ations in efficiency were considered, no optimisation of the installed capacity and
power was carried out. It should also be noted that hardly any study has taken
into account the impact of techno-economic uncertainties on the results obtained.
Finally, none of the above studies exploited the synergies between renewable gen-
eration and storage capacity: fixed PV capacity was always assumed.

In order to properly consider operational constraints (e.g., variation in efficien-
cies, availability of the heat source) while seeking to achieve better financial per-
formance, this work proposes to simultaneously optimise the design of a CB (i.e.,
capacity and thermodynamic cycle) and of a PV system for a 100 kWel data centre.

5.2 Case study and scenarios description

To illustrate how the PV and CB are integrated into the data centre, the layout
of the energy system is depicted in Fig. 5.1. Three scenarios are investigated to
compare the performance of alternative integration schemes for the CB, depending
on the type of data centre cooling system. In short, these are distinguished by the
temperature and availability of the heat source. In practice, the two main categories
of data centres are here considered (i.e., indirect and direct cooling). According to
the power of the data centre, different configurations and technologies can be used,
as each offers its own advantages (i.e., cost, efficiency, complexity, etc.). Neverthe-
less, to limit the number of cases to consider, only those offering the best energy
performance and being the most widespread are covered in this study.

Aside from the type of data centre, two locations are used to take into account
different climatic conditions, which affect the system performance (e.g., PV pro-
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Fig. 5.1 Layout of the CB and PV system integrated into the data center. In scenarios A
and B, a new connection is made between the cooling circuit and the heat pump evaporator
(red dotted lines). In scenario B, the coolant directly flows through the servers (i.e., direct
cooling), so the confined aisle is unused. In scenario C, the heat pump uses an aero-evaporator
(i.e., no connection with the cooling circuit, fan not represented here). Note that components
necessary for the CB control are not depicted here (e.g., liquid receiver, ...).

duction, CB efficiency, etc.): Louvain-la-Neuve (Belgium), with a temperate climate
and moderate solar irradiance, and Seville (Spain), with a hot climate and higher
irradiance (see Fig. 5.2 for ambient temperatures and solar irradiances). These dif-
ferent case studies are summarised in Table 5.1.

In all scenarios, the data centre, which consumes electricity to power the servers
and the cooling system, can be powered either by the PV system, the CB or the dis-
tribution grid. When the PV system is overproducing compared with demand,
electricity can either be used to charge the CB or be returned to the grid at a zero
feed-in tariff (i.e., which is equivalent to curtailment from an economic perspec-
tive). In this sense, shifting the PV production is the only service that the CB can
provide to the system. The reasons for these choices and the detailed power man-
agement strategy are introduced below.

5.2.1 Scenario A: air-cooled data centres (indirect cooling)

Today, most low-power data centres (i.e., < 1MWel) are cooled indirectly with
air. Several configurations exist, but one of the most efficient uses hot aisles, so it is
chosen for this scenario. Fresh ambient room air (generally below 25◦C) is supplied
to the servers racks to cool them down. Once it has warmed up, this air is collected
at the racks outlet and pulsed with small fans in a hot aisle. In this aisle, the hot
air is confined beneath a plastic cover so as not to heat up the rest of the room by
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Fig. 5.2 Annual hourly profiles for solar irradiance, ambient and coolant temperatures,
electrical load (servers and chiller) and coolant flow rates for Louvain-la-Neuve and Seville.
These show that the chiller consumption increases during spring and summer and decreases
during fall and winter.
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Table 5.1 Summary of the considered integration scenarios. The energy consumption are
assessed on an annual basis using the time series from the UCLouvain data centre. The solar
irradiance and ambient temperature correspond to average values for 2019.

Scenarios A B C
Heat source of heat pump [–] coolant coolant ambient
Heat sink of heat engine [–] ambient ambient ambient
Nominal coolant temperature [◦C] 24 60 24
Servers annual consumption [MWhel] 895.9 895.9 895.9
Louvain-la-Neuve
Average ambient temperature [◦C] 10.8 10.8 10.8
Chiller annual consumption [MWhel] 69.1 0.0 69.1
Average solar irradiance [W/m2] 150.6 150.6 150.6
Seville
Average ambient temperature [◦C] 18.5 18.5 18.5
Chiller annual consumption [MWhel] 147.2 0.0 147.2
Average solar irradiance [W/m2] 228.5 228.5 228.5

mixing with the surrounding air. It is then drawn through liquid cooling packages
where it transfers its heat to chilled water (generally < 15◦C) before being dis-
charged into the room. Chilled water is typically produced in two different ways,
depending on the external temperature. When this temperature is below a given
threshold (usually around 10◦C), the hot water from the liquid cooling packages is
cooled directly by the external air in a dry cooler. When the external temperature
is above this threshold, a chiller takes over, resulting in an additional electricity
consumption. This combination of cooling systems is illustrated in Fig. 5.1.

In this integration scenario, the heat pump (HP) of the CB uses the cooling wa-
ter as a heat source. This increases its COP and reduces the chiller electricity con-
sumption by reducing the amount of water to be chilled. However, as the amount
of thermal energy available at the HP evaporator is limited by the servers opera-
tions, a resistive heater (RH) can be used in parallel to boost the charging capacity.
In other respects, although its equivalent COP is only 1, this RH is much cheaper
than a HP (i.e., almost three times less, as shown in the economic model in Sec-
tion 5.3.3). This could make it more attractive from a techno-economic point of
view. More complex combinations, for example with dual evaporator heat pumps
that would use external air as a second heat source, are not considered here. Yet, a
HP using external air only is covered by scenario C.

To evaluate its performance, the system is simulated with an hourly resolution
using the thermodynamic model introduced in Chapter 2 and time series from a
real data centre, following a rule-based power management strategy. Those are
introduced in Section 5.3. The time series have been provided by the Center for
High Performance Computing and Mass Storage from UCLouvain and are illustrated
in Fig. 5.2. The data centre was commissioned in 2016 and has an installed capac-
ity of about 100 kWel. Its hot cooling water temperature is 24◦C and the chilled
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water is produced at 14◦C, resulting in a constrained glide of 10 K. The ambient
temperature threshold for switching between the dry cooler and the chiller is 12◦C.
The ambient temperature and solar irradiance in Fig. 5.2 have been obtained with
Renewables.ninja [184, 185]. Note that the consumption data for the chiller was
not available, so it has been artificially synthesised assuming a fixed second law
efficiency, such as described in Section 5.3.1.

5.2.2 Scenario B: water-cooled data centres (direct cooling)

A new generation of servers is currently being developed to provide higher
power densities, limit the energy consumption of cooling units, and reject a higher
grade heat, so that it could be better recycled. In this new generation, the servers
are cooled directly with the liquid coolant that circulates in them. This enables
much higher coolant temperatures to be reached, ranging from 50◦C up to 75◦C
(most servers have an operating temperature limited to 80◦C) [182]. As these tem-
peratures are systematically higher than the ambient temperature, the cooling unit
can operate using dry cooling only. In this work, a conservative value of 60◦C was
selected to model the cooling water, as shown in Fig. 5.2.

From the CB point of view, the benefit of this scenario is that the heat source
is at a higher temperature, which significantly increases the COP of the HP, and
a fortiori ηP2P. However, as the amount of waste heat remains constrained by the
servers operations, the resistive heater can still complement the HP.

5.2.3 Scenario C: standalone air-sourced Carnot battery

In scenarios A and B, a resistive heater can be used to overcome the constraint
on the availability of the heat source. Also, its much lower cost puts it in competi-
tion with the more expensive HP. However, its utilisation results in a lower equiv-
alent charging COP for the CB, and a techno-economic trade-off therefore needs to
be found.

To overcome the constraint on the availability of the heat source, scenario C
uses a non-integrated CB, where the source of the HP is the external air. The re-
sulting heat pump COP is lower than in scenarios A and B (especially in Louvain-
la-Neuve, where the ambient temperature is lower). However, as there is not any
constraint on the heat source availability, the resistive heater is no longer essential
to increase charging capacity, enabling higher equivalent charging COP. Never-
theless, the RH and the HP remain in competition from an economic point of view,
thus the use of a RH remains an option in this scenario.

Table 5.1 summarises and compares the technical performance of the different
scenarios when no PV and no CB are installed (i.e., the current case), based on data
from the UCLouvain data centre and for the cases of Louvain-la-Neuve and Seville.
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5.3 Model and methods

5.3.1 Technical model

Carnot battery

As depicted in Fig. 5.1, the CB under investigation is composed of a single-
stage high-temperature heat pump (HP), a resistive heater (RH) which is used as
a booster (i.e., additional charging capacity when the HP runs at nominal load), a
two-tank sensible heat thermal energy storage (TES) and an air-cooled recuperated
organic Rankine cycle (ORC). The working fluid used in the HP and in the ORC is
R1233zd(E), as it has shown interesting performance and behaviour in other Carnot
batteries with similar working conditions [77, 78, 112].

The performance and operating conditions (i.e., mass and energy flows) of the
thermal machines are assessed by evaluating their thermodynamic cycle and ap-
plying energy balances at each hour the year. This is done with the model intro-
duced in Chapter 2 and based on the quasi-steady state assumption (i.e., steady-
sate operation at each hour, no transient considered). The values of the parameters
used in this model are given in Table 5.2. The temperature levels within the thermal
machines are obtained for the prescribed boundary conditions (i.e., temperatures of
the heat source, thermal storage and ambient air). The resistive heater is modelled
assuming 100% efficiency and full load flexibility, without efficiency degradation.

In practical applications, more advanced cycles than those shown in Fig. 5.1,
such as two-stage or cascaded heat pumps, should certainly be investigated for per-
formance and technical reasons (e.g., high pressure ratios). Nevertheless, the main
purpose of the present model is only to obtain physical and energy flows during
charging and discharging operations, necessary to carry out the techno-economic
analysis. To this end, and at this stage of the investigation of the case study, mod-
elling the charging and discharging systems using basic cycles is sufficient.

In this model, performance degradation associated with part-load and off-design
operations (i.e., variation in pressure losses, efficiency of compression and expan-
sion machines, heat losses, etc.) is not taken into account. Nor are there any con-
straints on minimum loads. Only maximum loads are restricted by the nominal de-
signs, which result from the optimisation problem presented in Section 5.3.4. These
assumptions are made in order to make the CB sufficiently flexible in the light of
the fluctuations in power demand and supply (see Fig. 5.2) and have also been ap-
plied in several other techno-economic case studies [111]. An analysis of the impact
of a constrained minimum power, which is normally encountered in reality, is out
of the scope of this study, though it deserves further investigation. In this model,
ageing (i.e., performance degradation over the lifetime) is also neglected, assuming
a sufficient yearly maintenance.
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As explored in Part I, the storage temperature Tht
TES and storage temperature

spread ∆Tsp
TES are key factors influencing the power-to-power efficiency ηP2P and

energy density ρel. Given their significant techno-economic impact, they are se-
lected as thermodynamic design variables. The storage temperature can here go
up to 150◦C, to allow higher efficiencies and densities. Water tanks are thus pres-
surised to 7.5 bar. The 150◦C limit ensures lubricant and working fluid stability
in the heat pump [78, 81]. Storage heat losses are neglected, assuming a sufficient
thermal insulation and because the target application is for overnight storage (i.e.,
coupling with PV). This simplification is also introduced to reduce the model com-
plexity and has been used in other studies [105,111]. Indeed, heat losses in sensible
heat storage would involve temperature drops, which would require dynamic con-
siderations in the model and affect the control strategy.

As far as compression and expansion machines are concerned, the considered
power range (i.e., ∼ 100 kWel) and the need for flexibility encourages the use of
volumetric machines. Specifically, for the ORC, scroll or screw type expanders can
be used. The nominal isentropic efficiency of these machines is around 0.75 [77].
For the HP, given the high lifts permitted (i.e., hot storage can reach 150◦C while
minimum heat source temperature can be –5◦C in Louvain-la-Neuve), very high
compression ratios may be necessary (e.g., more than 60 with R1233zd(E)). Con-

Table 5.2 Parameters of the quasi-steady state thermodynamic model used for the Carnot
battery. Some parameters are used as design variables and will be further discussed in Sec-
tion 5.3.4. The values of ∆Tsc

HP and ∆TORC,sh depend on the boundary conditions but are
maximised in any case.

Parameter Symbol Value Units Reference

Hot tank storage temperature Tht
TES design var. ◦C n/a

Storage temperature spread ∆Tsp
TES design var. K n/a

Heat source temp. glide ∆Tgl
hs 10 K Section 5.2

Heat sink temperature glide ∆Tgl
cs 10 K [53]

HP working fluid fluidHP R1233zd(E) n/a [77, 78]
ORC working fluid fluidORC R1233zd(E) n/a [77, 78]
HP vapour superheating ∆Tsh

HP 3 K [81]
HP liquid subcooling ∆Tsc

HP max. K [179]
ORC vapour superheating ∆Tsh

ORC max. K [132]
ORC liquid subcooling ∆Tsc

ORC 3 K [81]
Compressor isentropic eff. ηis,comp 0.65 – Section 5.3.1
Expander isentropic eff. ηis,exp 0.75 – [77]
Feed pump isentropic eff. ηis,pmp 0.60 – [170, 171]
Pressure losses in heat exch. ∆p 0 bar [78, 81]
Pinch point in heat exchang. ∆Tpp 3 K [77, 78]
Recuperator effectiveness εORC 0.75 – [177]
Resistive heater efficiency ηth

RH 1.0 – [186]
Storage thermal efficiency ηth

TES 1.0 – [105]
Tanks pressure pTES 7.5 bar Section 5.3.1
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servatively, reciprocating compressors that allow such compression ratios seem
appropriate, despite their lower efficiency. It should be mentioned again that, in
practice, this type of compression would be carried out in several machines, but
for a techno-economic study, it can be modelled as a single transformation. There-
fore, an isentropic efficiency of 0.65 has been selected to model the compressor [74].
Note, however, that the sensitivity of the results to this value is tested in the uncer-
tainty analysis (see Section 5.4.2) and indicates that it is not significant in relation
to other uncertainties.

Photovoltaic array

The PV array is modelled with PVlib, an experimentally validated open-source
Python package for simulating the performance of PV systems [187]. With this
package, the PV current and voltage are evaluated with the single-diode model.
The parameters are determined with the method developed by De Soto et al. [188],
based on manufacturer data adopted from a typical monocrystalline silicon PV
panel (Sun-power SPR X-19-240-BLK [189]). The efficiency of the DC-AC inverter
is assumed to be 1.0. This is a fair assumption considering the efficiencies above
0.95 reported by [190].

Cooling system and auxiliaries

As the time series for the air chiller and dry cooler could not be transmitted
by the operators of the UCLouvain data centre, a reconstruction technique had to
be applied. The curves shown in Fig. 5.2 have been produced as follows. For a
given cooling demand, the chiller consumption can be assessed by estimating its
COP. The latter is obtained based on the boundary temperatures (i.e., hot cooling
water and ambient) and using the Carnot efficiency. In this work, the actual chiller
is assumed to be 40% Carnot efficient (i.e., ΨCarnot

chiller = 40%) [191]. The dry cooler is
a passive component, so its energy consumption for cold production is zero.

Other auxiliaries, like circulating pumps, fans, liquid cooling packages, etc.,
are not considered in this model. It is assumed that their impact on the techno-
economic performance can be neglected at this stage of the investigation of the
case study [104, 105].

Key performance indicators

The performance indicators used to analyse the system are an annualised ver-
sion of those introduced in Chapter 2. The COP of the HP is defined as

COPHP =
8760
∑
t=1

Qout
HP [t]

Win
HP[t]

, (5.1)

where Qout
HP [t] is the thermal energy produced and Win

HP[t] the electrical energy
consumed by the HP at hour t. The charging COP of the CB includes the RH, and
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is defined as

COPCB =
8760
∑
t=1

Qout
HP [t] + Qout

RH[t]
Win

HP[t] + Win
RH[t]

, (5.2)

with Qout
RH[t] and Win

RH[t] the thermal and electrical energy produced and con-
sumed by the RH, which are equal here since ηth

RH = 1. The ORC efficiency is
defined as

ηORC =
8760
∑
t=1

Wnet
ORC[t]

Qin
ORC[t]

, (5.3)

with Wnet
ORC[t] and Qin

ORC[t] the electrical and thermal energy produced and con-
sumed by the ORC. Finally, the power-to-power efficiency of the CB is defined as

ηP2P = COPCB · ηth
TES · ηORC , (5.4)

with ηth
TES the efficiency of the TES.

The capacity factors are also useful to quantify the utilisation of the charging
and discharging systems. These express the total amount of energy actually gener-
ated over the 8760 hours of a year with respect to the total amount of energy that
would have been generated if the system had operated at its nominal capacity for
the entire year. For each technology, these are defined as

CFi =
Ei

8760 · Pnom
i

, (5.5)

where Ei is the energy annually produced by the technology i and Pnom
i its nominal

capacity (either thermal or electrical power).
Last figures are the nominal charge and discharge times of the CB. These indi-

cate the time required to fully charge and discharge the storage system at nominal
capacity (i.e., nominal thermal and electrical power). They are therefore defined as

τch =
Qnom

TES
Q̇nom

HP + Q̇nom
RH

, (5.6)

τdisch =
Qnom

TES · ηORC
Pnom

ORC
, (5.7)

where Qnom
TES is the thermal capacity of the TES. Note that the nominal power of the

ORC is expressed in [kWel]; therefore, the thermal energy Qnom
TES is converted into

electrical energy using the ORC efficiency, ηORC.

5.3.2 Power management strategy

To balance the system, a rule-based power management strategy is used at each
hour along the year. The latter is depicted in Fig. 5.3. It should be mentioned
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that not all the operational details of the system are shown in the diagram (e.g.,
constraints for maintaining the state of charge ≥ 0 and ≤ 100%, ...).

The basic idea behind this strategy is as follows. If the PV over-produces, the
CB is charged via the HP. If the HP runs at nominal load, the RH absorbs the re-
maining power. If any excess power remains, it is sent to the grid. Conversely,
when the PV under-produces compared to the power demand, the ORC starts up
and attempts to meet the power demand. If it runs at nominal load but does not
satisfy the power demand, the remainder is purchased from the grid.

5.3.3 Economic model

From a technical point of view, the aim of installing a PV + CB system is to
minimise the grid electricity consumption of the data centre, which is equivalent
to maximising its self-sufficiency ratio. However, from an economic perspective,
the investment required to deploy such system should be motivated by a financial
gain–or at least, no losses.

Net present value and internal rate of return

A common way of comparing the profitability of different investments for a
given project is to use the net present value

NPV = –C0 +
LT
∑

n=1

Bn – Cn
(1 + r)n , (5.8)

where C0 is the capital cost, Bn and Cn are the annual benefits and costs of the
project, and r is the discount rate. It represents the sum of the present values (i.e.,
difference between incoming and outgoing cashflows) over the lifetime LT of the
project. When it is positive (resp. negative), the project yields a higher (resp. lower)
rate of return on investment than the prescribed discount rate, so the investment is
economically sound (resp. should be avoided). As the value that the NPV can take
on is sometimes difficult to interpret, it can be supplemented by the discounted
payback period (DPP). This is defined, for a given discount rate, as the time re-
quired to obtain a zero NPV.

The value of the discount rate is typically set to the minimum desired rate of
return on investment. In this sense, it must account simultaneously for inflation,
for the cost of non-availability of the capital and for the risk of investment [192].
As a result, the value of r is not fixed, but it is specific to each investment strategy.
To analyse the economic performance of an investment more generically and inde-
pendently from the possible investment strategies, the internal rate of return (IRR)
can also be used. The latter is precisely defined as the discount rate that results
in a zero NPV. It quantifies the rate of growth that the project is anticipated to
generate [192].
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evaluate servers, chiller and
photovoltaic power

evaluate power imbalance:
photovoltaic - servers - chiller

is the storage full? is the storage empty?

no no

try to absorb all the power 
with the heat pump

try to produce all the power 
with the heat engine

produce/absorb more heat than
storage can absorb/available?

use grid to balance the system

yes

yes

reduce the power input 
to match the limits

is the heat pump running 
above its nominal capacity?

is the heat engine running 
above its nominal capacity?

yes

yes

limit the thermal power 
output to its nominal value

update chiller consumption
is the power imbalance still > 0?

limit the electrical power 
output to its nominal value

is the power imbalance 
still < 0?

no

yes yes

use the resistive heater (up to its
max capacity/until storage is full)

is the power imbalance 
still > 0? no

absorb more heat than 
storage can produce?

yes

no

reduce the power output 
to match the limit

update the state of charge

use grid to balance the system 
and update the state of chargeyes

no

do nothing

Fig. 5.3 Power management strategy used to balance the power flows in the system at each
hour of the year.
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Cost correlations
To assess the NPV and IRR of each design that will be evaluated, the annual

costs Cn and benefits Bn, as well as the capital costs C0, must be defined. Before
going into further detail about the correlations used, it is essential to point out
that the values reported in the following are extremely subject to uncertainty. The
price of components and energy carriers can vary depending on the manufacturers
and the market, especially for a technology that is not yet commercially available.
Furthermore, the evolution of these prices over time is also uncertain. As a result,
average values are adopted for the economic parameters, so as to reflect the reality
of the market objectively and to give a more or less realistic order of magnitude
for the financial performance of Carnot batteries. But as these prices are subject to
change, a parametric analysis will also be proposed to show the impact of a 50%
drop in C0 (C50%

0 ) compared to the case with a full C0 (C100%
0 ).

In this model, the annual benefit Bn is defined as the difference between the
annual cost of electricity when no PV or CB is installed (i.e., the data centre only
consumes electricity from the grid) and the annual cost of electricity for the design
under test, where some of the electricity is supplied by the PV + CB system (i.e., this
cost is lower because less electricity is absorbed from the grid). No subsidies are
taken into account. Note that in the present definition of Bn, excess PV generation
that is returned to the grid is sold at a zero price. This is a conservative choice,
yet it favours the storage of electricity. The average annual electricity prices are
modelled considering a linear growth with time as

cel(n) = ael · n + bel , (5.9)

where ael is the average annual rate of growth of the electricity price, bel is the
average annual electricity price when commissioning the PV + CB system and n an
integer representing the year under consideration (see Eq. 5.8). The coefficients in
Eq. 5.9 are fitted as a linear extrapolation of the Banb IB electricity prices for non-
households consumers (i.e., 20 MWhel < consumption < 500 MWhel) in Belgium
and Spain from 2007 to 2021 from the Eurostat database [193]. Their respective
values can be found in Table 5.3.

By fitting the coefficients of Eq. 5.9 to historical values, the average historical
inflation in the price of electricity is extrapolated to the entire lifetime of the sys-
tem. This model therefore assumes that the price of electricity will continue to rise
in the future and uses deterministic values to represent it, as the impact of uncer-
tainty on it is outside the scope of this study. Nevertheless, the results presented
in [CP1] showed that this uncertainty has a non-negligible impact on the financial
performance of the system, and it therefore deserves further investigation using
appropriate methods.

In this model, Cn is represented as a fraction of the total capital costs %C0 and
only accounts for maintenance (i.e., no reinvestment costs, no taxes). This simpli-
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Table 5.3 Correlations for the economic model. Note that in this model, the ratio between
the HP and RH costs favours the investment in the HP. The dependency variable for the cost
of thermal storage is VTES, the volume of each tank.

Parameter Value Units Min Max References
ael,Belgium 2.841 e2021/MWh/y n/a n/a [193]
bel,Belgium 195.9 e2021/MWh n/a n/a [193]
ael,Spain 2.078 e2021/MWh/y n/a n/a [193]
bel,Spain 183.8 e2021/MWh n/a n/a [193]
Cn 2.0 %C0 1.5 3.0 [104, 105, 111, 125, 183]
CAPEXPV 870 e2021/kWp 400 870 [194, 195]
CAPEXHP 430 e2021/kWth 250 720 [125, 141, 196]
CAPEXRH 150 e2021/kWth 100 150 [186, 195]
CAPEXTES Eq. 5.11 e2021/m3 n/a n/a [197]
CAPEXORC 2950 e2021/kWel 2125 4000 [111, 125, 170]
r 7.0 % 5.0 8.0 [104, 105, 111, 125, 183]
LT 20 year 20 25 [104, 105, 111, 125, 183]

fied approach is frequently adopted in the literature as it is difficult to give precise
specific maintenance costs for technologies with low readiness levels. In the litera-
ture on Carnot batteries, %C0 ranges from 1.5% [104,105,111,183] to 3.0% [125]. In
this case, it is set to 2% (see Table 5.3).

Different approaches exist to evaluate C0. In some works, the costs of all phys-
ical components of the CB (e.g., heat exchangers, compressors, ...) are added to-
gether [78, 104, 105, 183]. With this approach, engineering and assembly costs are
usually ignored. Still, an asset of this method is that it enables to assess the impact
of each component on the overall cost of the CB, so that detailed cost breakdowns
can be evaluated, for example.

A second approach is to consider only the prices of the CB sub-systems (i.e.,
HP, RH, TES and ORC), and add them together. This method is certainly more con-
servative because it considers assembly and engineering costs for each sub-system,
whereas these could be reduced if the CB was designed as a whole.

By using the first or second method, the specific costs of Rankine Carnot batter-
ies can vary by more than one order of magnitude, as they range from 500 $/kWel
and 250 $/kWhel to 8000 $/kWel and 1000 $/kWhel [39, 44]. Since the second
method is more conservative–although probably simplistic–for analysing the in-
tegration of CB into existing energy systems, it seems appropriate at this stage
of the technology’s development. It is commonly adopted for case study analy-
ses [111, 112, 125, 126, 198]. The capital cost of the PV + CB system is defined as

C0 = Pnom
PV · CAPEXPV + Q̇nom

HP · CAPEXHP + Q̇nom
RH · CAPEXRH

+ 2 · CAPEXTES(VTES) + Pnom
ORC · CAPEXORC .

(5.10)

The adopted cost correlations are given in Table 5.3, with the associated references.
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The storage cost is given by

CAPEXTES(VTES) = log(VTES) – 0.002407 · V2
TES + 791.4 · VTES + 6191 .

(5.11)

Note that although these investment costs are quite uncertain, they must be
assigned fixed values in order to carry out the techno-economic analysis. This is
not problematic as such, since parametric analyses on these values make it easy to
characterise the sensitivity of the economic performance. On the other hand, the
uncertainties on the ratios between the different CAPEX (i.e., relative costs between
the sub-systems) are more impacting. Indeed, as these cost correlations will be used
in an optimisation model, the obtained designs will be biased by these uncertain-
ties. For example, if the RH is relatively too cheap compared with the HP, it could
be preferred despite its lower efficiency. To handle this, methodological innova-
tions based in particular on the principles of robust design optimisation [145] are
necessary. It should be mentioned, however, that this consideration applies with a
variable intensity along the Pareto fronts that will result from the compromise be-
tween the technical and economic performance. Indeed, for designs providing the
best energy self-sufficiency, the costs uncertainties no longer have any real impact
because those designs will be optimised, above all, to provide the best technical
performance, to the detriment of the economic performance.

In Table 5.3, the cost correlation for HP was obtained by taking the average of
the specific prices for commercially available high-temperature heat pumps listed
in the IEA Task 58 fact-sheets. The cost correlation for the ORC was obtained by
taking the average of the specific costs reported by Lemmens et al. [199] for low-
power ORC modules. The discount rate of 7% conservatively reflects the values
recently selected in other techno-economic analyses on CB [104, 105, 111, 125, 183].

5.3.4 Optimisation problem

As mentioned earlier, the goal in this work is to optimise the design of a PV +
CB system to maximise the data centre self-sufficiency ratio

SSR = 1 –
Eel

grid

Eel
servers + Eel

chiller

, (5.12)

where Eel
grid is the electricity annually supplied by the grid and Eel

servers and Eel
chiller

are the annual energy consumption of the servers and chiller. Nevertheless, the
investment must remain economically attractive, so it is also necessary to optimise
the financial performance of the system. Although the NPV relates the expected
gains, it says nothing about the rate of return on investment, whereas this is one of
the parameters that investors generally look to first and foremost. Moreover, the
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NPV requires a discount rate to be set, which is specific to the investment strategy,
so it is not possible to characterise the project financial performance independently
of it. Consequently, the financial criterion maximised in this work will be the IRR,
as introduced in the economic model in Section 5.3.3.

To maximise the SSR and IRR, the capacity of the PV + CB system must be
adjusted. This includes the nominal power of the PV system, of the HP and RH,
the volume of the storage tanks and the nominal power of the ORC. The thermody-
namic cycle of the CB can also be adjusted to maximise the SSR or the IRR. Indeed,
the Carnot battery trilemma indicates that it is not possible to design a CB that max-
imises both the storage efficiency (the SSR for a given PV capacity) and the energy
density (the storage volume), which affects C0 and thus the IRR. Therefore, in this
model, it is also possible to optimise the hot temperature of the thermal storage
as well as its spread (i.e., the temperature difference between the two tanks). The
optimisation variables and corresponding bounds are shown in Table 5.4. The max-
imum bound on Pnom

PV makes it possible to show the interesting case where, when
all the PV capacity is installed, the only option for increasing the SSR is to further
increase the storage capacity, as illustrated below.

A novelty of this model compared with other techno-economic studies on CB,
is that it simultaneously optimises the cycle and the capacity of the CB. This makes
the problem highly non-linear and complex, since some variables have much less
impact than others on SSR and IRR. For example, ∆Tsp

TES, which influences the
storage efficiency and density, will have to interact with VTES, but it will have an
indirect impact on SSR and IRR. On the other hand, Pnom

ORC will have a much more
direct impact on these two criteria. Another example of complementary variables
is Q̇nom

HP and Q̇nom
RH : the algorithm will have to optimise these simultaneously.

The non-dominated sorting genetic algorithm NSGA-II [144] has been used to
handle the multi-criteria optimisation problem. This meta-heuristic algorithm was
selected because it performs well in optimising energy systems [158, 200, 201], and
because it comes with the RHEIA framework [145], which is used for the uncertainty
analysis (see Section 5.3.5). It should be noted that multi-objective particle swarm
optimisation (MOPSO) could also have been used, as its performance is similar to
Table 5.4 Optimisation variables and associated design space. If the optimiser test a physi-
cally inconsistent set of TES temperatures, the design is rejected.

Optimisation variable Symbol Min Max Units
PV system peak capacity Pnom

PV 0 1000 kWp
HP nominal capacity Q̇nom

HP 0 n/a kWth
RH nominal capacity Q̇nom

RH 0 n/a kWth
ORC nominal capacity Pnom

ORC 0 n/a kWel
Pressurized tanks volume VTES 0 n/a m3

Hot storage temperature Tht
TES 75 150 ◦C

Storage temperature spread ∆Tsp
TES 10 100 K
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that of NSGA-II in this type of problem [201]. Although the improved strength
Pareto evolutionary algorithm (SPEA-2) could also represent an interesting alter-
native, it was unfortunately not tested here.

For each case study, the population size is set to 60. The crossover probability is
0.9, the mutation probability is 0.1 and the crowding degree is 0.2. There is no limit
on the number of generation: the optimisation process is stopped when satisfactory
results are obtained.

5.3.5 Uncertainty quantification

The integration scenarios tested in this work face techno-economic uncertain-
ties. The economic uncertainties affect the IRR and some of them will be addressed
thanks to the parametric study on C0. To validate that technical and operational
uncertainties do not affect the conclusions drawn about the designs maximising
the SSR, they will also be taken into account. These relate to compression and ex-
pansion machine efficiencies, heat exchanger pinch-points and time series. The list
of uncertainties considered in this model is shown in Table 5.5, together with their
associated values.

To assess the impact of these uncertainties on the SSR, they are propagated
through the model using Polynomial Chaos Expansion via RHEIA framework [145].
This method constructs a surrogate model based on orthogonal polynomials, re-
quiring only a limited number of actual model evaluations–the number depends
on the degree of the polynomials used. It is particularly well-suited to models that
are computationally expensive or time-consuming to evaluate. Compared to con-
ventional Monte Carlo simulations–which rely on repeated random sampling to
estimate statistical properties–Polynomial Chaos Expansion provides accurate sta-
tistical estimates with significantly lower computational cost. Furthermore, it en-

Table 5.5 List of uncertainties affecting the SSR. Note that the uncertainty on the servers
power affects the cooling system accordingly. The ranges for ηis,comp, ηis,exp, ηis,pmp and ∆Tpp

cover values that can be encountered in real machines and are used to assess the sensitivity
of the SSR to them. The value of ΨCarnot

chiller is from [141]. Values for Pel
servers and Tcoolant are

from the historical data of the data centre. Values for G and Tambient are from [158].

Parameter Symbol Dev. Units Distribution
Compressor isentropic efficiency ηis,comp 0.05 – Uniform
Expander isentropic efficiency ηis,exp 0.05 – Uniform
Feed pump isentropic efficiency ηis,pmp 0.05 – Uniform
Pinch point in heat exchangers ∆Tpp 1.5 K Uniform
Carnot efficiency of chiller ΨCarnot

chiller 0.05 – Uniform
Servers power Pel

servers 5.0 % Gaussian
Cooling water temperature Tcoolant 0.2 ◦C Gaussian
Solar irradiance G 7.0 % Gaussian
Ambient temperature Tambient 1.0 ◦C Gaussian
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ables direct computation of statistical moments (such as the mean and standard de-
viation) and Sobol’ indices, which are variance-based sensitivity measures. These
indices quantify how much each input parameter contributes to the output vari-
ance, thus offering insight into the relative importance of uncertain parameters.

5.4 Results

5.4.1 Multi-criteria analysis

Pareto fronts

The Pareto fronts resulting from the multi-criteria optimisation between the
IRR and the SSR are depicted in Fig. 5.4. For each of the three scenarios in Louvain-
la-Neuve and Seville, two lines are plotted: the solid lines represent the case C100%

0 ,
and the dashed lines represent the case C50%

0 (CAPEXPV is unchanged). This para-
metric analysis illustrates the potential financial gains if the investment costs in the
Carnot battery were to fall. It will be further explored below. Regarding the mini-
mum IRR, when this is negative, it means that it is not possible to find a discount
rate giving a zero NPV for the allotted lifetime. The discount rate must therefore
become negative to obtain a zero NPV.

For the designs achieving higher IRR, the cases C50%
0 and C100%

0 offer the same
SSR in scenarios A and C (i.e., the curves overlap). It is slightly lower in scenario B,
because the zero consumption of the chiller affects the ratio defined in Eq. 5.12. In
fact, these designs do contain only PV, which has the same CAPEX in both cases.
To increase the SSR above 40% in Brussels and above 45% in Seville, storage then
gets deployed. Note that the case C50%

0 deploys storage for slightly lower SSR
(approximately 5% less) due to lower investment costs.

scen. A scen. A

scen. B
scen. B

PV only

PV + CB 
PV + CB 

PV only

scen. C
scen. C

Fig. 5.4 Pareto fronts resulting from the optimisation between the Internal Rate of Return
and the Self-Sufficiency Ratio. In each scenario, the solid curves result from the case C100%

0 .
The dashed curves correspond to the case C50%

0 .

| 123



5 | Waste heat recovery in data centres with photovoltaics

Seville also offers larger IRR and SSR than Louvain-la-Neuve. This is due to
the difference in PV capacity factor, which is almost 50% higher in Seville than in
Louvain-la-Neuve (i.e., 22.9% against 15.4%), thanks to the higher solar irradiance.

To better discriminate the performance of the different scenarios and ease their
analysis, Fig. 5.5 shows a zoom on the designs that include storage. These enlarged
fronts show that the SSR has an asymptotic relation with decreasing IRR, and
that scenario C always outperforms B and A, despite it has no thermal integration–
hence, lower storage efficiency. They also show that, for a given SSR, C50%

0 provide
greater IRR than C100%

0 , as expected. These findings are discussed in the following.

scen. A

scen. A

scen. B
scen. B

scen. C scen. C

Fig. 5.5 Zoom on Pareto fronts where the designs include storage. The higher the SSR, the
more the reduction in the Carnot battery CAPEX enables the IRR to be increased (i.e., the
horizontal distance between the solid and dashed curves increases with the SSR).

Asymptotic fronts: a matter of installed capacity
When reaching higher SSR, the fronts take an asymptotic profile with decreas-

ing IRR (see Fig. 5.5). As illustrated in Fig. 5.6, this is because after the maximum
PV capacity is installed with the associated optimum storage capacity (i.e., about
1000 kWhel in Louvain-la-Neuve and 1500 kWhel in Seville), the last percentages
in SSR are gained at the cost of an oversized storage (in terms of financial gains),
which ultimately leads to exponentially increasing costs. This exponential growth
in storage capacity also indicates that the system shifts from overnight storage to
longer-term storage. Note that, as with the PV capacity factor, the optimum storage
capacity is 50% higher in Seville than in Louvain-la-Neuve. This perfectly illus-
trates the direct relationship between these two design variables.

As mentioned earlier, the designs leading to highest IRR do not include storage
but only PV. However, both in Louvain-la-Neuve and Seville, once the optimum
standalone PV capacity is installed (i.e., about 500 kWp in Louvain-la-Neuve and
400 kWp in Seville), the increase in SSR goes along with a simultaneous increase in
CB and PV capacities. This means that, for the considered CB and PV capital costs,
the most cost effective solution to increase the SSR is to include storage. Of course,
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scen. A
scen. B
scen. C

Fig. 5.6 Relationship of PV and storage capacities with the SSR. The storage fraction shows
the share of electricity annually supplied to the data centre directly from the CB. Note that the
storage capacity is truncated at 2000 kWhel for the sake of clarity, but may be higher locally.
The results for the case C50%

0 are not represented for the sake of clarity, but they are very
similar since only the technical aspects influence the SSR. The only difference is that storage
gets deployed starting from lower SSR since the costs are lower.

these results are specific to the economic model utilised here: if PV was cheaper,
the most economically profitable solution would include less storage to increase
the SSR (up to the maximum PV capacity). Conversely, in the case C50%

0 , storage is
installed starting from lower SSR (not represented in Fig. 5.6 for the sake of clarity,
but well visible in Fig. 5.5).

Fig. 5.6 also depicts the ’storage fraction’, the fraction of energy annually sup-
plied to the data centre that was actually released by the Carnot battery. Its maxi-
mum value is 25.6% in Louvain-la-Neuve and 37.2% in Seville (which is also 50%
higher). As the PV capacity increases, the storage fraction always has a linear rela-
tionship with the SSR, and also with the storage capacity. When the maximum PV
capacity is installed, the storage capacity has an exponential relationship with the
storage fraction (i.e., marginal gain).
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Finally note that the curves are much smoother when only PV is installed, but
they get noisier as storage is deployed. This illustrates well the complexity of this
optimisation problem: different designs can lead to very similar performance in
terms of IRR and SSR, and convergence is therefore difficult, as explained in the
optimisation problem (see Section 5.3.4).

Maximum self-sufficiency ratio: a matter of resistive heater
As seen in Fig. 5.5, when the SSR is maximised, scenario C provides the best

performance, ahead of scenario B, which itself dominates scenario A. The difference
in maximum SSR between scenarios C and A is about 6% in Louvain-la-Neuve
and 10% in Seville. This result, which may seem counter-intuitive since scenario B
theoretically achieves the best storage efficiency (i.e., the average heat source tem-
perature is highest in scenario B and lowest in C), can be explained by the design
of the charging and discharging systems.

For a given PV capacity, one way of increasing the SSR is to increase the storage
efficiency and the capacity of the charging system, as illustrated in Fig. 5.7. In this
context, using a HP gives a higher COPCB than using a RH. However, in scenarios
A and B, the amount of thermal power available at the source is limited by the op-
erations of the servers. Since the HP thermal output is the sum of the power from
the heat source and the electricity driving the compressor, when COPHP increases
while keeping a constant thermal power from the source, the thermal output de-
creases. Consequently, the amount of thermal power that can be produced by the
HP is also constrained, and this is all the more true when the COPCB is high (i.e.,
scenario B is even more constrained than scenario A). Therefore, to charge more
energy into the storage, a ’booster’, which is not constrained by the waste heat
availability, must be added. In this case, the RH can be used at the cost of a re-
duced COPCB. It is clear that there is a trade-off to find between the charging
capacity and COPCB.

Scenario C, however, does not fall into this dilemma. As its heat source is am-
bient air, it is not constrained and can afford to use only a HP as charging system.
Consequently, the best COPCB is obtained in scenario C. Next comes scenario B,
which benefits from 60◦C source, and finally scenario A, whose source is at 24◦C.
This reasoning is illustrated in Fig. 5.7, which shows the thermal capacity of the
charging system, the ratio between the thermal capacities of the HP and the RH,
and the COP of the charging system.

Both in Seville and Louvain-la-Neuve, when the SSR is high, COPCB for sce-
narios A and B are very close to each other. The reason why SSRmax

B > SSRmax
A is

actually that in scenario B the chiller consumption is always zero, leaving more en-
ergy for storage and therefore increasing the SSR. Also note that scenario B, which
initially benefits from a large COPCB, is the only one that is constrained to reduce
it in order to increase the thermal power of the charging system. However, that this
result must only be analysed qualitatively, as it is specific to the cost correlations
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scen. A
scen. B
scen. C

Fig. 5.7 Performance of the charging system in the different scenarios. Note that the heater
to heat pump capacity ratio is only shown up to 4 for the sake of clarity, but locally reaches
higher values. In scenario C, COPCB is higher in Seville than Louvain-la-Neuve thanks to
the higher ambient temperature. For low SSR, the heater is still used in scenarios A and C,
and is therefore the best techno-economic trade-off.

used in this model, which are in favour of the HP (i.e., CAPEXRH is relatively high
compared to CAPEXHP that is rather low).

This analysis of the charging system of the thermally integrated Carnot bat-
tery shows that its capacity needs to be increased to store more energy and make
the system more relevant (i.e., a sufficient fraction of the energy consumed should
come from storage to justify the investment). To illustrate that, this school case uses
an resistive heater, which greatly affects COPCB. Therefore, new hybrid charging
systems, such as dual heat source HP, should be investigated for Carnot batteries.

Synergies between booster, storage efficiency and storage density

To increase the SSR when the maximum PV capacity is installed, the CB effi-
ciency and capacity must increase. However, as just illustrated, when increasing
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the storage and charging capacities, the use of a booster causes COPCB to fall in
scenario B, and prevents it from sufficiently rising in scenario A. Therefore, to in-
crease the CB efficiency, the efficiency of the discharge cycle must increase.

Since the storage temperature is always maximised (i.e., 150◦C), the last lever to
increase the efficiency of the ORC is to reduce the storage temperature spread (refer
to Part I). This consequently reduces the storage density. However, as explained
earlier, to increase the SSR, larger storage capacities are needed. This consideration
leads inexorably to an exponential growth in the necessary storage volume, which
greatly affects the system cost. This is illustrated in Fig. 5.8. Note that scenario C is
not subject to this: as its COPCB only increases with rising SSR, it is not forced to
simultaneously increase the ORC efficiency, which means that the storage spread–
hence density–can remain constant. It should also be pointed out that the ORC
efficiency is lower in Seville because the ambient temperature is higher there.

scen. A
scen. B
scen. C

Fig. 5.8 Performance of the storage and discharging system. In scenarios B and C, the im-
pact of varying storage temperature spreads is readily apparent in both the ηORC and ρel.
Stronger fluctuations for scenario B in Seville are attributed to a lower level of convergence.
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Waste heat recovery and reduction of chiller consumption
When integrating CB in data centres, the aim is to simultaneously recover the

waste heat and to reduce the electricity consumption linked to the cold production,
necessary to evacuate it. Fig. 5.9 illustrates the CB performance with regard to these
issues. The chiller consumption can be reduced by more than 50% in scenario A,
what is equivalent to reductions of –3.9% (Louvain-la-Neuve) and –7.4% (Seville)
in the total electricity consumption of the data centre.

At best, the fraction of recovered waste heat, which is defined as the ratio be-
tween the annual heat pump waste heat consumption and the annual total waste
heat generation, does not exceed 40%. This is obviously constrained by the charg-
ing duration and availability of PV power, which is already relatively abundant
compared with the consumption of the data centre (i.e., there is a ratio of about 2.2
between the PV energy annually produced and that consumed by the servers in
Seville). To improve this recovery fraction, the charging period could be extended.
This could be done by positioning the PV panels in different orientations in order
to spread out the production peak. However, a fraction of 100% is not conceivable,
as it would mean that the CB is constantly charging. If charging and discharg-
ing times of 12 hours were considered, a maximum waste heat recovery fraction
of 50% could be expected. At the same time, waste heat could also be recovered
during discharge. Some studies have shown that it could be used to preheat the

scen. A
scen. B
scen. C

Fig. 5.9 Chiller consumption and waste heat recovery in the different scenarios. In best
cases, reducing the chiller consumption thanks to CB can reduce the data centre electricity
consumption by 3.9% in Louvain-la-Neuve and 7.4% in Seville.
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liquid fluid leaving the feed pump in the ORC [136, 202]. Yet, due to temperature
compatibility, this seems only feasible in scenario B.

Discounted payback period and net present value
The net present value (NPV) and discounted payback period (DPP) are de-

picted for C100%
0 and C50%

0 in Fig. 5.10. First, for designs including only PV, the
DPP remains almost constant as the SSR increases. This trend corresponds to the
vertical part of the front in Fig. 5.4. At the same time, the NPV increases. Then,
while storage gets deployed and as the SSR increases, the DPP starts to increase
exponentially. For the last percentages of SSR, it even goes beyond the lifetime
of the system. In other words, when all the PV capacity is installed, the last few
percents in SSR cause an exponential fall in NPV.

Second, the NPV makes a bell shape with the SSR. This illustrates that designs
with and without storage can give rise to the same financial gains, while those
with storage achieve much higher SSR. The profitability threshold (i.e., NPV > 0)
corresponds to SSR < 50% in Louvain-la-Neuve and SSR < 60% in Seville, as well
as to power specific costs Cpower

CB > 6500 e/kWel. The downside is that designs
that include storage require longer payback periods. Assuming that grid electricity
has a non-zero carbon-intensity, a parallel can be drawn between self-sufficiency
ratio and decarbonation. The message that then emerges from Fig. 5.10 is that an

scen. A
scen. B
scen. C

PV only PV only

PV + CB PV + CB 

Fig. 5.10 Net present value and payback period of the different designs for C100%
0 and

C50%
0 . The profitability threshold (i.e., NPV > 0) corresponds to SSR < 50% in Louvain-la-

Neuve and SSR < 60% in Seville, as well as to power specific costs Cpower
CB > 6500 e/kWel.
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investment strategy aimed at maximising the rate of return on investment does not
achieve effective decarbonation, whereas a strategy that tolerates a lower rate of
return offers greater decarbonation while offering the exact same financial gains.

A final observation shows that, for an equivalent SSR, case C50%
0 gives rise to

DPP up to twice as short as case C100%
0 , and that this difference increases as the

SSR increases. This is perfectly logical since, as illustrated in Fig. 5.6, the fraction of
the electricity supplied by the CB to the data centre gets higher as the SSR increases,
so the effect of a cost reduction is higher.

5.4.2 Detailed designs analysis

For each scenario of case C100%
0 , one design from the Pareto front is analysed

in greater depth to characterise its key performance indicators (KPI) and clarify its
role in the energy system. The six designs selected are those for which the maxi-
mum PV capacity is installed with the associated financially optimal CB capacity
(see Section 5.4.1 for more details). Technical indicators are reported in Table 5.6
while economic indicators are reported in Table 5.7.
Table 5.6 Technical KPIs for the designs with maximum PV capacity and financially opti-
mum CB capacity. fracHP, fracCB and fracwhr are respectively the fractions of thermal energy
charged by the HP into the TES (i.e., 1 – fracHP = fracRH), of electricity supplied to the data
centre by the CB and of waste heat that is recovered.

Location Louvain-la-Neuve Seville
Scenario A B C A B C
Pnom

PV kWp 999 1000 999 994 974 1000
Q̇nom

HP kWth 238 229 964 294 238 1084
Q̇nom

RH kWth 456 786 252 519 689 319
Pnom

ORC kWel 105 115 130 110 114 125
VTES m3/tank 131 200 192 160 220 244
Tht

TES
◦C 150 150 150 150 150 150

∆Tsp
TES K 42.6 41.5 49.4 41.6 38.8 49.4

SSR % 62.0 65.1 68.5 73.2 78.8 84.1
COPHP – 1.76 2.55 1.84 1.75 2.49 1.97
COPCB – 1.29 1.34 1.78 1.25 1.26 1.84
ηORC % 16.4 16.6 15.9 15.5 15.7 14.8
ηP2P % 21.2 22.1 28.3 19.3 19.7 27.3
τch h 8.9 9.0 8.6 9.1 10.2 9.5
τdisch h 9.7 13.2 12.9 10.4 13.0 15.8
CFHP % 27.8 25.0 16.7 32.3 30.0 24.4
CFRH % 13.5 10.3 2.6 21.4 20.2 6.4
CFORC % 20.1 19.9 20.6 29.1 29.0 33.8
fracHP % 51.8 41.4 96.0 46.0 34.3 92.8
fracCB % 19.8 22.4 24.3 29.0 32.3 35.6
fracwhr % 26.7 32.4 0.0 37.8 40.1 0.0
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Technical analysis
Although COPHP is maximum in scenario B, COPCB is maximum in scenario C.

Consequently, ηP2P is always better in scenario C, even though ηORC is worse be-
cause of the higher storage temperature spread. This explains why scenario C has
the best SSR for the same PV capacity. It should also be noted that ηP2P is very
similar in scenarios A and B. Scenario B has a better SSR thanks to the lower data
centre electricity consumption (i.e., the chiller is not used). Finally, ηORC and ηP2P
are higher in Louvain-la-Neuve than in Seville because the ambient temperature is
lower there (i.e., greater temperature difference between the hot and cold reservoirs
of the CB, see Part I).

The nominal charge time is always shorter than the discharge time. Moreover,
this charging time is longer in Seville than in Louvain-la-Neuve. This is essentially
due to the sunshine duration, which is longer in the south. As far as discharge time
is concerned, this is higher than ten hours so as to maximise the ORC capacity fac-
tor, as this component has a high specific cost. This is in agreement with the results
of Tassenoy et al. [111]. Given the high specific costs of the HP and ORC and the
relatively low TES cost, maximising charge and discharge times (and thus capacity
factors) helps minimise the CB power and energy specific costs. Finally, capacity
factors are higher in Seville than in Louvain-la-Neuve, thanks to the greater avail-
ability of photovoltaic energy.

Finally, fracHP, the fraction of stored heat coming from the HP, is slightly higher
in Louvain-la-Neuve than in Seville. This is again explained by the availability of
photovoltaic energy: the resistive heater is less used in Louvain-la-Neuve because
less electricity is available. The proof is that CFRH is always lower in Louvain-la-
Neuve than in Seville. Also, fracHP is lower in scenario B than in scenario A. This
is because COPHP is better in B than in A, and that, consequently, for the same
quantity of electricity, less heat can be produced by the HP in scenario B.

Table 5.7 Economic KPIs for the designs with maximum PV capacity and financially opti-
mum CB capacity. CCB

power and CCB
energy are the power and energy specific costs of the Carnot

battery. The different frac represent the cost breakdown of the total investment cost CPV+CB
0

between the different sub-systems.

Location Louvain-la-Neuve Seville
Scenario A B C A B C
IRR % 2.95 0.88 0.68 4.35 2.21 2.34
CPV+CB

0 Me2021 1.568 1.755 2.022 1.659 1.748 2.152
fracPV % 55.4 49.6 43.0 52.2 48.5 40.4
fracHP % 6.5 5.6 20.5 7.6 5.8 21.7
fracRH % 4.4 6.7 1.9 4.7 5.9 2.2
fracTES % 14.0 18.7 15.7 16.0 20.6 18.5
fracORC % 19.7 19.4 19.0 19.5 19.2 17.2
Cpower

CB e2021/kWel 6675 7679 8863 7243 7925 10235
Cenergy

CB e2021/kWhel 690 582 688 694 610 646
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Financial analysis

The economic analysis reveals that, for same scenarios, the costs distribution
between the different sub-systems is very similar in Louvain-la-Neuve and Seville.
This shows that, when the aim is to maximise the SSR and the IRR, the optimal
breakdown of investment costs is, a priori, independent from the regional condi-
tions (i.e., climate, electricity price).

As for the resulting power and energy specific costs, these seem closer to the
upper bounds anticipated in the literature. As a reminder, these range from 500 to
8000 $/kWel and from 250 to 1000 $/kWhel [39, 44]. Consequently, the economic
model used here makes it possible to give sufficiently conservative values. These
specific costs are relatively high compared to other storage technologies (e.g., Li-
ion is currently < 150 e2021/kWh [203]). However, it is difficult to attribute the
cause to a single component of CB. Indeed, when the designs include a large HP
(i.e., scenario C), the costs seem to be distributed more or less equally between the
HP, the TES and the ORC. Note, however, that the contribution of the TES seems
to be slightly lower. Therefore, considering these specific costs and those of the
literature, the case C50%

0 seems quite reasonable. Also, due to its greater use of
HP instead of RH, scenario C always gives rise to higher power specific costs and
higher investment costs.

Uncertainty analysis

An uncertainty analysis is also conducted on the SSR. The idea is to verify that
the technical and operational uncertainties do not affect the conclusions drawn here
above. The uncertainties listed in Table 5.5 have been propagated through the de-
signs discussed in Section 5.4.2. As introduced in Section 5.3.5, this was carried
out using Polynomial Chaos Expansion. First-order polynomials were used to con-
struct the surrogate model. For all six cases considered, the Leave-One-Out error–a
measure of the average error of the surrogate model compared to the actual model–
was consistently below 1.5%, which is sufficiently low [145]. The impact of these
uncertainties on the SSR is illustrated in Fig. 5.11 as a 95% confidence interval.
Although the standard deviations have slightly different amplitudes, these uncer-
tainties affect the SSR in a similar way: scenario C continues to perform better than
B, and the latter better than A.

The observation that emerges from Fig. 5.11 is that, on average, the higher the
SSR, the greater the uncertainty about it. This is because the higher the SSR, the
more the energy system is subject to externalities (e.g., photovoltaic production). To
verify this and to understand precisely what parameters affect the SSR, the dom-
inant Sobol indices are reported in Table 5.8. These represent the contribution of
the considered parameter to the variance of the SSR. The SSR is most sensitive to
the solar irradiance, closely followed by the servers consumption. The technical
parameters of the CB only come in third place and have much lower magnitudes.
This illustrates that the precision of the thermodynamic model used here is proba-
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2.7 %

3.2 %

2.8 %

2.9 %

2.4 %

2.5 % scen. A

scen. A

scen. B

scen. B

scen. C

scen. C

Fig. 5.11 95% confidence interval for the SSR when propagating the uncertainties reported
in Table 5.5. The values within the bars correspond to the standard deviations.

bly sufficient with regard to the objectives of this techno-economic study. Another
observation is that Louvain-la-Neuve is more sensitive to the solar irradiance than
Seville. This is most likely due to its lower abundance there.

Table 5.8 Sobol indices of the uncertain parameters having the most significant influence
on the variance of SSR. The uncertainty over SSR is clearly driven by the uncertainty over
photovoltaic production and second to the servers consumption.

Location Louvain-la-Neuve Seville
Scenario A B C A B C
1st parameter G G G G G G
Sobol index 46.7% 58.5% 54.3% 40.7% 52.9% 42.6%
2nd parameter Pel

servers Pel
servers Pel

servers Pel
servers Pel

servers Pel
servers

Sobol index 39.0% 31.7% 35.2% 34.1% 32.9% 40.6%
3rd parameter ηis,exp ηis,exp ηis,exp ηis,exp ∆Tpp ∆Tpp
Sobol index 6.0% 6.1% 4.5% 10.5% 8.8% 6.2%

5.5 Summary and discussions

This chapter looked at the techno-economic potential of Carnot batteries in-
tegrated into data centres and coupled to photovoltaic systems. The motivation
was to recover the waste heat and to reduce the cooling consumption. For differ-
ent types of data centres and of thermal integration, and considering two sets of
climatic conditions, multi-criteria optimisation was carried out to maximise the en-
ergy self-sufficiency and the internal rate of return on investment. Time series from
a real data centre were used for the annual simulations. The optimisation variables
concerned both the capacity of the PV + CB system, and the thermodynamic cycle
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of the CB. A parametric analysis also assessed the effect of halving the CB capital
cost. Designs leading to high SSR were finally analysed in greater details.

5.5.1 Main results

Results showed that despite its low efficiency (i.e., < 30%) and high invest-
ment costs (i.e., > 6500 e/kWel, > 580 e/kWhel), Carnot batteries are necessary
for increasing the SSR above 40% in Brussels and above 45% in Seville. Below
this level, PV alone is preferable. This threshold is close to the maximum SSR
obtainable with PV alone, but remains specific to the considered cost correlations.
Hence, it may vary according to the chosen costs: halving the CB cost (i.e., C50%

0 )
for instance reduces it by approximately 5%. Also note that, although the storage
efficiency is lower in Seville than in Louvain-la-Neuve, the CB + PV system is more
profitable there, thanks to the higher solar irradiance (i.e., 50% more). Once the
maximum PV capacity is installed (i.e., 1000 kWp), the SSR can only be marginally
increased. This is done by increasing the storage capacity above its economically
optimal value. The nominal discharge time is then increased from a daily value
(i.e., approximately 12h) to a higher value, which exponentially increases the costs.

Regarding the heat source of the Carnot battery, when at low temperature (i.e.,
scenarios A and C), it is financially more attractive to use resistive heating to charge
the system. On the other hand, when the aim is to maximise the SSR, the use of
a heat pump becomes necessary to increase the efficiency of the Carnot battery.
However, when the amount of thermal energy available at the source is limited
(e.g., scenario A), the use of a booster is essential to increase the charging capacity.
Yet, using this booster reduces the charging COP. There is therefore a dilemma
between efficiency and charging capacity. When the heat source is at a higher tem-
perature (i.e., scenario B), the heat pump is the most financially attractive option.
But when aim is to increase the SSR, the capacity-efficiency dilemma remains.

It is also worth noting that the ratio between the amount of electricity required
and the amount of waste heat available is not the most favourable in the case of data
centres. Industrial applications that include waste heat from other sources (e.g.,
fuel combustion) should be more favourable, as more heat would be available.

From a strictly techno-economic point of view, chemical batteries would per-
form better than CB, thanks to their much higher efficiency (usually > 90%) and
lower cost. However, a more relevant comparison between these two technologies
would be the environmental impact, given that the Carnot battery is, in principle,
more sparing of rare materials. This point deserves more in-depth LCA studies and
will be addressed in Part III.
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5.5.2 Perspectives
Considering the observations made in this chapter, future works should fur-

ther investigate the capacity-efficiency dilemma, which is defined as the conflict
between the thermal capacity and the COP in thermally integrated heat pumps.
This dilemma was introduced here with the case of Carnot batteries, but could also
be encountered in other applications, such as high temperature heat pumps for
process integration. Resistive heating was considered here as a thermal booster.
However, more efficient configurations must be studied to alleviate the intensity of
this dilemma. Dual heat source heat pumps (e.g., dual evaporators) are an option
that should be explored [204–206].

Also, the fraction of waste heat recovered by the HP does not exceed 40% at
best. To increase this, the charging period must be increased. At the same time,
waste heat could also be recovered during discharge to preheat the liquid in the
ORC. Yet, due to temperature compatibility, this seems only feasible in scenario B.

Conservative technological parameters were used in this work. However, there
is still room for improvement. In addition to dual heat source HP and pre-heated
ORC, there are margins for efficiency gains, and these should be considered in fu-
ture works. For instance, using internal recuperation in HP could improve its COP.
The isentropic efficiency of the compression and expansion machines could be in-
creased, using turbomachines. The constraints on the flexibility and part load oper-
ations should then be considered. Also, to reduce compression ratios, multi-stage
or cascaded cycles could be considered. Fig. 5.12 proposes an improved Carnot
battery architecture, with different options for low grade heat recovery.

It has also been shown that halving the investment costs in the CB can halve
the payback period for an equivalent SSR. Reducing the capital costs should there-
fore be a priority for future works in this field, so as to enable the technology to be
deployed. A way of achieving that could be the integrated conception of the HP,
TES and ORC as a CB (i.e., as opposed to simply juxtaposing them), for example by
designing invertible HP/ORC systems. The use of thermal storage in a single strat-
ified tank is also an option to reduce these costs, although it may cause efficiency
degradation. Non-pressurised storage is another option.

In this model, only shifting the PV production is considered as a business case
for the CB. However, considering its relatively poor financial performance, it seems
essential to find additional revenue streams. The potential for energy arbitrage
could, for instance, be assessed with optimal power flow models (adopted in Chap-
ter 6). The added value of grid services could also be considered, after a characteri-
sation of the dynamic performance. Note that the impact of non-zero feed-in tariffs
should also be assessed (Tassenoy et al. [111] and Poletto et al. [112] showed that it
could kill the financial viability). A capacity remuneration mechanism could also
be considered.

As a final remark, it would be appropriate to confirm the results obtained in this
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Fig. 5.12 Improved Carnot battery architecture for low grade heat recovery. The use of
internal recuperators is optional and deserves investigation (compatibility with temperature
levels, performance gain, etc.). Also note that the preheater position (i.e., before and/or after
recuperator) in ORC must be selected according to the temperature levels.
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work by using more precise operational models to evaluate the performance of the
Carnot battery. Considering off-design and part-load operations seems essential
to capture efficiency degradations, as well as taking into account the impact of
transients (e.g., activation energy for cold starts).

5.6 Key messages

• Assuming conservative investment costs and zero feed-in tariffs, thermally
integrated Carnot batteries present a financially viable solution to enhance
the energy self-sufficiency of photovoltaic-powered data centres.

• The charging system faces a capacity-efficiency dilemma: the amount of en-
ergy stored cannot be increased without degrading efficiency. It has even
been demonstrated that thermal integration was not always beneficial due
to limited waste heat availability.

• To increase techno-economic performance, storage efficiency must increase,
investment costs must decrease and new sources of revenue must be identi-
fied (e.g. energy arbitrage, grid services, capacity remuneration, etc.).

• Options to increase the storage efficiency include double heat source heat
pumps, the use of internal recuperators, and the recovery of waste heat dur-
ing discharge to preheat the liquid in the organic Rankine cycle.

• Ways of reducing investment costs include the use of invertible machines for
charging and discharging, and the use of non-pressurised storage requiring
less resistant materials.
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Integrated residential heat

and power management

CARNOT batteries enable various forms of coupling with heat. The use of low-
grade heat sources to improve the coefficient of performance (COP) of the

heat pump is for instance well documented. Chapter 5 has, in fact, explored the
recovery of waste heat from a data centre. An alternative coupling is the combined
production and storage of heat and power (CHP), which can find applications in
industry and in the tertiary sector. The residential case is particularly interesting
due to the mismatch between photovoltaic production–peaking around midday
and being higher in summer–and heat and power demands–concentrated during
morning and evening peaks and higher during the cold season. The study of this
case is, however, more complex due to the operational choices that need be made.
For example, when is it preferable to discharge heat or power? This makes rule-
based power management strategies unsuitable. In response, this chapter explores
the following research question:

How should Carnot batteries be optimally sized and operated for
integrated heat and power management in residential applications?

To this end, Section 6.1 first introduces the need to optimise energy flows for in-
tegrated heat and power management. Section 6.2 then describes the case study
of this chapter, which consists in a housing development fed by a district heating
network and photovoltaic panels. Section 6.3 then describes the economic model
considered, as well as the linear model used to optimise the design and opera-
tions of the system. The results are presented in Section 6.4: optimal designs for
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different investment costs, seasonal and daily operations, the impact of electricity
pricing models, and sensitivity to uncertainties. Two locations, Pisa and Brussels,
are also compared to evaluate the impact of climatic conditions. Section 6.5 syn-
thesises and discusses the main results, and provides perspectives for future work.
The key messages are listed in Section 6.6. The present chapter is adapted from a
publication in Energy Conversion and Management [JP4].

6.1 Need for optimised operations to increase profitability

For residential energy systems, studies have shown that installing photovoltaic
(PV) systems coupled with heat pumps (HP) and thermal energy storage (TES) is
an effective way of reducing greenhouse gas emissions, while reducing energy bills
and increasing resilience against market prices fluctuations [200, 207–209]. More-
over, as the demand for heat decreases during the warm season, electricity storage
can also be installed to increase self-consumption and limit curtailment [200, 207–
209]. From this perspective, connecting a heat engine (HE) to the thermal storage
could prove very useful [36, 120, 125]. The question is under what conditions (in-
vestment costs, electricity pricing system, etc.) would this make economic sense?

To date, most studies employed rule-based energy management strategies, such
as ’if excess PV production: charge’ and ’if under-production: discharge’, to simulate the
system (see Chapter 5). Scharrer et al. [198] studied the integration of a thermally
integrated Carnot battery based on an invertible HP/ORC in a residential area. The
nature of the 70◦C heat source was unspecified, but different costs were assumed
for it. Only electrical discharge was considered (no thermal discharge to cover the
dwellings heat demand). For a power-to-power efficiency above 50%, assuming
high electricity prices and non-zero feed-in tariffs, they concluded that only the
case where the heat source was available for free was economically feasible. More-
over, the Carnot battery generated limited annual savings (maximum 180 e per
year per dwelling) and gave rise to payback periods of 13 years.

Datas et al. [124] also considered implementing a high temperature (>> 500◦C)
resistive heating based Carnot battery in a dwelling with PV. The low-temperature
heat generated by the HE during discharge could be stored in a buffer reservoir
to meet the heating needs. They showed that electricity savings of 70% and fuel
savings of 20% could be reached, but only under (unrealistically) favourable con-
ditions (HE cost of 1000 e/kWel and HE efficiency of 40%). For more conservative
assumptions (2000 e/kWel and 20% efficiency), no more storage was deployed.

Poletto et al. [126] studied Carnot batteries recovering waste heat and con-
nected to district heating for integration into office buildings. The system helped
downsizing the district heating substation by buffering morning peaks in thermal
demand, and by shifting the PV production. As the machine was based on an in-
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vertible HP/ORC, electrical discharge was also permitted. Results showed that
most of the profit came from the thermal discharge, and to a very lesser extent
from the electrical discharge. It was also shown that the case where the heat pump
absorbed heat from the district heating was not financially feasible (too costly).

Frate et al. [125] looked at the integration of Carnot batteries in multi-energy
districts based on photovoltaics and solar thermal, and with cooling, low temper-
ature and high temperature thermal networks. As opposed to the above studies,
they assumed fixed designs and optimised the system operations using mixed inte-
ger linear programming (i.e., no rule based strategy) in order to minimise the total
annualised cost (i.e., combined investment and operating cost). They have shown
that, although currently financially unfeasible, Carnot batteries could offer greater
reduction in greenhouse gas emissions than lithium-ion batteries.

This chapter therefore aims at identifying the economic conditions that could
enable Carnot batteries to be used as flexibility options for heat and electricity man-
agement in residential applications. The case study will focus on a housing devel-
opment of 20 dwellings, so that an hourly resolution is sufficient to capture the
overall fluctuation in demand (which may be more dynamic at the level of indi-
vidual dwellings). While studies with rule-based energy management strategies
or involving fixed designs rarely achieve financial feasibility, this work will simul-
taneously optimise the system design and operations to minimise the annualised
energy cost and guarantee optimum performance. This enables the identification of
optimal conditions to maximise the Carnot battery profitability and offers insight
into the optimal operating strategies.

The aim is to understand at what investment costs the Carnot battery, combined
with the photovoltaic system, would minimise the annualised energy cost. In other
words, when does it become more cost-effective than a system based solely on pho-
tovoltaics and/or thermal storage? The effect of the electricity pricing model will
also be evaluated by considering fixed and dynamic retail tariffs, and by consider-
ing zero and non-zero feed-in tariffs. A sensitivity analysis to technical and oper-
ational parameters will also be conducted to identify the uncertainty to which the
annualised energy cost is most sensitive. A detailed operational analysis will also
be carried out to identify and understand how the Carnot battery should be oper-
ated in order to deliver optimum performance. To illustrate the impact of climatic
conditions on the system performance (energy demand, photovoltaic production),
two locations will finally be compared (i.e., Brussels vs Pisa).

6.2 Case study and scenarios description

The considered Carnot battery is part of a housing development of 20 dwellings,
as shown in Fig. 6.1. This consists of a high temperature heat pump, a sensible heat

| 141



6 | Integrated residential heat and power management

Organic 
Rankine 
cycles 
are 
cute!

Heat 
pumps 
are the
future! 

supply
return

electricity

Fig. 6.1 Schematic representation of the energy system of the housing development.
Pnom

PV [kWp] is the nominal capacity of the PV system, Q̇nom
HP [kWth] the nominal heat pump

capacity, Qnom
TES [kWhth] the nominal storage capacity and Pnom

HE [kWel] the nominal heat en-
gine capacity. Illustration inspired from [198].

thermal energy storage (hot water) and a heat engine. The heat pump uses outside
air as heat source (air-source heat pump). The heat engine, which is implemented
as an organic Rankine cycle, also uses outside air as heat sink.

In this energy system, the heat pump can be powered by the photovoltaic sys-
tem and by the distribution grid. It produces heat at 95◦C (return at 65◦C), which
can be consumed directly by the dwellings via a 4th-generation district heating
network (70◦C supply, 50◦C return) or charged into the thermal energy storage.
The energy consumption associated with the start-up procedure of the system is
discussed in the heat pump model in Section 6.3.2. As sensible heat needs a tem-
perature gradient to be accumulated, the choice of 95◦C and 65◦C results from
a compromise between storage density (and therefore volume and cost), the con-
straint of using non-pressurised reservoirs (cost reduction), and operating the heat
engine with sufficient efficiency so that the power-to-power efficiency of the Carnot
battery is not too low. This directly stems from the results of the near-optimal anal-
ysis (Chapter 4). This choice is further elaborated in the discussion (Section 6.5.2).
For the considered two-tanks storage, the total storage volume (combined cold and
hot tanks) is defined as

Vnom
TES =

Qnom
TES
ρth

[
m3] , (6.1)

with Qnom
TES [kWhth] the storage capacity and ρth [kWhth/m3] the thermal energy

density defined by Eq. 2.28 in Chapter 2. The performance parameters representing
the components of the energy system are reported in Table 6.2. They will be further
discussed in the description of the optimisation model (Section 6.3.2).

Time series with hourly resolution are used to represent the climate and de-
mand data, as depicted in Fig. 6.2. These were generated using the nPro 2.0 soft-
ware [210] to represent a development of 20 dwellings. Pisa was selected as refer-
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ence location for this study. However, in order to extend the results and assess the
impact of climatic conditions on the design of the energy system, Section 6.4.5 also
compares these to the case of Brussels (the corresponding time series are provided
in Fig. D.1 in Appendix D).

Each dwelling has a floor area of 150 m2. The specific heating requirements are
69 kWh/m2/year and the domestic hot water demand is 21 kWh/m2/year. The
electricity demand is 20 kWh/m2/year. Finally, the specific cooling requirements
are 36 kWh/m2/year. Cooling is provided by decentralised air-cooled chillers.
Assuming that the units have a 45% Carnot efficiency (i.e., ΨCarnot

chillers = 45%), the
corresponding specific electricity consumption is 4.1 kWh/m2/year. This addi-
tional electricity consumption must be added to the specific electricity demand of
20 kWh/m2/year. These values are the default values for post-2000 buildings in
nPro 2.0 [210]. It should be noted that the thermal demand dominates the global
energy consumption. The impact of reducing this demand (thanks to sufficiency
measures and building insulation) will be discussed in Section 6.5.2.

Fig. 6.2 Temporal heatmaps representing the climate and demand profiles for Pisa. The
days of the year are plotted along the x-axis, and hours of the day are plotted along the y-axis.
Pload and Q̇load are the total electrical and thermal loads. Text is the external temperature and
Pdless

PV is the dimensionless photovoltaic production per installed capacity.

| 143



6 | Integrated residential heat and power management

In Fig. 6.2, Q̇load represents the total thermal load (space heating and domes-
tic hot water) and Pload the electrical load (plug loads and cooling). Text is the
external temperature, and Pdless

PV is the dimensionless photovoltaic production per
installed capacity (accounting simultaneously for irradiance and inverter losses, as
explained in the model description in Section 6.3.2). Fig. 6.2 shows that the demand
for heat is lowest in spring and summer when the photovoltaic system produces
the most. As suggested by previous analyses [125, 126], we can therefore expect
more electricity to be stored at this time of year than in autumn and winter. In
addition, energy demand peaks are in the morning and evening, whereas the pho-
tovoltaic system mainly produces in the middle of the day. This clearly illustrates
the need for daily buffer storage, which could be provided by the Carnot battery.

6.3 Model and methods

6.3.1 Economic model

Annualised energy cost
This chapter aims at understanding the role that Carnot batteries can play in

residential energy systems according to the underlying investment costs. In other
words, at what cost does it become more attractive to store photovoltaic energy
rather than buy electricity from the grid? To answer this, different sets of invest-
ment costs are considered (see Table 6.1) and the annualised energy cost (AEC) is
chosen as the objective function to minimise. Such parameter is defined as

AEC = τI + M + E , (6.2)

where I is the investment cost, M the maintenance cost, E the electricity cost, and τ

the annualisation factor (or capital recovery factor) [101]. The latter is defined as

τ =
r(1 + r)LT

(1 + r)LT – 1
, (6.3)

with LT the project lifetime and r the discount rate. The corresponding values are
reported in Table 6.1. The investment cost is the product of the nominal capacities
and specific costs, defined as

I = Pnom
PV · CAPEXPV + Q̇nom

HP · CAPEXHP

+ Qnom
TES · CAPEXTES + Pnom

HE · CAPEXHE .
(6.4)

Note that the discount rate of 7% is relatively conservative given the maturity of the
technologies under consideration (i.e., PV system, heat pump, thermal storage). As
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Table 6.1 Economic parameters of the model.

Parameter Symbol Value Units Reference
Investment cost I Eq. 6.4 e n.a.
Specific PV cost CAPEXPV 1000 e/kWp [195]
Specific HP cost CAPEXHP [200, 1200] e/kWth [125, 200, 211]
Specific TES cost CAPEXTES [20, 40] e/kWhth [111, 125, 198]
Specific HE cost CAPEXHE [400, 6000] e/kWel [111, 125, 199, 212]
Lifetime LT 20 years [104, 105, 111, 125]
Discount rate r 7.0 % [104, 105, 111, 125]
Annual. factor τ 9.4 % Eq. 6.3
Maintenance cost M 0.02 · I e [104, 105, 111, 125]
Electricity cost E Eq. 6.8 e n.a.
Retail tariff pabs

elec 0.30 e/kWhel [198, 213]
Feed-in tariff pinj

elec 0.00 e/kWhel n.a.

a result, this will limit the share of investments in the annualised energy cost and
favour variable costs (i.e., grid electricity consumption). As there is little informa-
tion on the maintenance costs for residential Carnot batteries, these are defined as
a fraction of the total investment cost, for the same reasons as in Chapter 5.

Electricity pricing model

The electricity cost E is represented as the difference between the purchasing
cost (product of retail tariff and absorbed electricity) and the injection gain (product
of feed-in tariff and injected electricity). By default, a constant electricity price pelec
of 0.30 e/kWhel is considered. However, a parametric analysis is also carried out
to study the impact of dynamic (or ’variable’) retail tariffs in Section 6.4.3. More
specifically, the aim is to identify the level of fluctuation at which the Carnot battery
can reduce the annualised energy cost through energy arbitrage. The electricity
price model that was used in this work is depicted in Fig. 6.3 for three different
levels of fluctuation. This model was constructed as

pelec[t] = α · pday–ahead[t] + β , (6.5)

with α and β subject to

µ(pelec) = µ(α · pday–ahead[t] + β) = 0.30 e/kWhel , (6.6)

CV(pelec) =
µ(α · pday–ahead[t] + β)

σ(α · pday–ahead[t] + β)
, (6.7)

with µ the mean, σ the standard deviation and CV the coefficient of variation. In
Eq. 6.5, pday–ahead[t] is the day-ahead spot market price for delivery at hour t.
The constraint on the mean electricity price in Eq. 6.6 is employed so as to make
a sound comparison with the fixed retail tariff scenarios. The value of pday–ahead
was taken as the average of historical values between 2015 and 2020 for the Belgian
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Fig. 6.3 Model for electricity price pelec[t] with CV(pelec) = σ(pelec)/µ(pelec) = 10, 50
and 90%. Values are cropped to [–0.1, 1.1] for clarity but can go below and above. Pdless

PV ,
Q̇load and Pload are reported for five representative days in Pisa to illustrate the correlation
between energy demand and electricity price on a daily basis. Seasonal trends are also visible.

day-ahead prices (before COVID-19 pandemic and global 2021-2023 energy crisis).
Data was retrieved using the ENTSO-E Transparency Platform [214]. The default
feed-in tariff is zero, but a parametric analysis is carried out in Section 6.4.3. With
this electricity pricing model, the electricity cost is defined as

E =
8760
∑
t=1

pabs
elec[t] · Eabs

GR[t] – pinj
elec[t] · Einj

GR[t] . (6.8)

6.3.2 Optimisation model

The energy system model optimises the design (nominal capacities) and power
flows for each of the 8760 hours of the year so as to minimise the AEC. The prob-
lem has been formulated as a quadratically constrained linear program (QCLP)
with pyomo [215], a well established Python package for high-level formulation of
optimisation problems. This translates the physical equations provided by the user
into a matrix system, which is subsequently solved by a numerical solver. The
Gurobi [216] solver was here selected for its high convergence speed. This optimi-
sation model is described below. All associated parameters are listed in Table 6.2.

Note that mixed integer linear programming (MILP) was initially tested to ac-
count for certain non-linearities. The integers were used to formulate constraints
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Table 6.2 Technical parameters of the model.

Parameter Symbol Value Units
HP source temperature Ths,su Text ◦C
HP source temperature glide ∆Tgl

hs 5 K
HP fraction of Lorenz efficiency ΨLorenz

HP 0.50 –
HE sink temperature Tcs,su Text ◦C
HE sink temperature glide ∆Tgl

cs 5 K
HE fraction of Lorenz efficiency ΨLorenz

HE 0.45 –
TES high temperature Tht

TES 95 ◦C
TES low temperature Tlt

TES 65 ◦C
TES self-discharge LTES 5 %/24h
TES energy density ρth 17 kWhth/m3

representing performance degradation at part loads [125]. They were also em-
ployed to prevent bi-directional energy flows (e.g., simultaneous import from and
export to the grid). To that aim, the MILP model introduced in [125] for the opti-
mal scheduling of a Carnot battery in a multi-energy district was adapted to add
the design parameters to the set of optimisation variables (i.e., Pnom

PV , Q̇nom
HP , Qnom

TES
and Pnom

HE ). However, after a few attempts, this adapted model turned out to be
computationally intractable. Simulations on an i7-12800H processor (14 cores, 20
parallel threads) with 16GB of RAM did not converge after three days of calcula-
tion. The reason for this is the increased problem complexity linked to the addition
of the four design variables compared with pure optimal scheduling.

Global model structure
The model contains the four design variables (i.e., Pnom

PV , Q̇nom
HP , Qnom

TES and
Pnom

HE ) and the power flow variables (one for each of the 8760 hours of the year).
These flow variables are:

• Pabs
GR[t], the electrical power absorbed from the grid;

• Pinj
GR[t], the electrical power fed into the grid;

• Q̇HP[t], the thermal power produced by the heat pump;

• PHP[t], the electrical power absorbed by the heat pump;

• Q̇ch
TES[t], the charging thermal power for the thermal energy storage;

• Q̇disch
TES [t], the discharging thermal power for the thermal energy storage;

• SOCTES[t], the state of charge of the thermal energy storage;

• Q̇HE[t], the thermal power absorbed by the heat engine;

• PHE[t], the electrical power produced by the heat engine;

• Pcrt
PV[t], the curtailed photovoltaic power.
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The system is assumed to operate at steady-state at each hour of the year. Con-
sequently, power conservation (derived from energy conservation) is applied to
each component and each node–both electrical and thermal–of the energy sys-
tem through equality constraints. Power flows are contained between zero and
the nominal capacity of each component using inequality constraints. These con-
straints are detailed below for each component. The only quadratic constraint is
used to avoid bidirectional exchanges with the grid, as detailed below.

The optimisation is based on the assumption of perfect foresight. This means
that climatic conditions and demand data are perfectly known in advance. The im-
pact and plausibility of this assumption will be further challenged in Section 6.5.2.

Heat pump and heat engine

Due to the linear formulation of the problem, no thermodynamic model can be
used to simulate the heat pump and the heat engine. These are therefore repre-
sented by a black-box model, which is based on the theoretical Lorenz cycle (more
appropriate than the Carnot cycle for representing applications with large tempera-
ture glides [141,152,217], see Appendix A.1). Assuming a constant fraction ΨLorenz

of the Lorenz efficiency, which is analogous to a second law efficiency, this model
evaluates the variations in COPHP and ηHE due to fluctuations in source and sink
temperatures. Although it is less accurate than more advanced methods, its light
linear formulation makes it popular for energy planning problems [217–219].

For the heat pump, the Lorenz model connects Q̇HP[t] and PHP[t] under steady
state assumption with the following power balance:

Q̇HP[t] = PHP[t] · COPHP[t] (6.9)

= PHP[t] · ΨLorenz
HP · COPLorenz

HP [t] (6.10)

= PHP[t] · ΨLorenz
HP · TH

TH – TC[t]
. (6.11)

Q̇HP[t] and PHP[t] are the thermal and electrical power at instant t, respectively.
TC[t] and TH are the mean source and sink temperatures, defined as

TC[t] =
Ths,su[t] – (Ths,su[t] – ∆Tgl

hs)

ln
(

Ths,su[t]
Ths,su[t]–∆Tgl

hs

) , TH =
Tht

TES – Tlt
TES

ln
(

Tht
TES

Tlt
TES

) . (6.12)

Note that all temperatures are in Kelvin in Eq. 6.12. Ths,su[t] is equal to Text[t],
while ΨLorenz

HP is here set to 0.50. This value is in line with the values greater than
0.50 and equal to 0.61 reported respectively by [219] and [220] for air-source heat
pumps supplying district heating networks at equivalent temperature levels. It is
also lower than the values reported in Chapter 4. ∆Tgl

hs corresponds to the heat
source temperature glide. For the sake of clarity, these parameters are illustrated
alongside the heat pump cycle in Fig. 6.4. Similarly, the power balance for the heat
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heat pump cycle heat engine cycle

ambient

thermal storage

Fig. 6.4 Schematic representation of the heat pump and heat engine models.

engine can be written as

PHE[t] = Q̇HE[t] · ηHE (6.13)

= Q̇HE[t] · ΨLorenz
HE · ηLorenz

HE [t] (6.14)

= Q̇HE[t] · ΨLorenz
HE · TH – TC[t]

TH
, (6.15)

TH and TC[t] are the mean source and sink temperatures, defined this time as

TH =
Tht

TES – Tlt
TES

ln
(

Tht
TES

Tlt
TES

) , TC =
(Tcs,su[t] + ∆Tgl

cs) – Tcs,su[t]

ln
(

Tcs,su[t]+∆Tgl
cs

Tcs,su[t]

) . (6.16)

Tcs,su[t] is equal to Text[t], while ΨLorenz
HE is here set to 0.45 [111, 125, 221]. It is

also below the values reported in Chapter 4. ∆Tgl
cs corresponds to the cold sink

temperature glide.

Note that linear programming models cannot directly represent the additional
energy consumption linked to dynamic effects, such as cold starts, transients or
defrost cycles. These are therefore quantified indirectly through the coefficients
ΨLorenz

HP and ΨLorenz
HE , whose values are slightly lower than the nominal values re-

ported in the literature. This approach is similar to assigning a seasonal coefficient
of performance to a heat pump, instead of its nominal value.

Finally, the inequality constraints for maximum power flows in the heat pump
and heat engine are formulated as:

PHP[t] ≤ Pnom
HP =

Q̇nom
HP

COPnom
HP

(6.17)

PHE[t] ≤ Pnom
HE (6.18)
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The electrical power of the heat pump is chosen as the upper limit instead of the
thermal power because the limiting factor in a real machine is the nominal power
of the compressor drive. The value of COPnom

HP is set for a source at 15◦C.

Thermal energy storage

The thermal energy storage system consists of two water tanks—one for hot
water and one for cold. While this design is more costly, it eliminates the constraints
related to thermocline degradation found in single stratified tanks (mixing due to
fluid circulation, convection and diffusion).

In the model, the thermal storage is the only component whose dynamics is
taken into account (via the state-of-charge). The charging Q̇ch

TES and discharging
Q̇disch

TES heat flow rates are related to the self-discharge losses with the following
ordinary differential equation

d
dtSOCTES(t) = –kself–discharge · SOCTES(t) + 100 ·

(
Q̇ch

TES(t) – Q̇disch
TES (t)

)
Qnom

TES
,

(6.19)
where the coefficient kself–discharge represents the self-discharge losses. Formu-
lated in discrete time with an hourly resolution, this equation is written as

SOCTES[t] = 24
√

1 – LTES · SOCTES[t – 1] + 100 ·
(
Q̇ch

TES[t] – Q̇disch
TES [t]

)
Qnom

TES
, (6.20)

where LTES stands for the self-discharge losses and is expressed in %/24h (which
explains the twenty-fourth root). The annual cyclic constraint is imposed as

SOCTES[1] = 24
√

1 – LTES · SOCTES[8760] + 100 ·
(
Q̇ch

TES[1] – Q̇disch
TES [1]

)
Qnom

TES
(6.21)

Due to the lack of information, a value of 5%/24h is chosen for LTES (conservative
value which could prevent from long term storage) [133]. The sensitivity analysis
in Section 6.4.4 will show that this parameter has in any case very little influence
on overall performance.

Note that the hypothesis of constant storage temperature raises questions when
modelling the storage losses. In reality, any thermal loss in sensible heat storage
causes a temperature drop (to which these losses are actually proportional). In this
model, the self-discharge losses are instead proportional to the amount of energy
stored and they only affect that quantity (not the temperature). For example, in
the absence of charge/discharge cycles, if the storage is 100% charged on day one,
it is only 95% charged the next day, 60% charged after ten days and 20% charged
after a month. However, the storage temperature would remain unchanged. Mod-
elling the impact of temperature fluctuation would introduce non-linearities into
the model, and this degree of precision is probably not necessary in view of the
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scope of the study. Yet, in order to assess the impact of this hypothesis, future
work on this case study would necessitate a more accurate model considering the
dynamics of the storage temperature.

As constraints preventing simultaneous charging and discharging cause non-
linearities, these are not used here. However, such phenomenon does not affect the
state of charge since only the net heat flow rate counts in Eq. 6.20. Moreover, it
can be eliminated when post-processing the results (only the net value is retained).
Finally, there are no constraints on the maximum charge and discharge heat flow
rates (these are actually constrained by the operations of the heat pump and heat
engine). Still, the following constraint does apply to the state of charge:

0% ≤ SOCTES[t] ≤ 100% (6.22)

Photovoltaic system

The only flow variable for optimisation concerning the photovoltaic system is
the power curtailment Pcrt

PV. This is defined as the deliberate reduction of photo-
voltaic power generation when the system is capable of producing more electricity.
This is constrained by the following inequality:

0 ≤ Pcrt
PV[t] ≤ PPV[t] (6.23)

In Eq. 6.23, PPV[t] is obtained as

PPV[t] = Pdless
PV [t] · Pnom

PV , (6.24)

with Pdless
PV [t] the dimensionless photovoltaic power generated by nPro 2.0 [210]

for 30◦ tilt angle and 0◦ azimuth (see Fig. 6.2). The model assumes mono-crystalline
modules with an efficiency of 21% at 25◦C and a temperature coefficient of 0.36%/◦C.
The inverter efficiency is 96%.

Energy balances at the electrical and thermal nodes

The energy balance at the electrical node is written as:

Pabs
GR[t] + PPV[t] + PHE[t] = Pload[t] + PHP[t] + Pinj

GR[t] + Pcrt
PV[t] (6.25)

In contrast to the thermal energy storage, bi-directional flows with the grid (simul-
taneous absorption and injection) must be prevented. In fact, due to the difference
between retail and feed-in tariffs, if the retail price is below feed-in tariff, it would
be virtually possible to generate profit by directly re-injecting the absorbed elec-
tricity back into the grid. Such phenomenon would of course not happen with the
economic model described in Section 6.3.1 but could occur with dynamic retail tar-
iffs, as it will be tested in Section 6.4.3 (e.g., negative retail tariff combined with
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zero feed-in tariff). In order to prevent that, a quadratic constraint is added:

Pabs
GR[t] · Pinj

GR[t] = 0 (6.26)

Although it slows down the model, Eq. 6.26 is necessary for consistency.
For its part, the energy balance at the thermal node is as follows:

Q̇HP[t] + Q̇disch
TES [t] = Q̇load[t] + Q̇HE[t] + Q̇ch

TES[t] (6.27)

6.3.3 Uncertainty quantification
Section 6.4.4 will look at the sensitivity of the AEC to technical and operational

uncertainties. The optimisation model presented in Section 6.3.2 was therefore first
modified to allow a given design to be tested and only an optimal scheduling of
the energy system to be carried out. Like in Chapter 5, the uncertainties are then
propagated into the energy system using the RHEIA package [145]. In this work, a
third-order polynomial was employed to guarantee sufficient accuracy.

As described in Section 6.4.4, eight uncertainties relating to climatic conditions,
demand data, and to the performance of the different components have been con-
sidered. These are reported in Table 6.3. The aim is to identify which parameters
drive uncertainty in the energy cost and to understand how the design of the en-
ergy system could be improved. To identify these parameters, their total-order
Sobol indices will be quantified with the RHEIA package [145]. Each index rep-
resents the contribution of the uncertain parameter to the global variance on the
annualised energy cost.

Table 6.3 Technical and operational uncertainties considered in the sensitivity analysis. The
nominal electric load include plug loads and cooling.

Parameter Symbol Uncert. Units Ref.
Nominal electric load Pnom

load ±15 %rel [200]
Nominal thermal load (space heating) Q̇nom

load,sh ±15 %rel [200]
Nominal thermal load (hot water) Q̇nom

load,dhw ±15 %rel [200]
HP fraction of Lorenz efficiency ΨLorenz

HP ±15 %rel [141]
HE fraction of Lorenz efficiency ΨLorenz

HE ±15 %rel [221]
External temperature Text ±0.5 K [200]
Photovoltaic production (irradiance) PPV ±7.8 %rel [200]
TES self-discharge LTES ±50 %rel n.a.
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6.4 Results

This section first introduces the optimum system designs over the range of con-
sidered CAPEXHP, CAPEXHE and CAPEXTES. Then, to illustrate the seasonal
trends, the system operations are analysed over the typical year for one specific
design. After that, parametric analyses are conducted to assess the impact of non-
zero feed-in tariffs and dynamic retail tariffs on the system design and cost. The
sensitivity analysis is then carried out to assess which parameters drive the uncer-
tainty on the annualised energy cost. Eventually, results for Brussels are compared
to the reference results for Pisa to characterise the impact of climatic conditions on
the design and operations of the system.

6.4.1 Optimum system design based on investment costs

Fig. 6.5 depicts the capacities of the heat pump, storage, heat engine and photo-
voltaic system that minimise the annual energy cost, over the range of considered
investment costs. Since the design trends are monotonic between CAPEXTES =

20 e/kWhth and 40 e/kWhth, results for CAPEXTES = 30 e/kWhth are not re-
ported for the sake of clarity.

First observation is that the more expensive the heat pump, the smaller its ca-
pacity (Fig. 6.5a). This downsizing, aimed at maximising its capacity factor and at
reducing the associated investment cost, is made possible by an increase in storage
capacity (Fig. 6.5b). The model anticipates peak thermal loads in the morning and
evening (Fig. 6.2) by distributing heat production over the day, so that it can then
rapidly discharge the storage at peak times (further illustrated in Section 6.4.2 and
Fig. D.9 in Appendix D). Conversely, the more expensive the storage, the larger
the heat pump (Fig. 6.5a). Overall, this clearly illustrates that, as well as shifting
photovoltaic production, the thermal energy storage acts as a buffer to downsize
the heat pump and increase its capacity factor. Another advantage that comes with
storage, but which is not taken into account in the economic model, is that it lim-
its the number of starts-ups for the heat pump, which extends the lifetime of its
compressor.

On the other hand, the storage capacity is much less affected by CAPEXHE
(the more expensive, the lower the capacity). This highlights that the storage ca-
pacity is driven first and foremost by heat production and demand, rather than
electricity demand. In other words, thermal storage is primarily sized to meet heat
requirements.

Another key result is that, for most costs, a heat engine is also installed (Fig. 6.5c).
Its capacity is mainly driven by CAPEXHE, but gets affected by CAPEXHP as the
storage capacity decreases (lower storage capacity, hence smaller engine). Also,
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(a) Installed heat pump capacity. (b) Installed thermal storage capacity

(c) Installed heat engine capacity. (d) Installed photovoltaic capacity.

Fig. 6.5 Optimum system design based on the investment costs considered. The
colourmaps depict the installed capacities. The x-axis represents the costs considered for the
heat pump, the y-axis the costs of the heat engine and the top and bottom maps illustrate two
different storage costs.
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the lower the storage capacity, the more the increase in CAPEXHE tends to in-
crease the heat pump capacity. In fact, as the capacity of the heat engine decreases,
the amount of storage required decreases, which, as mentioned above, requires an
increase in the heat pump capacity. However, this impact of CAPEXHE on the heat
pump capacity is much less pronounced than that of CAPEXHP.

To illustrate the role of the heat engine, Figs. 6.6a and 6.6b depict respectively
the fraction of total electricity demand which is covered by the heat engine and the
fraction of photovoltaic production which is curtailed. The correlation between the
latter and the heat engine capacity is evident: as the capacity increases, the curtailed
fraction drops from about 17% down to less than 6%. This clearly demonstrates the
benefits of the heat engine in limiting the waste of renewable energy. Nonetheless,
this observation must be put into perspective with the electricity demand, which
is only between 5.6% and 21.3% covered by the heat engine. These relatively low
values are constrained by the heat engine, which runs only during the warm season
(higher photovoltaic production, lower thermal demand, see Section 6.4.2).

Let us thus conclude that the design of the Carnot battery is influenced by the
cost of each component, but it is primarily optimised to minimise the cost of the
heat delivered through the district heating network. Also, although it has a role to
play, the heat engine produces a limited amount of electricity, covering in any case
less than 21% of the total electricity demand.

As far as the photovoltaic system is concerned, the installed capacity is between
73 and 118 kWp in all cases–i.e., less than 5.9 kWp/dwelling, which is totally plau-
sible. In Fig. 6.5d, the synergy between the photovoltaic capacity and CAPEXHE
is also well visible: the more expensive, the smaller the photovoltaic system. It
perfectly illustrates the fact that a minimum photovoltaic capacity is required to
meet heating needs (about 80 kWp), and that any additional capacity will be used
to meet electricity needs, since it will be directly proportional to the heat engine
capacity. To sum up, the minimum capacity of the photovoltaic system is dictated
by heat demand, and any additional capacity is accompanied by an increase in heat
engine capacity to meet electricity demand.

One can also observe that when the storage cost is low, the higher CAPEXHP,
the larger the photovoltaic capacity. As the cost of the heat pump weighs more in
the annualised energy cost, it is preferable to gain in self-production in order to
reduce grid electricity consumption and reduce the associated costs (the electricity
term E in Eq. 6.2). In addition, the capacity of the heat pump can be reduced by
self-consuming more photovoltaic electricity thanks to the thermal storage.

Fig. 6.6c depicts the number discharge cycles per year. This number is between
147 and 348, and seems to be a function of CAPEXHE. As illustrated by the oper-
ational analysis in Section 6.4.2, full charge/discharge cycles are performed daily
during the electricity storage period (spring/summer), due to the coupling with the
photovoltaic system. On the other hand, during the cold season (autumn/winter),
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(a) Fraction of electricity consumption covered
by the heat engine.

(b) Fraction of curtailed photovoltaic produc-
tion.

(c) Number of discharge cycles for the storage. (d) Annualised energy cost.

Fig. 6.6 Performance indicators for the system operations based on the investment costs
considered. The x-axis represents the costs considered for the heat pump, the y-axis the costs
of the heat engine and the top and bottom maps illustrate two different storage costs.
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storage essentially acts as a buffer between the heat pump and thermal demand
(few electrical discharges). Therefore, as CAPEXHE decreases, the capacities of the
heat engine and of the photovoltaic system increase (see Figs. 6.5c and 6.5d), which
extends the period of electrical discharges, and therefore increases the number of
cycles associated with this. For its part, the number of cycles linked to the buffer
role for heat management remains more or less unchanged. Fig. 6.6c also shows
that, as the cost of storage increases, its capacity decreases, which increases the
number of discharge cycles (expected).

Fig. 6.6d finally depicts the annualised energy cost. It clearly demonstrates that
the system cost is driven by CAPEXHP, and is much less sensitive to CAPEXTES
and CAPEXHE.

As a conclusion to this section, installing a heat engine–thus a proper Carnot
battery–can be financially profitable in residential applications where the thermal
demand is covered by a heat pump coupled to thermal storage and a photovoltaic
system. Nevertheless, the main driver for installing the photovoltaic system and
thermal storage is the thermal demand, as confirmed by the extreme case where
no heat engine is installed due to the large CAPEXHE. Therefore, if a photovoltaic
system and thermal storage are to be installed, adding a heat engine to cover part
of the electricity demand can be a profitable option, that also limits curtailment.

Results have also shown that CAPEXHP drives both the heat pump and stor-
age capacities: the more expensive the heat pump, the smaller its capacity and the
larger the storage, as would be expected. Conversely, CAPEXHE drives the capac-
ities of the heat engine and the photovoltaic system: the cheaper, the greater the
installed capacities of both components. Finally, CAPEXTES does not alter these
general trends, but it does impact the nominal capacities: the more expensive the
storage, the smaller its size–leading, in turn, to a larger heat pump and smaller heat
engine and photovoltaic system.

As an indication, note that the cost of the heat pump is the dominant contrib-
utor to the overall cost of the Carnot battery (ranging from 55% to 85%, with an
average of 73% across all scenarios). Storage accounts for a more moderate share
(ranging from 10% to 40%, with an average of 20%). Finally, the contribution of the
heat engine does not exceed 17%, with an average of 7%.

6.4.2 Analysis of daily and seasonal operations

To understand how the different components are operated according to the
boundary conditions, the system operations are analysed over the full year. To
do so, a representative design must be selected. The design corresponding to the
case CAPEXHP = 600 e/kWth, CAPEXHE = 2400 e/kWel and CAPEXTES =

30 e/kWhth was selected because these values are conservative with respect to
costs currently considered in the literature [111, 125, 126]. Although the magnitude
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of the power flows in the other designs is different (due to different nominal ca-
pacities), the trends are the same. Fig. 6.7 shows the daily and seasonal operations
of the system across the entire year. In addition, Table 6.4 provides various per-
formance indicators for each season. Eventually, the system design is reported in
Table 6.5. As complements to Fig. 6.7, Figs. D.8 and D.9 in Appendix D depict the
full system operations over the 24h of representative summer and winter days.

Fig. 6.7 first clearly confirms that the heat engine is mostly used during spring
and summer to complement the photovoltaic production. Almost no electrical dis-
charge occurs during winter while summer is the season with the largest heat en-
gine production (see Table 6.4). Another observation is that the heat engine runs at
part load during the morning, mainly because of the lower loads at that moment
(see Figs. 6.2 and D.8). The correlation between the heat pump operations and pho-
tovoltaic production is also well visible in Figs. 6.7 and D.8. In spring and summer,
the heat pump is mostly driven by the photovoltaic system. Since the thermal de-

Fig. 6.7 Temporal heatmaps representing the system operations for Pisa (photovoltaic pro-
duction PPV, heat engine production PHE, heat pump production Q̇HP and storage state-of-
charge SOCTES). The days of the year are plotted along the x-axis, and hours of the day are
plotted along the y-axis. Results show that, during the cold season, the Carnot battery only
buffers heat production (i.e., no electrical discharge). Instead, electrical discharges only occur
during the warm season (i.e., lower heating demand).
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Table 6.4 Seasonal operations and performance indicators for Pisa. During winter, the
slight difference between heat production and demand is due to the thermal losses in the
storage. Ncycles is the number of charging/discharging cycles of the thermal storage and
Eabs

GR is the grid electricity consumption.

Parameter Units Winter Spring Summer Autumn Annual

Eth
load MWhth 146.2 26.5 14.7 82.6 270.0

EHP MWhth 148.6 75.5 86.5 104.2 414.8
COPHP – 2.56 3.00 3.50 2.66 2.82
Eel

load MWhel 17.2 15.4 22.8 17.0 72.4
EHE MWhel 0.05 3.72 4.81 1.57 10.15
ηHE % 8.82 7.83 6.95 7.86 7.40
COPHP · ηHE % 22.6 23.5 24.3 20.9 20.9
Ncycles – 56.4 52.4 63.8 44.7 217.3
EPV MWhel 22.1 39.5 41.7 23.1 126.4
Eabs

GR MWhel 53.0 3.4 3.9 31.6 91.9

mand is low at that moment, the produced heat is directly charged into the storage,
to be later discharged as electricity with the heat engine. Also, when the heat pump
matches the photovoltaic production, it operates mostly at part load (see Figs. 6.7
and D.8). It would thus be relevant for future work to assess the impact of part-load
efficiency degradation on the results obtained with this linear model.

Instead, during cold autumn and winter days, the heat production is spread all
over the day so that the heat pump runs at constant load (Figs. 6.7 and D.9). Due
to the limited photovoltaic potential at that period, most of the electricity needed
to run the heat pump is absorbed from the grid.

In Fig. 6.7, the sate-of-charge also gives an overview of the storage operations.
It is used to shift photovoltaic production during the summer, whereas it acts more
as a buffer between heat production and demand in winter (still used as a com-
plement to photovoltaics, but to a lesser extent). This can be further observed in
Figs. D.8 and D.9. We also note that storage is primarily used for daily buffering,
not for longer-term storage. This means that the perfect annual foresight assump-
tion does not bias the results (an accurate forecast of energy demand and photo-
voltaic production on a daily basis is realistic). If, on the other hand, it were used
for longer-term (weekly or seasonal), this assumption would be more questionable.

Table 6.5 Nominal system design for Pisa. The considered design is for CAPEXHP =
600 e/kWth, CAPEXHE = 2400 e/kWel and CAPEXTES = 30 e/kWhth.

Parameter Symbol Value Units
Storage capacity Qnom

TES 1203 kWhth
Total storage volume Vnom

TES 70.8 m3

Heat pump capacity Q̇nom
HP 189.5 kWth

Heat engine capacity Pnom
HE 5.04 kWel

Photovoltaic capacity Pnom
PV 94.4 kWp

Annualised energy cost AEC 56.9 ke
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The key message from this seasonal analysis is that the heat engine is only
used when photovoltaic energy is abundant and demand for heat is low (essen-
tially summer and spring). On the other hand, when photovoltaic production is
lower and demand for heat is higher (autumn and winter), priority is given to heat
storage, as this is more efficient (and therefore more economically profitable) than
electricity storage. One way of increasing the overall efficiency of the energy sys-
tem would be to reduce the temperature of the heat produced in winter in order
to increase the COP of the heat pump (the motivation for 95◦C was discussed in
Section 6.2). Yet, as sensible heat storage is considered, a reduction in tempera-
ture would lower the storage density (Eq. 2.28), and thus the storage capacity for
a fixed volume (Eq. 6.1). To maintain capacity, the storage volume would be in-
creased, raising the investments costs, whereas the increase in COP due to the de-
crease in temperature was precisely intended to reduce the annualised energy cost.
A dedicated techno-economic study is therefore needed to find the optimum tem-
perature. A second approach to improving the overall system efficiency would be
to use a dual-source heat pump–ground source in winter and air source in summer.
The second modification would involve using the ground as a cold sink for the heat
engine (i.e., ground-cooled instead of air-cooled). In this way, the heat rejected at
the condenser of the heat engine could be partially stored in the ground during the
warm season, thereby increasing the COP of the heat pump during the cold season.
However, this would require additional investment costs and could reduce the ef-
ficiency of the heat engine (i.e., as the ground may be warmer than the ambient air
at night). This would therefore also deserve a dedicated techno-economic study.

6.4.3 Impact of electricity pricing model

In order to assess the impact of the electricity pricing system, two parametric
analyses are carried out. The first looks at the impact of a non-zero feed-in tariff, in
contrast to the results above. The second looks at a dynamic (rather than constant)
retail tariff, and more specifically at the level of fluctuation required to observe
financial gains from the energy arbitrage mechanism.

Non-zero feed-in tariff
For a 0.05 e/kWhel feed-in tariff, Figs. 6.8a and 6.8b illustrate the relative de-

viation in nominal capacity for the photovoltaic system and heat engine, with re-
spect to the reference designs with zero feed-in tariff introduced in Section 6.4.1.
The deviation in heat pump capacity is not depicted because it stays within a nar-
row range (–7.4% to +6.8%). Results show that the PV capacity is largely increased.
This shows that a non-zero feed-in tariff, although significantly lower than the retail
tariff (i.e., 0.05 e/kWhel against 0.30 e/kWhel), is clearly beneficial to the installa-
tion of PV systems. On the other hand, the heat engine capacity is quite reduced
compared with the reference case. It is even removed for too high CAPEXHE.
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(a) Photovoltaic capacity. (b) Heat engine capacity.

(c) Grid electricity consumption. (d) Annualised energy cost.

Fig. 6.8 Relative deviations in installed capacities and performance indicators due to non-
zero feed-in tariff. The x-axis represents the costs considered for the heat pump, the y-axis the
costs of the heat engine and the top and bottom maps illustrate two different storage costs.
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As the increase in PV capacity is counterbalanced by the reduction in heat en-
gine capacity, it is not possible to conclude directly whether the non-zero feed-
in tariff reduces dependence on the grid. Fig. 6.8c therefore depicts the relative
deviation in grid electricity consumption. Clearly, despite the reduction in heat
engine capacity, electricity consumption is decreasing, meaning that energy self-
sufficiency is increasing.

Fig. 6.8d finally depicts the relative deviation in annualised energy cost. The
reduction is not gigantic but can reach up to –7.1%. This analysis shows that, al-
though a non-zero feed-in tariff significantly reduces electricity storage capacity,
it nonetheless increases energy self-sufficiency–thanks to larger PV capacity–and
lowers the annual energy cost. Scharrer et al. [198], who considered a retail price of
0.36 e/kWhel and a feed-in tariff of 0.06 e/kWhel, drew similar conclusion.

Dynamic retail tariff

Benefiting from dynamic (or ’variable’) energy prices is an argument frequently
put forward to increase the profitability of domestic energy storage projects [222,
223]. Conceptually, storage allows for purchasing energy from the grid when costs
are low (due to low market demand and/or high renewable production) and then
discharging it to meet demand when prices are high. This is similar to the energy
arbitrage mechanism. To assess whether such pricing model would be profitable to
residential Carnot batteries, a parametric analysis was carried out to study how the
level of fluctuation affects the optimum design. For this work, this level has been
defined as

CV(pelec) =
σ(pelec)

µ(pelec)
, (6.28)

which is the coefficient of of the electricity price pelec over the typical year (ratio
between standard deviation σ and mean µ).

For this analysis, the case CAPEXHP = 600e/kWth, CAPEXHE = 2400e/kWel
and CAPEXTES = 30 e/kWhth was also selected. Fig. 6.9 depicts the relative de-
viation in annualised energy cost, photovoltaic, thermal storage and heat engine
capacities for coefficients of variation from 0% to 100%. First observation is that
below 70%, there is no financial gain. This is mainly due to high retail tariffs in
autumn and winter, when electricity consumption from the grid is highest (impor-
tant heat consumption and low photovoltaic production). As illustrated in Fig. 6.3,
a daily effect is also at work: prices are higher when demand for energy is higher
(morning and evening peaks). To compensate for the increase of the electricity cost
in the annualised energy cost, the capacity of the heat engine is increased in order
to provide greater electrical self-sufficiency and limit grid consumption in summer.
Note also that the storage capacity tends to decrease. For their part, the capacity of
the PV system and the annualised energy cost remain relatively constant.

Instead, when the coefficient of variation of the electricity price is greater than
70%, financial gain starts to occur (around –15% in annualised energy cost for a
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Fig. 6.9 Relative deviation in annualised energy cost, photovoltaic, storage and heat en-
gine capacities for different coefficients of variation of retail tariffs. The design correspond-
ing to case CAPEXHP = 600 e/kWth, CAPEXHE = 2400 e/kWel and CAPEXTES =
30 e/kWhth was selected for the analysis.

level of 100%). While photovoltaic capacity is falling (–15%), the heat engine ca-
pacity is rising sharply: it produces considerably more electricity. This suggests
that low-cost (and even negative price) electricity is charged into the storage, and
then discharged to meet energy demand when retail tariffs are high (morning and
evening peaks). In fact, as the level of fluctuation in electricity price increases, the
origin of the profitability of the Carnot battery shifts progressively from photo-
voltaic load shifting to ’energy arbitrage’. This result therefore shows that if the
electricity price fluctuates greatly, arbitrage via the Carnot battery is the most fi-
nancially attractive option, despite its limited efficiency.

However, the above results must be seen in the context of historical fluctua-
tion levels. Indeed, the level of fluctuation on the day-ahead market as defined in
Eq. 6.28 has not exceeded 70% in most European countries, with the exception of
the 2022 energy crisis. It is also important to point out that these levels of fluc-
tuation are accompanied by a fall in installed photovoltaic capacity, and therefore
in the production of decentralised renewable energy. In the context of the energy
transition, this seems counterproductive. What is more, reducing the distributed
generation of photovoltaic electricity should have a retroactive effect on fluctua-
tions in electricity prices. Finally, such high levels of fluctuation in retail tariffs for
residential customers raise questions. Households without energy storage could
be severely penalised. The plausibility of such scenario is thus questionable.

6.4.4 Sensitivity to uncertainties

The effect of technical and operational uncertainties on the annualised energy
cost was assessed through a global sensitivity analysis. The design corresponding
to case CAPEXHP = 600e/kWth, CAPEXHE = 2400e/kWel and CAPEXTES =

30 e/kWhth was selected for the analysis (see Table 6.5 for capacities). The uncer-
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tainties affecting the different parameters are reported in Table 6.3. These were
propagated through the model using Polynomial Chaos Expansion, as explained
in Section 6.3.3. The third-order surrogate model had a Leave-One-Out error of
1.7%, which is acceptable [145]. Please note that during the creation of the surro-
gate model, some evaluations of the actual model failed to converge (mainly due to
the system being undersized to meet cases of high space heating demand). These
evaluations were therefore replaced with others that did converge. Indeed, it seems
difficult to include these cases in the assessment of statistical moments. Neverthe-
less, they deserve to be mentioned. Since the design is fixed in this analysis, only
the electricity consumption-related expenditures affect the annualised energy cost.

Fig. 6.10 depicts the Sobol indices for each uncertain parameter. Each index rep-
resents the contribution of this parameter to the global variance on the annualised
energy cost. Clearly, the annualised energy cost is most sensitive to space heating
related parameters, and to a lesser extent to the electrical load. With a Sobol index
of 63%, the heat pump efficiency ΨLorenz

HP is the primary source of sensitivity. Next
comes the heat load for space heating Q̇load,sh. This result is entirely logical given
the volume of energy involved. This illustrates the importance of maximising the
COP of the heat pump in order to reduce operating costs. In third place comes the
electrical load Pload, with an index of around 14%.

The other five parameters have indices below 5%, and can be considered neg-
ligible. The fact that the Sobol index of ΨLorenz

HE is negligible illustrates that in the
event of a major overproduction of photovoltaic electricity, it is still profitable to
store this, despite the low efficiency (provided the cost of the storage system al-
lows). Indeed, in spring and summer, the average power-to-power efficiency of the
Carnot battery, which is equivalent to the product of COPHP and ηHE, does not
exceed 25% (see Table 6.4). If it were not stored, this energy would simply be lost.
This observation therefore suggests a reduction in the storage temperature, which

Fig. 6.10 Sobol indices corresponding to the uncertain parameters considered in the sen-
sitivity analysis (Table 6.3). The design corresponding to case CAPEXHP = 600 e/kWth,
CAPEXHE = 2400 e/kWel and CAPEXTES = 30 e/kWhth was selected for the analysis.
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would reduce the efficiency of the Carnot battery but increase the COP of the heat
pump, thereby reducing operating costs.

Also note that the cost of the system is relatively insensitive to the self-discharge
losses LTES, despite the wide range of variation considered (±50%rel). Intuitively,
one might think that during the system sizing phase (Section 6.4.1), these losses
(5%/24h) prevented long-term storage, which therefore made the system rather
insensitive to them (storage is only used on a daily basis). However, this hypoth-
esis can quickly be discarded: a parametric analysis showed that by neglecting
self-discharge losses (LTES = 0%/24h), the designs obtained were relatively un-
changed compared with the case LTES = 5%/24h. The relative deviation in capac-
ity ranged from 0% for thermal storage to 2.5% for the heat engine. It can therefore
be said that the limited storage capacity, which makes the system rather insensitive
to self-discharge losses, is due to its high cost and not to the losses themselves.

From this sensitivity analysis, it can be concluded that in residential energy
systems equipped with a photovoltaic system, a heat pump and thermal energy
storage, adding a heat engine does not present any real financial risk and can re-
duce energy bills. Regardless of its efficiency, it will be used in any case to limit
curtailment during spring and summer.

6.4.5 Extending the results to other locations

The aim of this section is to extend and generalise the results obtained for the
reference case of Pisa to other climatic conditions. To that aim, the same study was
carried out for the case of Brussels, which has a colder climate (i.e., higher heating
demand, lower cooling demand and lower solar irradiance). It is also more prone
to seasonality (i.e., greater difference between winter and summer solstices). The
corresponding boundary conditions are depicted in Fig. D.1 in Appendix D. To
simplify the analysis, only the significant differences between Pisa and Brussels are
discussed. All the corresponding results are provided in Appendix D.

In terms of system design, storage capacity is always lower in Brussels than in
Pisa (up to about 70% less). This reduced need for storage is explained in particular
by the greater capacity of the heat pump (up to 10% more). In addition to reduced
storage capacity, the capacity of the heat engine is also lowered by between 20%
and 100%. Specifically, no heat engine is installed (i.e., 100% reduction) when the
heat engine price exceeds approximately 5000 e/kWel. For prices below about
3500 e/kWel, the reduction in heat engine capacity is limited to a maximum of
65%. As a result, in Brussels, the heat engine covers only 0% to 13% of the total
electricity demand–on average, 40% to 100% less than in Pisa. Curtailment is also
logically higher in Brussels, since electricity storage capacity is more limited there.
This difference in electricity storage capacity is due mainly to the longer period of
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heat demand for space heating, while the photovoltaic potential is more concen-
trated around the summer solstice. Consequently, this reduces the potential period
for electrical discharge.

Given the lower photovoltaic potential, which is more concentrated around the
warm season, and the higher demand for heat in winter, the annualised energy
cost is logically higher in Brussels than in Pisa. This is further amplified by the
fact that the COP of the heat pump is lower in Brussels, due to the lower average
temperature.

The parametric analysis on electricity tariffs also reveals differences between
Brussels and Pisa. In the case of a non-zero feed-in tariff, the capacity of the heat
engine decreases much more (it is even removed in many cases), while the capac-
ity of the photovoltaic system increases much less. The reduction in grid electricity
consumption is therefore lower in Brussels than in Pisa (maximum –11% compared
with –22%). The gain in annualised energy cost is also logically much lower (maxi-
mum –2.6% compared with –7.1%). Non-zero feed-in tariff is therefore less advan-
tageous in Brussels than in Pisa, essentially because of the lower solar irradiance.

In terms of dynamic retail tariff, the analysis shows that photovoltaic capac-
ity is much more reduced in Brussels than in Pisa. This can be explained by the
lower irradiance during periods of high energy demand (autumn and winter), but
also by the fact that the price of electricity is lower when the system produces the
most, which reduces its profitability. It should also be noted that storage capacity
increases significantly with the level of fluctuation, so as to gain resilience and face
price rises during morning and evening peaks.

Generally speaking, this analysis on the case of Brussels illustrates that the
higher the heating demand during the cold season, and the lower the solar irra-
diance and the less evenly distributed it is over the year, the less interesting the
Carnot battery. Conversely, when heating demand is lower and irradiance better
distributed, having a heat engine to carry out electrical discharges during the warm
season is a real asset.

6.5 Summary and discussions

This chapter looked at the techno-economic potential of Carnot batteries used
as flexibility options for integrated heat and power management in residential
applications. The system consists of a high temperature air-source heat pump
connected to thermal storage. It is integrated into a housing development of 20
dwellings, and two locations with different climates are considered (Pisa and Brus-
sels). Thermal discharge occurs via the district heating network, while electrical
discharge is achieved through an air-cooled organic Rankine cycle. The entire sys-
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tem (i.e., design and operations) is optimised to minimise the annualised energy
cost using linear programming. This section lists the main learnings from the re-
sults, discusses their limitations and proposes prospects for future work.

6.5.1 Main results

For most investment costs, Carnot batteries contribute to minimise the annu-
alised energy cost and are preferable to curtailment. However, the amount of en-
ergy stored, and therefore the energy self-sufficiency, depends on the cost of each
component (i.e., HP, TES and HE). Pisa also performs better than Brussels, mainly
because of the higher solar irradiance and lower heat demand.

The role of the Carnot battery varies with the seasons. During autumn and win-
ter, when photovoltaic production is lowest and demand for heat is highest, only
thermal discharge occurs. Storage acts as a buffer between peaks in heat demand
and heat pump production. Conversely, in spring and summer, when photovoltaic
production is at its peak and demand for heat is at its lowest, the heat accumulated
in the storage during the day is used mainly to power the heat engine and produce
electricity in the morning and evening. This shows that despite the low electrical
efficiency of the Carnot battery (i.e., less than 25%), investing in a heat engine to be
coupled to the thermal storage is financially preferable to curtailment.

With regard to the electricity pricing model, for fluctuation levels comparable
to those encountered on the day-ahead markets today, benefiting from a dynamic
retail tariff is not financially advantageous. Dynamic tariffs indeed lead to an av-
erage increase in electricity prices when demand is at its highest (autumn/winter
and morning/evening peaks). For higher fluctuation (i.e., CV(pelec) > 70%), the
Carnot battery is a good option, as it allows energy arbitrage. It should be noted,
however, that variable tariffs can cause reduction in the installed photovoltaic ca-
pacity, and therefore reduce the energy self-sufficiency.

On the other hand, non-zero feed-in tariffs are not really favourable to the
Carnot battery, although they do allow a slight reduction in the annualised energy
cost (generally less than 5%). Indeed, the capacity of the heat engine is significantly
reduced in Pisa, and generally zero in Brussels.

From this chapter, we can conclude that if a heat pump and thermal storage are
to be installed in a residential application, then installing a heat engine is generally
profitable and preferable to curtailment, no matter how efficient it is, as long as its
capital cost allows.

6.5.2 Discussions

This work assumed an electricity price of 0.30 e/kWhel. However, since elec-
tricity prices vary by region and over time, it is essential to generalise these find-
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ings. A potential approach could be to express each investment cost as function of
the electricity price. This would allow the CAPEX/pelec ratio to be used to gener-
alise the optimal design of the energy system. While the results in Section 6.4 are
expressed in terms of CAPEX for the sake of readability and ease of interpretation,
further investigation is necessary to ensure the CAPEX/pelec ratio can faithfully
depict the correct results trends.

With regard to heat production, the sensitivity analysis in Section 6.4.4 clearly
demonstrated that the COP of the heat pump was a key parameter to reduce the an-
nualised energy cost. In order to maximise the COP, technological improvements
can obviously be expected. In addition, reducing the delivery temperature during
the cold season, when there is no electrical discharge, should be considered. De-
creasing this temperature closer to that of the district heating network (i.e., 70◦C)
would increase the COP, and therefore reduce electricity consumption (essentially
absorbed from the grid). Yet, for a fixed volume of the storage tanks, this would
also reduce storage capacity. For instance, going from 95◦C/65◦C to 80◦C/65◦C
would roughly halve the storage thermal capacity (further affect of the electrical
capacity due to reduced heat engine efficiency). As a result, more electricity im-
ports would be required, which would partially offset the gain from the increased
COP. Another option would be to maintain this storage capacity by increasing
the tanks volume, and to consider the financial impact on the investment cost. A
final option would be to distinguish between production modes: lower tempera-
ture when coupled directly to the heating network, and higher temperature when
charging the thermal storage.

The sensitivity analysis also suggests that, given the impact of the COP, ne-
glecting performance degradation at part load and the energy consumption asso-
ciated with cold start-ups and transients is a very optimistic assumption. If these
efficiency degradations were taken into account in our model, the impact would
be, on the one hand, an increase in electricity consumption. On the other hand, a
probable downsizing of the heat pump, so as to increase the average capacity fac-
tor and reduce part load operations, and to limit the number of start-ups, while
the capacity of the thermal energy storage would be increased. This would result
in a better COP. To deal with part load efficiency degradation in practice, several
smaller capacity heat pumps could be set up in parallel. After optimal dispatch,
taking into account the part load performance degradation, the heat pumps would
be switched on progressively to maximise the overall COP of the facility.

Another hypothesis that may be questioned is the perfect annual foresight.
Since the model perfectly knows the boundary conditions at each hour of the year,
it can optimally anticipate the system operations. For example, if the model sees a
week coming with high demand and low energy production, it can anticipate this
the week before by increasing the storage charge level. Another example would
be to take advantage of low electricity prices to anticipate a high-prices week. Al-
though this allows the system to be optimised as much as possible, it is not entirely
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realistic. Weather forecasts, which influence photovoltaic production and heat de-
mand, are generally uncertain more than 24 hours ahead. The same applies to the
electricity price, which is set 24 hours before delivery on the day-ahead market.
However, the impact of this hypothesis should be moderated. As illustrated in the
analysis of the system operations in Section 6.4.2, the thermal storage is designed
for daily use. As the charge-discharge cycles do not take place over more than two
days, the storage does not allow for weekly or seasonal optimisation. The perfect
foresight assumption is therefore reasonable in this case. However, it would be less
acceptable if the storage cycles took place over a longer period.

As far as storage is concerned, the considered costs (i.e., 20 to 40 e/kWhth)
and self-discharge losses (i.e., 5%/24h) did not make it possible to obtain a design
allowing very long-term storage (weekly, or seasonal). However, given the very
low costs reported for pit-storage projects (down to 0.5 e/kWhth [224]), it would
seem appropriate to consider this technology. Although it is compatible in terms of
temperature ranges, a better characterisation of self-discharge losses would be nec-
essary, as they directly affect the temperature levels. Up to 30% of self-discharge
losses are for instance reported for annual cycles [224]. In order to model them cor-
rectly, a dynamic consideration of the storage temperature would be a minimum
requirement. It would then be interesting to study whether, at the housing develop-
ment level, long-term storage takes place primarily for heat, or also for electricity.

6.5.3 Perspectives

The results obtained in this work pave the way for the use of invertible heat
pumps/organic Rankine cycles. As recently studied by Scharrer et al. [198] for
residential Carnot batteries, these machines would make it possible to significantly
reduce investment costs. The counterpart to this cost reduction would be a slight
loss of performance. As illustrated above, such performance degradation would
not be detrimental to the electricity production with the heat engine, but severely
to the thermal production with the heat pump. This precisely indicates that when
designing an invertible machine for such application, priority should be given to
optimising the heat pump and not the organic Rankine cycle. This deserves further
investigation.

Given the share of heat in the cost of energy, reducing the thermal demand
seems to be a key lever. This can be achieved by insulating the building (efficiency
measure), and by reducing the set-point temperature (sufficiency measure). Conse-
quently, studying a scenario with a reduced heat demand is a real stake. If the need
for thermal storage during the cold season is reduced, it is likely that the storage
capacity will also be reduced. As a result, the role of the heat engine would become
uncertain. Would it still be used?

Future work should also focus on a comparison with chemical batteries (Li-
ion). At domestic scale, this technology is the first direct competitor of the Carnot
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battery. With its constantly falling costs (–90% in last 15 years [225]) and very high
efficiency (i.e., > 90%), it appears to have a clear techno-economic lead. How-
ever, these two technologies do not provide the same services to energy systems
(storage duration, heat/electricity coupling, etc.). What is more, the environmen-
tal footprint of Carnot batteries could be smaller [125]. There is therefore a need
to study the complementarity between these technologies in order to identify pos-
sible synergies leading to an economic and environmental optimum. This will be
addressed in Chapter 7.

The feasibility of this type of system should also be confirmed with more ac-
curate models, including operational models that take into account part load effi-
ciency degradation, fluctuation of storage temperature, as well as a characterisation
of dynamic performance.

Finally, it is worth noting that applications with higher-temperature heat de-
mand are likely to be more favourable for Carnot batteries. As illustrated in Part I,
the higher the storage temperature, the better the efficiency. Applications requiring
low-pressure steam (i.e., 100◦C to 150◦C) could therefore serve as promising case
studies. However, it appears necessary for this heat demand to be intermittent–
either on a daily or seasonal basis–so that electrical discharges can also occur.

6.6 Key messages

• Carnot batteries for integrated heat and power management in residential
applications can reduce energy costs and limit photovoltaic curtailment. Yet,
thermal storage is driven first by the heat demand, while the heat engine is
installed only when costs allow.

• On a seasonal basis, electrical discharges occur only during the warm season
when photovoltaic energy is abundant and when there is no demand for
space heating. During the cold season, only heat is discharged.

• On a daily basis, thermal storage buffers the production and heat demand
peaks to maximise the capacity factor of the heat pump. When sufficiently
abundant, it serves to shift the photovoltaic production.

• The operating cost is most sensitive to the COP of the heat pump while
rather insensitive to the heat engine efficiency. In case of invertible heat
pump/organic Rankine cycle, the system should therefore be designed to
maximise the heat pump performance. Strategies aiming at reducing the de-
livery temperature during the cold season should also be considered.

• The comparison of Brussels and Pisa demonstrated that the system shows
greater potential in regions which are less prone to seasonality (i.e., shorter
heating season and more evenly distributed solar irradiance across the year).
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assessment

CARNOT batteries are often promoted for their lower environmental footprint
compared with electro-chemical batteries (e.g., Li-ion). Although literature

on this is really scarce [119, 125, 226], it can be expected that the use of mineral
resources will be lower, due to the significantly reduced reliance on rare earths
and strategic metals (e.g., lithium, copper). However, their considerably lower ef-
ficiency must also be taken into account. As this is nearly three times lower (see
Part I), the capacity of the renewable energy source needs to be tripled to store
equivalent amounts of electricity. Hence, it is rather challenging to predict whether
their impact on indicators such as climate change or mineral resource depletion
could be lower than that of electro-chemical batteries. To contribute to this issue,
this chapter addresses the following research question:

Could Carnot batteries have a lower environmental impact than
electro-chemical batteries across the main impact categories?

Beyond the sole impact on climate change, 18 environmental indicators are consid-
ered though a cradle-to-grave life cycle assessment (LCA). To that aim, we return
to the case study from Chapter 6 (i.e., integration in housing development). The
comparison of entire energy systems provides perspective on the impact of storage
assets relative to electricity production assets. Section 7.1 first presents the funda-
mentals of LCA. Then, Section 7.2 introduces the different energy system topolo-
gies considered (e.g., standalone Carnot battery, combined Li-ion battery and ther-
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mal storage, etc.) and the models used to conduct the LCA. Section 7.3 then de-
scribes the different optimal designs that minimise greenhouse gas emissions. Sub-
sequently, the impact of the various topologies on the 18 indicators is compared.
The contributions of each component of the energy system are also detailed. The
results confirm that, for this case study, the primary benefit of the Carnot battery
lies in the reduced mineral resource consumption, while it does not particularly
stand out in terms of greenhouse gas emissions.

7.1 Overview of the LCA methodology

Life cycle assessment (LCA) is a methodology allowing to assess the environ-
mental footprint associated with the different stages of the life cycle of a system
(product, process or service), including raw materials extraction, manufacturing,
use phase, and end-of-life. It is a systematic method which is defined and pro-
tected by the ISO14040 and ISO14044 standards [227, 228]. LCA typically follows
four phases, as illustrated in Fig. 7.1. First, Goal and Scope Definition, next Inven-
tory Analysis, then proper Impact Assessment, and finally Interpretation, which goes
along with the three first stages. Bi-directional arrows in Fig. 7.1 illustrate the iter-
ative nature of the process (e.g., heat pump and photovoltaic system inventories,
see Section 7.2.2).

Goal and Scope 
Definition

Inventory 
Analysis 

(yields LCI)

Impact 
Assessment 
(yields LCIA)

Interpretation

Life Cycle Assessment framework

ReCiPe 2016 v1.03 (H)

ecoinvent 3.10 (biosphere3)
+ relevant literature

software: Brightway through 
Activity Browser interface 

Fig. 7.1 Structure of the life cycle assessment (LCA) framework of this work. The Bright-
way [229] LCA software is used through the Activity Browser [230] interface. The life cycle
inventory is performed using the ecoinvent database [231] and complemented with relevant
literature. The impact assessment is performed using the ReCiPe method [232].
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Goal and scope definition. Various objectives can guide a LCA study. Is the goal
to refine a system or product design to minimise its environmental footprint (i.e.,
eco-design)? To compare alternatives and select the one with the lowest impact (i.e.,
comparative LCA)? To evaluate future scenarios considering technological and pol-
icy changes (i.e., prospective LCA [233])? Or to assess the system footprint in rela-
tion to planetary boundaries (i.e., PB-LCA)? Based on this, different scopes can be
defined. The system boundaries may cover all life cycle stages, from raw material
extraction to end-of-life (i.e., cradle-to-grave LCA). Alternatively, if downstream
phases are less relevant, the study may focus only on the stages from raw material
extraction to manufacturing, omitting use and end-of-life (i.e., cradle-to-gate LCA).
Proper scope definition also requires selecting an appropriate functional unit (e.g.,
the fabrication of a 10 kWel/100 kWhel Carnot battery), which serves as a reference
point to relate the inputs and outputs. To complete this phase, the impact categories
and the impact assessment method must also be defined, as outlined below.

Life cycle inventory. This phase aims to establish an inventory of all elementary
physical flows (raw materials, energy requirements, atmospheric, land and water
emissions, etc.) exchanged between the functional unit and the biosphere (or eco-
sphere). For the manufacturing of a Carnot battery, this includes the mass of raw
minerals, the energy, and the products required for refining the metals used, etc.
The result of this analysis is called the Life Cycle Inventory (LCI). As the system or
product complexity increases, conducting this analysis becomes more challenging.
Consequently, databases like ecoinvent [231] or GaBi, and LCA softwares such as
Brightway [229], SimaPro or OpenLCA [234] are generally required. These databases,
also referred to as the technosphere, contain intermediate functional units. In our ex-
ample, steel production–from ore extraction–is an intermediate functional unit for
the production of the storage tanks.

Life cycle impact assessment. The contributions of all elementary flows from the
LCI are then mapped into various impact categories and associated indicators. These
indicators, associated to characterisation factors, are typically classified at the mid-
point or endpoint levels. While midpoints quantify environmental effects for inter-
mediate impact categories, endpoints represent effects at the level of the three main
impact categories: human health, ecosystem quality, and resource depletion. Midpoints
are specific and science-based, making them measurable, whereas endpoints aggre-
gate multiple midpoints, requiring assumptions about how to proceed. As a result,
endpoints are sometimes more controversial. For example, climate change (mid-
point) results from an increase in infrared radiative forcing. The associated char-
acterisation factor is the global warming potential (GWP), expressed in kgCO2-eq
emitted into the atmosphere. Through different damage pathways, climate change
ultimately impacts human health and ecosystems (endpoints). Ultimately, this im-
pact assessment phase results in the Life Cycle Impact Assessment (LCIA). In this
work, the different mid-points will be evaluated through the ReCiPe method [232].
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Interpretation. Through the LCIA, this phase aims to address the goal of the
LCA. For example, it evaluates whether Carnot batteries have a lower impact than
Li-ion batteries based on a specific indicator. It provides a set of conclusions and
recommendations for the study, while discussing its limitations. This phase also
offers an opportunity to verify the consistency of results and assess their sensitivity,
helping to determine the level of confidence in the results. Uncertainty is intrinsic
to LCA, both at the LCI level (as it is difficult to quantify all elementary flows with
absolute certainty) and at the LCIA level (since the impact of each flow is uncertain
and evolves as scientific knowledge progresses).

7.2 Model and methods

7.2.1 Goal and scope definition

The objective of this chapter is to discuss whether Carnot batteries could have a
lower environmental impact compared with Li-ion batteries. As this thesis studies
Carnot batteries as effective coupling options between heat and power, the study is
not limited to sole electrical discharges, but it considers the integrated management
of heat and power. The case study from Chapter 6 is therefore re-used, namely the
integration into a housing development of 20 dwellings (see Fig. 7.2). As Li-ion
batteries cannot provide the same services as Carnot batteries (i.e., no discharge of
both heat and electricity), the scope of this study cannot be limited to the electrical
storage capacities alone, but must encompass the entire energy system for a fair

Organic 
Rankine
cycles 
are 
cute!

Heat 
pumps 
are the
future! 

supply
return

electricity

Fig. 7.2 Schematic representation of the energy system of the housing development.
Pnom

PV [kWp] is the nominal capacity of the PV system, Q̇nom
HP [kWth] the nominal heat pump

capacity, Qnom
TES [kWhth] the nominal thermal storage capacity, Pnom

HE [kWel] the nominal heat
engine capacity and Enom

BAT [kWhel] the nominal Li-ion battery capacity. Below the grid is the
control box, which optimises the power flows.

176 |



Model and methods | 7.2

comparison. In addition to considering the multi-vector capabilities of the Carnot
battery, this also allows for a broader examination of whether the Carnot battery
benefits the energy system and to characterise its impact. Thus, this LCA aims
to compare the environmental impact of different topologies of domestic energy
systems: photovoltaic and Li-ion battery combined with thermal storage, Carnot
battery, etc. (see Table 7.1 below). To compare the different topologies on a level
playing field, these must provide the same energy services to the housing devel-
opment. This is here reflected by the same grid electricity consumption (further
detailed below). Due to the risk posed by climate change and the weight of energy
systems in global greenhouse gas emissions [12], the different energy systems will
be sized to minimise the global warming potential (GWP) indicator. The results of
this sizing are discussed in detail in Section 7.3.1. The functional is thus:

The annual supply of 270 MWhth of heat and 60 MWhel of power, corresponding to
demand profiles depicted in Fig. 6.2, to a housing development of 20 dwellings.

To provide a balanced discussion, the impact categories include the three dam-
age areas: human health, ecosystem quality, and resource depletion. Impact as-
sessment is performed using the 18 midpoints of the ReCiPe method [232]. The
LCA is achieved using the Brightway [229] software through the Activity Browser
interface [230]. The system boundaries extend from raw materials to end-of-life
(cradle-to-grave LCA). Additionally, to broaden the perspectives, the locations of
Pisa and Brussels are again compared.

Six topologies for the energy system
The six different energy system topologies for supplying heat and electricity

to the housing development are summarised in Table 7.1. In all six cases, heat
is supplied via a central heat pump (HP) through a 4th-generation district heating
network (DHN) operating at a supply temperature of 70◦C and a return at 50◦C. In
practice, multiple smaller capacity units can be used in parallel to maximise the co-
efficient of performance (COPHP) and minimise efficiency losses due to part-load
operation. Electricity can be generated locally via distributed rooftop photovoltaic
(PV) systems, as well as imported from or exported to the grid (GR). An energy
management system controls the power flows. The key distinction between the six
cases lies in the type of storage technology employed.

In the first case, only a Li-ion battery (BAT) can be used. As no thermal storage
is present (i.e., the HP is directly coupled to the DHN), heat is produced at 70◦C.
In the second case, a thermal energy storage (TES) unit is introduced alongside the
battery. Since sensible heat storage is used, the HP supply temperature is raised to
80◦C (with a return at 65◦C). In the third and fourth cases, the battery is removed,
and a heat engine (HE) is connected to the TES, allowing for electrical discharges.
This configuration forms a proper Carnot battery. The difference between these
two cases lies in the storage temperature–80◦C and 95◦C–reflecting the trade-off
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Table 7.1 Considered topologies for the energy system of the housing development.

Case GR PV HP Temperature BAT TES HE
BAT (70◦C) ✓ ✓ ✓ 70/50◦C ✓ ✗ ✗

BAT + TES (80◦C) ✓ ✓ ✓ 80/65◦C ✓ ✓ ✗

TES + HE (80◦C) ✓ ✓ ✓ 80/65◦C ✗ ✓ ✓

TES + HE (95◦C) ✓ ✓ ✓ 95/65◦C ✗ ✓ ✓

BAT + TES + HE (80◦C) ✓ ✓ ✓ 80/65◦C ✓ ✓ ✓

BAT + TES + HE (95◦C) ✓ ✓ ✓ 95/65◦C ✓ ✓ ✓

between efficiency and energy density (see Section 6.5.2). The fifth and sixth cases
are hybrid configurations, incorporating both a Carnot battery and a Li-ion battery,
but considering storage at 80◦C and 95◦C, respectively.

To size the different systems, a comprehensive optimisation model and a clear
design objective are required. Unlike Chapter 6, where the focus was on techno-
economic optimisation, the primary goal here is to minimise the greenhouse gas
(GHG) emissions of the energy system. The methodology is detailed below.

System model
The same model as in Chapter 6 is used to simulate the system, with identi-

cal boundary conditions (detailed time series in Fig. 6.2), except the cooling load,
which is here neglected. To minimise the footprint, a single stratified storage tank is
assumed. The thermal storage has minimum and maximum states of charge of 0%
and 100%, whereas for the battery, these limits are conservatively set to 15% and
85% to extend its lifespan [235], despite current trends go even below [236]. Self-
discharge losses are set at LBAT = 0.1%/24h for the battery and LTES = 1%/24h
for the thermal storage. The battery is modelled with a 95% conversion efficiency
for both charge and discharge, resulting in a 90% roundtrip efficiency [235, 237].
The charge and discharge capacity rates are set at 50% (i.e., C-rate of C/2) [237].

The design objective is to minimise the greenhouse gas emissions (GHGtot).
Both the construction (GHGconstruction) and operations (GHGoperations) of the en-
ergy systems are considered over their entire lifetime (LTsystem = 30 years). The
total GHG emissions are defined as

GHGtot = GHGconstruction + GHGoperations

= Pnom
PV · GWPPV · LTsystem

LTPV
+ Q̇nom

HP · GWPHP · LTsystem
LTHP

+ Enom
BAT · GWPBAT · LTsystem

LTBAT
+ Qnom

TES · GWPTES · LTsystem
LTTES

+ Pnom
HE · GWPHE · LTsystem

LTHE
+

8760
∑
i=1

Eabs
GR[i] · GWPGR[i] · LTsystem ,

(7.1)

with GWPi the characterisation factors for each component (see Table 7.2). These
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Table 7.2 References for life cycle inventory (LCI) and GWP considered for design optimi-
sation. Linear scaling is assumed.

Component Symbol GWP Lifetime Ref.
[kgCO2eq/kW(h)] [years]

Grid elec. (Pisa, design) GR 0.357 n.a. [238]
Grid elec. (Pisa, LCIA) GR 0.364 n.a. [231]
Grid elec. (Brussels, design) GR 0.198 n.a. [239]
Grid elec. (Brussels, LCIA) GR 0.208 n.a. [231]
Photovoltaic system PV 1052 30 [240]
Heat pump HP 86 20 [241]
Li-ion battery BAT 113 10 [231]
Thermal storage (80◦C) TES 33.7 30 [231]
Thermal storage (95◦C) TES 17.0 30 [231]
Heat engine HE 860 20 [241]

are further discussed in Section 7.2.2. Note that since the functional unit is ex-
pressed for one year, GHGtot must be divided by LTsystem for LCIA. In Eq. 7.1,
linear scaling is assumed (see below) and no discount is considered with time.

7.2.2 Inventory analysis

To conduct the inventory analysis, existing models were sourced primarily
from ecoinvent 3.10 [231]. However, as some datasets were outdated, more recent
models from the literature were used instead, as detailed below. For each compo-
nent, linear scaling is adopted. This approach is commonly used for PV and BAT, as
smaller-scale modules are typically arranged in parallel. Although specific scaling
rules exist for other components, such as HP [242,243], linear scaling is maintained
to preserve the linearity of the model. The full LCI is not reported here for the sake
of brevity but can be extracted from Activity Browser and shared upon request.
Note that since we perform a comparative LCA, the DHN does not need to be taken
intro account (same in all cases).

Grid electricity
For system sizing, global warming potentials with hourly resolution are re-

quired. Since ecoinvent does not have this granularity, data were instead obtained
from Electricity Maps (see Fig. 7.3) [238,239]. The year 2021 was chosen for Pisa,
as the average GWPGR (357 gCO2eq/kWhel) was the closest to the ecoinvent
value (364 gCO2eq/kWhel). Similarly, for Brussels, the year 2022 was selected
(198 gCO2eq/kWhel) as it was the closest to ecoinvent (208 gCO2eq/kWhel). For
LCIA, additional characterisation factors are required. The selected activity in
ecoinvent is ’market for electricity, low voltage’ for both Belgium (BE) and Italy (IT).

The evolution of the grid electricity mix could be incorporated to the model
through prospective LCA. While future GWPGR is expected to decrease on aver-
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Fig. 7.3 Temporal heatmaps representing the historical carbon intensity of grid electricity
GWPGR for Pisa (2021) and Brussels (2022). Data from Electricity Maps [238, 239].

age, it may still remain high during peak periods due to the use of fossil peakers.
Given its impact (as shown in Section 7.3.1), this aspect certainly deserves further
investigation in future studies. However, this introduces a series of methodologi-
cal challenges, as the hourly prediction of GWPGR over a 30-year period is highly
uncertain. Let us therefore acknowledge that, in the context of the ongoing en-
ergy transition, using the year 2021 as a reference for the GWP of grid electricity
over the entire system lifetime biases the optimal design—the system is likely to be
somewhat over self-sufficient. Nevertheless, it offers preliminary results that could
serve as a foundation for more prospective analyses.

Photovoltaic system

The model for rooftop PV systems is based on the ’market for photovoltaic slanted-
roof installation, 3kWp, single-Si, panel, mounted, on roof’ activity from ecoinvent. The
activity considers the panels, the mounting system, the inverter and the electrical
installation, as well as the electricity consumed when mounting the system on site.

The model for PV panels was updated as it was largely outdated (dating back
to 2005) and significantly overestimated certain indicators (e.g., GWP) compared
to current technology. The high-quality work from Müller et al. [240] was used for
that. Their study provides comprehensive inventories for glass-backsheet modules,
reflecting modern production processes. It includes all details from raw silicon ex-
traction to final assembly, with the exception of the metallisation paste composition
for the front side, which remained confidential. To address this, the metallisation
paste composition from ecoinvent was used as a reference: we assumed it consists
of 70% silver and 30% chemical organic (back side has 50%/50% in [240]).

With this updated model, GWPPV is evaluated at 1052 kgCO2/kWp while
it was 2744 kgCO2/kWp with the original ecoinvent model. For comparison,
ADEME recently reported an average value of 1050 kgCO2/kWp [244].
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Heat pump

The heat pump catalogue in ecoinvent is limited to brine-water systems, all
extrapolated from a 10 kWth model, ’heat pump production, brine-water, 10kW’. This
heat pump uses R134a as a refrigerant, which has GWP = 1430 kgCO2eq/kg and
is now banned under the EU F-gas Regulation. Additionally, the model accounts
for non-negligible refrigerant leakages: 3% during production and 20% at end-
of-life, which together contribute to more than 60% of the total GWPHP. During
operations, the ecoinvent model assumes an annual leakage rate of 6%–amounting
to 120% over a 20-year lifetime.

To better reflect the air-source heat pump technology, the HP model was up-
dated. Literature on the LCA for heat pumps reports a wide range of GWP values,
largely depending on the choice of refrigerant and assumptions regarding leakage
rates. While some studies neglect operational leakages [245, 246], more conserva-
tive estimates typically range from 2%/y to 6%/y [247, 248].

A comprehensive LCA for a 10 kWth domestic air-source heat pump is pro-
vided by Greening and Azapagic [241], and their inventory is used for the present
model. The main assumptions include refrigerant leakages of 3% during manu-
facture, 6%/y during operation, and 20% at decommissioning. Compared to the
original refrigerant, we replaced R134a with R600a due to its low GWP and the
need for high temperature heat (i.e., up to 95◦C). Although R600a is not a common
replacement fluid for R134a, Part I of this thesis has demonstrated its thermody-
namic feasibility. The same charge is assumed, a reasonable approximation given
the very low environmental impact of R600a.

Battery

ecoinvent does not have a model for domestic batteries. However, it includes
several models of battery packs for automotive applications, including Nickel-
Manganese-Cobalt (NMC), a technology that is also popular in domestic appli-
cations (e.g., Tesla Powerwall 2, LG Chem RESU) [237]. In this study, we have
therefore chosen to represent the battery pack using the activity ’market for bat-
tery, Li-ion, NMC811, rechargeable, prismatic’. The model includes battery mod-
ules, the battery management system, and packaging (casing, external enclosure,
internal spacers, terminals). Based on the product description, the energy den-
sity is 148.9 Whel/kg. As a result, 6.716 kg are required per kWhel, leading to a
GWPBAT = 113 kgCO2/kWhel. Note that Lithium-Ferro-Phosphate (LFP) is be-
coming a popular alternative for domestic storage (e.g., Tesla Powerwall 3), with
similar footprints (i.e., GWPLi–LFP = 104 kgCO2/kWhel) [237].

The lifespan of a battery is linked to the number of cycles if performs, the depths
of charges and discharges, and C-rates. Evaluating the battery lifespan based on
its operations would hence introduce non-linearities into the model, which is not
feasible here. Nevertheless, for domestic applications with regular operating pat-
terns, as described in Section 7.2.1, a 10-year lifespan is generally guaranteed. This
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model therefore assumes that the battery is replaced every 10 years. The conse-
quences of this rough assumption is further discussed in the operational analysis
in Section 7.3.1.

Thermal storage

Glass wool insulated steel tanks are assumed for stratified thermal storage.
Since the temperature levels influence the energy density, different volumes (and
thus impacts) must be considered for equivalent storage capacities. For the 95◦C
case (30 K spread), the thermal energy density is ρth = 33.64 kWhth/m3, while
for the 80◦C case (15 K spread), the density is ρth = 16.97 kWhth/m3. The model
is based on the ’market for heat storage, 2000l’ activity in ecoinvent, which corre-
sponds to a stainless steel tank including a heat exchanger and boiler for use in
domestic solar heating systems. The corresponding impacts are GWPTES (95◦C) =

17.0 kgCO2eq/kWhth and GWPTES (80◦C) = 33.7 kgCO2eq/kWhth. If storage
were implemented in two separate tanks instead of a single stratified tank, these
impacts would roughly double.

It should be noted that GWPTES is not significantly lower than GWPBAT.
When expressed in terms of exergy rather than energy, its value is even equiva-
lent. The exergy densities for storage at 95◦C and 80◦C are 6.18 kWhex/m3 and
2.82 kWhex/m3, respectively. The corresponding impacts are GWPTES (95◦C) =

92.5 kgCO2eq/kWhex and GWPTES (80◦C) = 202.6 kgCO2eq/kWhex. This high
footprint is largely due to the high energy consumption required for steel produc-
tion (i.e., 5 kgsteel/kWhth and 10 kgsteel/kWhth are required for TES production).
As discussed in Section 7.4, one alternative would be to use plastic reservoirs.

Heat engine

The heat engine selected for this residential application is a micro-ORC (i.e.,
kWel scale). Unfortunately, precise and comprehensive life cycle inventories for
such commercial systems are still scarce [249]. Cioccolanti et al. [250] provide a LCI
for a 3.5 kWel ORC used in a micro-trigeneration system. However, it is limited to
material flows and does not provide data on the energy required for manufactur-
ing. While some ORC models are available in ecoinvent, they are restricted to the
MWel scale. Due to the significant technological differences between micro-scale
and large-scale ORCs–such as the use of plate heat exchangers instead of tube-in-
shell exchangers, and scroll or screw expanders rather than turbines–these models
are not suitable for the present analysis.

The components used in the HP and ORC are very similar (finned tube for low-
pressure heat exchangers, brazed-plate for high pressure heat exchangers, volumet-
ric compressor/expander, and copper piping), with the exception of the expansion
valve and the feed pump. We therefore propose a scaling approach. Assuming that
the environmental impact is driven by the size of the high-pressure heat exchanger
rather than the compressor/expander assembly, and considering a 10% efficiency
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for the ORC, we obtain a factor of 10 between the LCI of the ORC (per kWel) and
that of the HP (per kWth). Although highly approximate, this assumption must be
considered in light of the small size–thus low impact–of the ORC (see Section 7.3).

7.3 Results and interpretation

This section first introduces the nominal systems designs obtained after min-
imising greenhouse gas emissions (GHGtot). These serve as the basis for estab-
lishing the Life Cycle Inventory (LCI). Then, the impact of each component on the
different midpoints is discussed.

7.3.1 Reference designs for Pisa
Fig. 7.4a depicts the greenhouse gas emissions (GHGtot) of the different con-

figurations for various levels of grid electricity consumption (equivalent to energy
self-sufficiency). The results clearly indicate that achieving energy self-sufficiency
(i.e., zero grid consumption) is not an effective strategy, as it requires ’oversized’
PV and storage assets, making GHGtot in Eq. 7.1 driven by GHGconstruction. Given
that grid electricity also has a significant carbon footprint, an optimal trade-off ex-
ists for minimising GHGtot. To ensure a fair comparison between different system
topologies, these must deliver the same energy services to the housing develop-
ment. In this study, this is reflected by maintaining the same annual grid electric-
ity consumption (EGR). For Pisa, the optimal trade-off is found at approximately
EGR = 25 MWhel/y (see Fig. 7.4a).

The hourly GWPGR values used for system sizing (see Fig. 7.3) cannot be used
for the LCI and LCIA, as Electricity Maps does not provide other characterisa-
tion factors. Instead, for the LCA, the ’low-voltage electricity’ model from ecoinvent
is used, with GWPGR = 364 gCO2eq/kWhel. To ensure a consistent transition
from Electricity Maps data to the ecoinvent dataset for LCA, Fig. 7.4b depicts
the average carbon intensity of the grid electricity consumed for the different sys-
tem topologies. The maximum deviations for the scenario EGR = 25 MWhel/y are
–0.7% and +2.2%, which is considered acceptable given the other inherent uncer-
tainties in the analysis.

Nominal capacities for minimised greenhouse gas emissions
The breakdown of greenhouse gas emissions for the different systems corre-

sponding to EGR = 25 MWhel/y is presented in Fig. 7.5. The nominal systems
designs are reported in Table 7.3. The GHG breakdown reveals that approximately
80% of emissions stem from electricity production assets (GR + PV), except in the
case of a battery alone, where this share is reduced to around 65%. On average,
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(a) Greenhouse gas emissions GHGtot of the six energy system topologies.

+2.2%

-0.7%

(b) Average footprint of absorbed grid electricity. Maximum deviations from
ecoinvent for the case EGR = 25 MWhel/y are –0.7% and +2.2%.

Fig. 7.4 Greenhouse gas emissions and carbon footprint of grid electricity for the different
energy systems in Pisa.

Table 7.3 Nominal system designs for Pisa (25 MWhel of grid electricity per year).

Topology Pnom
PV Q̇nom

HP Enom
BAT Qnom

TES Pnom
HE GHGtot

Units kWp kWth kWhel kWhth kWel tCO2eq/y

BAT + TES + HE (80◦C) 363 462 84 1976 2.8 27.1
BAT + TES + HE (95◦C) 392 474 69 2771 3.5 27.3
BAT + TES (80◦C) 359 436 139 1941 – 27.3
TES + HE (80◦C) 377 531 – 2332 10.9 27.9
TES + HE (95◦C) 398 529 – 3125 11.2 27.7
BAT (70◦C) 322 465 760 – – 30.9
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Fig. 7.5 Breakdown of greenhouse gas emissions for the reference designs in Pisa. Approx-
imately 80% stem from electricity production assets (GR + PV).

about half of the total emissions originate from the photovoltaic system, while
one-third comes from the grid. This already puts the role of Carnot batteries into
perspective: conversion and storage technologies contribute to less than 20% of
the total footprint. Additionally, the footprint associated with grid electricity con-
sumption is around 9 tCO2eq/y in all cases. This indicates that sizing the systems
to achieve the same annual consumption results in similar electricity flows (as evi-
denced by the identical footprint). This is further illustrated in the supplementary
results presented in Appendix E.

The lowest footprint (27.1 tCO2eq/y) is achieved with the BAT + TES + HE
(80◦C) system. The 95◦C case has a slightly higher footprint (27.3 tCO2eq/y), due
to the lower COPHP, which is not fully compensated by the increase in thermal
density (less steel for the tank). The BAT + TES (80◦C) and TES + HE (95◦C) cases
follow closely (+0.7% and +2.1% respectively). Since the differences are minimal
and fall within the uncertainties of the characterisation factors, these systems can be
considered to have an equivalent footprint. Notably, TES + HE (95◦C) outperforms
TES + HE (80◦C), as the gains in density and heat engine efficiency offset the loss
in COPHP. Moreover, when comparing BAT + TES + HE with BAT + TES, one can
see that the inclusion of the heat engine enables a substantial downsizing of the
battery capacity (–40%), while maintaining equivalent photovoltaic and thermal
storage capacities, and slightly increased heat pump capacity (see Table 7.3).

A strong takeaway from these results is that, from a carbon footprint perspec-
tive, the single Carnot battery (without Li-ion battery) is a viable option. For a
similar case study, Frate et al. [125] even reported that Carnot batteries reduced
the carbon footprint more importantly than Li-ion batteries. However, it is cru-
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cial to note that this conclusion is specific to our assumptions, including the fixed
lifetime of the different components (particularly for the battery, whose model is
rather conservative). Further studies would be valuable to confirm these findings.

For all cases, the nominal thermal power of the heat pump Q̇nom
HP exceeds the

maximum thermal load (342.3 kWth, see Fig. 6.2). This results from the fact that
Q̇nom

HP is defined for a source temperature of 15◦C, while the limiting factor for the
heat pump power is the compressor capacity. When the ambient air temperature
is lower (e.g., 5◦C, see Fig. 6.2), the effective Q̇nom

HP decreases accordingly. Con-
sequently, the model increases Q̇nom

HP above the maximum thermal load, so as to
increase the compressor nominal power.

Finally, it should be noted that, compared to Chapter 6, despite a lower electric-
ity demand (as cooling is not accounted for in this chapter), significantly more pho-
tovoltaic capacity is installed. For the considered costs, it ranged from 73 kWp to
118 kWp in Chapter 6, while here, it spans from 322 kWp to 398 kWp. This clearly
demonstrates that the environmental optimum is far from the financial optimum:
cleaner systems cost more, indicating the important role of properly designed in-
centives.

Optimal systems operations

This section discusses the operations of several components to understand what
drives the optimal system designs (see Fig. 7.6 and Appendix E for complementary
results). It is also interesting to compare how environmentally optimal systems are
operated compared to financially optimal systems.

Regarding the battery, it charges primarily using photovoltaic electricity, mainly
at the end of the day during the warm season. Discharging occurs the rest of the
time, but at a significantly lower power level (see Figs. 7.6a, 7.6c, & 7.6e). In the case
of a single battery, due to the absence of thermal storage, the battery is also used to
power the heat pump during the cold season (see Fig. 7.6e). Its capacity is primar-
ily sized for this purpose. As a result, this ’oversizing’ leads to a significantly lower
number of discharge cycles (Ncylces

BAT ), as the full capacity is not exploited during the
warm season (see Table 7.4). As the battery lifetime is directly proportional to the

Table 7.4 Optimal system operations for Pisa. Ncycles is the number of discharge cycles,
CFHP the heat pump capacity factor and fracHE the fraction of the dwelling electricity con-
sumption covered by the heat engine.

Topology COPHP ηHE Ncycles
BAT Ncycles

TES CFHP f racHE
Units – % – – % %

BAT + TES + HE (80◦C) 2.7 7.5 347 103 7.9 5.9
BAT + TES + HE (95◦C) 2.5 8.1 364 84 8.2 9.2
BAT + TES (80◦C) 2.7 – 257 139 7.1 –
TES + HE (80◦C) 2.9 7.0 – 188 11.8 32.1
TES + HE (95◦C) 2.6 7.8 – 135 11.4 32.9
BAT (70◦C) 3.0 – 110 – 6.6 –
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number of cycles, this clearly shows that assuming equivalent lifespans across the
different cases is not appropriate. This will require more accurate representations
in future works, introducing non-linearities or considering different lifetimes.

(a) Li-ion battery power flows for the BAT + TES +
HE (80◦C) case.

(b) Thermal storage heat flows for the BAT + TES +
HE (80◦C) case.

(c) Li-ion battery power flows for the BAT + TES
(80◦C) case.

(d) Thermal storage heat flows for the BAT + TES
(80◦C) case.

(e) Li-ion battery power flows for the BAT (70◦C)
case.

(f) Thermal storage heat flows for the TES + HE
(95◦C) case.

Fig. 7.6 Optimal battery and thermal storage operations (Pisa). Red color corresponds to
net absorption (i.e., charge), while blue corresponds to net production (i.e., discharge).
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Thermal storage is always sized to handle peak heating demands in the morn-
ing and evening during the cold season (see Figs. 7.6b, 7.6d, & 7.6f). The heat pump
charges it using photovoltaic electricity whenever possible, or using grid electricity
when its carbon intensity is low. In the TES + HE (95◦C) case, there is no battery
to store electricity during the warm season. As a result, thermal storage remains
in use throughout this period, unlike in cases with a battery (see Fig. 7.6f). This
logically leads to a higher number of cycles (see Table 7.4).

In the BAT + TES + HE (80◦C) case, the heat engine plays a marginal but es-
sential role. While it only covers 5.9% of the electricity demand (see Table 7.4), it
provides additional generation and storage capacity during peak demands in the
morning and evening at the end of autumn and winter (see Fig. 7.7a). Despite
its small capacity (2.8 kWel), it enables a significant downsizing of the battery by
nearly 40%, reducing its nominal power from 69.4 kWel down to 41.8 kWel (see
Figs. 7.6a & 7.6c). In the TES + HE (95◦C) case, the heat engine serves the same
purpose as in Chapter 6: it generates electricity to meet peak demand in the morn-
ings and evenings during the warm season. However, its contribution is signifi-
cantly higher, covering about one-third of the total electricity demand thanks to its
nominal power of nearly 12 kWel. Also, the operating period is much longer.

(a) Heat engine operations for the BAT + TES + HE
(80◦C) case.

(b) Heat engine operations for the TES + HE (95◦C)
case.

Fig. 7.7 Optimal heat engine operations (Pisa). When used in parallel with a battery, it pro-
vides additional generation and storage capacity during peak demand periods in the morn-
ings and evenings at the end of autumn and winter.

7.3.2 Impact assessment

Relative midpoints comparison
The different midpoints indicators are compared with the radar chart in Fig. 7.8.

Clearly, the case with battery alone is worst for all midpoints, except for carcino-
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Fig. 7.8 Relative comparison of the six topologies with respect to the 18 midpoints of the
ReCiPe method (Pisa). Overall, BAT (70◦C) is worst. Black labels represent midpoints for
which the relative deviation between best and worst is above 5%, excluding BAT (70◦C).
Grey labels indicate the others. The red label marks TETP, which is strongly affected by the
excessive and erroneous Cobalt(II) emissions.

genic human toxicity potential and terrestrial ecotoxicity potential. In both cases,
this difference is mainly due to the steel used for thermal storage production. Re-
garding terrestrial ecotoxicity, this is caused by coke production, necessary to pro-
duce pig iron (thereafter transformed into proper steel). During the coke produc-
tion process, Cobalt(II) is rejected to the atmosphere. After investigation, we found
that the Cobalt(II) emissions were overestimated in ecoinvent 3.10 due to incor-
rect emission values in the coke production process. As this was only corrected
in November 2024 with ecoinvent 3.10.1, the terrestrial ecotoxicity potential re-
ported in Fig. 7.8 should be disregarded. The developers announced that these
erroneous emission values would affect the following impact categories: ecosys-
tem quality, ecotoxicity, human health, and human toxicity. For human toxicity,
the important difference between the case with battery alone and the topologies
containing thermal storage is mostly due to Chromium(VI) emissions (water con-
tamination), as represented by the potentials breakdown in Fig. 7.9 (see below).

Excluding the battery alone case, the others have midpoint indicators within
a narrow range. Drawing firm conclusions may be risky due to uncertainties in
both the LCI and LCIA. However, analysing the contribution of each component
can help identify key drivers.

For 9 out of the 18 midpoints (refer to Fig. 7.8: FFP, IRP, LOP, ODP, PMFP,
HOHP, EOFP, TAP, and GWP), the configuration with the lowest environmental
footprint is Li-ion battery combined with Carnot battery. The configuration with-
out a heat engine (BAT + TES (80◦C)) performs best on 4 indicators, mainly related
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to ecotoxicity (see Fig. 7.8: FEP, HTPnc, FETP, and METP). The configuration with
only a Carnot battery (TES + HE (95◦C)), leads on three indicators: SOP, WCP, and
MEP. It even has a marked advantage for SOP and WCP, as discussed below.

From this comparative analysis, it is clear that the battery alone is the least
favourable configuration. This is mainly due to its inability to fully leverage sector
coupling, which results in an oversized battery, but also to the (over-)conservative
assumption regarding its lifetime (limited to 1100 cycles, see Table 7.4). The other
configurations exhibit more similar impacts. However, configurations including at
least a Carnot battery perform better on 12 out of 18 indicators. Therefore, while
not a game changer, the Carnot battery can nonetheless contribute to reducing the
environmental footprint of domestic energy systems. Moreover, this case study
confirms its potential to limit mineral resource depletion.

Indicators breakdowns
For each energy system topology, this section analyses the contribution of dif-

ferent components to the midpoint indicators. This helps identify the key drivers.

Human carcinogenic toxicity is assessed with the risk increase of cancer dis-
ease, and measured with the human carcinogenic toxicity potential (HTPc), ex-
pressed in kg 1,4-dichlorobenzene-equivalents (kg 1,4-DCB-eq). Thermal storage is
a major contributor due to the use of steel, which is associated to Chromium(VI) re-
leases into the environment during the production phase (see Fig. 7.9). These emis-
sions occur during the treatment of slags (landfill) from the electric arc furnaces in
the steel production process. The PV system and the HP are also significant contrib-
utors. With limited expertise, assessing the plausibility of this result is challenging.
However, some experimental studies suggest that ecoinvent may overestimate the
Chromium(VI) emission factors by approximately two orders of magnitude [251].
This result clearly highlights the importance of conducting a deeper analysis when
unexpected outcomes arise. It also demonstrates that iterations can occur between
the interpretation phase and the LCI phase.

When thermal storage is non-pressurised and does not require high strength, it
could be built using plastic reservoirs (e.g., IBC containers) to reduce steel usage.
Besides the beneficial impact on human health, this would also lower costs and
reduce the footprint on other indicators, such as mineral resource scarcity.

Mineral resource scarcity is assessed with the increase of ore extracted, and
measured with the surplus ore potential (SOP), expressed in kg copper-equivalents
(kg Cu-eq). For the case with only a battery, the latter is by far the main contributor
due to the important ore extraction necessary for its production (i.e., spodumene,
bastnaesite, monazite, nickel sulfate and cobalt hydroxide), as depicted by Fig. 7.10.
These minerals are necessary for the production of lithium, cerium and other rare
earths, which compose the Li-NMC battery packs.

In system topologies that include a Carnot battery, PV, HP, and TES are the main
contributors to SOP due to the use of alloyed steels and other metals, particularly

190 |



Results and interpretation | 7.3

Fig. 7.9 Breakdown of the human carcinogenic toxicity potential (HTPc) for the different
energy system topologies. The main driver is the TES in most cases. This is due to the use of
steel, whose production contributes to Chromium(VI) emissions.

cerium, copper, molybdenum, iron, and nickel. The contribution of the battery is
significantly lower. Moreover, thanks to the downsizing of the battery enabled by
the Carnot battery, the SOP of the BAT + TES + HE (80◦C) case is –7.3% lower than
that of the BAT + TES (80◦C) case. The TES + HE (95◦C) case achieves an even
greater reduction of –17.8%.

If there is one indicator where the Carnot battery stands out compared to the Li-
ion battery, it is mineral resource scarcity. Despite its significantly lower power-to-
power efficiency (nearly a factor of 5), it substantially reduces the system SOP foot-
print (by about –20% in this case) without significantly increasing its GWP (+2%,
refer to Section 7.3.1). For configurations with higher efficiencies (e.g., higher stor-
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Fig. 7.10 Breakdown of the surplus ore potential (SOP) for the different energy system
topologies. The main driver is the PV in most cases. This is due to the use of rare earths
and alloyed steel, whose production consumes important mineral resources.

age temperatures), the reduction in SOP compared to the Li-ion battery should be
even more pronounced. This deserves further quantification in future studies.

Water use is assessed with the increase of water consumed, and measured
with the water consumption potential (WCP), expressed in m³ water-equivalents
consumed (m³ water-eq). The PV system is the primary contributor to WCP (see
Fig. 7.11) due to water consumption for electronic processes (e.g., silicon process-
ing) and, to a lesser extent, the electricity required for these processes. Grid elec-
tricity consumption is the second-largest contributor, mainly due to hydropower
plants, where part of the water evaporates, affecting the natural water cycle. For
the case with battery alone, the latter is the main contributor. The impact stems
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Fig. 7.11 Breakdown of the water consumption potential (WCP) for the different energy
system topologies. The main driver is the PV in most cases, due to electronic processes. The
impact of GR and BAT is essentially caused by evaporation in Alpine hydropower reservoirs.

from the electricity used in cobalt production, which also relies on hydropower in
the ecoinvent model (assumption due to lack of more precise information).

The significant impact of hydropower reservoirs is primarily due to the way
water consumption is accounted for. Evaporative losses mean that water is no
longer available for downstream ecosystems and human use, even though it re-
mains within the broader water cycle.
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7.3.3 Comparison with Brussels

To asses the effect of climatic and regional variations, the case Brussels is com-
pared to the reference case of Pisa, like in Chapter 6. On average, Brussels has
a larger heating demand, a lower ambient temperature (thus lower COPHP), a
lower photovoltaic potential, but a cleaner electricity mix (average footprint is
about 200 gCO2eq/kWhel).

Compared with Pisa, Brussels consumes four times more grid electricity to
reach minimum GHG emissions of 27.2 tCO2eq/y (see Fig. 7.12). This is both at-
tributed to the 35% larger space heating demand and to the 45% cleaner grid elec-
tricity mix. The corresponding GHG breakdown is depicted in Fig. 7.13. Due to the
lower energy self-sufficiency, the grid contribution is larger while the photovoltaic
contribution is smaller.

The key difference from Pisa is the much smaller battery capacity for the case
BAT (70◦C), which reduces the GHG emissions and offers comparable performance
with the BAT + TES + HE (80◦C) case. This result is mainly due to the higher heat
demand, where the gain in COPHP from the lower delivery temperature (i.e., 70◦C)
has a highly favorable effect. However, this result is somewhat of a modeling arti-
fact since it does not take advantage of the low GWPTES and is directly linked to
the fact that the HP can only produce heat at a single temperature, whether supply-
ing the district heating network (70◦C) or thermal storage (80/95◦C). It therefore
prompts us, as discussed in Chapter 6, to model heat pumps capable of producing
heat at different temperature levels depending on whether they supply the thermal
storage or the district heating directly. Another alternative would be to use differ-
ent heat pumps for these two functions. This deserves further consideration for
future studies.

Fig. 7.12 Greenhouse gas emissions GHGtot of the six energy system topologies in Brussels.
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Fig. 7.13 Breakdown of greenhouse gas emissions for the reference designs in Brussels.
Approximately 85% stem from electricity production assets (GR + PV).

7.4 Summary and discussions

This chapter conducted a comparative LCA of Li-ion batteries and Carnot bat-
teries for managing heat and power in a housing development. Six different energy
system topologies were evaluated, differing by their storage technologies–Li-ion
battery, thermal storage, heat engine, and hybrid configurations. All the systems
were grid-connected and integrated rooftop PV alongside a central heat pump sup-
plying heat to a district heating network. Their nominal designs were optimised us-
ing linear programming to minimise greenhouse gas emissions. Trade-offs between
the different environmental indicators for optimal design were not explored in this
study. Following this design optimisation, a comparative impact assessment was
conducted to evaluate the environmental footprint of the reference designs. Given
this prospective approach–where the LCA does not compare existing designs but
rather optimises them to reduce their footprint–conclusions should be interpreted
cautiously due to uncertainties in life cycle inventory and impact assessment. This
section discusses the key findings and offers perspectives for future works.

7.4.1 Main results
To minimise greenhouse gas emissions, there exists an optimal level of energy

self-sufficiency. Given the rigid demand, achieving full self-sufficiency is not effec-
tive, as it leads to an oversized system. Moreover, this optimal level depends on
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boundary conditions such as climate and the carbon footprint of the grid electric-
ity. For the different considered energy system topologies, electricity generation
assets are responsible for 80 – 85% of the total GHG emissions. This highlights the
marginal benefits that the Carnot battery can provide.

Although the GWP of the different topologies is in a narrow range, the opti-
mal design is a hybrid configuration combining the Carnot battery and the Li-ion
battery. The Carnot battery takes advantage of the thermal storage, which is sized
to meet heat demand, to provide additional electricity generation capacity during
critical hours of the year. The heat engine is used to manage peak demand in the
mornings and evenings at the beginning and end of winter. Although it covers
only less than 10% of the total electricity demand, it enables a reduction in Li-ion
battery capacity of up to –40%.

For the case of a Carnot battery without Li-ion battery, the heat engine operates
almost year-round and covers nearly a third of the final electricity demand. While
the GWP of this topology is only +2.1% higher than the identified optimum, this
result demonstrates that the Carnot battery alone could be a sound alternative to
the Li-ion battery. However, this outcome is specific to the model assumptions,
particularly the fixed battery lifetime and the constant heat pump delivery temper-
ature. Conversely, a standalone Li-ion battery can also be a viable solution in terms
of GWP, as illustrated by the Brussels case.

One final interesting result regarding GWP is that the environmental optimum
is significantly more self-sufficient than the financial optimum (refer to Chapter 6).
This clearly highlights the conflicting nature of these two objectives.

Regarding the other environmental indicators, the relative comparison showed
that the Carnot battery is not a game changer. All these indicators fall within a rel-
atively narrow range, mainly because the photovoltaic system and grid electricity
remain the primary contributors. Nevertheless, using a Carnot battery–most often
along with a Li-ion battery–helps minimise 12 out of the 18 indicators.

The indicator where the Carnot battery specifically stands out is mineral re-
source scarcity. For the case with a Carnot battery alone (i.e., no Li-ion battery), the
system has a Surplus Ore Potential nearly –20% lower than the case with a Li-ion
battery and thermal storage, while maintaining a similar GWP (+2%).

7.4.2 Perspectives

A lever to reduce the footprint of the Carnot battery would be to use plastic
tanks instead of steel for thermal storage. For non-pressurised storage, the material
strength requirements are indeed much lower. For comparison, we implemented
a storage derived from a 1 m3 polypropylene IBC container. For the 18 midpoints,
the impact is reduced by –45% down to –90% (e.g., Surplus Ore Potential).
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As discussed in Chapter 6, the model would also benefit from certain improve-
ments. The first relates to the constant heat delivery temperature for the heat pump,
which leads to a significant loss of exergy. This could be addressed either by using
a variable temperature (i.e., producing at 70◦C when supplying the district heating
network, and 80/95◦C when charging the storage), or by using two separate units.
This would effectively improve the seasonal coefficient of performance. Studying
this option is essential, as it could impact the conclusions about the potential of the
Carnot battery. Indeed, it is possible that a heat engine is installed solely due to the
(too) high temperature of the heat produced by the heat pump.

Another point, also discussed in Chapter 6, is that the Carnot battery is likely
to be more competitive with the Li-ion battery in applications with higher temper-
ature heat demand (e.g., industry). This would indeed help to increase the power-
to-power efficiency and energy density (refer to Part I).

Another aspect of the model that requires improvement is the fixed lifetime
assumption for the different components. As illustrated in Table 7.4, the annual
number of cycles for the Li-ion battery can vary by a factor of more than three
between different scenarios, while the capacity factor of the heat pump can vary
by nearly two. This inevitably impacts the component lifespans and the number of
replacements required. However, incorporating these operational aspects into the
model, as implemented in Eq. 7.1, would introduce non-linearities. An alternative
would be to consider different lifespans based on the number of cycles, by using
an iterative approach.

The operational model of the battery also appears to be too restrictive. Recent
performance enabled by LFP technology includes C-rates of 90%, depths of dis-
charge close to 100%, and nearly 6000 cycles (e.g., Tesla powerwall 3). These higher
C-rates could potentially allow for a reduction in battery capacity–particularly in
cases where the sizing is dictated by peak absorption and injection requirements.
Similarly, higher depths of discharge would contribute to reducing the required
battery capacity. Additionally, the higher number of guaranteed cycles would re-
duce the need for replacements over the system lifetime, thereby lowering the over-
all impact on the project life-cycle. All of this clearly warrants more precise quan-
tification in future analyses.

Given the assumptions made for the design (e.g., heat pump scaling for the
heat engine), as well as the uncertainties surrounding the emission factors, con-
ducting sensitivity analyses–particularly on the GWP of the various components–
appears essential. Moreover, considering the 30-year project lifespan, performing
a prospective LCA seems indispensable. With the ongoing energy transition, the
GWP of the grid–which significantly influences the design–is expected to decrease.
Similarly, the footprint of PV panels and Li-ion batteries is likely to drop. This will
have a significant impact at the time of technology replacements.
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7.5 Key messages

• In terms of GWP, all considered energy system topologies fall within a nar-
row range, except the standalone Li-ion battery (no thermal storage), which
performs worse. For GWP, the Carnot battery is hence not a game changer.

• For hybrid designs with both a Carnot battery and a Li-ion battery, the key
contribution of the heat engine is to reduce the battery capacity. It primarily
serves for the morning and evening peaks at the beginning and end of winter.

• Standalone Carnot batteries (without Li-ion battery) also prove viable, with
GHG emissions only about 2% higher than the optimal case. In this setup,
the Carnot battery can cover up to one-third of the final electricity demand.

• The indicator where the Carnot battery stands out is mineral resource scarcity,
with a reduction of about 20%. This impact could be further reduced by us-
ing plastic reservoirs, which would also positively affect other indicators.

• These results should be refined using more advanced and accurate models.
In particular, optimising the heat pump delivery temperature and consider-
ing variable component lifetimes are key factors.
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Conclusions and
Perspectives

THIS thesis investigates Carnot batteries as flexibility options for heat and power.
The considered applications focus on waste heat recovery and the combined

storage of heat and electricity. The analyses concentrate on small- to medium-scale
systems (< 1 MWel), storing heat at low temperatures (< 150◦C). The examined
Carnot battery technology is based on vapour-compression heat pumps, sensible
heat storage in pressurised water tanks, and organic Rankine cycles. For the ther-
modynamic cycles, only pure working fluids are considered.

This work contributes to characterising the techno-economic potential of Carnot
batteries in order to identify which configurations and designs could be effectively
integrated into renewable energy systems. To this end, the question is approached
from three complementary perspectives:

• Thermodynamic optimisation, aimed at mapping the theoretical maximum
performance of different configurations and identifying alternative designs
with similar performance;

• Techno-economic optimisation, based on scenario analyses, to understand
how to improve the profitability of the designs and enhance their contribu-
tion to the energy systems, depending on the application;

• Environmental optimisation, to compare the performance of Carnot batter-
ies with lithium-ion batteries across various environmental indicators.

From the results obtained in this work, we first present the key findings and
main takeaways. Next, we offer recommendations for guiding the development
of the technology in promising and relevant directions. Finally, we highlight the
methodological limitations of the thesis and provide perspectives for future re-
search in the field.
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Main outcomes and key messages

This section summarises five main outcomes of this work. Detailed conclusions can
be found at the end of each chapter (see Summary and discussions sections).

(M-1) Diverse implementations can provide equivalent performance.
For standalone Carnot batteries, basic thermodynamics reveals that storage
temperature must be maximised to optimise both power-to-power efficiency
and electrical energy density. In real machines, additional parameters must
be considered, including the architecture (with or without recuperator), the
regime (sub- or transcritical), the degrees of superheating and subcooling,
the working fluids, and the temperature spread between the hot and cold
tanks. For systems limited to 120◦C and based on volumetric machinery
(75% efficiency), optimised designs yield efficiencies and densities close to
34% and 3.8 kWhel/m3, respectively. However, these maximum perfor-
mances only correspond to two thermodynamic designs–one optimised for
efficiency, the other for density–which may not be viable from a techno-
economic perspective (non-standard, too costly, etc.). Therefore, exploring
near-optimal alternatives broadens the range of possible designs–albeit with
certain trade-offs. These may better align with some technological prefer-
ences, such as lower pressure and temperature levels, or suitable fluids. For
instance, if the goal is to reduce the system cost by opting for non-pressurised
storage (accepting a trade-off on density), efficiency is then limited to below
30%. Investigations also reveal that achieving high efficiencies is only possi-
ble with subcritical recuperated cycles operated using dry fluids. In contrast,
high energy densities are not confined to a single configuration: subcritical
or transcritical cycles, with or without recuperators, can be employed, and
both dry and wet fluids are viable options. This allows for greater design
flexibility. Efficiency and density can also be adjusted according to the de-
signer preferences. For high efficiencies, the storage spread must be between
30 and 50 K, whereas a range of 60 to 90 K is necessary for high densities.

(M-2) The Carnot battery trilemma must include application-specific constraints.
Performance criteria when designing thermally integrated Carnot batteries
include power-to-power efficiency and electrical energy density, but also ex-
ergy efficiency (combined heat and power recovery). However, these are
conflicting, and this design issue is referred to as the Carnot battery trilemma.
To optimise each indicator, specific trade-offs must be identified between the
coefficient of performance of the heat pump, the efficiency of the organic
Rankine cycle, and the thermal energy density for storage. These trade-offs
are primarily driven by the storage temperature, the storage spread and the
heat source glide. For distinct zones within the thermal domain (combina-
tion of source and sink temperatures) and according the objective sought,
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specific guidelines have been be formulated for these design parameters.
Moreover, results showed that in the region where the difference between
the source and the sink temperatures exceeds 30 K, maximising the power-
to-power efficiency causes the Carnot battery to degenerate into a simple
thermal storage coupled with an organic Rankine cycle (the heat pump lift
becomes null). Hence, the system no longer works as proper electricity stor-
age, but solely as a heat recovery option. In light of this, it is evident that the
design of thermally integrated Carnot batteries cannot rely only on thermo-
dynamic criteria. It should also be steered by application-specific constraints,
such as the ratio between the required electricity output and the amount of
heat available at the source. This was clearly illustrated in the data centres
case study, where the power-to-power efficiency was never maximised.

(M-3) Dual-source heat pumps are necessary in waste heat recovery applications.
For Carnot batteries in waste heat recovery applications, the maximum stor-
age capacity is directly proportional to the thermal power of the waste heat
stream. However, depending on the application (e.g., data centres), the ra-
tio between the available waste heat and the required storage capacity may
be too restrictive. To overcome this and increase the storage capacity, the
charging capacity can be boosted using dual-source heat pumps (e.g., heat
pump combined with resistive heater). However, this introduces a capacity-
efficiency dilemma: for a given waste heat stream, increasing the thermal
capacity of the dual-source heat pump reduces its coefficient of performance
(e.g., due to the poor coefficient of performance of the heater). In the data
centres case, for instance, a heater was required to enhance the energy self-
sufficiency. While this impacted the system profitability, the net present
value nonetheless remained positive. More broadly, when no higher effi-
ciency alternative is feasible, low-grade heat recovery (< 50◦C) is a relevant
application for Carnot batteries. To improve their efficiency, more advanced
configurations should be explored–such as dual-evaporator heat pumps and
preheated organic Rankine cycles (to recover waste heat during discharge).

(M-4) Combined heat and power storage is viable but requires optimal control.
Carnot batteries can combine the production and storage of heat and power.
We applied this concept to a residential case, where heat demand is concen-
trated in the colder season, especially during morning and evening peaks. In
contrast, photovoltaic production peaks around midday and is higher during
the warmer months. Assuming conservative investment costs, deploying a
Carnot battery appeared financially preferable to having no storage capacity
at all, provided that the heat and power flows can be optimally controlled.
During the colder season, thermal storage acts as a daily buffer, helping to
smooth the heat pump production and maximise its capacity factor. Due
to the low photovoltaic output at that period, no electrical discharge takes
place. Instead, in the warmer season, heat production is directly aligned with
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photovoltaic generation, and is then used to power the heat engine in the
morning and evening, covering 10% to 20% of the final electricity demand.
Observing this, the minimum sizing of the energy system is primarily driven
by heat demand. Yet, when costs allow, additional photovoltaic and heat
engine capacities can be deployed to increase electricity self-sufficiency. Re-
garding the electricity pricing system, as with any storage project, non-zero
feed-in tariffs significantly affect the profitability. Instead, dynamic retail tar-
iffs encourage greater electrical storage capacity, so as to increase resilience
against price variations. Yet, this also requires optimal control of the system.

(M-5) Carnot batteries need far fewer mineral resources than Li-ion batteries.
The comparative environmental analysis revealed that, in residential appli-
cations, Carnot batteries are not game changers. When integrated into en-
ergy systems, the main contributors to environmental impacts remain the
electricity drawn from the grid and the photovoltaic system. However, re-
garding mineral resource scarcity, the systems based solely on Carnot bat-
teries have a footprint over 20% lower than that of systems using Li-ion
batteries coupled with thermal storage. In terms of greenhouse gas, opti-
mal designs combine both Li-ion and Carnot batteries. While this outcome
depends on our specific model assumptions (e.g., battery C-rate, inflexible
demand), it highlights the complementarity of the two technologies, with
Carnot batteries contributing to reducing the Li-ion batteries capacity. Also,
energy systems relying exclusively on Carnot batteries can achieve compa-
rable performance across different impact categories. This demonstrates the
environmental viability of such configurations, where Carnot batteries could
cover up to 30% of the final electricity demand.

Recommendations and guidance

Four recommendations for pursuing the development of Carnot batteries.

(R-1) Designers must find the subtle balance between cost and efficiency.
Due to thermodynamic limits, small-scale Rankine Carnot batteries will not
reach competitive efficiencies with other well-developed technologies, such
as electro-chemical batteries. Moreover, any improvement in efficiency leads
to greater complexity, which in turn increases their cost. Yet, Carnot batteries
precisely need to reduce their cost, as they are currently non-competitive. By
accepting trade-offs on efficiency, their design could be simplified and stan-
dardised, leading to cost reductions. For example, low-temperature, non-
pressurised storage (e.g., plastic tanks ≤ 95◦C) could considerably lower the
energy-specific cost (e/kWhel), which is a significant advantage for long-
duration storage (> 8h). This would also reduce the power-specific cost
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(e/kWel) by lowering the temperature levels and pressure ratios in the cy-
cles. To avoid paying twice for the electricity-to-heat conversions, it is also
essential to develop invertible heat pump/organic Rankine cycles. This in-
troduces a series of interesting trade-offs between charging and discharging
performance. Finally, this cost-over-efficiency trade-off was well illustrated
in the data centre case study: resistive heating was preferable to heat pump.

(R-2) Heat and power coupling seems necessary for economic viability.

At small-scale, pure electricity storage using Carnot batteries does not ap-
pear economically sound, due to their high cost and low efficiency. However,
thermal coupling can both increase the power-to-power efficiency and diver-
sify the portfolio of revenue streams, by enabling more flexible operations of
the system. Therefore, characterising and optimising Carnot batteries in this
direction appears to be the way forward. These conclusions are also echoed
in the Technology Collaboration Programme on Energy Storage of the Inter-
national Energy Agency (Tasks 36 and 44).

(R-3) Higher temperatures should be targeted for combined heat and power.

The higher the storage temperature, the greater the efficiency and density
of a Carnot battery. To maximise profitability in combined heat and power
applications, it is therefore crucial to target use cases where the required
heat temperature closely matches the maximum storage temperature. The
100–150◦C range, for example, corresponds to a broad range of industrial
sectors, such as pulp and paper, food processing, pharmaceuticals, and chem-
icals. Moreover, for a sound application, the heat demand should ideally
be intermittent (seasonally, weekly, or daily) to enable periods of electrical
discharges. Profitability would also be further enhanced if renewable gener-
ation and/or low electricity prices occurred during off-peak periods–when
both heat and electricity demand are minimal. The key challenge therefore
lies in identifying niche applications that meet these conditions.

(R-4) Comprehensive comparative techno-economic assessments are lacking.

Over the past five years, numerous Carnot battery concepts and applica-
tions have emerged. However, the literature still lacks thorough compara-
tive techno-economic assessments of these different cases, and a clear iden-
tification of all viable business models remains absent. For each application,
it would be highly valuable to categorise which Carnot battery configura-
tions deliver the best techno-economic performance and which ones should
be deprioritised. Such a clarification of the state of the art would allow the
technology to move forward towards the next stages of its development.
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Limitations and perspectives

Four perspectives to address the methodological limitations of this work.

(P-1) Improve the numerical model for thermodynamic cycles.

The numerical routines developed to simulate the thermodynamic cycles are
stable and robust. However, they are far from optimal and can be slow,
which is a major drawback for optimisation. One possible improvement
would be to identify numerical solvers that are better suited to our spe-
cific problem. The discretisation within the heat exchangers could also be
adapted to achieve a better trade-off between computational time and model
accuracy. For transcritical cycles, the problem could be reformulated to more
efficiently identify the optimal pressures. Additionally, to extend the model
to zeotropic mixtures, the low-pressure heat exchanger model should also
be discretised. The code itself could be streamlined by reducing redundan-
cies in its formulation. Finally, regarding the dissemination of the model, it
would be useful to improve its documentation and readability. This would
enable the community to benefit from it more effectively and support its on-
going development.

(P-2) Consider operational constraints and performance degradations.

This work focused on the thermodynamic design of Carnot batteries, while
neglecting most technological and operational aspects. To support further
development, it would be useful to employ more detailed models, particu-
larly for performance prediction, component design optimisation, and techno-
economic assessments. These models should account for performance drops
due to pressure losses, off-design and part-load operations, transients and
cold starts, auxiliaries and electro-mechanical losses, as well as thermal losses
in the storage system. They should also better incorporate operational con-
straints, such as minimum load requirements. Taking all these aspects into
account will introduce significant non-linearities. For the simultaneous opti-
misation of designs and operations, this will likely require the use of Mixed-
Integer Linear Programming instead of Linear Programming. Nevertheless,
the required level of accuracy for the Carnot battery models must be set in
perspective with the economic and operational uncertainties (components
costs, demand levels, etc.).

(P-3) Improve the optimisation methods and the generation of alternatives.

The optimisation of thermodynamic cycles is a highly non-linear and discon-
tinuous problem, notably due to the non-physical configurations that may be
tested. This work was limited to the NSGA-II evolutionary algorithm, as it
provided satisfactory performance. However, it would be relevant to bench-
mark various meta-heuristic algorithms for this problem, as the conclusions

204 |



| ⋆

could be useful beyond the field of Carnot batteries (e.g., design of heat
pumps, organic Rankine cycles). Additionally, the management of fluids as
a discrete optimisation variable could be reconsidered: perhaps they should
be classified based on hybrid criteria, including critical temperature, acentric
factor (which affects the slope of the saturated vapour curve), etc. Surrogate
modelling with machine learning is an alternative, but this does not seem
indispensable (the computation time for optimisation remains acceptable). It
would also be of interest to benchmark this fluid selection method against
so-called ’reverse engineering’ approaches, which begin by defining an ideal
fluid and then seek to identify a real fluid with comparable properties. As for
generating near-optimal alternatives, the proposed method, which is based
on maximising the Euclidean distance from the Pareto front, works but is nei-
ther efficient nor guarantees global convergence. Given the limited number
of methods proposed in the literature, there is opportunity for innovation.

(P-4) Integrate prospective analyses and better account for uncertainties.

The cost of technologies, the price of energy carriers, and their environmen-
tal footprint will evolve over time, in an uncertain manner. For example, the
environmental footprint of grid electricity is expected to decrease, while its
price is likely to fluctuate more and more on the spot markets. This would
therefore affect the techno-economic performance of designs that have been
optimised for fixed and deterministic parameters. To produce more robust
analyses, it seems essential to integrate more systematically prospective–
albeit uncertain–elements into techno-economic and environmental analy-
ses. Robust optimisation (also known as stochastic optimisation) of the de-
signs would also be an opportunity to integrate technological uncertainties
in the design loop (e.g., pressure drops, heat transfer coefficients, machines
efficiency, etc.). This would require operational models (instead of pure ther-
modynamic models). Methodological improvements are however required
to handle such non-linear and discontinuous problems (e.g., relaxed model
formulation using penalty functions to guarantee convergence, etc.).
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Final thoughts

In a world with virtually infinite resources, it seems unlikely that the Carnot
battery will carve out a prominent place in the energy storage market. Due to
its low efficiency and high power-specific cost, its techno-economic performance
will likely remain inferior to that of other technologies, such as electro-chemical
batteries. At best, the Carnot battery might contribute on the margins, in a few
niche applications where the heat-power coupling is a real asset.

Nevertheless, in a world with finite and hard-to-access resources, the Carnot
battery offers a complementary storage option–simple, robust, easily repairable,
and well-proven; after all, mankind has mastered steam for over 200 years! Its
limited reliance on strategic materials will be a major asset when their scarcity will
necessitate more optimal and judicious use. Depending on the applications and
context, the Carnot battery is thus unlikely to remain relegated to the bottom of the
merit order curve. I believe it is therefore relevant to develop a body of knowledge
around it, even if its time has yet to come.
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A Fundamentals of thermodynamics

A.1 Lorenz cycle for non-isothermal heat transfers

The Lorenz cycle is based on isentropic compression and expansion, but unlike
the Carnot cycle, the heat transfers between the working fluid and the cold and hot
sources are non-isothermal (see Fig. A.1). Referring to the nomenclature of Fig. A.1,
the coefficient of performance of heat pumps following reversed Carnot and Lorenz
cycles is given by

COPCarnot =
TH

TH – TL
, (A.1)

COPLorenz =
TH

TH – TL
, (A.2)

with TH and TL the mean sink and source temperatures, defined as

TH =
TH – (TH – ∆TH)

ln(TH/(TH – ∆TH))
, (A.3)

TL =
TL – (TL – ∆TL)

ln(TL/(TL – ∆TL))
. (A.4)

Conversely, the efficiency of heat engines following Carnot and Lorenz cycles is
given by

ηCarnot =
TH – TL

TH
, (A.5)

ηLorenz =
TH – TL

TH
, (A.6)
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Carnot cycle Lorenz cycle

Fig. A.1 Illustration of the Carnot and Lorenz cycles for heat engines on the temperature-
entropy diagram.

with TH and TL the mean source and sink temperatures defined as

TH =
TH – (TH – ∆TH)

ln(TH/(TH – ∆TH))
, (A.7)

TL =
TL – (TL + ∆TL)

ln(TL/(TL + ∆TL))
. (A.8)

Second law efficiencies are effective indicators for comparing the performance
of heat pumps and heat engines with different heat sources and heat sinks. These
can be defined as the fractions of the Carnot or Lorenz efficiencies:

ΨCarnot
HP =

COPreal
HP

COPCarnot
HP

, (A.9)

ΨCarnot
ORC =

ηreal
ORC

ηCarnot
ORC

, (A.10)

ΨLorenz
HP =

COPreal
HP

COPLorenz
HP

, (A.11)

ΨLorenz
ORC =

ηreal
ORC

ηLorenz
ORC

. (A.12)

For vapour compression heat pumps and organic Rankine cycles, values of 0.5 are
typically reported. Assuming constant fractions of the Carnot or Lorenz efficien-
cies, the performance of real machines can also be approximated for different heat
sources and heat sinks,

COPreal
HP = ΨCarnot/Lorenz

HP · COPCarnot/Lorenz
HP , (A.13)

ηreal
ORC = ΨCarnot/Lorenz

ORC · η
Carnot/Lorenz
ORC . (A.14)
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To illustrate, let us take a typical Carnot battery application with sensible heat
storage (see Fig. A.2). Assuming constant Lorenz fractions of 0.5, Fig. A.3 com-
pares the Carnot and Lorenz models for heat pumps and heat engines. Clearly,
assuming isothermal heat transfers means underestimating the coefficient of per-
formance of the heat pump (i.e., excessive irreversibility, for example, because the
benefit of subcooling cannot be captured), and overestimating the efficiency of the
heat engine (i.e., not enough external irreversibility, for example, because evapora-
tion temperature is not affected by the storage temperature spread).

heat pump cycle heat engine cycle

ambient

thermal storage

Fig. A.2 Illustration of the Carnot battery cycles on the temperature-entropy diagram. The
ambient temperature is set to 15◦C. Source and sink temperature glides are set to 5 K.

(a) Heat pump coefficient of performance (b) Heat engine efficiency

Fig. A.3 Comparison of heat pump and heat engine performance with Carnot and Lorenz
models for fixed second law efficiencies of 0.5.
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A.2 Curzon-Ahlborn model for endoreversible cycles

The Carnot cycle represents the theoretical upper limit that the efficiency of a
heat engine can reach:

ηCarnot
HE =

TH – TL
TH

= 1 – TL
TH

, (A.15)

with TH and TL the source and sink temperatures. However, this efficiency is quite
far from the performance of real machines, in particular because it ignores external
irreversibilities. A more appropriate model for characterising this upper limit for a
real heat engine is the Curzon-Ahlborn model [129], which assesses the efficiency
at maximum power output in finite-time thermodynamics:

ηCurzon–Ahlborn
HE = 1 –

√
TL
TH

= 1 –
√

1 – ηCarnot . (A.16)

This model assumes an endoreversible cycle (i.e., no internal irreversibilities) while
accounting for external irreversibilities. However, compared with the model based
on a fixed temperature difference ∆T introduced in Chapter 2,

ηendoreversible
HE =

TH – TL – 2∆T
TH – ∆T , (A.17)

the Curzon-Ahlborn model involves a ’variable’ ∆T. Combining Eqs. A.16 & A.17,
the external irreversibilities ∆T can in fact be expressed as functions of the source
and sink temperatures as

∆TCurzon–Ahlborn =
TH

√
TL
TH

– TL√
TL
TH

+ 1
. (A.18)

Looking at Fig. A.4, the constant ∆T model is erroneous: for lower source
temperatures, it predicts efficiencies of 0% due to constant external irreversibili-
ties. Conversely, the Curzon-Ahlborn model states that external irreversibilities
decrease relatively as the difference between the hot and cold source temperatures
decreases (and vice-versa). Nevertheless, the model with constant ∆T provides
correct trends.

Ideally, the Curzon-Ahlborn model should be used to characterise the external
irreversibilities in the Carnot battery. However, it does not have an equivalent for
the heat pump. Therefore, the model with constant ∆T is adopted in Chapter 2
since it still provides correct trends.
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Fig. A.4 Comparison of Carnot, Curzon-Ahlborn and constant ∆T models for the heat en-
gine efficiency. The sink temperature is set to TL = 15◦C. The dashed curve represents the
ratio between the Curzon-Ahlborn and Carnot efficiencies (i.e., fraction of Carnot).

A.3 Optimum storage temperature for TI-PTES

For thermally integrated Carnot batteries (TI-PTES), both the simplified model
(Chapter 2) and the thermodynamic model (Chapter 3) have shown that, depend-
ing on the hot source temperature (Ths), the storage temperature should either be
minimised or maximised to optimise the power-to-power efficiency (ηP2P). For
the technological parameters considered in this work, this hot source temperature
threshold is about 30 K above the cold sink temperature (∆Tthreshold

hs–cs ≃ 30K). This
means that for a system with a cold sink at 15◦C, the threshold hot source tempera-
ture is approximately 45◦C. Fig. A.5 illustrates the value of the threshold obtained

Fig. A.5 Source-sink temperature threshold ∆Tthreshold
hs–cs for storage temperature optimisa-

tion in TI-PTES depending on external (∆T) and internal (gCarnot) irreversibilities.
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using the simplified model of Eq. 2.4 in Chapter 2 for different levels of internal
and external irreversibilities, assuming a cold sink temperature of 15◦C. It appears
that this threshold depends solely on external irreversibilities–the greater these ir-
reversibilities, the higher the threshold temperature. Therefore, when there are no
irreversibilities, the storage temperature has no impact on efficiency.
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B Advanced thermodynamic analyses

B.1 Technological constraints and optimum TI-PTES cycles

For thermally integrated Carnot batteries, the simplified theoretical analyses
carried out in Section 2.1 showed that there is a threshold in terms of difference
between source and sink temperatures below (resp. above) which the storage tem-
perature must be maximised (resp. minimised) in order to maximise the power-to-
power efficiency ηP2P. It was also demonstrated that this threshold is a function of
the irreversibilities at the heat transfers (see Appendix A.3). This result is reflected
in the fact that below the threshold, the ORC efficiency is favoured, whereas above
the threshold, the COP of the HP is favoured.

The optimisation results in Section 3.3.1 are consistent with this theoretical pre-
diction. However, it can be observed that, below the threshold (∆Ths–cs ≤ 30 K)
and for superior sink temperatures (Tcs > 15◦C), the storage temperature is no
longer maximised but takes on an optimum value, meaning that, in that part of the
domain, there is an optimum trade-off to find between the COP of the HP and the
ORC efficiency. This observation can also be extrapolated to the case of maximising
the exergy efficiency where, for any source temperature and for sink temperatures
above 15◦C, the storage temperature takes on an optimum value rather than being
maximised.

Two hypotheses can be put forward to explain this observation. The first is
linked to the constraint on the maximum cycle and storage temperatures. The sec-
ond is linked to the constraint on the available fluids and the minimum pressure
in the heat exchangers. As shown below, the second can easily be ruled out, which
leads to the conclusion that it is precisely the constraint on the maximum tempera-
tures that causes this deviation of the optimum storage temperature from theory.

Minimum pressure constraint

An explanation for why the storage temperature is not maximised when the
sink is above 15◦C could be the unavailability of fluids in that temperature range,
due to the constraint pmin = 0.5 bar. Indeed, the higher the critical temperature,
the lower the saturation pressure at a given temperature (see Fig. B.1). It could
therefore be envisaged that no fluid can meet the constraint pmin = 0.5 bar when
the storage temperature is 150◦C, because higher critical temperatures are needed
to operate the cycle in subcritical regime. However, this hypothesis can be dis-
missed out of hand. First, because there are fluids that allow Tht

TES = 150◦C in the
Tcs ≤ 15◦C zone, which is actually even more constrained than the zone where
Tcs > 15◦C (see Fig. 3.5). Second, because Fig. B.1 shows that there are fluids with
a critical point above 150◦C which meet the constraint.
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Fig. B.1 Saturation pressure at four different temperatures for the 34 fluids considered in
Chapter 3. Fluids with higher critical temperatures tend to have lower saturation pressures,
which can be detrimental to compliance with the constraint pmin

HP/PRC ≥ 0.5 bar.

Maximum temperature constraint

When ηP2P is maximised, because of the constraint Tht
TES,max = 150◦C, the

ORC efficiency decreases as the sink temperature increases (the difference between
its source and sink temperatures decreases). Above a certain threshold (around
15◦C here), this efficiency becomes so low that COPHP must be increased in order
to maintain ηP2P at maximum values. As a result, the storage temperature has to be
lowered, which further affects the ORC efficiency. There is therefore an optimum
trade-off to find between ηORC and COPHP.

To verify this hypothesis, the Tht
TES,max = 150◦C constraint was increased to

Tht
TES,max = 250◦C in a cell of domain located in the region concerned (Ths =

50◦C, Tcs = 30◦C). The maximum compressor discharge temperature in the HP
was also raised to Tcomp,ex

HP,max = 300◦C instead of Tcomp,ex
HP,max = 180◦C to enable

Tht
TES,max to be reached during the optimisation (although this is probably beyond

the current technological limits for HP). The storage pressure was increased accord-
ingly. Fig. B.2 depicts the T-s diagrams of the TI-PTES cycles maximising ηP2P with
the original (Fig. B.2a) and relaxed (Fig. B.2b) constraints. It can be seen that, as ex-
pected, the Tht

TES,max = 250◦C constraint gives rise to a design that maximises the
storage temperature (i.e., Tht

TES = 250◦C) in order to maximise ηP2P. As a result,
the latter also gains more than two points by going from 39.6% to 41.8%.

To the best of my knowledge, this observation on the optimum storage temper-
ature is hardly (never?) discussed in the literature. It would therefore be appropri-
ate for this observation to be confirmed by further studies. In addition, it would be
interesting to carry out sensitivity analyses in order to assess the extent to which
ηP2P (and ηII and ρel) would be affected by maximising the storage temperature
when the constraint Tht

TES,max = 150◦C is maintained.
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(a) Original constraints: Tht
TES,max = 150◦C

and Tcomp
HP,max = 180◦C. ηP2P = 39.6%

(b) Relaxed constraints: Tht
TES,max = 250◦C

and Tcomp
HP,max = 300◦C. ηP2P = 41.8%

Fig. B.2 T-s diagrams of the configurations maximising ηP2P for Ths = 50◦C and Tcs =
30◦C with the original (left) and relaxed (right) constraints. Red solid lines are for the HP
and the blue ones are for the ORC. Green dashed lines correspond to the TES and are placed
to illustrate the heat transfer with the cycles, though these are not proper representations for
pinch analyses. Grey dashed lines represent the source and the sink.

B.2 Extended list of fluids for near-optimal analyses

The extended list of fluids used for the near-optimal analyses is given in Ta-
ble B.1. Note that some fluids (in italic) have a non-zero ODP and/or a very high
GWP. Although banned (or being phased out) by the Montreal Protocol, the Kigali
Amendment and/or the F-gas regulation (EU), these fluids have been considered
for illustrative purposes. In fact, the list of fluids compatible with these regula-
tions and available in CoolProp suffers from a severe gap in the range of critical
temperatures between 44.1◦C and 91.1◦C. Yet, it is specifically this range of criti-
cal temperatures that is needed to enable transcritical cycles in the Carnot battery
application under consideration.

B.3 Effect of isentropic efficiency and storage temperature

The near-optimal analysis in Chapter 4 was limited to volumetric machinery
(75% isentropic efficiency) and assumed modest storage pressurisation (2.5 bar for
120◦C). However, for the interested reader and in order to draw more generic con-
clusions, this Appendix proposes a comparison with results obtained using high-
power turbomachinery (90% isentropic efficiency), and an extended range of stor-
age pressurisation levels (1 bar for 90◦C and 7.5 bar for 150◦C). In particular, due
to the limited availability of fluids with low critical temperatures (< 90◦C), stor-
age at 150◦C could favour transcritical cycles thanks the broader availability of
fluids with medium critical temperatures (between 90◦C and 120◦C). To limit the
number of configurations, we focus on those that performed best in Chapter 4: sub-
critical recuperated (#4: SRHP + SRORC) and transcritical recuperated (#16: TRHP
+ TRORC). The Pareto fronts obtained after optimisation are shown in Fig. B.3.
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Table B.1 Technical and physical properties of the investigated working fluids (data from CoolProp 6.4.1 [134]).

Fluid Type Tcrit pcrit psat,15◦C GWP100 ASHRAE Shape ID
[◦C] [bar] [bar] 34b

R1150 (Ethylene) HO 9.2 50.4 n.a. 6.8 A3 wet 1
R13c CFC 28.7 38.8 28.4 14400 A1 wet 2
R744 (Carbon dioxide) 31.0 73.8 50.9 1.0 A1 wet 3
R170 (Ethane) HC 32.2 48.7 33.7 0.437a A3 wet 4
R41 HFC 44.1 59.0 30.1 135a N/A wet 5
R125d HFC 66.0 36.2 10.5 3500 A1 isentropic 6
R143ad HFC 72.7 37.6 9.6 4470 A2L wet 7
R115c CFC 80.0 31.3 6.9 7370 A1 dry 8
R1270 (Propylene) HO 91.1 45.6 8.9 3.1 A3 wet 9
R1234yf HFO 94.7 33.8 5.1 0.501a A2L dry 10
R22c HCFC 96.1 49.9 7.9 1810 A1 wet 11
R290 (Propane) HC 96.7 42.5 7.3 0.02a A3 wet 12
R134ad HFC 101.1 40.6 4.9 1430 A1 wet 13
R227ead HFC 101.8 29.3 3.3 3220 A1 dry 14
R161 HFC 102.1 50.1 7.0 4.84a N/A wet 15
R1243zf HFO 103.8 35.2 4.4 0.261a N/A isentropic 16
R1234ze(E) HFO 109.4 36.3 3.6 1.37a A2L isentropic 17
R12c CFC 112.0 41.4 4.9 10900 A1 wet 18
R152a HFC 113.3 45.2 4.4 164a A2 wet 19
R13I1 H 123.3 39.5 3.7 0.4 A1 wet 20
RC270 (cyclo-Propane) HC 125.2 55.8 5.5 N/A A3 wet 21
RE170 (dimethyl-Ether) HC 127.2 53.4 4.4 1.0 A3 wet 22
R717 (Ammonia) 132.2 113.3 7.3 N/A B2L wet 23
R600a (iso-Butane) HC 134.7 36.3 2.6 N/A A3 dry 24
1-Butene HC 146.1 40.1 2.2 N/A N/A dry 25
R1234ze(Z) HFO 150.1 35.3 1.2 0.315a A2L isentropic 26
R600 (n-Butane) HC 152.0 38.0 1.8 0.006a A3 dry 27
trans-2-Butene HC 155.5 40.3 1.7 N/A N/A dry 28
Neopentane HC 160.6 32.0 1.2 N/A N/A dry 29
R1233zd(E) HCFO 166.5 36.2 0.9 3.88a A1 dry 30
Novec649 168.7 18.7 0.3 N/A N/A dry 31
R601a (iso-Pentane) HC 187.2 33.8 0.6 N/A A3 dry 32
R601 (n-Pentane) HC 196.5 33.7 0.5 N/A A3 dry 33
R602 (n-Hexane) HC 234.7 30.4 0.1 3.1 N/A dry 34
Acetone 235.0 47.0 0.2 0.5 N/A isentropic 35
cyclo-Pentane HC 238.6 45.7 0.3 N/A N/A dry 36
Methanol 239.4 82.2 0.1 2.8 N/A wet 37
R603 (n-Heptane) HC 267.0 27.4 < 0.1 N/A N/A dry 38
cyclo-Hexane HC 280.5 40.8 < 0.1 N/A N/A dry 39
Benzene HC 288.9 48.9 < 0.1 N/A N/A dry 40
MDM Siloxane 290.9 14.1 < 0.1 N/A N/A dry 41
Toluene HC 318.6 41.3 < 0.1 3.3 N/A dry 42
ethyl-Benzene HC 344.0 36.2 < 0.1 N/A N/A dry 43
a Value from Table 7.SM.7 of IPCC AR6 [143]
b ASHRAE Standard 34-2022, ’Designation and Safety Classification of Refrigerants’
c Fluid with non-zero ozone depletion potential and large global warming potential.
d Fluid with large global warming potential.

The results show that the efficiency of transcritical cycles is significantly more
sensitive to the maximum storage temperature than that of subcritical cycles. This
tends to validate the hypothesis regarding the availability of suitable fluids. On the
other hand, in both cases, energy density is highly sensitive to the storage temper-
ature. The double penalty stems from the fact that, the lower the storage tempera-
ture, the lower the ORC efficiency and the more limited the thermal energy density
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Fig. B.3 Pareto fronts between efficiency and density and corresponding to subcritical re-
cuperated (#4: SRHP + SRORC, top) and transcritical recuperated (#16: TRHP + TRORC,
bottom) Carnot battery cycles. Different storage temperatures are considered: 90◦C (navy
blue) , 120◦C (orange) and 150◦C (cyan). Also, volumetric machinery and turbomachinery is
considered: 75% efficient (solid) and 90% efficient (dotted).

becomes (i.e., due to restrictions on the maximum storage temperature spread). The
results also show that the lower the storage temperature, the more pronounced the
trade-off between efficiency and energy density becomes. Finally, as expected from
Chapter 3, the results confirm that transcritical cycles are significantly less affected
by the trade-off between efficiency and energy density, their performance being
virtually insensitive to the storage spread–unlike subcritical cycles.

Another key result from Fig. B.3 is that, at 150◦C, transcritical cycles outper-
form subcritical ones. Specifically, with turbomachinery, the maximum power-
to-power efficiency–approaching 50%–is achieved by the transcritical recuperated
configuration. As an illustration, Fig. B.4 depicts the corresponding cycle, which
shows an almost perfect match with storage, effectively minimising heat transfer ir-
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reversibilities. The characteristics associated with the heat pump are: compression
ratio of 15.1, pHP,max = 52.8 bar, ΨLorenz

HP = 72%, ΨCarnot
HP = 100% (thereby illus-

trating that this indicator is not well-suited for cycles with a large glides). The char-
acteristics associated with the organic Rankine cycle are: expansion ratio of 12.0,
back work ratio of 16%, pORC,max = 54.1 bar, ΨLorenz

ORC = 73%, ΨCarnot
ORC = 50%.

(a) TRHP cycle (b) TRORC cycle

Fig. B.4 Temperature-enthalpy diagrams of the for the HP (red) and ORC (blue) cycles
maximising the power-to-power efficiency ηP2P

B.4 Grassman diagrams for exergy losses in the Carnot battery
To illustrate the distribution of exergy losses depending on whether the Carnot

battery maximises efficiency or density, Figs. B.5 and B.6 depict the Grassmann
diagrams (Sankey for exergy) of the configurations obtained in Chapter 4. Improv-
ing the compressor efficiency represents the primary source of performance gain,
followed by the efficiency of the expander. In the transcritical heat pump cycle
that maximises density, replacing the expansion valve with a two-phase expander
would yield only limited benefit. The absence of a recuperator in the transcriti-
cal organic Rankine cycle optimised for density also leads to higher losses at the
condenser.

XII |



Advanced thermodynamic analyses | B

16%

9%

4%

6%

5%

7%

9%

2%

7% 0%

66%

33%

60%

Fig. B.5 Grassmann diagram depicting the exergy losses in the Carnot battery maximising
efficiency (SRHP + SRORC) in Chapter 4 (see Fig. 4.4).
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26%

Fig. B.6 Grassmann diagram depicting the exergy losses in the Carnot battery maximising
density (TRHP + TBORC) in Chapter 4 (see Fig. 4.4).
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C Details on the optimisation methods

C.1 Convergence of thermodynamic design optimisation
The performance of the optimisation method for the thermodynamic design

of Carnot batteries (introduced in Fig. 3.3, and corresponding to the first stage in
Fig. 4.2) is depicted in Fig. C.1. It analyses the convergence of five runs for optimis-
ing the efficiency and density of a Carnot battery based on subcritical recuperated
cycles (storage temperature is limited to 120◦C, as in Chapter 4). The Paretos are
captured similarly for each trial, although the extrema are not entirely identical.
While the plateau sets in around the 500th generation, disruptions that identify
new extrema can occur much later (after gen. 1500 for trials #2, #4 and #5). This
highlights the necessity of running large numbers of generations to ensure conver-
gence. At the end, the hypervolumes all fall to less than 1% of the maximum.

#1

#2

#3

#4

#5

(a) Pareto fronts obtained at the last generation.

#1
#2

#3

#4

#5

(b) Hypervolumes of the fronts at each generation.

Fig. C.1 Analysis of the convergence of the thermodynamic design optimisation method.
For repeatability, it is applied to five trials for subcritical recuperated Carnot batteries.

C.2 Convergence of near-optimal alternatives generation
Reporting the hypervolumes for the method generating the near-optimal alter-

natives (second stage in Fig. 4.2) is key to discuss its convergence (see Fig. C.2f).
However, the complexity of the hypervolume calculation algorithm increases with
the dimensionality of the Pareto fronts, so the last generations of Trial #1 and #4
could not be reported in Fig. C.2f (these are 7-dimensional and each contains 250
individuals). To help interpreting the results, Figs. C.2a to C.2e also depict the
efficiency and density of the alternative designs. The distribution is far from uni-
form across the sub-optimal space. Moreover, it varies from one run to another.
However, remember that the goal when generating alternatives is not to uniformly
cover the sub-optimal space, but rather to maximise the design difference relative
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(a) Near-optimal alternatives for Trial #1 (b) Near-optimal alternatives for Trial #2

(c) Near-optimal alternatives for Trial #3 (d) Near-optimal alternatives for Trial #4

(e) Near-optimal alternatives for Trial #5

#1 (hypervolume evaluation to be continued)

#2

#3

#4 (hypervolume evaluation to be continued)

#5

(f) Hypervolume of the fronts at each generation.

Fig. C.2 Analysis of the convergence of the near-optimal alternatives generation method. It
is applied to the five trials introduced in Fig. C.1b.

to reference points on the Pareto front. The hypervolume varies significantly be-
tween runs. Nonetheless, we observe that the more spread out the alternatives are
in the sub-optimal space, the lower the hypervolume. Conversely, higher hyper-
volumes correspond to more clustered alternatives. All points tend to converge
towards a design that maximises the Euclidean distance from a reference point.
Therefore, when aiming to minimise the storage temperature instead of maximise
it, only solutions with high efficiency remain viable (density is more sensitive to
this parameter, see Fig. 4.7). This suggests that beyond differences from one trial
to the other, the method does not guarantee diversity among solutions and thus
deserves improvement.
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D Complementary results for residential case (Chapter 6)

D.1 Results for Brussels case study

In Brussels, specific heating requirements are 93 kWh/m2/year, domestic hot
water demand is 21 kWh/m2/year, electricity demand is 20 kWh/m2/year and
specific cooling requirements are 14 kWh/m2/year. Assuming that the air-cooled
chillers are 45% Carnot efficient, the corresponding specific electricity consump-
tion is 1.4 kWh/m2/year. The corresponding time series are depicted in Fig. D.1.
The optimum system designs and corresponding performance indicators are de-
picted in Figs. D.2 & D.3. The operations corresponding to the case CAPEXHP =

600 e/kWth, CAPEXHE = 2400 e/kWel and CAPEXTES = 30 e/kWhth are de-
picted in Fig. D.4. The seasonal indicators corresponding to the case CAPEXHP =

600 e/kWth, CAPEXHE = 2400 e/kWel and CAPEXTES = 30 e/kWhth are
given in Table D.1. The optimum design corresponding to the case CAPEXHP =

Fig. D.1 Temporal heatmaps representing the climate and demand profiles for Brussels. The
days of the year are plotted along the x-axis, and hours of the day are plotted along the y-axis.
Pload and Q̇load are the total electrical and thermal loads. Text is the external temperature and
Pdless

PV is the dimensionless photovoltaic production per installed capacity.
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(a) Installed heat pump capacity. (b) Installed thermal storage capacity

(c) Installed heat engine capacity. (d) Installed photovoltaic capacity.

Fig. D.2 Optimum system design for the system operations based on the investment costs
considered. The colourmaps depict the installed capacities. The x-axis represents the costs
considered for the heat pump, the y-axis the costs of the heat engine and the top and bottom
maps illustrate two different storage costs.
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(a) Fraction of electricity consumption covered
by the heat engine.

(b) Fraction of curtailed photovoltaic produc-
tion.

(c) Number of discharge cycles for the storage. (d) Annualised energy cost.

Fig. D.3 Performance indicators for the system operations based on the investment costs
considered. The colourmaps depict the installed capacities. The x-axis represents the costs
considered for the heat pump, the y-axis the costs of the heat engine and the top and bottom
maps illustrate two different storage costs.

XVIII |



Complementary results for residential case (Chapter 6) | D

Fig. D.4 Temporal heatmaps representing the system operations for Brussels (photovoltaic
power production PPV, heat engine power production PHE, heat pump thermal production
Q̇HP and storage state-of-charge SOCTES). The days of the year are plotted along the x-axis,
and hours of the day are plotted along the y-axis.

Table D.1 Seasonal operations and performance indicators for Brussels. The considered
design is for CAPEXHP = 600 e/kWth, CAPEXHE = 2400 e/kWel and CAPEXTES =
30 e/kWhth. Astronomical seasons are here considered. During winter, the slight difference
between heat production and demand is due to the thermal losses in the storage. Ncycles
is the number of charging/discharging cycles of the thermal storage and Eabs

grid is the grid
electricity consumption.

Parameter Units Winter Spring Summer Autumn Annual

Eth
load MWhth 160.2 55.1 16.8 109.9 342.0

EHP MWhth 161.1 72.2 45.8 112.3 391.4
COPHP – 2.41 2.70 3.14 2.46 2.54
Eel

load MWhel 17.2 14.5 16.2 16.3 64.2
EHE MWhel 0.00 1.29 2.17 0.14 3.60
ηHE % n.a. 8.18 7.83 8.00 7.96
COPHP · ηHE % n.a. 22.1 24.6 19.7 20.2
Ncycles – 88.2 71.2 64.6 71.0 295.0
EPV MWhel 13.3 33.4 30.9 13.3 90.9
Eabs

grid MWhel 70.9 11.6 4.0 48.6 135.1
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600e/kWth, CAPEXHE = 2400e/kWel and CAPEXTES = 30e/kWhth is given
in Table D.2. The relative deviations in optimum system designs and correspond-
ing performance indicators due to non-zero feed-in tariff are depicted in Fig. D.6.
Fig. D.5 depicts the relative deviation in annualised energy cost, photovoltaic, ther-
mal energy storage and heat engine capacities for coefficients of variation from 0%
to 100%. Finally, Fig. D.7 depicts the Sobol indices for each uncertain parameter.

Table D.2 Nominal system design for Brussels for CAPEXHP = 600 e/kWth,
CAPEXHE = 2400 e/kWel and CAPEXTES = 30 e/kWhth.

Parameter Symbol Value Units
Storage capacity Enom

TES 588 kWhth
Total storage volume Vnom

TES 34.6 m3

Heat pump capacity Q̇nom
HP 205.1 kWth

Heat engine capacity Pnom
HE 2.27 kWel

Photovoltaic capacity Pnom
PV 91.6 kWp

Annualised energy cost AEC 67.8 ke

Fig. D.5 Relative deviation in annualised energy cost, photovoltaic, storage and heat en-
gine capacities for different coefficients of variation of retail tariffs. The design correspond-
ing to case CAPEXHP = 600 e/kWth, CAPEXHE = 2400 e/kWel and CAPEXTES =
30 e/kWhth was selected for the analysis.

D.2 Analysis of representative days

This appendix illustrates the operations of the energy system for two represen-
tative days out of the 365 simulated: Fig. D.8 shows a typical summer day and
Fig. D.9 shows a typical winter day. In Fig. D.8, the Carnot battery role in shift-
ing photovoltaic production is clearly visible: the storage is charged by the heat
pump during hours of production, while it is discharged by the heat engine when
the sun is not shining. During the morning hours, the heat engine is sufficient to
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(a) Photovoltaic capacity. (b) Heat engine capacity.

(c) Grid electricity consumption. (d) Annualised energy cost.

Fig. D.6 Deviations in installed capacities and performance indicators due to non-zero feed-
in tariff. The colourmaps depict the relative deviations. The x-axis represents the costs con-
sidered for the heat pump, the y-axis the costs of the heat engine and the top and bottom
maps illustrate two different storage costs.
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Fig. D.7 Sobol indices corresponding to the uncertain parameters considered in the sen-
sitivity analysis (Table 6.3). The design corresponding to case CAPEXHP = 600 e/kWth,
CAPEXHE = 2400 e/kWel and CAPEXTES = 30 e/kWhth was selected for the analysis.

Fig. D.8 System operations for a representative summer day.

cover the electric load, while the grid is used as a backup to face the evening peak.
Curtailment also occurs due to excess electricity generation. In Fig. D.9, the buffer
role of thermal storage is perfectly illustrated. It allows the heat pump to operate
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Fig. D.9 System operations for a representative winter day.

close to full load throughout the day, while the storage charges (resp. discharges)
when production exceeds (resp. does not meet) the thermal load. In addition, since
photovoltaic production is not sufficient, the grid is used throughout the entire day.
The heat engine is therefore not used.
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E Complementary results for residential case (Chapter 7)

E.1 Grid and storage operations
Fig. E.1 depicts the optimal grid operations for the residential case in Pisa for

minimising greenhouse gas emissions. Fig. E.1 depicts the optimal battery and
thermal storage operations (sate-of-charge) for the residential case in Pisa for min-
imising greenhouse gas emissions.

(a) Grid power flows for the BAT + TES + HE
(80◦C) case.

(b) Grid power flows for the BAT + TES (80◦C) case.

(c) Grid power flows for the TES + HE (95◦C) case. (d) Grid power flows for the BAT (70◦C) case.

Fig. E.1 Optimal grid operations (Pisa). Red color corresponds to net injection (i.e., feed-in),
while blue corresponds to net absorption (i.e., retail).
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(a) Battery state-of-charge for the BAT + TES + HE
(80◦C) case.

(b) Thermal storage state-of-charge for the BAT +
TES + HE (80◦C) case.

(c) Battery state-of-charge for the BAT + TES (80◦C)
case.

(d) Thermal storage state-of-charge for the BAT +
TES (80◦C case.)

(e) Battery state-of-charge for the BAT (70◦C) case. (f) Thermal storage state-of-charge for the TES + HE
(95◦C) case.

Fig. E.2 Optimal states-of-charge for the different storage technologies (Pisa).
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E.2 Results for Brussels case study
Table E.1 gives the nominal systems design for the residential case in Brussels

for minimising greenhouse gas emissions. Table E.2 gives the corresponding opti-
mal operations.

Table E.1 Nominal system designs for Brussels (100 MWhel of grid electricity per year).

Topology Pnom
PV Q̇nom

HP Enom
BAT Qnom

TES Pnom
HE GHGtot

Units kWp kWth kWhel kWhth kWel tCO2eq/y

BAT + TES + HE (80◦C) 171 271 75 1302 1.4 27.2
BAT + TES + HE (95◦C) 201 297 69 2526 1.8 27.6
BAT + TES (80◦C) 174 260 93 1204 – 27.2
TES + HE (80◦C) 182 298 – 1469 8.4 27.7
TES + HE (95◦C) 212 336 – 2466 8.7 28.1
BAT (70◦C) 130 385 246 – – 27.5

Table E.2 Optimal system operations for Brussels. Ncycles is the number of discharge cy-
cles, CFHP the heat pump capacity factor and fracHE the fraction of the dwelling electricity
consumption covered by the heat engine.

Topology COPHP ηHE Ncycles
BAT Ncycles

TES CFHP f racHE
Units – % – – % %

BAT + TES + HE (80◦C) 2.5 7.5 455 148 15.2 2.1
BAT + TES + HE (95◦C) 2.3 8.4 458 87 14.1 3.3
BAT + TES (80◦C) 2.5 – 426 284 15.1 –
TES + HE (80◦C) 2.6 7.3 – 222 18.5 17.0
TES + HE (95◦C) 2.4 8.1 – 137 16.4 18.8
BAT (70◦C) 2.9 – 313 – 10.1 –
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