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Nomenclature

Abbreviations

AWE alkaline water electrolyser

CAPEX capital expenditure

CB Carnot battery

COP coefficient of performance

DSHP dual-source heat pump

GWP global warming potential

HE heat engine

HP heat pump

ODP ozone depletion potential

OPEX operational expenditure

ORC organic Rankine cycle

PEM polymer electrolyte mem-
brane

PTES pumped thermal energy
storage

PV photovoltaic

RE renewable energy

SOE solide oxide electrolyser

TES thermal energy storage

TI − PTES thermally integrated-
pumped thermal energy stor-
age

V CHP vapor compressed heat
pump

Greek and Latin letters

∆T temperature variation [K]

η efficiency [-]

ρ density [kWh/m3]

e exergy [J/kg]

h enthalpy [J/kg]

m mass [kg]

p pressure [Pa]

s entropy [J/K.kg]

T temperature [K]

u speed [m/s]

Sub- and superscripts

c compressor

cd condensor

d diffuser

el electrical

electro electrolyser

ev evaporator

is isentropic

mix mixing

n nozzle

P2P power-to-power

p pump

Pf primary fluid

ref reference

Sf secondary fluid

sp spread

st storage

t turbine

th thermal

wh waste heat
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Abstract

In the future, limiting greenhouse gas emissions will be crucial. To address this,
there is a strong emphasis on green production methods. For industrial processes
that generate waste heat, integrating a Carnot battery with thermal integration
(i.e., TI-PTES) appears to be a promising and pertinent choice. However, the main
challenge is the current inability of TI-PTES to generate sufficient electricity to
make their use economically viable. The main objective of this master thesis was
to increase the energy and economic profitability of a Carnot battery coupled to an
industrial process (i.e., electrolyser) that rejects a limited amount of waste heat and
is powered exclusively by a renewable energy source. To meet this objective, we
set out to demonstrated that a Dual-source heat pump (DSHP) could be a viable
solution. An analysis and comparison of several promising DSHP was conducted
to select the most energy-efficient one. Subsequently, an energetic and economic
comparison of the coupling in its ideal configuration (i.e., DSHP with the highest
COP) was carried out to assess the competitiveness of a Carnot battery compared
to a lithium battery and a fuel cell. The DSHP configuration with the highest
COP was the series connection of two DSHPs with open economizers. The energy
comparison showed that the Carnot battery was close to the lithium battery in
low demand scenarios. Economically, CAPEX in the range of [500;557] €/kW,
[8;9.3] €/kWh, and [600;755] €/kW for the HP, TES and ORC respectively are
needed to match the production cost of a lithium battery. While the results do
not definitively determine the real profitability of the coupling, they identify the
DSHP configurations that should be favored to improve the production rate and
outline the CAPEX targets for the Carnot battery components needed to compete
economically.
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Chapter 1

Context and objectives

1.0 Thermally integrated Carnot battery and
electrolysers : A judicious coupling ?

In today’s industrial processes, many industries dissipate low-temperature heat into
the environment, representing a direct loss of potentially valuable energy, which,
depending on process efficiency, can amount to significant revenue loss. While some
industries manage to reuse this heat for secondary purposes (residential heating,
pool heating), this practice remains rare and often site-specific, as local demand
seldom aligns with supply.

With the gradual transition towards widespread use of renewable energies, there is
an need to address the crucial challenge of storing this intermittent energy. This
need is particularly pressing in the context of industrial systems exclusively powered
by these renewable sources, where energy availability does not always coincide
with demand, and frequent fluctuations undermine the reliability, efficiency, and
productivity of these systems.

It is in this context that the Carnot battery (CB) stands out as a promising
solution. Indeed, this technology enables the storage of electricity in the form of
thermal energy, thereby offering the possibility of converting it into electrical energy
later on. Furthermore, it provides the capability to recover the low-temperature
waste heat.

Although there are many industrial processes producing a significant amount
of waste heat, electrolysers seem to be a particularly well-suited process for cou-
pling with a Carnot battery.
Electrolysers represent a well-established and widely adopted technology in indus-
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trial settings. Moreover, their prevalence is expected to increase further due to their
ability to produce green hydrogen (see section 1.0 for further information). It’s
worth noting that hydrogen is a future-oriented clean energy vector with numerous
potential applications (ammonia production, fuel for mobility, etc.)[1]. These elec-
trolysers boast efficiencies, around 70% for the most common industrial technologies
[11], implying that slightly under 30% of the consumed power is typically lost.
The difficulty encountered in industrial systems when it comes to recovering heat
lies in how to do so without compromising system performance. However, in the
case of electrolysers, the heat is in the form of hot water and must be expelled
for their proper operation. Consequently, it can be easily recoverable and at low
cost. This inherent characteristic makes electrolysers an attractive option for the
coupling with a Carnot battery and this process will be considered in this work.
It should be noted that the choice of industrial process delivering the waste heat is
not a determining variable for the majority of the results obtained in Chapter 3.
They can easily be transposed to other industrial processes.

2.0 Issues and challenges involved in coupling a
Ti-PTES to electrolysers

TI-PTES consists of 3 sub-systems: a heat pump (HP), a thermal storage system
(TES) and an heat engine cycle. Taking the coupling shown in Figure 1.1 but
considering only a single-source HP, this HP will capture the waste heat (T ≈ 75°C)
to release heat at a higher temperature set by the temperature of the TES hot
tank (T ≈ 110°C), which will be transmitted to the TES. The stored heat is then
captured by the heat engine cycle and used to generate electricity.
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Figure 1.1: Schema of the coupling of a Carnot battery integrating a dual-source
heat pump (DSHP) to an electrolyser system

In this case, as the HP captures a fixed heat flow (i.e waste heat flow) and
achieves a given temperature lift, it can only transmit a limited heat flow to the
TES. For illustration purpose, let’s consider: (i) an electrolyser efficiency ηelectro of
0.7 (see 1.0); (ii) an organic Rankine cycle as heat engine cycle with an efficiency
ηORC of 0.105; (iii) the ratio between the heat produced by the HP and the heat
captured by the HP (Qproduced

Qwh
) of 1.22 (these last two values are calculated on the

basis of a hot storage temperature of 107°C); (iv) a TES efficiency of 1, the battery
output power Pout is given by :

Pout ∼ (1 − ηelectro) · Pelectro · Qproduced

Qwh

· ηORC = 0.038 · Pelectro (1.1)

It appears that the energy produced by the CB is low or negligible (3.8% of Pelectro)
compared to that used by electrolysers. Therefore, the impact of using CB within
the coupling will be too small to economically justify its use. One way of countering
this limitation would be to use an HP capable of integrating a second heat source
called a dual-source heat pump (DSHP). In this way, a larger heat flow could be
transmitted to the TES, which would enable a significant amount of electricity to
be converted compared with that consumed by the electrolysers. This will enable
it to play a more significant role in the coupling and would therefore be more
profitable.
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3.0 Research objective and thesis organisation
Many different DSHP configurations currently exist, each with its own distinct
characteristics. However, to the best of the author’s knowledge, no study has yet
looked at the comparison of several DSHP, with or without a source of heat normally
lost. It is therefore impossible to know which DSHP has the best performance or
even to compare the sensitivity of their performance.

In order to fill this gap, the thesis will be devoted to answer the following re-
search question :

"What is the energy and financial efficiency of a Carnot battery coupled
to an hydrogen production system using polymer electrolyte

membrane?"

from which a sub-question arises :

"What dual-source heat pump configuration will maximise the
efficiencies of the Carnot battery?"

To try to answer this question, this master thesis will follow a structured approach,
which will begin with a review of the literature on the various components present
in the coupling (electrolysers, CB, HP, TES, heat engine cycle) (Chapter 2).

In a second step, the specifications that the DSHP will have to respect in this
study will be presented and the different configurations of selected DSHP will be
described individually. A thermodynamic modeling of these DSHP and heat engine
cycle will be proposed. The purpose of this study will be to compare the different
DSHP and to analyze the sensitivity of their performance (Chapter 3).

In a third step, an energy and economic comparison between different storage
technologies will be presented in a given application case. The aim will be to
demonstrate and discuss the level of energy and economic competitiveness of the
Carnot battery in a given situation. (Chapter 4).

Finally, the key points of this master thesis will be highlighted and last per-
spectives for future work will be discussed in Chapter 5.
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Chapter 2

Literature review

Within this section, a literature-based review on the various types of technologies
for the main components of the previously presented coupling will be conducted.
This review will aim to highlight the current state of knowledge available to us and
will motivate the choice of technologies considered for the coupling components in
the remainder of the study.

1.0 Water electrolysis
There are currently several processes available on the market capable of producing
hydrogen. In the majority of these processes (96%) [50], the energy source used
comes from hydrocarbons such as coal, natural gas or liquid hydrocarbons that
produce large quantities of greenhouse gases. Only 4% [50] of world production
is based on the use of water electrolysis, the main obstacle being its production
cost. Water electrolysis is the best-known and most widespread way of producing
green hydrogen. Please, note that hydrogen is considered as "green" when it is
produced entirely from a renewable energy source. However, as part of the drive to
reduce global greenhouse gas emissions, a number of agencies (notably ADEME
and IRENA)[75] are encouraging industries to produce more plants on a larger
scale in order to cut production costs which encourages us even more to consider
this industrial process for this work.

The electrolysis of water is a process during which a direct electric current passing
through electrodes dissociates the water into hydrogen and oxygen. Water elec-
trolysis is a process in which a direct electric current passing through electrodes
dissociates the water into hydrogen and oxygen by means of a redox reaction.

H2Ol + direct current −→ H2,g + 1
2O2,g + heat (2.1)
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This reaction is carried out in a cell consisting of an anode, a cathode and an
electrolyte (i.e. conductive susbtance) which conduct ions. Hydrogen is produced
and recovered at the cathode and oxygen at the anode. Each cell can be connected
in series or in parallel to form a electrolyser module also called ’stacks’. The size
and power of the electrolyser will thus depend on the number of cells and modules
used[50].
The electrolysers will need a supply of water to function. This water will have to
undergo a purification treatment beforehand and or a desalination if the water
comes from the sea. In addition, the electrolysis process is exothermic which means
that a thermal evacuation system must be installed.
Apart from the fact that electrolyser allows the production of hydrogen, It also has
the benefit of having no moving parts, which reduces its maintenance cost, being
not dependent on a specific location and having a greater hydrogen production rate
with high purity[11], [83]. As mentioned in articles [83], [50], there are 3 main types
of water electrolysis that are the most widespread or promising technology: the
alkaline water electrolysers (AWE), the Polymer electrolyte membrane electrolysers
(PME) and the solid oxide electrolysers(SOEs). Their main characteristics are
listed in the comparative table 2.1

Specification Unit AWE PME SOEs
Technology maturity - State of the art Demonstration R & D
Cell temperature °C 60-80 70-80 900-1000
Efficiency % 62-80 67-82 81-86
SEC1 kWh/Nm3 4.5–7.0 4.5–7.5 2.5–3.5
Cell pressure bar ≤ 30 ≤ 30 ≤ 30
System life time year 20-30 10-20 -
hydrogen purity. % ≥99.8 99.999 –
Cold start up time min. 15 ≤15 ≥60
Partial load range % 20–40 0–10 –
Feed-in - KOH + H2O H2O H2O
CAPEX e/kW 800-1300 [76] 1000-1950[76] 2000-2800[69]

Most of the data compiled from [11]
1 Specific energy consumption

Table 2.1: Main specifications of electrolysis solutions

1.1 Alkaline water electrolysers (AWE)
Inside a AWE, the water is reduced to the level of the cathode to produce hydrogen
and ions OH−. The application of a continuous current to the terminals of the
electrodes generates an electric field which displaces the OH− ions within the
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electrolyte towards the anode where it will recombine to produce oxygen.

Anode : 2OH− −→ 1
2O2 + H2O + 2e− (2.2)

Cathode : 2H2O + 2e− −→ H2 + 2OH− (2.3)

Overall : H2O −→ 1
2O2 + H2 (2.4)

Figure 2.1: Schematic illustration of an Alkaline water electrolysers. Inspired by
[83]

Alkaline water electrolyser as its name suggests uses a liquid alkaline solution
as electrolyte that is usually a highly concentrated aqueous solution of potassium
hydroxide KOH (25–30 %) to avoid corrosion and maximize conductivity of ions [11].

Its biggest advantage is to have a low investment cost compared to other
technologies making it one of the most used technologies in commercial applications
[95],[16].
Reactions can occur either under atmospheric pressure or under pressure (6 to
30 bar). The pressurized version has the advantage to reduce the energy cost of
compression in post-processing but in return, the purity of the hydrogen produced
is reduced. The cell temperature is typically between 60-80°C with an efficiency
between 65-80% and with a investment costs in a range of 800-1300€/kW [11],
[76]. Further, the alkaline electrolyser uses durable components which allows longer
technical lifetime (20- 30 ans)[23]. Its main disadvantages are: (i) its limited current
densities (below 400 mA/cm2)[11]; (ii) its low operating pressure limited by the
membrane which is no longer able to perform its function of being impermeable to
gases and low partial load range (between 20-40%)[83]; (iii) it has a low reactivity
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to power variations due to the inertia of ion transport in a fluid [78]. Therefore,
the AWE is not the optimal technology to be coupled to an intermittent energy
source.[50].

1.2 Polymer electrolyte membrane (PEM)
The water dissociation reaction in a PEM begins with the oxidation of H2O to
produce oxygen and H+ ions (i.e. proton) at the anode. This proton then moves
across the membrane to the cathode to reduce and form hydrogen. The reactions
are given here under:

Anode : H2O −→ 1
2O2 + 2H+ + 2e− (2.5)

Cathode : 2H+ + 2e− −→ H2 (2.6)
Overall : H2O −→ O2 + 2H2 (2.7)

Figure 2.2: Schematic illustration of an polymer electrolyte membrane. Inspired
by [83]

The main difference between AWE and PEM is the type of electrolyte used.
Where AWE uses liquid solution as electrolyte, PEM uses a gas-tight thin polymer
membrane. The use of this solid electrolyte will determine the longevity of the
PEM equivalent to 10-20 years, and will allow the use of a wider operating pressure,
as well as a consequent reduction in maintenance costs compared to the AWE [23].
The main drawback of this technology is the use of noble metals such as platinum
or iridium. They considerably increase the investment cost (∼ 2 times that of
AWE), which is currently the main obstacle to its commercial use [11].
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However, a major advantage for our application is its ability to operate even with
fluctuating power levels. The use of a polymer membrane enables rapid transport
of protons, resulting in a lower response time (<1s) than alkaline when faced with
power fluctuations. What’s more, it produces high-purity hydrogen (99.99% ) and
accepts a high current density (0.6-2.0), enabling it to remain compact [11].
Despite its high investment cost, this technology has some promising characteris-
tics (high current density accepted, high operating pressure and high operating
dynamics) that are motivating research aimed at reducing production costs while
maintaining the same efficiency to enable it to be marketed in the near future [100].

As we will consider RE as an energy source, it is necessary that the electrol-
yser be able to quickly adapt to current intermittences. Based on the above
information, we can consider PEM as a good technology choice for this study. In
addition, these PEM will operate at atmospheric pressure because, as specified in
[30], coupling pressurized electrolysers with intermittent energy sources presents
less reliability due to various issues such as increased cross-permeation phenomena,
corrosion, hydrogen embrittlement, and a narrower operating range, in contrast to
PEM electrolysers operating at atmospheric pressure.

1.3 Solid oxide electrolysers (SOEs)
The solid oxide electrolyser is an advanced technology concept operating at high
temperature and pressure and using a solid electrolyte. Water in vapour form is
fed to the cathode where it is reduced to produce hydrogen and O2− anions. These
anions will pass through the electrolyte to the anode where they will recombine to
form oxygen. The reactions are given here under:

Anode : O2− −→ 1
2O2 + 2e− (2.8)

Cathode : H2O + 2e− −→ H2 + O2− (2.9)

Overall : H2O −→ 1
2O2 + H2 (2.10)
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Figure 2.3: Schematic illustration of an solid oxide electrolysers. Inspired by [83]

Although still in the research and development phase, this technology offers
better performance (80-90%) than the other two technologies presented and a
reasonable investment cost [11]. This is because it dissociates water at high temper-
ature (900-1000°C), which reduces the energy required for molecular decomposition.
This allows to avoid the use of noble catalysts (platinum or iridium) and to reduce
the electrical energy required to reach the decomposition threshold [50]. As this
technology requires a high-temperature heat source, it is mainly intended to be
coupled with a system for which a high temperature source is available. Typically,
a concentrated solar power system or a high-temperature nuclear reactor. The
disadvantages comes from load changes. Indeed, this implies micro-cracks that
reduce the electrolyser lifetime and increase the heat losses which make the SOEs
not suitable to be coupled with intermittent renewable energy [11].
For all the reasons mentioned above, this technology cannot be considered for our
application.

2.0 Carnot battery
A Carnot battery or a pumped thermal electricity storage (PTES) is a type of
energy storage system that enables electricity to be stored in the form of thermal
energy. During the charging phase, the electricity is used to increase the exergy of
an available heat source, which is then stored in a thermal storage system. During
the discharge phase, the previously stored heat is used in a heat engine cycle to
release electricity.
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Figure 2.4: Simplified scheme of a typical Carnot battery system where HP and
HE stands for heat pump and heat engine respecitevly

PTES can be divided into two main categories: PTES based on direct and
inverse Brayton systems and PTES based on heat pump and Rankine cycle power
systems [36],[35],[40]. For these two categories, different thermal integrations of
the Carnot battery are possible and are presented in section 2.3.

2.1 Brayton based PTES
The Brayton based PTES (see Fig.2.5) is based on two sensitive heat thermal
reservoirs (HT and LT). During the charging mode, the heat is transferred from
the LT to the HT using the compressor and during the discharge mode, thanks to
the difference of pressure and temperature, the fluid go throw an expander towards
the LT. A gas (usually argon or air [36]) is used as a working fluid. It operates
at a higher temperature than the other two cycles and requires a hot storage
temperature of typically 200-300°C. Efficiency is highly sensitive to the polytropic
efficiency of the compressor and expander. Therefore, a roundtrip efficiency of
60-70% can be achieve but at a price of a very high polytropic efficiency of 90%
while a roundtrip efficiency of 10% is achieve with a polytropic efficiency of 80%
[36],[99],[56],[42].
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Figure 2.5: Brayton PTES system (a) charge system; (b) discharge system with
Ech and Ed matches with the charge and discharge electric energy respectively.
Source: [42]

The Brayton system is interesting for its high level of energy density (up to 200
kWth/m3) however due to the high hot temperature tank, the thermal integration
of low temperature waste heat is difficult. This does not make it a viable option
for our application.

2.2 Rankine based PTES
Rankine PTES systems are good alternatives to Brayton cycles when low-temperature
heat resources are available. Rankine PTES offers higher energy densities and
lower temperature energy storage (100-200°C [36]) which also means lower heat
loss and easier integration of low-grade waste heat. During the charging phase, the
heater unit can either be a vapor compressed heat pump or an electrical heater
while the discharging phase is performed by a Rankine cycles as heat engine cycle.
An other possibility could be to only use one Rankine cycle (RC) for the charge
and discharge cycle. In this particular case, we talk about a reversible HP/RC
power system. It is mainly used for small-scale installations and can considerably
reduce investment costs, as it uses a single machine instead of a combination of a
HP and an RC [36]. within a Rankine cycle, a working fluid in liquid form will
undergo a rise in pressure as it passes through a pump. It then heats up and passes
in gaseous form through an evaporator, before expanding through an expander to
the saturation pressure for condensation, thereby producing work. Finally, it is
cooled by a condenser to start the cycle again. Its cycle, integrated into a PTES,
is shown on the figure below 2.6.
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Figure 2.6: Scheme of a Rankine based PTES using a vapor compressed heat pump.
Source: [41].

Two types of cycle can be envisaged for the HP and RC: transcritical cycles
and subcritical cycles.

Figure 2.7: Diagram showing the differences between a transcritical and subcritical
cycle for an ORC system. Source: [104].

In the case of transcritical cycle, the pump will have to work more in order to
stay outside the saturation bell. As the fluid does not undergo a phase change, its
heating curve is closer to the heat-source cooling curve (for sensible heat storage).
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As a result, there is less irreversibility. However, no direct conclusion can be drawn
on the use of one cycle rather than another and a case-by-case study should be
investigated for each temperature and pressure range considered [104].

The subcritical cycle will be studied hereafter because it does not require the
use of components capable of withstanding high pressures or a high-performance
pump capable of producing a large pressure lift, which reduces the cost of the
installation. In addition, modelling a transcritical cycle is more complex because,
at the condenser, the working fluid is in the supercritical phase and it can be shown
that, for a certain temperature, several pressures correspond. It is then necessary
to carry out an optimisation to find the most appropriate pressure.
To eliminate the need for bulky and costly degassing equipment, fluids capable of
functioning under atmospheric pressure at room temperature are employed. As
a result, HP and organic Rankine cycles (ORC) often utilize organic fluids or
refrigerants which strongly influence their efficiency [41]. The Rankine-base PTES
and more particularly the combination HP/ORC power system remains the most
optimal choice for our application as it allows better integration of the waste heat
and maximum efficiency similar to that of the Brayton system (62-65% [36]).

2.3 Thermal integration of the Carnot battery
There are three different types of thermal integration of the Carnot battery. The
first consists of using two insulated tanks: one at high temperature and the other
at low temperature. In this configuration, the HP and HE respectively charge and
discharge the high-temperature reservoir and vice versa for the low-temperature
reservoir. In the other two configurations, only one tank (high-temperature or
low-temperature) is retained, the other being replaced by two heat sources with
different temperatures. This is known as a thermally integrated PTES (TI-PTES)
[56], [36].
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Figure 2.8: Temperature level for PTES (a), TI-PTES with one hot storage (b)
and one cold storage (c). Inspired by [36]

The most common configuration of TI-PTES is obtained by integrating a low-
grade heat sources (i.e waste heat source) with hot thermal storage. It has the
advantage of improving the performance of the battery (power-to-power efficiency)
as the temperature lift operated by the heat pump decrease which enhance its COP
[41]. This is the configuration considered in this study.

In general, TI-PTES are investigated for their ability to relate to the use
of both heat and electricity. Most of the studies focus almost entirely on the
thermodynamic and technical aspects of the application but very few details are
provided about the actual technology use. According to Frate Guido [41], one
way to use the TI-PTES would be to integrate it into a system consisting of an
RE source, one or more heat production systems (waste heat, solar heat, etc.), a
seasonal thermal storage system and a district heater network. Within this system,
the TI-PTES would play 2 different roles. Either it would uses the heat present
in the seasonal storage to produce electricity or it would produces more heat to
charge the seasonal storage and less electricity. Its operation being determined by
the electrical or thermal production/demand. its integration would allows more
efficient consumption of electricity produced by RE. Note that the seasonal storage
system play an important role as it solves the issue due to temporal mismatch
between the heat availability and the electric production and demand. Without
this storage, the TI-PTES would not always be able to operate at the right time.
Still according to [41], for its use to be economically efficient, the heat source and
the electricity source must already be present before its integration. The ideal
economical case would arise if the processes were already exploiting the heat source
and the TI-PTES would just flow as an extension and adaptation to the existing
system. Consequently, we can conclude that for now, since the TI-PTES requires
preexisting energy production and distribution systems, it cannot be considered as
a geographically independent electric storage technology. Therefore, the practicality
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of implementing TI-PTES is situational and highly context-dependent.

3.0 Working fluid
Working fluids can greatly affect the efficiency of the Carnot battery. In general,
there is no one fluid to be preferred and it will be necessary to compare/optimise
with several different fluids to find the one that maximises the efficiency of the
system (i.e HP and HE) for a given temperature and pressure range. Fluids can be
classified according to the shape of their saturation bell: dry, wet and isentropic
fluids.

Figure 2.9: Saturation curve for the 3 types of working fluids (wet, dry, isentropic).
Source: [57]

Each class has characteristics that are more or less well suited to certain
configurations. For example, in the case of an ORC with a subcritical cycle, due to
the steam quality constraint at the expander inlet and outlet, wet fluids will have
to achieve a minimum superheat (i.e. >3K) necessary to meet the expander outlet
quality constraint, unlike dry and isentropic fluids where a superheat higher than the
value used to follow the rule of good practice (i.e. 3K) is not mandatory. However,
depending on the temperatures and pressures considered at the evaporator, the
choice of the optimum superheat is not straightforward and requires a case-by-
case study. On the other hand, as presented in article [65], a few trends can be
considered as a rule of good practice in the absence of a recuperator: when the
fluid is dry, a minimum superheat (i.e 3K) is to be preferred and when the fluid is
wet, either maximise the superheat if its effect is beneficial to the efficiency of the
ORC, otherwise a minimum superheat is preferred.
In ORC, it is conceivable to use a heat recuperator at the expander outlet to heat
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the fluid before it enters the evaporator. This recuperator will be particularly
beneficial for a dry fluid, which has a greater temperature difference between the
expander outlet and the condenser inlet. More details about the recuperator can
be found in the thermodynamic chapter 3.

In addition to the impact of the working fluid on performance, there are other
constraints to consider, such as its impact on the environment, its safety factor and
technical constraints. Indeed, CFC and HCFC fluids are now banned because they
have a too large ozone-depleting potential (ODP). These include R-11, R12 and
R-502, which belong to the CFC class, and R-22, which belongs to the HCFC class.
Other regulations also attack the global warming potential of fluids (GWP) and
the use of fluids with too high a GWP is prohibited. These days, we prefer to use
HFC-type fluids (i.e. purely fluorinated) or natural gases/liquids with low GWP
and ODP [80].
Care must also be taken to avoid fluids with hazardous properties such as high
flammability, high toxicity or corrosiveness, which correspond to the third class
according to ASHRAE [92].
Finally, it is important to use a fluid that allows to meet the technical constraints
of the application. These could include, for example, the need for good miscibility
between the fluid and the oil to ensure good lubrication, or the use of a fluid that
can operate over an acceptable pressure range and above atmospheric pressure to
avoid leaks.

4.0 Heat pump
There are two main families of HP: absorption heat pumps and vapor compressed
heat pumps.

4.1 Absorption heat pumps
In an absorption pump, mechanical compression is replaced by compression ther-
mochemical.
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Figure 2.10: Absorption heat pump cycle scheme. Source: [29]

The principle is based on the affinity of a refrigerant for another liquid, for
example ammonia for water or water for lithium bromide. The absorption heat
requiring a hot source to operate, it has so far been most often used to produce cold,
but it presents interesting possibilities for producing heat at lower temperatures
(useful for heating sanitary water). However, it will not be useful for our application
because it requires a source of heat at higher temperature than the one delivered.

4.2 Vapor compressed heat pumps (VCHP)
A typical vapor compressed heat pump consists of an evaporator through which
heat is captured by the working fluid. The working fluid is then compressed through
a compressor which increase in the same time the temperature of the fluid before
passing through the condenser, where it delivers its heat to the fluid to be heated
(i.e to the TES for a Carnot battery). The fluid then passes through an expansion
valve in which it will be expanded at evaporator pressure to start the cycle again.
The performance of a VCHP (i.e coefficient of performance COP) is defined as:

COP = Qcd

W
(2.11)

where Qcd is the useful heat supplied by the VCHP at the condenser and W is the
net work used by the VCHP. It is mainly related to the lift temperature that it
must perform since the work of the compressor will increase proportionally with
the lift (see eq. 2.12 and fig. 2.13). In addition, as with the ORC, the choice of
working fluid is very important for the correct operation and efficiency of the HP
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and must be based on the temperature range between which the HP works while
respecting other constraints as mentioned in the working fluid section.

Figure 2.11: Scheme of a typical Vapor compressed heat pump (VCHP). Source:
[101]

Typical T-s and p-h diagrams of a Vapor compressed heat pump are shown
below.
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Figure 2.12: T-s (left) and p-h (right) diagrams of an typical HP with R600a as
working fluid.

There are several possible ways of improving the COP of a HP depending on
the operating conditions. For example, when the temperature lift is significant, we
may want to use two refrigeration cycles placed in cascade. Another configuration,
known as enhanced vapour injection (EVI), would be to inject the intermediate
pressure vapour leaving the condenser directly into the compressor in order to
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reduce the compressor’s specific workload and increase the COP. Finally, another
way of doing this would be to add an internal heat exchanger to the HP in order to
heat the fluid entering the compressor via the still hot fluid leaving the condenser.
All these configurations are not explained in more detail here above as they will be
presented in the thermodynamic chapter 3.

4.3 Integration of a HP into a TI-PTES
In a TI-PTES, the goal is to use a heat source whose temperature is higher than
that of the sink temperature (i.e ambient temperature) to increase the overall
performance of the CB by decreasing the temperature lift that the HP must
perform [41]
On the other hand, it is found that the additive heat provided by the HP (=energy
provided by the compressor to the working fluid) is a function of the temperature
lift it achieves (i.e. the difference between the hot storage temperature and the
temperature of the heat source). Indeed, as shown in the graph below 2.13, the
smaller the lift, the greater the specific heat absorbed by the evaporator and the
smaller the specific heat delivered at the condenser. The two being linked thanks
to energy conservation:

Wm = QOUT − QIN (2.12)

23



418.88

389.78

QOUT [kJ/kg]

50 60 70 80 90 100
 Temperature lift [K]

222.45

301.54

QIN [kJ/kg]

Figure 2.13: Evolution of the specific heat used by the HP at the evaporator QIN

and supplied by the HP at the condenser QOUT in relation to the lift temperature
between the saturation temperature of the condenser and the evaporator

The specific energy provided by the HP is therefore reduced compared to PTES.
In the case where the heat source is available only in limited quantities (i.e a
waste heat source), the heat flow transferred to the TES will also be limited.
Thus, by modeling the efficiency of the ORC as constant (i.e fixed hot storage
temperature and constant ambient temperature), the electricity produced by the
CB is proportional to the amount of heat available at the hot source of the HP which
is itself proportional to the efficiency of the industrial site producing it. However, in
most cases, for an industrial plant to be economically viable (without considering
the possibility of recovering waste heat), one seeks to increase its efficiency and
thus reduce its waste heat. The result is that by recovering the waste heat via
a TI-PTES, only a small or negligible share of electricity has to be returned in
comparison with that used by the industrial site. Since the purpose of the TI-PTES
is to serve as energy storage for the installation in question, the expected beneficial
impact of its use will be too low than to justify the investment cost of the TI-PTES.
This can be particularly limiting for RE-powered applications (particular with solar
energy, see chapter 4) since the charging time (i.e when a power excess is present)
is generally limited and much lower than that of discharge. To successfully charge
the battery in this time, it is necessary to increase the charging power (HP power)
which is not possible with an HP using only the heat source available in limited
quantity.
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In addition to this, when we seek to maximise the overall efficiency of the CB,
it can be shown that there is a difference between the heat source temperature and
the heat sink temperature ∆Ths,cs (i.e ∼ 30K) above which the efficiency will be
maximised when the COP of the HP is maximum (i.e. Tst,ht as close as possible to
Ths) [6]. In other words, if we wish to elevate the round-trip efficiency of the CB to
improve the electricity recovery efficiency, as the ∆Ths,cs is generally greater than
the tipping point in the case of a TI-PTES (e.g Thot,s=75°C and Tcold,s=15°C), a
low storage temperature will be favoured and the heat gain provided by the HP
will be all the more limited as COPCARNOT = (Tst,ht+∆T )

(Tst,ht+∆T )−Ths
= Qproduced

Qproduced−Qhs
where

the ∆T represent the heat transfer irreversibilities through the condenser.

Figure 2.14: Illustration of the presence of this tipping point using Carnot efficiency
of TI-PTES for different ∆Ths,cs with the variation of the hot storage temperature of
TES. Cold source temperature is assume equal to 20°C. Heat transfer irreversibilities
are represented through ∆T (= 8°C). Source: [6].

To overcome this problem, one can imagine using the use of a storage system
that would store heat outside the charge phases but it will require a very large
storage capacity which means a higher cost. Not to mention the fact that the energy
density will be low since the waste heat is at low temperature which will increase
the cost even more. [41]. This solution is therefore not the most suitable and
cost-effective solution. Another possible solution would be the use of a dual-source
heat pump (DSHP). It would use another source available in larger quantities to
allow a greater heat flow to the TES. In addition, the DSHP will allow greater
flexibility of operation thanks to a variable load power (i.e heat flow provided by
the DSHP). This will make it possible to better adapt to the fluctuations present
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with renewable energies or simply to be able to adapt to different storage needs for
the same installation.

4.4 Dual-source heat pump (DSHP)
Several authors have already studied some DSHP. In most cases, dual sources heat
pump are used to compensate for the fluctuations in ambient air which strongly
impacts the COP of the heat pump. This applies especially in winter for heat
pumps (in heating mode) because the outside temperature drops. In the literature,
3 main combinations of heat sources are proposed: air-ground, air-solar, air-waste
heat. However, to the best of the author’s knowledge, using a dual-sourced HP
with waste heat recovery remains under-researched.

4.4.1 Air-ground combination

The articles [31], [15] show that the high costs of vertical underground heat
exchangers make geothermal heat pumps less competitive than air heat pumps in
mild climates. Horizontal heat exchangers (FP) are less expensive to install but
are quickly subject to freezing. An effective solution is the dual-source heat pump
(DSHP), which alternates between air and FP heat to avoid freezing and maintain
high efficiency, while reducing the initial investment compared to geothermal heat
pumps. DSHPs offer an average annual thermal output four times higher and
perform well in extreme conditions where air heat pumps alone would fail.The
cases considered use either two separate heat pumps for each source or the two
sources placed in parallel.

4.4.2 Air-solar combination

the air-solar combination was studied in several articles [19], [58],[38]. In the
fist studied article [19], author analyzed multiple source arrangements: solar-air
in series (SA-SHP), air-solar in series (AS-SHP), and solar-air in parallel (SA-
PHP). The results indicate that SA-SHP is effective in environments with low solar
irradiation and its COP varies similarly to ambient temperature changes while
AS-SHP has best performances in conditions with low ambient temperature and
high solar irradiation and SA-PHP achieves optimal performance at high ambient
temperature or high solar irradiation.
The choice of configuration will largely depend on the climatic conditions present
on the site. Overall, the study shows that the COP is always improved when the
solar source is used at higher temperatures. On the other hand there is no optimal
configuration for all the circumstances and it will be necessary to place the source
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most likely to fluctuate (decrease in temperature or quantity) first when you want
to place both sources in series to improve or maintain a good COP.
In the other two [58], [38], a thermal storage system was considered playing a
buffer role for the heat produced by solar energy and thus allowing to keep a stable
temperature at the source and allowing the HP to operate longer at a higher COP.

4.4.3 Air-waste heat combination

Finally, Hwan Ahn [4] focused on the study of a DSHP using air and waste heat to
serve as a heating unit in an electric car. He compared the DSHP to two other
configurations: one with just air as the source and the other with only waste as
the source. In his study, the DSHP used two evaporators placed in parallel.
He concluded that for the waste heat-only mode, the COP and heating capacity
increased with increasing waste heat amount and the performance with DSHP was
higher than the other two modes. However, he noted a strong reliance on heating
performance with the amount of waste heat available when the outside temperature
was below -10°C because the heat absorbed at the air source was negligible due to
the parallelization of the sources. To make more efficient use of the air source, he
proposed a single operation mode alternating between air source only and waste
heat only mode. When in air source only mode, the waste heat is stored via the
refrigerant. In addition, it considered the use of an electric heater in series with
the air source to boost its heat capacity during the air source only mode. This
alternative mode increases the heat amount and COP by 10.5 and 4.3% respectively
compared to the conventional DSHP mode with an external temperature of -10°C.

In the majority of applications using a DSHP, the two sources are often placed
either in series or in parallel. In our study, we will integrate these configurations for
several types of HP and for several different heat sources. Each will be described
in Chapter 3.

5.0 Thermal energy storage
The thermal energy storage (TES) which is positioned between the heat pump
and the power plant exists in a variety of forms/technologies as seen in article
[36]. However, given that we are interested in a TI-PTES integrating a low waste
heat temperature, the storage temperatures considered are between 90-140°C and
therefore three technologies stand out: sensible, latent or hybrid thermal energy
storage.
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5.1 Sensible thermal energy storage
The sensible thermal energy storage is a storage technology which use the heat
capacity of the filling material to store energy. This material can be in liquid or
solid form and it is always in a single phase which implies a variation of temperature
during the charging and discharging phase. For this reason, the sensible TES is
made either of two separate reservoirs (i.e one hot and one cold reservoir with two
heat exchangers between them) or one large reservoir using stratification of liquid
material which authorizes the reduction of the size of the TES, since only one tank
is required even if it entails a risk of mixing, which would reduce its performance
[41]. Sensible TES can reach an efficiency in range of 50-90 % depending on the
insulation [36].
In most cases, sensitive thermal storage at low-temperature will use water as the
fluid to store the heat for cost reasons, because it is readily available in large
quantities and has a large heat capacity (4200 J/kg.K). The reservoir will need
to be pressurised when the temperature of the hot reservoir exceeds the boiling
point of water at atmospheric pressure (i.e. 100°C). At intermediate temperatures
(500-600°C), molten salts are used as the liquid fluid or special concretes as the
solid material. For high temperatures (≈1500°C), ceramic is generally used[82].
Its main drawback is its energy density of 10-50 Wth/kg [36] but its investment
price is of the order of 3100 − 400 e/kW or less than or equal to 20e/kWh for
sensible TES using water [82].
In this study, sensible TES with pressurised water will be considered for its low
cost, low complexity and because it allows the VCHP to subcool its working fluid
at the condenser, which in turn benefits the VCHP’s COP. Indeed, subcooling at
the condenser increases the amount of specific heat delivered to the TES for the
same amount of compression work (see section 3.1.2) [41].

5.2 Latent thermal energy storage
The latent thermal energy storage use a material called phase change materials
(PCM). As its name indicates, a phase change occurs during charging or discharg-
ing. So the temperature stay approximately constant. Most used Phase Change
Materials (PCMs) for high-temperature latent TES are salts (eg. potassium nitrate
and lithium nitrate (LiNO3 − KNO3) for 130°C storage temperature) while for
low temperature (≤ 0°C), the most used PCM is water ice. The latent TES have a
specific energy (50-150Wthh/kg) much higher than the sensible TES however the
CAPEX is also higher (6000-15000$/kW or 10-50$/kWh [36])
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5.3 Hybrid thermal energy storage
Finally, the hybrid thermal energy storage is a new method developed for large
scale energy storage. It combined the latent and sensible thermal energy storage
systems. It can be shown (see subsection 3.1.2) that increasing the subcooling
at the HP condenser increases its COP then using a combination of two different
temperature profiles in the heat exchange at the HP condenser means that the
difference between the hot working fluid and the TES fluid is reduced, so that
energy losses are reduced. A compromise needs to be found between the complexity
of hybridisation and the increase in energy efficiency.

6.0 Waste heat recovery from electrolysis
Several studies have already been carried out on the recovery of waste heat from
electrolysers. This demonstrates the feasibility of the application considered in this
study.
For example, the author in ref.[7] analyses the integration of waste heat recovered
from water electrolysis to desalinate feedwater with membrane distillation. It
demonstrates that waste recovery can purify the water and satisfy the demand of
the electrolyser which increases the energy efficiency of the installation.

Another author [84] focused on optimal heat recovery in PEM electrolysers. Its
aim was to find the optimal control model that would maximise the removal of
heat produced by the electrolyser while maintaining stable hydrogen production.
He concluded that the optimal switching control model resulted in a slightly lower
specific energy consumption than a standard PEM system, which meant a slight
decrease in hydrogen production (2.51kg compared with 2.56kg over a day). It also
shows that heat removal reduces membrane degradation and increases membrane
lifetime (+0.68 years).

Finally, the author Van Der Roest [93] set out to examine different designs for
recovering waste heat from PEM electrolyser. He showed that the efficiency of the
electrolyser decreases over time, leading to an increase in the available heat. Over a
period of 10 years, the efficiency (HHV based) drops from 80% to 70%, resulting in
an increase in recoverable heat from 20% to 30%. In his analysis, he shows that the
water entering the electrolyser is preheated with the water produced. In addition,
the efficiency of the electrolyser decreases with an increase in load, resulting in
more waste heat at full load compared to 10% load. The stack efficiency, based on
the HHV of hydrogen, drops linearly from 90% to 76% as the load increases from
10% to 100%. The heat required for this preheating is 4.5% of the recoverable heat.
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He concludes that recovering and utilizing the waste heat can increase the efficiency
of the electrolyser stack (based on HHV) by 15%-18% and from an economic point
of view, he concludes that the economic feasibility of waste heat recovery is less
evident when a heat pump (HP) is used to raise the temperature level (36.9 e/MWh
heat used) compared to without an HP (8.4 e/MWh heat used). However, the
Levelized Cost of Energy (LCOE) of the electrolyser heat remains at the same level
or lower than that obtained for other low-temperature heat sources.
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Chapter 3

Thermodynamic analysis

1.0 Introduction
In the context of this master thesis, the DSHP is used to introduce a greater
quantity of heat into the Carnot battery, which makes it possible to produce a
significant amount of electricity in relation to the needs (auxillaries or electrolysers)
that the battery is supposed to satisfy.
In our case, We know that electricity consumption consists of usage by the electrol-
ysers and usage by the auxiliary systems (compressor, water purification, pump,..).
The idea is to use Carnot battery to supply the auxiliaries by discharging the BC
when no more green electricity is available (refer to the integration case study
chapter for more details on these strategies). As the Carnot battery will consume
electricity to charge, the goal is to reduce this consumption for a given output
power so we need to know more about its energy performance.

In addition, the choice of design and performance of the Carnot battery will
have repercussions on the cost of the installation. For example, choosing a low
energy density will result in a higher cost but could be beneficial for the energy per-
formance of the CB. Just as a high COP will result in lower consumption (increased
production) but could potentially require a more complex DSHP configuration
which would increase cost. As the goal is to limit the total cost, we need to know
more about these energy performance criteria .

Therefore, the aim is to study a Carnot battery and, more specifically, analysing
the thermodynamic performance of several dual-source heat pumps to be able to
compare the two options from an energy and economic point of view. In other
words, we are interested to discover the performance (electricity consumption per
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quantity of hydrogen produced, installation cost per unit of hydrogen produced)
achievable with a Carnot battery incorporating a dual-source heat pump.

1.1 Limitations and aims of this thermodynamics section
This chapter will be devoted to the description of the dual-source HP studied,
their thermodynamic characterisation and their optimisation within the Carnot
battery. Finally, a parametric analysis will map the dependencies between the
parameters that characterise the Carnot battery, as well as their sensitivities. The
final results will help to design the set of parameters that will maximise efficiency
and production for a specific integration case.

2.0 The dual-source HP
A dual-source heat pump consists of a conventional single-source heat pump with a
second heat source added. This additional source can be integrated with the HP in
various ways (typically in series or in parallel). In addition to these configurations,
we may want to implement them in different types of single-source HP with
characteristics that are well suited to certain specific temperature ranges. In our
case, one of the two sources comes from waste heat recovery and the main reason
for its use in our case is to increase the quantity of heat supplied to the thermal
storage system (TES) of the Carnot battery.
The aim here is to find the configuration that gives the best COP while complying
with the specifications specific to our application (i.e. integration within a TI-PTES
with waste heat).
The method used will consist firstly of defining the specifications, then selecting a
panel of DSHP configurations capable of meeting these specifications and presenting
promising characteristics given the field of application (i.e. the specifications).
Finally, we will compare them thermodynamically to find out their respective levels
of competitiveness in terms of energy efficiency, so that we can choose the one that
best meets your needs. This approach has the benefit to yields results applicable
to other similar applications.

2.1 Application specifications
In order to frame the choice of DSHP configurations that will subsequently be
studied, a specifications covering the areas of operation and the constraints specific
to the case in question was made :
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• The DSHP must supply heat at a low temperature (95-120°C)1. This range
of temperature corresponds to the considered hot tank temperature of the
sensible thermal energy storage system used in the CB for this study.

• The DSHP must use 3 energy sources, at maximum: waste heat (65-75°C)1

and/or ambient air (5-20°C)1 and/or electricity.

• From a thermodynamic point of view, there must be no upper limit to the
thermal power delivered by the DSHP.

• The DSHP must completely use the full amount of waste heat.

2.2 Description of dual-source HP studied
On the basis of the literature and the criteria set out above (section 2.1), nine
dual-source HP configurations were selected. They differ in the types of components
used and the arrangement of these components. In addition, their selection was
motivated either because they are a type of HP which, when used as a single
source, has advantages in terms of energy efficiency for the temperature range
under consideration, or because of their simplicity and low cost.
These dual-source HP can be classified into different families and sub-families as
illustrated in the diagram below (Fig.3.1). Note that only families and subfamilies
are represented, however, several dual-source HP can belong to the same subfamily.
In the 9 dual-source HP chosen, 2 different configurations are included in the
dual-source heat pump sub-family with ejector and 2 more are included in the
dual-source cascade heat pump. Furthermore, an additional configuration will
be presented further in this section but can not be included in only one of these
subfamilies as it can be applied to all DSHPs having two evaporators.

1See section 3.1 for sources and justifications
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Figure 3.1: Diagram of the different dual-source HP classes and subclasses studied
in this master thesis

2.2.1 Dual evaporator

Dual-source HP in cascade In a Carnot battery with Rankine cycle, the heat
pump is used to increase the exergy of the heat source such that the temperature
gradient between the hot storage temperature and the cold storage temperature
(i.e. the environment) is sufficient to guarantee a reasonable storage energy density.
In our application with TI-PTES, a hot storage temperature of the order of 95 to
120°C is considered, as well as a standard ambient temperature of 15°C. If ambient
heat is to be used as an additional source, a temperature lift of 80 to 105°C is
required.
Generally speaking, single stage heat pumps are unreliable when the temperature
lift is large (>60°C) and its performance deteriorates (decrease in COP and in
heating capacity). Cascade heat pumps are preferred to single stage HP when it is
necessary to heat at a temperature greater than or equal to 60-65°C.

A cascade heat pump can be described as two heat pump circuits (a "hot" circuit and
a "cold" circuit) that are mounted one behind the other in a unit and are thermally
connected to each other by a central heat exchanger. This is the condenser for the
first stage and at the same time the evaporator for the second stage. The waste
heat source is injected into the hot circuit in parallel with the central heat exchanger.
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They are preferred because under high lift temperature (>60°C), they are more
reliable and allow for better maximum system performance. Indeed, for the same
lift temperature, cascade pumps will have lower compressor discharge temperature,
lower compression ratio and higher compressor volumetric efficiency. In addition,
the cascade cycle has the advantage to have two separate closed circuits, which
gives it the opportunity to have two different working fluids and to operate at two
speeds regime what gives it greater flexibility during the design and allows it to
have much stable water heating capacity than single stage heat pumps [53].

Figure 3.2: dual-source HP cycle diagram with dual-source HP in cascade with a
single-source HP
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Figure 3.3: T-s (left) and p-h (right) diagrams of the cascade cycle as shown in
Fig.3.2

According to Boahen [13], one way to increase the COP of a cascade heat pump
could be to add a heat exchanger to cycle 1 at low temperature (i.e desuperheater).
In his study, he proposed 3 different configurations for this internal heat exchanger:
desuperheater mode, heater mode and parallel mode.
His results showed that the desuperheater configuration was the most efficient one.
Indeed, compared with the conventional cycle, the new cascade cycle with heat
exchanger in desuperheater position had a higher heating capacity and COP due
to the high heat transfer within this exchanger, and a significant reduction in the
energy consumption of the ’cold’ circuit. The new cascade cycle with internal heat
exchanger in desuperheater position showed an improvement in heating capacity
and COP from 3.7 to 7.4 % and from 12.2 to 14.9 % respectively, when the OD
EWT(outdoor entering water temperature) was increased from -5 ℃ to 10 ℃.
For these reasons, a DSHP cascade version integrating an internal heat exchanger
placed as a desuperheater was selected. Its cycle diagram is shown below (Fig.3.4).
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Figure 3.4: dual-source HP cycle diagram of a dual-source HP in cascade with a
single source HP with desuperheater

Dual-source HP with ejector The idea behind the use of an ejector is to
reduce the loss present through the expansion device. Indeed, vapour compression
heat pumps commonly employ a capillary tube or throttle valve for fluid expansion.
This leads to large exergetic losses as the exergy is entirely dissipated due to friction
during the expansion. The ejector is a great device to recover expansion energy and
used it to increase the pressure level of the compressor’s inlet. Thereby, it offers
the potential to enhance the COP of vapor compression cycles in general [8],[96].
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Figure 3.5: T-s (left) and p-h (right) diagrams the cascade with internal heat
exchanger cycle as shown in Fig.3.4. For reasons of clarity, states 10, 12 and 13
have not been annotated directly in the diagram but are represented by a cross
(close to states 5 and 2)

An ejector is a static part with three inputs (see Fig.3.6). In the first, a pres-
surized primary fluid (in gaseous or liquid or two-phase) is accelerated through a
convergent-divergent nozzle, creating a pressure drop in the mixing chamber behind
the nozzle. This pressure drop draws in the secondary (low-pressure) mixture.
The two fluids mix, resulting in an increase in pressure and a decrease in speed.
Finally, the remaining kinetic energy in the fluid is converted to static pressure via
a diffuser. Overall, the ejector enables the secondary fluid to be compressed as the
primary expands to a common pressure.

Figure 3.6: Diagram showing the various parts of an ejector [ejector_scheme]

The proposed system here under is inspired by a cycle from Erdinc [89]. As
illustrated in Fig.3.7, the cycle employs two evaporators: one fed by ambient air and
the other by waste heat. By utilizing the high-pressure refrigerant as a driving force,
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the ejector elevates the pressure of the same fluid refrigerant present at low-pressure.
Consequently, the total compression work of the cycle is decreased, leading to
improved the COP of the dual-source heat pump. Here, the heat extracted from
the waste heat source is used to evaporate the high pressure primary fluid before
entering the ejector.

Figure 3.7: dual-source HP cycle diagram of a dual-source HP with ejector

Another variant of the ejector cycle was proposed in the [22] study. In this case,
the fluid inside the ejector is saturated so there is both vapour and liquid particles.
A pressure booster has been added just before the secondary fluid enters the ejector.
This slightly increases the pressure of the secondary fluid, thereby boosting the
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Figure 3.8: T-s (left) and p-h (right) diagrams of the HP with ejector cycle as
shown in Fig.3.7

system’s performance. According to the study, using the pressure dual-source HP
increases performance by 25 % compared with the ejector-enhanced heat pump
system without pressure boost.
The cycle used in the [22] study did not incorporate a second heat source and to
ensure that the fluid at intermediate pressure was present in the form of superheated
vapour at the compressor inlet (i.e. technical constraint for a compressor), an
internal exchanger (i.e. sub-cooler) was used. In our case, we propose to replace
this internal exchanger by integrating waste heat. The diagram of this dual heat
source cycle is shown below (see Fig.3.9).
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Figure 3.9: dual-source HP cycle diagram of a dual-source HP with ejector and a
pressure boost
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Figure 3.10: T-s (left) and p-h (right) diagrams of the HP with ejector and pressure
boost cycle as shown in Fig.3.9

Dual-source HP with open-economizer As explain for the dual-source HP in
cascade, a large lift temperature (>60°C) need to be achieved when ambient air is
used as an additional heat source. Another alternative to cascade cycles is to use a
cycle called EVI (Enhanced Vapour Injection) cycle. It consist of a classical heat
pump cycle in which a fraction of the fluid flow leaving the condenser is recovered
and expanded to an intermediate pressure before being reheated and injected into
the compressor. Compared to a conventional HP cycle, it has the advantage of
limiting the temperature at the compressor outlet (limiting superheating at the
condenser inlet) for the same saturation pressure or, in other words, a higher
maximum condensation temperature. As a result, it can increase its heating
capacity without sacrificing energy efficiency and maintain a high COP even when
the temperature lift is high (>60°C)[59].
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Figure 3.11: Comparison of an enthalpic diagram of a heat pump cycle with and
without (dotted line) EVI (adapted from [59]).

There are mainly two ways of separating and heating the intermediate-pressure
fluid fraction [10]. Here, the open economizer configuration as its name suggests
integrate an open economiser placed after an initial valve (at the condenser outlet).
This allows to separates the liquid part from the gaseous part. In our case, the
open economiser is used to absorb heat from the waste heat source. This added
heat ensures that the gaseous fluid fraction is superheated to an intermediate
temperature before being injected into the compressor via an intermediate vapour
injection port.
The other way would be to use a closed economizer also called "sub-cooler". It is a
internal heat exchanger which uses the hot fluid leaving the condenser to superheat
the fluid at intermediate pressure.
A study [10] analyzed both cases and found that the open economizer configuration
was the preferred choice due to the control instabilities encountered with the closed
economizer configuration.
In addition, the study [10] who studied the EVI cycle with open economizer, pro-
posed several compressor layouts that could be used (i.e. 2 compressors in parallel,
2 serial compressors). The author showed that each configuration had similar
efficiencies but the configuration with serial compressor was the most optimal

43



configuration from an economic and technical point of view. So when modeling
this cycle, the compression was modeled by considering a first compressor that
compresses the low-pressure fluid and then a second compressor that compresses
the mixture at intermediate pressure.

The double source heat pump cycle with open economizer used in this study
as well as its T-s and p-h diagrams that characterize it are shown below (Fig.3.12,
3.13).

Figure 3.12: dual-source HP cycle diagram with open economizer dual-source HP.
The waste heat is added directly inside the open economizer

44



250 0 250 500 750 1000 1250
entropy [J/K.kg]

300

350

400

450

500

T 
[K

]

1

2

3

4

65 7

8
9

100 0 100 200 300 400 500
enthalpy [kJ/kg]

0.0

0.1

0.2

0.3

0.4

0.5

0.6

pr
es

su
re

 [M
Pa

]

1

23

4

657 89

Figure 3.13: T-s (left) and p-h (right) diagrams of the HP with open-economizer
cycle as shown in Fig.3.12

Two dual-source heat pumps in series The aim of this chapter is to find the
DSHP configuration with the best COP. One way proposed by author Lemale [59]
to improve the COP of a DSHP is to use a serialization.

The term serialization is used in this context to mean that the water from the
thermal storage system passes through the two condensers and water heated from
ambient heat passes through the two evaporators (from the right-hand dual-source
HP to the left-hand one in the figure 3.14). This configuration reduces the tempera-
ture difference for each of the units, thus increasing the overall COP. In addition, the
temperature glides at the condensers and evaporators are reduced, which reduces
the temperature difference between the working fluid and the secondary fluid in
the heat exchanger and thus the exergy losses through exchangers are reduced.
It can be shown that by increasing the number of HP in series, the overall COP of
the installation increases logarithmically (Fig.3.17). However, it should be borne
in mind that the initial investment cost will be multiplied by the number of HP, as
will the maintenance cost. This is why we will limit ourselves to two HP in series.
As mentioned at the beginning of this section, serialization can be applied to all
DSHP with two evaporators (i.e the cycles presented above). However, the results
(see section 4.0) showed that the DSHP with open economizer maximized the COP.
Therefore, only the configuration of DSHP with open economizer will be presented
here.
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Figure 3.14: dual-source HP cycle diagram of two dual source HP with open-
economizer (Fig.3.12) whose condenser and evaporator have been placed in series
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Figure 3.15: T-s diagram of the right
HP cycle as shown in Fig.3.14
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Figure 3.16: p-h diagram of the right
HP cycle as shown in Fig.3.14
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Figure 3.17: Evolution of the global COP with the number of HP in serie. The
waste heat is divided equally between each HP, the hot tank temp. is Tst,in = 120°C,
the cold tank temp. is Tst,in = 65°C, the cold heat source temp. is Tcold,in = 15°C
and exits at a temperature of Tcold,out = 5°C, ratio between the produced thermal
energy and the waste heat energy is Eth,produced/Eth,wh = 2.5 and the input waste
heat temperature is Twh,in = 75°C

2.2.2 Heat pump with electrical heater

So far, we’ve only looked at configurations that use ambient air as a free source
of heat. However, this requires a wide temperature range, which affects the COP.
Another way of doing this would be to use another source of energy from a renewable
source, since we want to produce green hydrogen. Therefore, the other types of
energy available to us could be the electricity, biomass or solar thermal energy.
Biomass has to be ruled out, as it would mean destroying exergy already stored
in chemical form to transform it into thermal exergy. Solar thermal energy could
be a possibility, but has not been investigated in this study as the purpose of
having a second heat source is is to no longer be limited in heat, which would imply
oversizing the solar thermal heat production panels. Finally, electricity seems to
be the best option, as a large quantity will already be produced to supply the
electrolyzers and there could be electricity produced in surplus as we are dealing
with RE. Another major advantage is that an electrical heater is very simple and
inexpensive component. We could imagine two configurations to integrate it with
a heat pump: in series and in parallel. Both will be considered as we do not know
which one is the most efficient.

In series The cycle is pretty simple and is represented on the figure 3.18. The
water coming from the thermal storage system is heated by passing through the
condenser of a heat pump and a heat exchanger which transfers the heat produced
by an electrical resistor. The electrical resistance is placed in an electric boiler
and is used to heat water to a uniform temperature using electricity. It has the
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advantage of being easy to control and requires no moving parts (apart from a
circulation pump).
However, its control is much complex as presented in section 3.1.3.

Figure 3.18: dual-source HP cycle diagram with an electric resistance heater in
series with a classical HP that whose heat source is waste heat
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Figure 3.19: T-s (left) and p-h (right) diagrams of the HP cycle as shown in
Fig.3.18.

2.2.3 In parallel

Similar to the dual-source HP in the 2.2.2 sub-section, a heat pump used the
limited source of waste heat and an electrical resistor is used to increase the total
heat output to the thermal storage system. The difference with the previous model
2.2.2 is that both are independently connected to the TES. The heat pump will
therefore always have the same condensing temperature.
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Figure 3.20: dual-source HP cycle diagram with an electric resistance heater in
parallel with a classical HP whose heat source is waste heat
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Figure 3.21: T-s diagram of the HP
cycle as shown in Fig.3.20
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Figure 3.22: p-h diagram of the HP
cycle as shown in Fig.3.20
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2.2.4 Two heat pumps

Previously presented DSHP that use ambient air as heat source were all relatively
complex and not yet widely available. However, it would be useful to be able to
compare them to a conventional configuration and already widely used on the
market in order to compare them and locate the performance gap between the
configurations. Based on the results, only the case with 2HP in parallel will be
studied.

In parallel Two heat pumps deliver heat independently to the TES. One uses
waste heat as the heat source, while the other uses ambient heat.

Figure 3.23: dual-source HP cycle diagram of two classical HP each independently
connected to thermal energy storage systems (TES)
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Figure 3.24: T-s diagram of the HP
cycle which uses the ambient air heat
source as shown in Fig.3.23. The T-s
diagram for the HP which uses waste
heat source is the same as the one
in the dual-source HP with parallel
resistance, see Fig.3.21
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Figure 3.25: p-h diagram of the HP
cycle which uses the ambient air heat
source as shown in Fig.3.23. The p-h
diagram for the HP which uses waste
heat source is the same as the one
in the dual-source HP with parallel
resistance, see Fig.3.22

3.0 Model and method
Through this section, we will explain the method used to thermodynamically model
the Carnot battery with thermal integration comprising a DSHP as heat pump, a
sensitive thermal storage system and an ORC as heat engine. Here, we want to
fully model the Carnot battery in order to see the scope of DSHP performance on
it. This type of Carnot battery configuration, also known as TI-PTES, is shown in
the figure below.
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Figure 3.26: TI-PTES configuration used with sensible thermal energy storage.
Source: [41].

3.1 Modelling dual-source heat pumps and ORC
Each of the cycles presented above plus the ORC were modelled numerically using
the Python programming language and with the help of COOLPROP [2]. In this
section, the limitations adopted during modelling will be listed and the energy
evaluation of each component will be described. In addition more details will be
provided on the method used to model DSHP with electrical heater placed in series
and DSHP set in series .

3.1.1 Considered presumptions

To simplify the modelling, assumptions have been made:

• The system operate at steady-state operation

• the valve is considered isenthalpic

• all components except heat exchangers are considered adiabatic

• no heat loss to the environment is considered in heat exchangers
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• pressure losses through heat exchangers and tubes are neglected

• potential and kinetic energy variations are not considered

• superheating of 3 [K] is assumed at the inlet of the compressor and at the
outlet of the expander in order to protect the compressor and the expander
from any fluid liquid particles

3.1.2 Component energy evaluation

Each component present in each cycle must respect the conservation of mass and
energy defined as follows: ∑

ṁin =
∑

ṁout (3.1)∑
ṁout · hout −

∑
ṁin · hin = Q̇ − Ẇ (3.2)

where ṁin, ṁout are the mass flow rate that enter and comes out the component,
hin, hout the intake and output sensible enthalpy of the fluid, Q̇ the heat flow rate
and Ẇ the exchange work.

Compressor To model the compressor present in each DSHP, its isentropic
efficiency ηis,c is used. It is defined as:

ηis,c = his,out − hin

hout − hin

(3.3)

The value of this isentropic efficiency is given based on the values found for similar
cases in the literature [62],[63],[61]. See table 3.1 for the specific value. However, the
isentropic efficiency of a component can change depending on its (the compressor
here) size scale and the type of technology used which are intrinsic to the power of
the plant. As we consider all the possible case in this section, a sensitivity analysis
will be perform on this parameters (see section 3.4).

Open economizer The open economizer or separator, present in three of the
dual-source HP studied, is a sort of large balloon into which the fluid is injected
and which separates the gaseous phase from the liquid phase by gravity. In addition
to this function, it can also be used as a heat exchanger with an external fluid as
presented in the dual-source HP section. When it is used solely for separating the
two phases, its energy modelling is carried out under the assumption that one of
the outlets is assumed to be in the saturated vapour state while the other outlet
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is assumed to be in the saturated liquid state. Conservation of mass and energy
balance still apply.:

ṁin = ṁv + ṁl (3.4)
ṁv = x · ṁin (3.5)

ṁl = (1 − x) · ṁin (3.6)
ṁin · hin = x · ṁin · hsat,v + (1 − x) · ṁin · hsat,l (3.7)

where x is the vapor quality, hsat,v and hsat,l are respectively the vapor and liquid
saturated enthalpy.
When heat is injected into the open economiser, the mass flow distribution changes:

ṁv,add = Q̇

hl,v

(3.8)

ṁv = x · ṁin + ṁv,add (3.9)
ṁl = ṁin − ṁv (3.10)

where Q̇ is the heat flux injected and hl,v is the latent enthalpy of vaporisation.

DSHP Condenser One effective way of increasing the energy performance
(COP) and exergy performance of a heat pump is to sub-cool the condenser outlet.
This increases the heat exchanged at the condenser without increasing the workload
on the compressor (Fig.3.27. In addition, exergy losses at the condenser will
be reduced due to the reduced temperature difference between the two fluids
throughout the heat exchanger (Fig.3.28,3.29). To caracterise the exergy efficiency
at the condenser heat exchanger, we can introduce the exergertic efficiency ηcondex

which represents the ratio of what the cold fluid gained over what the hot fluid lost
through heat exchange. It is defined as:

ηcondex = ṁst(est,out − est,in)
ṁcd(ecd,in − ecd,out)

(3.11)

where ṁst, ṁcd are the storage and condenser mass flow rate respectively, ecd,in −
ecd,out are the exergy of the hot organic fluid inside the HP entering and leaving
the condenser respectively, est,out, est,in are the exergy of the fluid which receives
the heat and which comes from the TES.
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Figure 3.27: Effect of subcooling the
exhaust condenser temperature of a
heat pump on the heat per unit mass
transmitted to the fluid to be heated
for a constant work for constant com-
pression work per unit of mass
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Figure 3.29: Effect of subcooling the exhaust condenser temperature of a heat
pump on its condenser exergy efficiency

Therefore, the temperature at the condenser outlet for each dual-source HP
is set at Tcd,out = Tst,in + pinch. Here, Tst,in = Tst,cold is the cold temperature of
the sensitive storage system and the pinch represents the irreversibility of heat
transfer. The saturation pressure of the condenser is found by imposing the same
pinch between the saturation temperature of the refrigerant and the temperature
of the fluid receiving the heat. This is illustrated below (Fig.3.30).
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Figure 3.30: T-Q diagram showing heat exchange in a HP condenser, where the
working fluid (red) is the refrigerant and the secondary fluid (blue) is the fluid from
the thermal storage system.

Assuming a starting value for the saturation pressure, this allows us to find the
saturation temperature Tcd,i and via an energy balance we find the temperature
Tst,i = as a function of hst,i :

hst,i = ṁcd

ṁst

(hcd,i − hcd,out) + hst,in (3.12)

where hst,in is the enthalpy of the hot reservoir. We iterate on the saturation
pressure until we obtain the desired pinch.

Ejector Since the aim is not to study the ejector in detail, we will limit ourselves
to calculating the thermodynamic states at the inlet, nozzle outlet, after mixing
and diffuser outlet. The following model is based on the conservation of mass and
the conservation of energy through a adiabatic device (= conservation of total
enthalpy) [89] and assumes the following assumptions:

• the velocity at the inlets and at the outlet of the ejector is assumed equal to 0

• only 1-D flow is considered inside the ejector
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• the isentropic efficiency of the ejector is defined based on the inlet, mixing
region and diffuser isentropic efficiency

First, we defined the entrainment ratio µ as :

µ = ṁSf

ṁP f

(3.13)

with ṁSf and ṁP f respectively the mass flow rate of the secondary fluid (low
pressure’s one) and the primary fluid (high pressure’s one).
Then by knowing the intake state of the primary fluid and by assuming that the
pressure at the exit of the nozzle is equal to that of the secondary fluid pn = pSf ,
we can find the enthalpy at the exit of the nozzle hn and its velocity un thanks to
the nozzle isentropic efficiency.

ηn = hP f − hn

hP f − hn,is

(3.14)

where hn,is = f(p = pn,is, s = sP f ).
Since we are considering an adiabatic ejector, the total enthalpy is conserved.

un = (2(hP f − hn))0.5 (3.15)

By using the mixing efficiency defined as :

ηmix = u0.5
mix

u0.5
mix,is

(3.16)

and the fact we can defined the isentropic mixture velocity as :

umix,is = un

1 + µ
(3.17)

Then the mixing velocity is given :

umix = un · ( ηmix

1 + µ
)0.5 (3.18)

The energy equation in the mixing region can be written as:

hn + u2
n

2 + µ · hSf = (1 + µ) · (hmix + u2
mix

2 ) (3.19)

This equation allows us to find hmix.
Using the same assumption of adiabaticity, we find the enthalpy and its other
thermodynamic parameters at the exit of the diffuser:

hd = hmix + u2
mix

2 (3.20)

58



hd,is = (hd − hmix) · ηd + hmix (3.21)
pd = f(hd,is, smix) (3.22)

The temperature and entropy can be easily find using hd and pd.

Electrical resistance To model the electrical resistance, we assume an efficiency
of 100% such that all the electricity used will be converted into heat.
The fluid heated by the resistor is pressurised water, so that it remains in liquid
form. In addition, the flow rate, the temperature of the heated water and the
temperature glide at the heat exchanger are all dimensioned so that the temperature
profile in the heat exchanger minimises energy losses, which is equivalent to two
parallel lines with constant slope running in opposite directions (Fig.3.31). To
obtain this profile, the flow rates and temperature glide must be equal in both
circuits. Note that in reality, the flow rates passing through the two circuits vary
slightly independently. From then on, we will observe more curves.

Figure 3.31: T-Q diagram of the heat exchanger between the resistance circuit (red)
and the one of the thermal energy storage circuit (blue) such that it minimizes
exergy losses

Turbine/expander The expansion device present in the ORC is also model
thanks to its isentropic efficiency. It is defined as:

ηis,t = hin − hout

hin − his,out

(3.23)
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Its value is listed in the table 3.1.

Pump At the pump level in the ORC, we take the assumption that the pump
outlet temperature is the same as the inlet one. This is a reasonable assumption,
given that the compression of a fluid in liquid form is low, nearly negligible.
Therefore the temperature rise associated with compression is negligible.
The pump’s mechanical power of the ORC is found via its internal efficiency defined
as :

ηi,p = ṁ · (hout − hin)
Ẇpump

(3.24)

Model parameters and constraints The table below shows the parameters
of the numerical model that calculates thermodynamic performance. Some of
these are design variables and will need to be optimised (see section 3.3). The
waste heat source temperature is set on the basis of the operating temperature
of PEM electrolysers. For good heat integration efficiency, the thermal storage
temperature must not be too high. Typically in a TI-PTES, we will find hot storage
temperatures between 90-140°C [41]. In order to consider two fluids capable of
maximising the performance of the DSHP and ORC respectively over the entire
temperature range, we will restrict ourselves to using a hot tank temperature of
between 95 and 120°C. This limitation is mainly due to the ORC, which requires a
fluid with a critical temperature close to the hot storage temperature to maximise
its efficiency. Increasing the spread would result in the use of a less suitable fluid
for T min

st,hot and the results would therefore not represent the case of an optimal
configuration. In addition, limiting the temperature above allows to limit the
pressure inside the tank and therefore the cost and limiting at 95°C avoid having
a too small energy density which implies a large and so more expensive storage
system. The cold tank storage temperature is limited below by the output cold
waste heat temperature and the storage pressure is set so that the water always
remains in liquid form in the tank. Its roundtrip efficiency is assumed to be 100%
in this study. The waste heat source temperature glide is limited at the top so as
not to affect the correct operation of the electrolyser and to keep a consistent water
flow value. The other variables have been set either based on similar applications
found in the literature or arbitrarily.
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Parameter Unit Value Source
Reference temperature Tref

◦C 15 -
Reference pressure pref kPa 100 -
Waste heat source temperature Twh

◦C 75 [11],[23],[50]
Waste heat source temp. glide ∆Twh,gl K 10 -
Hot tank storage temperature Tst,hot

◦C design var. -
Max. hot tank storage temperature T max

st,hot
◦C 120 -

Min. hot tank storage temperature T min
st,hot

◦C 95 [41]
Cold tank storage temperature Tst,cold

◦C 65 -
Storage pressure pst kPa 250 -
Heat ambient source temperature Tcold

◦C 15 [40]
Heat ambient source temp. glide ∆Tcold,gl K 10 [40]
Heat sink temperature Tcold

◦C 15 [40]
Heat sink temp. glide ∆Twh,gl K 10 [40]
Pinch point in exchangers ∆Tpp K 3 [36],[40]
HP working fluid fluidHP - design var. -
ORC working fluid fluidORC - design var. -
Compressor isentropic efficiency ηc,is % 80 [40]
Thermal energy storage efficiency ηT ES % 100
Expander isentropic efficiency ηt,is % 85 [40]
Pump internal efficiency ηp,i % 70 [40]
Nozzle efficiency of ejector ηn % 85 [8],[61],[62],[63]
Mixing efficiency of ejector ηmix % 90 [8],[61],[62],[63]
Diffuser efficiency of ejector ηd % 82 [8],[61],[62],[63]

Table 3.1: Model parameters and constraints

3.1.3 HP with electrical heater in series

As presented in the description section of the DSHP with electrical heater in series,
its control is more complex than the parallel configuration. Indeed, the heat pump
uses waste heat as a heat source. As explained in the introduction and in the
review of literature chapter, a heat pump using a limited quantity of heat will only
be able to deliver a limited quantity of heat at a given condensation temperature.
This is because, when all the available heat is used, the flow rate of the refrigerant
passing through the heat pump is fixed and the work done by the compressor is
fixed by the temperature difference between the evaporator and the condenser.
Therefore, to modify the power that will go to the thermal storage system, we
need to increase the proportion of heat produced by the electrical resistance while
respecting the energy balances at the exchangers. Therefore, the charging power is
controlled by the temperature of the water circuit at the condenser outlet (T6 in
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figure 3.18).

3.1.4 Two dual-source HP in series

When modelling the dual-source HP with 2 HP connected in series 2.2.1, care
must be taken to maintain a continuous flow in the two secondary circuits (tank
circuit and cold heat source circuit). To do this, the flow rate and the intermediate
temperature (between the two condensers) in the tank circuit are set respectively
as a function of the heat flux received and as the average temperature of the two
tanks Tst,int = 1

2 · (Tst,hot + Tst,cold).
In the cold source circuit, the intermediate temperature between the two evaporators
will determine the flow rate required for each HP. It is necessary to iterate on this
temperature until a continuous flow through the two evaporators is obtained. Each
HP receives an equivalent amount of waste heat.

3.2 Performance criteria
The proposed performance criteria assess the dual-source HP and the Carnot
battery from a thermodynamic point of view. In addition, certain criteria directly
affect the cost of the installation. In this section, we will explain on the basis of
which criteria the dual-source HP, TES, ORC and CB will be evaluated and these
criteria will be defined.
The COP coefficient of performance characterises the energy performance of an
HP. In the case of a dual-source heat pump, the COPglobal is used and allows to
compare them. The COPglobal is defined as follows :

COPglobal =
∑

Qproduced∑
Wm

(3.25)

where ∑
Wm is the total net work carried out by the dual-source HP. The COPglobal

gives indication on the energy required to power the dual-source HP. A lower COP
means that the R.E. will have to produce more electricity and so the COP is
indirectly linked to the investment cost of renewable energies for a given quantity
of product (hydrogen in our case).
To evaluate the ORC, we define its output ηORC as :

ηORC = Wm,ORC

Qev

(3.26)

where Wm,ORC is the the net work output of the ORC or equivalently the electrical
energy produced by the Carnot battery and Qev is the heat flux at the evaporator
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of the ORC.
Power-to-power efficiency defined as:

ηP 2P = COPglobal · ηORC = Wm,ORC

Wm,DSHP

(3.27)

where Wm,DSHP is the DSHP total net work input. It allows to evaluate the
effectiveness of electricity recovery.
Finally, the energy density is defined as :

ρel = (hst,hot − hst,cold)
vst,hot + vst,cold

· ηORC (3.28)

where vst,hot, vst,cold are the specific volume of the hot and cold tank respectively.
The density corresponds to the amount of electricity that can be discharged per
unit volume of the tanks. It allows to evaluate the size of the thermal energy
storage system. The larger the storage system, the more expensive it will be so the
investment cost of the storage system is indirectly linked to the density.

3.3 Pursuit of peak efficiency
3.3.1 Working fluid

The working fluid in the HP of the various dual-source HP and in the ORC is a
design variable that needs to be optimised. It plays a major role in the Carnot
battery and must comply with environmental constraints (= low GWP, ODP and
avoid eternal pollutants), technical constraints and safety constraints (= avoid as
much as possible fluids that are flammable, explosive or toxic which correspond to
the third class according to ASHRAE classification [92]). Furthermore, saturation
pressure decreases as the critical point increases. Respecting this rule would restrict
the choice of refrigerant too much. It’s commonly recommended to use a pressure
above 1 bar. However, strictly adhering to this guideline may overly limit refrigerant
options for the large value of hot tank storage temperature investigated in this
work. This is due to the decrease in saturation pressure at a given temperature as
the critical point increases. The list of fluids considered for the DSHP and ORC
as well as their main characteristics are shown in the table below. They are all
adapted to perform with sub-critical cycles in the temperature range considered in
this study.
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Fluid for DSHP Type Tcrit

[°C]
pcrit

[bar]
psat,15◦C

[bar]
GWP100 ASHRAE

341
Shape

R717 (Ammonia) - 132.2 113.3 7.3 N/A B2L wet
R600a (iso-Butane) HC 134.7 36.3 2.6 N/A A3 dry
R600 (n-Butane) HC 152.0 38.0 1.8 0.006 A3 dry
R1233zd(E) HCFO 166.5 36.2 0.9 3.882 A1 dry
cyclo-Pentane HC 238.6 45.7 0.3 N/A N/A dry
Fluid for ORC
R161 (fluoroethane) HFC 102.1 50.1 7.0 4.841 N/A wet
R152a HFC 113.3 45.2 4.4 1641 A2 wet
R13I1 (CF3I) H 123.3 39.5 3.7 0.4 A1 wet
R600a (iso-Butane) HC 134.7 36.3 2.6 N/A A3 dry
1-Butene HC 146.1 40.1 2.2 N/A N/A dry
1 ASHRAE Standard 34-2022, ”Designation and Safety Classification of Refrigerants”
2 Value from Table 7.SM.7 of IPCC AR6 [17]

Table 3.2: Properties of the fluids considered in this study (data from CoolProp [2])

3.3.2 Recuperator

In a HP or ORC, it is sometimes beneficial for their energy performance to
incorporate a recuperator. This serves in the case of an HP to increase the
temperature of the working fluid before it enters the compressor by sub-cooling
the working fluid at the condenser outlet. In the case of an ORC, it serves to
increase the temperature before entering the steam generator by desuperheating
the working fluid at the expander outlet. The configuration of the TI-PTES with
recuperator for both HP and ORC can be seen on the graph below. Here, the
configuration with recuperator is given for a single-source HP. The recuperator
configurations investigated for each DSHP presented can be found in the appendix.
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Figure 3.32: TI-PTES configuration used with recuperator integration for both HP
and ORC. Source: [41].

Adding a recuperator involves additional costs. It is therefore necessary to ensure
that its integration allows a clear improvement in performance. The COPglobal and
the ORC efficiency with and without recuperator for all the fluids considered and
for each dual-source HP have been compared in order to find the best combination.
The T-s and p-h diagrams and the cycles with recuperator for each DSHP studied
are listed in the appendix.
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Figure 3.35: T-s (left) and p-h (right) diagrams of a classic HP with and without
heat recuperator using cyclopentane as the working fluid. The COP is equal to
2.72 and 2.96 without and with recuperator respectively at Tst,hot = 107°C
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Figure 3.36: T-s (left) and p-h (right) diagrams of an ORC without and with
recuperator (between states 4-5 and 2-6) using fluoroethane as the working fluid.
The efficiency is equal to 0.116 and 0.1195 without and with recuperator respectively
at Tst,hot = 107°C

3.3.3 Carnot battery dilemma

As demonstrated in the article [40], there is a dilemma which consists of the conflict
between the power-to-power efficiency ηP 2P and the energy density ρel. Obviously,
we would like to maximise both. The objective is twofold. Firstly, we want to know
the sensitivity of one to the other and secondly, to find the optimum between the
two.
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3.4 Parameter sensitivity analysis
Certain parameters are specific to the scale and power of the installation (i.e.
ηc,is, ηt,is, ηp,i). As we are not restricted to a scale of magnitude, it is important to
be aware of the level of sensitivity of performance to these parameters. For example,
if a high level of sensitivity is detected, the parameter in question should be carefully
selected for a particular case study. Other parameters have a direct influence on
the cost of components and on the efficiency of the CB. Notably the temperature
pinch. Indeed, given that the temperature levels within the CB are low (<120°C),
we can expect to observe a strong sensitivity of the efficiency with the temperature
pinch at the exchangers [35]. Furthermore, if economic considerations were not
taken into account during the design phase, we would always tend to minimise this
temperature pinch for reasons of energy efficiency and exergy. However, to obtain
low pinch, it is necessary to have a large contact surface and high fluid velocity.
These constraints increase the cost of heat exchangers and pressure losses [73].

4.0 Results & discussion

4.1 Results of the pursuit towards peak efficiency
4.1.1 Dual-source HP: configuration used to aim for peak efficiency

In all the dual-source HP, cylopentane stands out from the crowd every time. Despite
its low saturation pressure at low temperature (heat sink/ambient temperature), we
will still consider it in view of its performance. In the case of the two dual-source
HP with cascade HP, there are two cycles with two distinct fluids. All possible
combinations of fluids have been considered, but the configuration with the best
COP is the one with cyclopentane in both cycles. Based on the graph below, we can
see that the effect of the recuperator depends on the fluid. For butane, the effect
is largely beneficial, unlike R717 (i.e ammonia), which performs better without
recuperator. However, when considering the use of cyclopentane, the addition of a
recuperator is largely beneficial for all the HP configurations present in the various
dual-source HP.
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Figure 3.37: Comparison of the COPglobal for the case of the HP dual-source HP
with open economizer with the variation of thermal storage spread temperature
∆Tst,sp for the involved fluids with and without recuperator. A ratio Eth,produced

Ewh
= 2.5

is used

There are only 2 exceptions: HPs whose only source of heat is waste heat
(3.20,2.2.2,3.23) and the dual-source HP with ejector + pressure boost (3.9). HP
systems that only use waste heat as a heat source have a temperature difference
between the condenser and the evaporator that is too small to justify the use of a
recuperator. In the dual-source HP with ejector + pressure boost, the idea of this
dual-source HP is to use the heat leaving the condenser to inject it into the ejector.
The greater the internal energy (=enthalpy) of the fluid leaving the condenser,
the greater the pressure lift produced by the ejector. Reducing entalpy by using a
recuperator would be counterproductive.

In some dual-source HP, there are free variables that need to be optimised. As
soon as a parameter (external or internal to the dual-source HP) is modified, the
optimum value of these variables must be recalculated. For dual-source HP with
cascade HP, the free variable corresponds to the intermediate temperature (i.e.
temperature at the level of the intermediate exchanger between the two HP (see
states 11, 12 on the figure 3.2). This temperature sets the temperature lift of each
HP and their respective work. This optimum temperature is calculated iteratively
until the best COP is obtained.

In the dual-source HP with ejector + pressure boost, the pressure ratio produced
by the small compressor acting as a pressure dual-source HP is also a free variable
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to be optimised. This is calculated iteratively until the best COP is obtained.

4.1.2 ORC: configuration used to aim for peak efficiency

In a similar way to the optimisation of dual-source HP, each fluid has been tested
with or without a recuperator. The aim is to find the configuration that optimises
the ORC’s efficiency in the range of the tank temperature spread considered. To
do this, the optimum superheat at the expander inlet was calculated for each
temperature spread and for the two configurations under consideration while
maintaining a sufficient superheat at the expander outlet to ensure a constant
supply of fluid in vapor form. This constraint is necessary for the expander’s
durability, and a good practice superheat value of at least 3K is applied. Indeed,
this superheat ensure that there are no droplets in the fluid that could damage the
expander.
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Figure 3.38: Comparison of the ORC efficiency with the variation of thermal storage
spread temperature ∆Tst,sp for the involved fluids with and without recuperator

Based on these results, it can be seen that maximum ORC efficiency is obtained
when fluoroethane is used. With regard to the gain linked to the recuperator for
the case with fluoroethane, its use is beneficial only for a ∆Tst,sp ≤ 48[K], altough
the gain it brings remains minimal (≤ 3.11%) and its influence on the overall
performance of the Carnot battery (i.e power-to-power efficiency) will be negligible.
Consequently, its use is not economically justifiable and it will not be considered
in the rest of this work. Note that the fluctuations in the ORC efficiency curves
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are due to the fact that the optimum superheat temperature value varies for each
temperature spread considered.

4.2 Carnot battery optimisation
We know that by providing only a finite amount of heat to the heat source of a basic
heat pump, it can only generate a restricted quantity of thermal energy at a specific
temperature. In our case, this means that the flow of heat supplied to the TES is
fixed and insufficient to load the TES in a consistent manner in a given time, which
results in the production of a too small quantity of electricity compared to that of
the industrial installation which reject the "waste" heat. This low ratio makes it
impossible to economically justify such an installation. We have already seen that
one solution for increasing this heat flow with respect to the given waste heat was
to use a DSHP. However, we need to be able to define the net input work that the
DSHP will have to do in return. In the lower left-hand figure, the COP is used to
represent the net work to be done for a given quantity of thermal energy sent to
the TES and is represented as a function of the ratio of thermal energy produced
by the DSHP for a given quantity of waste heat. In other words, behind this graph
lies the link between the performance of the DSHP as a function of the fraction of
heat coming from the second heat source. In the case of our application, we are
considering an RE source that supplies an electrolyser plant and the carnot battery
intermittently. These electrolysers are characterised by an internal efficiency and
a power supply. The heat flux normally lost is derived from these two terms. In
addition, the carnot battery is used to satisfy a presumed known need (powering
the auxiliaries or powering the electrolysers) in order to produce more hydrogen
for an in. From this need comes the thermal energy (Eth = Eel,ORC/ηORC) that
the CB must store in order to meet the demand. Finally, the overall performance
of the CB (ηP 2P ) can be compared according to a ratio that directly compares
the energy produced by the CB to the main consumption of the installation (i.e
the energy consumed by the electrolysers). The graph on the left is more general
and can be used to design any system using one of the dual-source HP studied
which incorporates a residual heat source. The graph on the right focuses on our
application by concentrating on the evolution of power-to-power efficiency as a
function of the amount of electricity produced by the ORC for a given amount of
electricity consumed by the electrolyser system.
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Figure 3.39: Comparison of the performance of dual-source HP (left)/ Carnot
battery coupled to an electrolyser system (right) as a function of the ratio of
thermal/electrical energy produced to the thermal/electrical energy characterising
the size of the installation (respectively the waste heat and the power consumption
of electrolyser). An efficiency of 70% for the electrolyser plant and a hot tank
storage temperature Tst,hot of 107°C have been used.

As can be seen, the COPglobal and ηP 2P of the resistor dual-source HP are much
lower when the heat produced by them is increased. For this reason, these two
dual-source HP will no longer be considered in the sensitivity analysis. Except for
the dual-source HP with HP connected in series, which has a COPglobal that clearly
stands out, all the others have similar performances. However, the economic factor
must be taken into account before we can say that the dual-source HP with HP in
series is the best choice.

As explained above, energy density and power-to-power efficiency are important
parameters for a Carnot battery. The density characterises the volume/size of the
TES (and therefore its cost) while the ηP 2P efficiency characterises the storage
efficiency. By looking at the figure 3.40, we can see that the COP is inversely
proportional to the density and, conversely, the ORC efficiency is directly propor-
tional. When we combine the two, we see that power-to-power efficiency decreases
with density. However, except for the dual-source HP with cascade HP + IHX (i.e
internal heat exchanger), the decrease is slight. There is a compromise between
these two variables, even if it is not very marked. This is good news, because we’ll
be able to maximise energy density without sacrificing P2P efficiency. This graph
will enable us to choose the compromise based on a previously determined case
study.
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Figure 3.40: The Carnot battery dilemma for a ratio Eth,produced/Ewh equal to 2.5

As mentioned above, the fluctuations in the ORC and power-to-power efficiency
curves are due to the fact that the optimum superheat temperature value varies
for each temperature spread considered. Note also that these curves are obtained
for a given ratio Eth,produced/Ewh of 2.5 arbitrarily chosen. Overall, the pattern
remains the same. However, there is a slight decrease in the efficiency with the
energetic density when the ratio is low (<2.1) and an increase that becomes more
marked as the ratio increases. This is explained by the fact that the fraction of
heat coming from the second source (i.e ambient air at lower temperature than the
waste heat) increases as the ratio increases. As a result, the COP of the DSHP
decreases while that of the ORC remains unchanged, showing that the influence
of the ORC efficiency on the power-to-power efficiency increases with the ratio
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Eth,produced/Ewh. The figure of the dilemma of the Carnot battery 3.40 with two
other ratios (1.8 and 4) are listed in appendix.

4.3 Results of sensitivity analysis
As stated above a ratio Eth,produced/Ewh of 2.5 is arbitrarily chosen for the graphs
shown below but the evolution of the COPglobal and the ηP 2P depending on the
density and the ratio Eth,produced/Ewh for the different variables analysed can be
found in the appendix.

4.3.1 Pinch point sensitivity analysis

The most important heat exchanges take place in the exchangers linking the
dual-source HP and the TES, and between the TES and the ORC. Changing
the temperature pinch at the condenser of a HP requires it to perform a greater
lift temperature. Its COP is therefore affected. At the ORC evaporator, the
evaporation temperature is reduced and so is its efficiency. This is why we have
carried out a sensitivity analysis of these two exchangers.
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Figure 3.41: COPglobal and ηP 2P sensitivity to the pinch temperature with Tst,hot =
107°C and a ratio Eth,produced/Ewh of 2.5
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Figure 3.42: ηORC sensitivity to the pinch temperature with Tst,hot = 107°C

It is see that an elevation of the pinch of 10 [K] causes a decrease of 15% of ηP 2P .
We concluded that it is important to invest in a larger exchanger as a priority in
order to minimize the pinch.

4.3.2 Compressor efficiency sensitivity analysis

As stated previously, the isentropic efficiency of a compressor may depend on the
size of the compressor, the type of compressor, etc. The efficiency of the compressor
obviously affects only the COP within the dual-source HP.
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Figure 3.43: COPglobal sensitivity of dual-source HP to the compressor’s isentropic
efficiency and its impact on the power-to-power efficiency with Tst,hot = 107°C and
a ratio Eth,produced/Ewh of 2.5

As expected, the COP believes with ηc,is. It is also noted that the present
performance gap between dual-source HP increases slightly with ηc,is. There is
a ηP 2P increase of 8,825% for a ηc,is increase of 20%. It is concluded that the
sensitivity remains moderate.
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4.3.3 Expander efficiency sensitivity analysis

Expander efficiency affects only the ORC.
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Figure 3.44: Sensitivity of ORC efficiency to the expander’s isentropic efficiency
and its impact on the power-to-power efficiency with Tst,hot = 107°C.

As expected, the yield increases with ηt,is. There is an increase of ηP 2P of
11.25% for an increase of ηt,is of 20%. It is concluded that sensitivity remains
moderate but higher than ηc,is.

4.3.4 Pump efficiency sensitivity analysis

Pump efficiency affects only the ORC but its influence on ηORC is found to be
negligible. Indeed, it influences the work of the pump which is itself much lower
than the work of the turbine (<2%).
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Figure 3.45: Minimal sensitivity of the ORC’s performance to the pump’s internal
performance with Tst,hot = 107°C
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5.0 Conclusion
one will retain that the majority of dual-source HP have similar energy performance.
Only the dual-source HP with dual-source open economizer HPs in series and the
dual-source HP with resistors stand out respectively because its COP surpasses
all others and the serialization makes it possible to add an offset at the COP and
because their COP drops as the share of energy produced by the resistor increases.
During optimization, it is the cyclopentane fluid that clearly stands out for all
dual-source HP and the recuperator is an advantage in general. For the ORC,
propane stands out but the configuration varies according to the temperature
spread of the TES. Finally, it should be noted that the typical trade-off between
energy density and power-to-power efficiency, commonly observed in a Carnot
battery, is minimally present in our case.
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Chapter 4

Carnot battery integration case
study with Dual-source heat pump

The chapter 3 allowed us to characterize thermodynamically the DSHP and to
know the sensitivity of the CB performances for these different DSHP. However,
the impact on the production performance that CB can bring within the coupling
and the economic aspect of this coupling has not yet been addressed. This chapter
will therefore be devoted to the analysis and comparison of the performance of an
electrolyser site coupled to an energy storage system all powered by a renewable
energy source (i.e green production). The second stage will involve comparing
and discussing the competitiveness of the CB against the best storage options
already available on the market (found in the previous step of this chapter) from
an economic and technical perspective.

1.0 Description of the application case and the
storage system’s use

1.1 Type of renewable energy source
In the literature [54],[44],[87],[67], three cases are generally considered for the
production of hydrogen via water electrolysis: the solar energy via photovoltaic
(PV) panels , the wind energy using wind turbine and the mix between these
two energy sources. On one other hand, the production of wind turbines on the
time scale corresponding to that of thermal storage (a few hours to a few days),
does not follow any trend and is not predictable. This random nature makes it
impossible to consider this type of RE with the model considered in this study. On
the other hand, electricity produced from PV panels is characterised by an average
production pattern that repeats itself every day, which simplifies the analysis and
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the comparison. Indeed, the charging and discharging cycles will be similar from day
to day and will be easily identifiable (i.e day and night) over the period considered.
Consequently, electricity production from PV panels will be considered in this
chapter and the comparison will be based on a 1-year average daily production
pattern. The irradiation dataset considered to calculate the production pattern
equals to the irradiation pierced at Puertollano (Spain). This location has been
selected because a 100 MW photovoltaic solar plant used to produce green hydrogen
has already been implemented there [32], which means that, by deduction, the
irradiation rate of this location is promising for a good profitability. The solar
irradiation data used comes from National Solar Radiation Database (NSRDB)
[70].

1.2 Hydrogen issues
One major issue when dealing with hydrogen is its transport. Although hydrogen
has a very high mass specific energy ratio, it is a fluid which, at ambient pressure,
has a very large specific volume. In order to transport it, it must therefore be
compressed to a high pressure (150-200 bar) [60], which generates additional energy
costs. Futhermore, hydrogen is a highly explosive and flammable fluid [20], making
it even more difficult to transport. To counter these problems, hydrogen can be
converted to ammonia directly on the production site. Ammonia has the advantage
of having a higher energy density than hydrogen (11.5 compared to 0.010-0.011
MJ/L under standard conditions [55]) and although it is classified as toxic (B2L
according to ASHRAE [92]), it is much less explosive and flammable than hydrogen.
It is therefore safer and more efficient to transport. In addition, ammonia is already
widely used, particularly in the agricultural sector for the production of fertilisers.
Up to 45% of the world’s hydrogen production is used to produce ammonia [1].
These reasons lead us to consider a case of power-to-ammonia integration (=
hydrogen produced from RE will be transformed into ammonia on site).

1.3 Storage system’s use
The production of green ammonia requires a renewable energy source (i.e PV panels),
a hydrogen production process (i.e PEM electrolysers), an ammonia production
process (i.e Haber-bosch) and auxiliaries (i.e desalination unit, pump, air separator,
compressor) needed to operate the production process (the entire system is shown
in figure 4.1 and describe in the following subsection).
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Figure 4.1: Diagram of the integration case considered in this chapter

As the whole system can only use the electricity produced by the PV panels,
it must technically be able to cope with this constraint. We know that PEM
electrolysers are not very sensitive to fluctuations and can operate at low load
1.0. Therefore, there are no technical constraints that would require them to be
powered continuously. On the other hand, several articles [68],[94] have shown the
importance of operating the ammonia production system in steady-state. In fact,
a continuous process can produce more ammonia than an intermittent process,
and in less time. This is why generic ammonia synthesis reactors are designed to
operate continuously 330 days a year and when a mandatory shutdown occurs,
it takes several days to restart the reactor. One of the reasons for this is that
the process uses catalysts that are highly sensitive to fluctuations in pressure and
temperature within the reactor. As we’re only using PV panels, there will be no
electricity production at night and as the ammonia production process has to be
powered continuously, a electrical storage system as well as a buffer storage have
to be used to supply the ammonia production process of electricity and hydrogen
respectively.

1.4 Description of the integration case
To be able to design the storage system, we need to know the consumption of the
auxiliaries that will need to be supplied during the off-peak production phase (i.e
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the night). To do this, let’s review the various elements present in the system (see
Fig.4.1) and quantify their specific consumption. Fortunately, a study [54] has
already focused on characterizing the specific consumption of components used in
the production of green hydrogen and ammonia from PEM electrolyser. Therefore,
we will use or adapt these results for the present case.

PEM electrolyser The most energy consuming element is obviously the PEM
electrolyser. According to the study [54],[68], the mass ratio of hydrogen necessary
to produce 1 kg of ammonia is equal to 0,17755:1 . Its specific consumption is
equal to 4.2-5.6 [kWh/Nm3

H2] [23] which correspond to 50.15-66.86 [kWh/tH2]
using hydrogen density of 83.75 kgH2/Nm3. Finally, taking the previous ammonia
to hydrogen mass ratio, the specific consumption per unit of ammonia’s mass is
equal to 8904.5-11871.45 [kWh/tNH3].

Desalination unit Electrolyser needs to be supplied with water which is not
always available in every locations., especially since solar panels are often placed in
isolated desert regions to have greater irradiation. Desalination of water from the
sea remains a viable and commonly used solution. In addition to this, electrolysers
need pure water so water purification treatment is usually necessary. For that
reasons and even if several desalination technologies exist, the Mechanical Vapor
Compression (MVC) technology will be considered here. Based on the results of the
above study, its specific energy consumption is equal to 22.8 [kWh/tH2O]. As the
electrolyser need 10 kgH2O to produced 1 kg of hydrogen and reusing the previous
mass ratio, the specific consumption per unit of ammonia’s mass is equal to 41
[kWh/tNH3]. Considering the foregoing, the water purification element can be
neglected. As its use stipulates, desalination should only work when the electrolyser
is also running

Compressor Once the hydrogen is produced, two paths open to him. Either it
is sent directly into the ammonia production process, or the ammonia production
process is already sufficiently fed in which case the excess hydrogen produced will
have to be compressed and stored in buffer storage to be transformed into ammonia
later. This compression step is necessary because, as explained above, the density
of hydrogen is very low and storing it in a reasonable volume requires compression.
In the study, it is assumed that the gas will be stored under a pressure of 160 bar.
However, a peculiarity that has not been taken into account in their study is the
fact that PEM electrolysers powered by an intermittent source are more robust
when they operate at atmospheric pressure. This is why the results below need to
be adapted to the new pressure lift (=160/1) considered here. The specific power
found for the compressor is then equal to 630.5 [kWh/tNH3].
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Ammonia synthesis process The ammonia synthesis loop is represented on the
figure 4.2. Roughly, the process can be divided into several steps. First, hydrogen
and nitrogen are injected into the feed compressor to be brought to a pressure in a
range of 150-250 bar [68],[94]. They will then be mixed with the recycled stream
from the reactor. This mixture will then be heated via the lost heat from the
exothermic reactions within the reactor before it can be introduced into the reactor.
Finally the outgoing flow of the reactor is cooled then the ammonia produced is
condensed and recycled while the rest of the gas synthesis is recycled and repaints
the cycle until reaching the level of sufficient purity.

Figure 4.2: Diagram of the entire ammonia production process. Source: [94]

The main energy cost of this process is the consumption of compressors which
must be added to the cost of the recycled compressor plus the cost of the refrigerant
cycle used to condensed ammonia. In the study, a operating pressure of 200 bar
is assumed and the energy cost of the recycled compressor is estimated assuming
a pressure drop of 6 % of the process operating pressure (= 12 bar). The energy
cost of the refrigerant cycle is calculated on the basis of a COP of 2.5. However, to
calculate the energy consumed by the feed compressor, there are two cases that
must be differentiated for our case:

1. Hydrogen consumed comes from buffer storage and is pressurized to 160 bar

2. Hydrogen consumed comes directly from the electrolyser and is at 1 bar
In the first case, the compressor need to compress the nitrogen from 1 to 200 bar
and the hydrogen from 160 to 200 bar. The study shows a specific consumption for
all the ammonia production process equal to 309.6 [kWh/tNH3].
In the second case, the compressor need to compress both nitrogen and hydrogen
from 1 to 200 bar. The specific consumption, adapted from the results of the study„
correspond to 927.7 [kWh/tNH3].
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Air separator unit The nitrogen used in the ammonia production process
is produced using an air separator unit. The cryogenic distillation method is
considered to separate the oxygen from the nitrogen (the oxygen can also be sold
to the market but we will not consider it in this study) as it allows a high nitrogen
purity necessary for the ammonia production process. The study found that the
specific energy consumption driven by the consumption of the compressor present
inside, is equal to 90 [kWh/tNH3].

Pump station Finally, for large production plant, a pipeline can usually be con-
sidered to transport the ammonia in liquid phase. The energy required to counter
the pressure losses within the pipeline depends on the length, the diameter of the
pipeline and the speed of the fluid transported. The study uses a very detailed
approach to design the pipeline and to calculate the pressure loss for different
location scenarios. However, we will consider a specific energy consumption of
pressurization stations of 0.5% of the electrolyser’s specific energy consumption
which corresponds to the same order of magnitude as the results presented in the
study.

All the consumptions of the different elements are listed in the table below:

Component SEC Share of energy consumed
[kWh/tNH3] [%]

PEM electrolyser 10387.75 90.29
Desalination 41 0.35
Hydrogen compression 630.5 2.46
Ammonia synthesis process 309.6 or 927.7 1 5.65
Air separator 90 0.78
Pump 51.9 0.45
1 Specific consumption varies depending on whether the hydrogen used

comes from the buffer under pressure or not. The share of compressed
hydrogen over all hydrogen produced is 45%. The share of directly
transformed hydrogen is 55%.

Table 4.1: Specific energy consumption (SEC) of all auxiliaries plus the
electrolysers and their respective shares related to the total consumption on
a full day

Since the electrolyser is the most energy-intensive component and the con-
sumption of the other elements is proportional to that of the electrolyser (i.e the
amount of hydrogen produced), we decided to express their consumption relative
to the electrolyser’s consumption. In addition, the day and night consumption is
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expressed. This makes it possible to clearly show the energy flows during these
two phases, as well as the proportion of energy that the battery must satisfy.

Component Daytime consumption Night consumption
[MWh] [%] [MWh] [%]

PEM electrolyser 575.92 - - -
Desalination 1.23 0.21 - -
Hydrogen compression 15.90 2.78 - -
Ammonia synthesis process 27.01 4.7 7.80 1.37
Air separator 2.72 0.47 2.27 0.40
Pump 1.56 0.27 1.30 0.23
Total 624.34 98 11.38 2.00

Table 4.2: Energy consumption during the day (i.e P ≥ 0.1Pn + Paux) and night
consumption (i.e P ≤ 0.1Pn + Paux) of all auxiliaries plus the electrolysers for the
typical day and their respective shares related to the total consumption of the
electrolyser on a full day

In conclusion, the storage system will need to supply the ammonia synthesis
process at its low specific consumption (i.e the hydrogen is already pressurized), the
air separator and the pump when the PV panels will no longer be able to supply
them. This corresponds to 2% of the electrolysers’ consumption over a typical day
However, this consumption can be affected depending on how we choose to design
the whole system. For example, one could decide to pressurize the nitrogen pro-
duced by the air separator unit in order to store it and thus only run it during
the day which will reduce the necessary consumption of auxiliaries at night. On
the other hand, one could imagine wanting to supply housing located near the
site from the RE during the day and from the storage system at night which is
equivalent to increasing the energy demand that the battery will have to meet.
It is therefore clear that the consumption obtained above is used to give an order of
magnitude for the system presented. In order not to be limited to this configuration
and to have a general/global vision, we will also consider the case where the need
for auxiliaries (i.e the energy the battery has to deliver) correspond to 3% and 4%
of the total consumption of electrolysers over a day.

Finally, an important parameter when considering a system powered solely by
renewable energy is the load factor of the various system components. This char-
acterises the efficiency of the components in producing or consuming energy in
relation to their theoretical maximum capacity over a given period. These load
factors are shown in the table below:
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Component load factor [%]
PV panels 22.7
PEM electrolyser 41.5 - 42.6
Ammonia synthesis process 91.6

Table 4.3: Load factor of the main components present in the system

The load factor of the photovoltaic panels was calculated via the system ad-
visor model SAM software [88] and corresponds to the DC capacity factor of the
installation. Concerning the load factor of the electrolysers, it will vary slightly
according to the considered storage systems. Finally the load factor of the ammonia
production system is calculated on the basis of the hypothesis that shutdowns due
to technical failures occur, on average, 5.7 times per year. The synthesis process
takes several days to return to its steady state, so it is considered to be fully
operational 330 days a year. [68].

1.5 Type of storage technology
In this study, 3 storage systems will be compared: lithium battery, Carnot battery
and fuel cell.

Lithium battery The lithium battery is already widespread and well installed
on the market and has a storage time scale similar to that of the CB. It has a good
power-to-power efficiency between 85-95% [37] and is the system commonly used
to store electricity in any place when using renewable energy. Its investment costs
have been falling steadily over the last few years due to the strong demand that has
emerged. As a result, its cost varies greatly depending on the sources considered.
In our case, we will use a cost in a range of 270-230e/kWh which seems to be the
most up-to-date value for a battery system capable of storing approximately 12
MWh [45],[28]. An additional criterion to take into consideration during its design
phase is the fact that the state of charge (SOC) must always remain in the range
of 15-95% (= depth of discharge of 80%)[87] because full charge and discharge
cycles would damage the battery too quickly. This implies to consider an additional
margin for the battery capacity which impacts its cost. Another drawback with
the lithium battery is that they have the characteristic of having a self-discharge
(0.5-1% per month) with implies a limited life time of about 15 years [3].

Fuel cell The fuel cell is a system capable of transferring the chemical energy
contained in hydrogen (in our case) to transform it into electricity. It is characterized
by a investment cost in the range of 2000 - 5000 e/kW [26],[27] and a constant
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efficiency between 40-65% [39] defined as:

ηF = Wel

WH2

= Wel

mH2LHVH2

(4.1)

In our case, we will consider an efficiency of 49% [44].

Carnot battery The Carnot battery has already been extensively analyzed in
this work. For this chapter, we will consider an TI-PTES using a DSHP with
open economizer all placed in series (= DSHP configuration with the best COP
found in the previous chapter) with a hot storage temperature of 107°C and a
fixed ORC efficiency related to this temperature of 0.105. We will consider this
temperature because, as presented in the results section of chapter 3, the power-
to-power efficiency is weakly sensitive to the energy density (i.e the temperature
of the hot tank). Optimization is therefore not necessarily needed. Choosing an
average value makes possible to reach a simple compromise between the two.

2.0 Methodology
First, please remember that the main purpose of this chapter is to compare produc-
tion with different storage systems. To ensure a fair comparison, constraints had
to be imposed (see further) and the system was designed to maximise production
under these constraints

The first step was to define the nominal power of the PV installation. A power
of 100MW was chosen arbitrarily for that purpose. From this point, we were able
to find the power profile of a day averaged over an entire year (Fig.4.3) using the
SAM software [88] with reference parameters and the irradiation dataset from
Puertollano (Spain) as mentioned above.
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Figure 4.3: Power profile of a typical day obtained for a 100MW PV panel installa-
tion located in Puertollano.
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The second step was to fix the total power consumption of the total system in
order to be able to compare fairly the mass production. This limit has been set as
high as possible to make the best use of the electricity available for that particular
standard day. We assume that the battery will only be charged when this power
level is reached. This allows the Carnot battery to benefit from maximum waste
heat.
Then, we need to differentiate between cases according to the level of power
available.

1. P ≥ Ptot,used

2. Ptot,used ≥ P ≥ 10%Pn,electro + Paux

3. 10%Pn,electro + Paux ≥ P ≥ Paux

4. Paux ≥ P

The first case corresponds to the situation where either the battery is being charged
or it is already full and the electrolyser is operating at nominal power. The second
case represents the situation where all the available power is used solely to supply
the auxiliaries and to supply the electrolysers with the remaining power. The third
case corresponds to the situation where the power available is too low to supply
the electrolysers. In our case, we considered that the PEM electrolysers could not
operate below 10% of their nominal load. So the remaining power is only used to
supply the auxiliaries. In the latter case, there is not enough power available to
supply either the electrolysers or the auxiliaries. This is when the storage system
comes into play to power the auxiliaries that need to be continuously supplied
(i.e. the ammonia production process, the air separator and the pump). The
power profile of the electrolysers and auxiliaries as a function of time in the case
of a lithium battery, Carnot battery and fuel cell are shown in figures 4.4 and 4.5
respectively.
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Figure 4.4: Profiles of the different powers considered in the system as a function
of time on a typical day for the case with lithium battery (left) and with Carnot
battery (right)
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Figure 4.5: Profiles of the different powers considered in the system as a function
of time on a typical day for the case with fuel cell

Given that with the BC, we always want to use all the waste heat available, this
means that the electrical power delivered to the DSHP will be limited to a lower
level. This explains why the electrolysers are not at full power during charging.
The same applies to the case with a lithium battery for a better comparison.
Futhermore, we can clearly see that the supply power of the auxiliaries is not
constant over the day. This is due to the fact that the production of hydrogen is
distributed unevenly over the day. The energy cost of compressing the hydrogen
therefore implies an increase in the consumption of the auxiliaries for the high
power loads of the electrolyser. On the opposite, their consumption is minimal
during the discharge cycle as only the ammonia synthesis process, air separator
unit and the pump will have to operate.
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3.0 Results & discussions
A homemade python model capable of predicting the mass of NH3 produced on a
typical day was implemented on the basis of the method and assumptions described
above. It will then enable us to compare the cost of ammonia production for the 3
storage systems considered.

3.1 Energy comparison
As explained above, the demand for auxiliaries is a variable that is likely to change
depending on the location of the site, a particular demand present on the site or
even how the production system is designed. In order to consider as many cases as
possible, 3 levels of auxiliary demand(i.e energy supplied by the battery) have been
analysed (respectively 2%, 3% and 4% of the total consumption of the electrolysers)
in order to visualise how production evolves for these different cases. The results
are shown in the figure below:

Figure 4.6: diagram comparing ammonia production for the different storage
configurations under consideration and for three different auxiliary energy demands

We can see that it is with the lithium battery that production is maximised,
for all 3 levels of demand while the case with fuel cell has the smallest ammonia
production. The good performance obtained with the lithium battery can be
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explained by the fact that it has a good power to power efficiency (90%) which
reduces the losses during charging and discharging process. It is also noted that
the production with Carnot battery is very close to that with lithium battery (
∆mNH3 = 0.31 [t]) in the case of a need equivalent to 2%. However, this production
differences between the lithium battery and the Carnot battery comes from the
fact that the CB has a lower power-to-power efficiency so it will have to charge
with greater power to satisfy the same need. In the case of lithium battery and
Carnot battery, the decrease in ammonia production with the increase in demand
is due to the fact that the battery will require a larger capacity so more electricity
will be consumed to charge, which means that there will be less electricity available
for electrolysers (=less hydrogen).

On the other hand, for fuel cell, the electrolysers will always produce in the
same way no matter the level of demand but during the night, the consumption of
hydrogen by the fuel cell will increase to meet demand and this in a linear way
since a consequent yield is considered.

In addition, we note that the decrease between the levels of needs for the case
with CB is not constant (∆mNH3,2−3% =1.15 [t] against ∆mNH3,3−4%=1.38 [t]). By
making a link with the results obtained in section 4.0 of Chapter 3, we understand
that this non-linearity is related to the overall COP of the DSHP. Indeed, increasing
the need, increases the charging power (i.e the electrical power of the DSHP) and
decreases the amount of waste heat available for the CB since the electrolysers
then operate at a lower power. As a result, the Eth,produced/Ewh ratio increases and
the global COP as well as ηP 2P decrease as shown in Figure 3.39. This ratio is
equivalent to 1.25, 1.67, 2.27 for a demand of 2%, 3% and 4% respectively

3.2 Economic comparison
The purpose of this section is to determine the level of economic competitiveness of
the Carnot battery compared to the lithium battery and fuel cell. As the lithium
battery and fuel cell are already well-established technologies on the market, we
are even able to find a specific investment and maintenance cost, characterizing
them. On the other hand, the use of the CB is not yet sufficient to estimate a
specific cost. The method used to counter this unknown is to consider a range of
CAPEX for the three components of the CB (HP, TES, ORC) as their combination
results in an ammonia production cost equivalent to the smallest production cost
obtained through one of the other two storage systems (lithium battery or fuel
cell). To characterize the economic production performance of the system, we will
use the levelized cost of ammonia (LCOA). It is defined as the total cost required
to install, operate and maintain the entire green ammonia production system over
its lifetime divided by the total mass of ammonia produced over that lifetime. It is
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calculated using the following formula:

LCOA =
∑T

t=1
(CAP EXtot+OP EXtot,t)

(1+r)t∑T
t=1

(mNH3,t)
(1+r)t

(4.2)

where r is the discount rate considered equal to 5%, T is the lifetime of the system
(20 years), CAPEXtot is the total specific investment cost of the system, OPEXtot,t

is the total specific operational cost of the system over 1 year and mNH3,t is the
total ammonia mass produced over 1 year. An important point to note is that the
life of the lithium battery and fuel cell are less important than the life of the system.
A replacement cost was therefore considered in the calculation of the LCOA. Given
the clear evolution of the costs of these technologies in recent years, it is difficult
to predict their cost for the near future, so we have assumed that its replacement
cost will be equivalent to that of its initial cost. All CAPEX and OPEX used to
calculate this LCOA are listed in Table 4.4.
The CAPEX ranges considered for CB components were therefore limited below in
order to compete with the best LCOA for the case with 2% demand for auxiliaires.
The high limit was based on the CAPEX found in the literature for a conventional
HP and ORC as well as for a sensitive TES at low temperature (≈ 100 − 120°C)
[91], [77],[82]. These will allow us to evaluate the order of magnitude of the specific
cost reduction margin needed to compete with the best option.

Component CAPEX OPEX Lifetime
PV panels 780 e/kW 17.5 e/kW/y 25 y [30]
PEM electrolyser 1750 e/kW 4 %2 80 000h3 [30]
HB +ASU1 4192 e/(kgNH3/h) 436 e/(kgNH3/h)/y 25 y [21]
Desalination unit 26 e/kgH2O/h 0.0003 e/kgH2O 20 y [21]
Hydrogen storage 461 e/kgH2,stored 1 e/kgH2,stored/y 50 y [21]
Lithium-ion battery 250 e/kWh 2 %2 15 y [28],[77]
Fuel cell 3500 e/kW 2 %2 43 800h4 [27],[26]
DSHP [500;1900] e/kW 2 %2 20 y [91]
TES [8;20] e/kWh 2 %2 25 y [82],[51]
ORC [600;2100] e/kW 2 %2 20 y [77]
1 Haber-bosch process (i.e ammonia synthesis process) + air separator unit
2 Percentage of the investment cost
3 Corresponding to 20 years for the integration case considered
4 Corresponding to 10 years for the integration case considered

Table 4.4: Economic parameters characterising the system
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The graph 4.7 show the LCOA with the total battery cost (i.e investment +
operation and maintenance costs) for the three cases. Then, the LCOA of the CB
(i.e the blue line) has been obtained by combining a multitude of different CAPEX
for its components (i.e. range shown in table 4.4) so as to obtain a LCOA equal to
or less than that of the most competitive case (i.e. the lithium battery).
Please, note that the LCOA obtained with fuel cell is much higher than with
lithium battery and always greater than or equal to that obtained for the CB (with
respect to the considered CAPEX range) while its total battery cost is lower than
the lithium battery. This can be explain by its lower mass production of ammonia.
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Figure 4.7: Evolution of the LCOA obtained with the CB for different combinations
of CAPEX for the DSHP, TES and ORC composing the CB

Considering the total investment cost of the CB needed to compete with the
system with lithium battery, one can find the combinations of HP, TES and ORC
costs used to achieve it. The graph 4.8 show the evolution of the total cost of the
CB with the cost of each of its components.
An additional remark that can be made by referring to graph 4.8 is that the CAPEX
of the HP has a wider impact on the total cost of the Carnot battery compared
to the other two. This is the consequence of a large load power since the load
is done in a reduced time range ( when P > Ptot,used) and the cost of the HP is
proportional to its load power CostHP,tot = CAPEX · Pcharge. So when you are
in a situation where the electrical power is limited and where the CB must be
sufficiently loaded to meet a fixed need (as in our case) , it is necessary to choose
a wise compromise between a large CAPEX for the HP in order to have a high
performance heat pump (= large COP) which will limit the load power needed or
a more limited CAPEX but reduced performance and therefore greater load power.
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Figure 4.8: Evolution of the total cost of the Carnot battery for different investment
cost of its components(i.e DSHP, TES, ORC)

To compete with the lithium battery, the total battery cost found for the CB
is equal to 3.2 Me. By knowing the HP and ORC power and the capacity of the
TES, the range of CAPEX of these components are finally found. These are listed
in the table below4.5.

Component Total Cost [Me] CAPEX
DSHP [1.5;1.73] [500;557] e/kW
TES [0.8;0.93] [8;9.3] e/kWh
ORC [0.62;0.78] [600;755] e/kW

Table 4.5: List of target costs for Carnot battery components

It can be concluded from the above that a reduction between 50% and 70%
for each component of the CB would be necessary to be competitive with the
lithium battery. The margin of reduction of the CAPEX of these components
in the coming years is obviously debatable since it depends on a lot of factors
that are still unknown to us as the evolution of the future demand for these
components, technical developments,.... We can nevertheless point out that the
margin achievable for the TES will be less since its cost is mainly related to the
purchase cost of its materials already widely spread and little margin for technical
improvement seems to be achievable. On the other hand, HP and especially ORC
are much less widespread in trade and one could imagine a sharp decrease in their
specific costs in the coming years if an overall increase in their use would occur.
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Finally, we can compare how the LCOA evolves with the need for auxiliaries.
The 3 graphs below correspond respectively to the case with a demand of 2%,
3%, 4% relative to the daily consumption of the elecrolysers. The same range of
CAPEX were considered in each case. We can conclude from this that the greater
the need, the lower the CAPEX required to compete with lithium batteries. We
also note that the differences between LCOA and between the total investment
costs for the different storage systems increase, which is explained in the same way
as for the production differences observed above.
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Figure 4.9: Evolution of the LCOA specific to the 3 storage systems considered
with a demand relative to the daily consumption of the elecrolysers of 2, 3, 4% for
the first, second and third graph respectively

3.3 Discussions
For now, it goes without saying that the Carnot battery is less energetic and is less
economical compared to the lithium battery but could be interesting compared to
a fuel cell. On the basis of the results obtained in this chapter, it can be shown
that one of the situations which will favour the competitiveness of the CB would
correspond to a case where a long load and discharge of the CB is carried out at
low power. Indeed, we know that the more we increase the load power for a given
case, the more the COP of the DSHP will be affected. On the other hand, it is
also known that the cost of the Carnot battery is mainly related to the HP and
the ORC and as their cost is proportional to their power, charged and discharged
at low power will also promote a lower cost.

Even if the Carnot battery is not the best solution from an economic and en-
ergetic point of view, that does not mean it does not have a future. If we take
an holistic view of things, the CB may have other characteristics that give it an
advantage over a lithium battery. In particular, it has a reduced risk of ignition,
unlike a lithium battery. It also has the advantage of having a decorrelation between
power and storage, which makes it highly modular and capable of covering a wide
range of applications (from 100kW to +100MW) [41]. Finally, the CB will stands
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out from the lithium battery due to the materials used. In the case of lithium
battery, rare and critical minerals are present (including lithium, nickel, cobalt,
manganese). From the moment a gap between prospective production and demand
appears, the production of the batteries will be limited which reduces the scaling up
of lithium batteries [34]. In the case of the Carnot battery, it does not use critical
materials. Another drawback of using these rare materials is that they often require
energy-intensive extraction processes, which are mostly bad for the environment
and are responsible for 80% of the carbon footprint of lithium batteries (=77 to
221 kg CO2e/ kWh) [12]. Thus, the Carnot battery allows a good durability in
environmental terms (an optimistic reduction of 7 to 30 times, depending on the
size of the installation, is announced for the CB compared with electrochemical
batteries according to [86]).
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Chapter 5

Conclusion and future work

The main objective of this master thesis was to ’increase the energy and economic
profitability of a Carnot battery (i.e. TI-PTES) coupled to an industrial process
(i.e. electrolyser) rejecting a limited amount of waste heat and powered exclusively
by a renewable energy source.

To meet this objective, we have shown that DSHP could be a solution. An
analysis and comparison of several promising DSHPs was then carried out in order
to select the most energy-efficient one. Then, an energetic and economic comparison
of the coupling in its ideal configuration (i.e. DSHP with the highest COP) was
carried out to find out the level of competitiveness of a CB compared with a lithium
battery and fuel cell.

As a result, the DSHP configuration that achieves the highest COP is the series
connection of 2 DSHP with open economizers, using cylopentane as the working
fluid. It has a COP ranging from 4.7 to 3.95 for a hot storage temperature of
95°C to 120°C and ranging from 6.55 to 3.64 for an Eth,produced/Ewh ratio ranging
from 1.25 to 4.8. The energy comparison of the coupling showed that the CB
was close to the lithium battery (i.e. best case) in the case of low demand, with
a 1-day production of 55.13 , 53.98, 52.6 tNH3/day for a demand of 2, 3, 4% of
the electrolyser consumption compared with aa 1-day production of 55.44, 54.9,
54.37 tNH3/day with a lithium battery respectively. In economic terms, however,
we found that a CAPEX in a range of [500;557] e/kW, [8;9.3] e/kWh, [600;755]
e/kW for the DSHP, TES and ORC had to be achieved in order to produce a
specific production cost identical to that obtained with a lithium battery.

The results do not allow us to determine the real profitability of the coupling, but
they do show the DSHP configurations that should be favoured to improve the
production rate and present the CAPEX objectives of the CB components to be
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achieved in the near future if we wish to be able to compete economically with the
competition.

Despite certain limitations, such as the operating conditions selected, this study
opens the way for future research into the recovery of low-temperature waste
heat based on the use of DSHP. In addition, future research could focus on the
technical-economic study of the components of a CB in order to know the current
CAPEX of a CB and to estimate their future projections. Analysing the robustness
of such a coupling by considering the operational uncertainties also seems necessary
to estimate the technically achievable energy performance.

In conclusion, this study makes an additional contribution to the understand-
ing and application of a Carnot battery integrating a heat source, considered to be
a promising technology for the evolution of tomorrow’s energy systems.

Master thesis written with the help of deepL and chatGPT for translation and reformulation
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Appendix A

Configuration of DSHP with
recuperator

The DSHP with recuperator can be seen below. As stated previously, we do not
consider the use of a recuperator for the DSHP with ejector+pressure booster and
the single-source HP using the waste heat source.
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1.0 DSHP in cascade

Figure A.1: Scheme of the DSHP in cascade with recuperator
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Figure A.2: T-s diagram of the cycle with recuperator
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Figure A.3: p-h diagram of the cycle with recuperator
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2.0 DSHP in cascade + IHX

Figure A.4: Scheme of the DSHP in casacde +IHX with recuperator
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Figure A.5: T-s diagram of the cycle with recuperator
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Figure A.6: p-h diagram of the cycle with recuperator
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3.0 DSHP with ejector

Figure A.7: Scheme of the DSHP with ejector and recuperator
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Figure A.8: T-s diagram of the cycle with recuperator
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Figure A.9: p-h diagram of the cycle with recuperator
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4.0 DSHP with open economizer

Figure A.10: Scheme of the DSHP with open economizer and recuperator
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Figure A.11: T-s diagram of the cycle with recuperator
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Figure A.12: p-h diagram of the cycle with recuperator
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5.0 two HP in parallel

Figure A.13: Scheme of the DSHP with 2 HP in parallel and recuperator
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Figure A.14: T-s diagram of the cycle using the ambient air as source with
recuperator
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Figure A.15: p-h diagram of the cycle using the ambient air as source with
recuperator
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Appendix B

Thermodynamic analysis results

1.0 Carnot battery optimisation
As stated in the section 4.2, the Carnot battery dilemma is presented using two
other ratios Eth,produced/Ewh. The figures are shown below for a ratio of 1.5 and 4.
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Figure B.1: Carnot battery dilemma with Eth,produced/Ewh equal to 1.5 (left) and 4
(right).

2.0 Sensitivity analysis of ηc,is, ηt,is, ηp,i

Note: in the following graphs, we only consider one configuration for the ORC over
all the density range which is the configuration without recuperator.
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Figure B.4: ηP 2P sensitivity with different compressor efficiency function of ratio
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Figure B.5: ηP 2P sensitivity with different compressor and expander efficiencies
function of energetic density.
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Figure B.6: ηORC sensitivity with different expander and pump efficiencies function
of energetic density.

3.0 Sensitivity analysis of pinch point
As a reminder, we are analysing the sensitivity of the temperature pinch at the
dual-source HP-TES and TES-ORC heat exchangers.
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Figure B.8: COP sensitivity with different pinch point function of energetic density.
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Figure B.9: ηORC sensitivity with different pinch point function of energetic density.
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Figure B.10: ηP 2P sensitivity with different pinch point function of energetic density.
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