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ABSTRACT
The use of renewable energy sources in the energy mix is

ever increasing. Most of these renewable sources are intermit-
tent in nature. Therefore, large-scale energy storage systems
are considered essential to ensure the security of supply in en-
ergy systems. Flexible, economic and efficient electrical energy
storage systems are thus needed to shift large quantities of en-
ergy from peak-production to peak-demand. Carnot batteries are
a novel grid-scale energy storage concept that could potentially
fulfil these needs. This paper aims to introduce Carnot batteries
to a wider audience. The different system topologies proposed
in the literature are presented, with a special emphasis on the in-
tended system sizes and working temperatures. In the literature,
load-shifting of renewable energy is often mentioned as possible
application. Until now, the system sizing for this application has
not been studied. A high-level model is presented which can be
used for a primary sizing of a Carnot battery. The use of this
model is illustrated by a study of the needed storage duration
for load-shifting of solar PV- and wind production. It has been
found that a significantly higher storage duration is needed for
load shifting of wind production compared to solar production
to reach the same service levels. It is thus important to take the
specific use case into consideration during the system sizing.

INTRODUCTION
The growth of renewable energy requires flexible, low-cost

and efficient electrical storage to balance the mismatch between
energy supply and demand. Pumped hydro storage, compressed
air energy storage, flow batteries and electrochemical cells are
the commercially available large-scale energy storage technolo-
gies [1]. However, these technologies suffer from geographical
constrains (such as pumped hydro storage and compressed air
energy storage), require fossil fuel streams (like compressed air
energy storage) or are characterized by a low cycle life (flow bat-
teries and electrochemical cells). In mature electric grids, the
easily exploitable additional capacity for pumped hydro energy
storage is nearly exhausted [2]. For this reason, there is a need
for new large-scale energy storage technologies, which do not
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suffer of the abovementioned drawbacks [3].
Carnot batteries are a novel storage concept that could po-

tentially fulfil these needs. The storage concept involves three
steps. First, electrical energy is converted into heat using a heat
pump or joule heater. Secondly, the heat is stored. Finally, a
heat engine technology is used to convert the heat back to elec-
tricity when needed. Dumont et al. [4] defined a Carnot battery
as a system which has the storage of electric energy as primary
purpose. Electric energy (input) is used to establish a tempera-
ture difference between a low and a high temperature reservoir.
Work is spent to establish a temperature gradient between both
reservoirs during charging. The electric energy is thus stored as
thermal energy in the thermal energy storage system. During dis-
charge, the temperature gradient between the reservoirs is used
to power a heat engine technology, which converts it back to an
electric output. As such a fraction of the electric input power is
recovered.

In literature, different alternatives for power-to-heat, thermal
storage and heat-to-power systems have been considered. The
charging and discharging power of the power-to-heat and heat-
to-power system typically refer to the electrical input and output
power respectively. The storage capacity of the system refers to
the electrical storage capacity. This convention will be followed
in this paper. If the thermal storage capacity of the thermal stor-
age system is referred to, this will be stated explicitly.

In the most simple systems, an electric resistive heater is used



for the power-to-heat conversion. The overall round-trip effi-
ciency of these systems is severely affected by the low heat-to-
power efficiency of the available heat engine technologies how-
ever. Therefore, more complex heating systems are introduced
based on heat pump technology. In this text, the terms power-to-
heat system and heat pump (HP) will be used interchangeably.
The terms heat-to-power system and heat engine (HE) will also
be used equivalently. This paper focusses on heat pump based
Carnot batteries. Examples of the most common topologies will
be given. This selection is clearly not exhaustive, but is repre-
sentative for the characteristics of the different types. For a more
exhaustive discussion, the reader is referred to [4].

Two main branches of heat pump based Carnot batteries exist:
Brayton-based and Rankine-based systems. Typically, the same
cycle type is used for both the power-to heat and heat-to-power
conversion.

In the Brayton-based systems, two main branches can be dis-
tinguished. The first branch has been introduced by Desrues
et al. [5]. The system consists of two concrete regenerators,
used as thermal storage, and four turbomachines (one compres-
sor/turbine pair used during the charging period and another pair
during the discharging period). The turbomachinery is used to
cycle gas (Argon) through the tank, following a closed ther-
modynamic Brayton-cycle. The maximum cycle temperature
is 1000°C in the high temperature reservoir, while a minimum
temperature of -70°C occurs in the low temperature reservoir.
A modest compression/expansion ratio of around 4.6 is used.
The authors proposed a 100 MW/600MWh-system. A numer-
ical analysis showed an estimated round-trip (power-to-power)
efficiency of 66.7% for a polytropic efficiency of the turboma-
chinery of 0.9.

The second branch has been introduced by Howes et al. [6].
Again, the storage principle is based on a closed Brayton-cycle
with Argon as working fluid, but volumetric machines are used.
As the volumetric machines can operate in both compression and
expansion mode only two thermal machines are needed. Two
packed-bed thermal storage systems are used as hot and cold
reservoirs. The nominal hot and cold temperatures are around
500°C and -150°C. A higher pressure ratio of 10:1 is used com-
pared to the system introduced by Desrues. The proposed system
has been studied in more depth by White et al. [7] and McTigue
et al. [8]. The latter found a round-trip efficiency of approxi-
mately 70% for a 2MW/16MWh-system using a polytropic effi-
ciency of 0.99 for the compression and expansion devices. How-
ever, using a polytropic efficiency of 0.9, a round-trip efficiency
of 58% has been found. This analysis includes a more detailed
loss calculation than the calculation done by Desrues et al. The
round-trip efficiency of both lay-outs is thus comparable.

Different Rankine-based systems have been proposed too.
Three main branches can be distinguished: subcritical systems
based on steam-technology, subcritical systems based on ORC-
technology and transcritical CO2-cycles.

The systems based on steam-technology have been intro-
duced by Steinmann [9]. In this compressed heat energy stor-

age system (CHEST), a low-temperature ammonia and high-
temperature steam compression cycle is used to generate satu-
rated water steam. The maximum system’s pressure of 105 bar
allows to store the heat in a latent phase change material (PCM)
storage at 305°C. Two sensible heat storages are added for pre-
heating and superheating of the steam during compression. In
a simplified thermodynamic analysis, a round-trip efficiency of
72.8% is found for a 1MW-system and an isentropic machine
efficiency of 0.9 for the optimal multistage cycle-layout. The ef-
ficiency of the single stage systems without thermal integration
reached an efficiency of 41.8%. For this simple lay-out, inte-
gration of a low temperature heat source is proposed to reach
satisfying efficiencies. According to the author, the minimum
power rating of the system should be around 5-10 MW to be
economically feasible. Charging/discharging cycles of 6-10h are
proposed.

An example of a subcritical system based on ORC-technology
is presented in Henchoz et al. [10]. The analysed system has a
50MW/400MWh-sizing. A latent cold storage at sub-ambient
temperature levels is used as storage. The freezing temperatures
of the phase change materials considered range from 0 to -50°C.
The system is thermally integrated by solar collectors. These
collectors are used to increase the temperature difference during
the discharge and as such increase the system efficiency. The
selected system has a round-trip efficiency of 57%, with an isen-
tropic turbine efficiency of 0.9, a compressor efficiency of 0.88
and a pump efficiency of 0.85.

Finally, transcritical rankine-cycles have been introduced.
Typically CO2 is used as working fluid. A concept system of
50MW/100 MWh has been proposed by Morandin et al. [11]. A
pressurized hot water sensible storage with a maximum tempera-
ture of 177°C is used as hot reservoir, while a latent heat storage
based on ice slurries at temperatures between 0°C and -21.2°C
are used as cold reservoirs. A round-trip efficiency of 62% has
been found with isentropic efficiencies ranging from 0.85 to 0.90.

The studies above all include a steady-state analysis and fo-
cus on the obtainable round-trip efficiencies of the system. The
sizing of the system is chosen arbitrarily with electrical power
outputs ranging from 1MW to 100MW and storage durations
ranging from 2 to 8h. The choice for a specific power rating
and charging/discharging duration is not elaborated upon.

Sánchez-Canales et al. [12] were probably the first to con-
sider the sizing of a Carnot battery for an intended application.
They studied the application of a thermally integrated (CHEST)-
system in a Spanish 26 MW wind farm. At the studied location,
the installed capacity of the renewable energy sources is con-
siderably lower than the local energy demand. Therefore, the
renewable energy production is directly discharged into the elec-
trical grid as no energy surplus is available to be used to charge
the CHEST-system. Although application of Carnot batteries for
load-shifting is often mentioned in literature, this was not a vi-
able option in the studied case. Instead, they used a dynamic
TRNSYS-model of the specific system topology under consider-
ation is used to size the different system components for integra-



tion of the system in the technical constraints market. This mar-
ket is supervised by the system operator (SO), who has to make
sure that the daily operation schedule is technically feasible. The
system operator is responsible to ensure an actual match between
the energy production and demand at a national level. This may
require a deviation from the planned daily operation schedule.
The technical constraint market allows programming units on
the Spanish grid to make economic offers to either increase or
decrease their production compared to the scheduled daily pro-
duction to maintain the balance of the grid. The potential use of
the CHEST-system to maintain the balance on the grid is con-
sidered. Instead of lowering the production by the studied wind
farm, the farm keeps working as initially planned but the excess
energy produced is used to charge a CHEST-system. It has been
found that round-trip efficiencies above 90% can be found for
this thermally integrated topology and that the CHEST-system
can provide from 1% to 20% of the total energy contribution of
the studied power plant depending on its size. The results of this
study are difficult to extent to other topologies however due to
the technology-specific model used.

In the case of Sánchez-Canales, load-shifting of renewable en-
ergy sources (RES) was not needed due to the limited installed
capacity of these RES with respect to the electricity demand.
However, the installed capacity of RES is increasing rapidly in
order to phase out fossil power plants. The IEA estimated that the
total wind and solar capacity will double on a worldwide scale
between 2020 and 2025. Overall, renewables will account for
95% of the increase in total power capacity through 2025 [13].
The European Commission suggests a structural change in the
process of power generation to RES to achieve 96 to 99% de-
cabonization by 2050 [14]. At these increased levels of RES-
integration load-shifting will be needed to store the excess elec-
tricity during peak production and to be able to use it during peak
demand. However the needed storage duration of the Carnot bat-
tery needed for this application has not been studied to the best
of the author’s knowledge.

This study is a first attempt to size a Carnot battery for load-
shifting of renewable energy sources. A high-level model of a
Carnot battery is used. The model is characterized by general
performance parameters without any assumptions about the spe-
cific system lay-outs. Therefore, it can be used to study the influ-
ence of these parameters and be used to study a specific topology
if these system characteristics are known. In this study, the func-
tioning of the model is illustrated by a comparison of the needed
storage duration for load-shifting of solar PV and wind electricity
production. A conservative system with a round-trip efficiency
of 50% is assumed. The production profiles used are based on
the Belgian climate and a synthetic load profile representative
for energy demand of Belgian residential users is considered.

MODEL DESCRIPTION
Input Data

In this study, the use of a Carnot battery for load-shifting in
an electrical grid with a high integration of RES is considered.

Renewable energy sources are intermittent in nature. When the
energy production is higher than the instantaneous demand, the
Carnot battery will be charged. When the electricity production
is lower, the battery gets discharged to provide the needed elec-
tricity. An extreme case in which the total annual electricity pro-
duction is equal to yearly electricity demand is studied. In theory,
an ideal storage thus can provide a perfect shift of the energy
produced. Two cases are considered. In the first case, the en-
tire electricity production is provided by solar PV. In the second
case, all electricity is produced by wind energy. These extreme
use cases are chosen to illustrate the differences between both
energy sources and the importance of considering the intended
application during the system sizing.

The electricity demand is simulated using a synthetic load pro-
file for the year 2019 published by the system operator of the
Belgian grid [15]. This is a dataset which represents the electric-
ity consumption during each quarter hour of the year relative to
the total annual consumption. It takes the yearly calendar (week-
days, weekends and holidays, time of sunrise and down, etc.)
into account. In this study, an S21-profile is used which is repre-
sentative for residential users with a night-day-use-ratio smaller
than 1.3. It is thus assumed that the renewable production ca-
pacity is intended to provide the electricity for residential users
only.

The electricity production of the solar panels is simulated us-
ing a model developed by Laveyne et al. [16]. This model sim-
ulates the yield and production curve of decentralized solar pan-
els placed in the low-voltage residential grid, depending on the
panel orientation and the irradiation data. In the study, irradia-
tion data representative for Belgium is used. A novel ”all-sky-
distribution” model is used to take the contribution of diffuse ir-
radiation on the PV-panel into account. This model is suitable for
the Belgium irradiation profile. Based on the total irradiance, the
power output of a typical solar PV-panel is calculated. Finally,
an invertor model is taken into account. This results in the useful
AC-production of the solar panels. The most optimal orientation
given the Belgian irradiation data is assumed, which corresponds
with an azimuth of 0 degrees and a tilt angle of 34,5 degrees.

A similar electricity production profile for the wind produc-
tion is created based on production data of the aggregate Belgian
wind farms as made available by the Belgian system operator
Elia [17]. This table provides the measured production power
for each quarter of the year 2019 for a monitored capacity of
3157 MW. Based on this table the electricity production in each
quarter of an hour relative to the total yearly production is cal-
culated, resulting in a similar table as the solar PV-model. The
resulting production profile can thus be considered as an average
wind production profile representative for the Belgian capacity.

In this study, normalized profiles are used. The energy frac-
tion of each quarter of an hour relative to the total annual energy
production or demand is shown in Figure 1 . The summation of
all energy fractions of a certain profile over the year thus equals
1. The evolution for one (summer) week is shown in more detail
in Figure 2. To simplify these normalized profiles one can also



consider a total annual electricity production or consumption of
1 MWh. In this case the shown values represent the energy con-
sumed in each quarter hour of the year expressed in MWh.

From these Figures it can be seen that the variation in the so-
lar production is the highest. At night, the production drops to
zero. The variation in wind production is smaller in comparison.
The peak production values are lower and the production never
drops to zero. The solar production shows a daily cycle, while
fluctuations in the wind production have lower frequencies. Con-
sidering the fluctuations in the demand profile, it can be seen that
the fluctuations in demand are even smaller. The electricity is
the highest during the winter and the lowest during the summer.
As visible in Figure 2, the energy consumption on weekdays is
slightly lower than during the weekend (days 186 and 187). The
dip between the morning and evening peak is smaller during the
weekends. It is important to note however that these profiles are
representative for a time period before the COVID-pandemic.
Due to the pandemic, a lot of people work from home and the
energy use is likely more constant on weekdays as well.

Figure 1. Normalized production and demand profiles per
quarter of an hour for one year

Figure 2. Normalized production and demand profiles per
quarter of an hour for one year

As the annual production and demand is equal, a perfect shift
of the overproduction to periods of underproduction is possible in
case of a storage system with round-trip efficiency 1. If the total
energy annual energy production and demand are interpreted as
1 MWh, a total of 0.635 MWh or 0.360 MWh should be shifted
from peak production to peak demand for solar and wind respec-
tively. When discussing the amount of energy charged by the
system, this will expressed relative to these maximum needed
shifts. As such, the service delivered by the system can be com-
pared rather than the absolute values of shifted energy.

To illustrate the differences between the production profiles
and the energy demand, the maximum and minimum power rat-
ings during one quarter of the year are summarized in Table 1.
These values correspond with the interpretation for a yearly an-
nual demand of 1 MWh, but can be scaled easily to higher de-
mands.
Table 1. Maximum and minimum power for different produc-
tion and demand profiles.

Use case Maximum Minimum

power [MW] power [MW]

Solar production 0.0008295 0.0

Wind production 0.0003951 1.535e-07

Demand 0.0002335 5.7236e-05

System Model
A high-level model of a Carnot battery is considered. The sys-

tem consists out of three building blocks: the power-to-heat sys-
tem, the thermal storage system and the heat-to-power system.
Each block is characterized by general performance parameters,
as illustrated in Figure 3.

Figure 3. Overview of the high-level system model of a Carnot
battery and the general performance parameters of the subsys-
tems.

The power-to-heat system is characterized by its power rat-
ing (MW) and its coefficient of performance (COP). A COP
equal to one corresponds with an electrical joule heater, while
a heat pump could obtain a higher COP. The heat-to-power sys-
tem is characterized by its power rating (MW) and its thermal
efficiency. The thermal storage system is characterized by its
thermal storage capacity (MWhth). This capacity is calculated
based on the desired storage duration (expressed in hours charg-
ing/discharging at full power) and expressed as such. The ther-



mal storage capacity (MWhth) is calculated using equation (1).

T EScap = T ESdur ∗max(PHP,nom ∗COPHP;
PHE,nom

ηHE
) (1)

Remark that the goal is not to make a detailed system model,
but rather to get a first impression of the influence of the variable
production and demand profiles on sizing of the system. As no
assumptions on the actual system lay-outs (used cycles, storage
temperatures,. . . ) are made, dynamic and part-load system char-
acteristics are not included in the current model. Performance of
the components is assumed constant and an immediate response
of the system in each time step is used.

Charging/Discharging Operation Strategy
The system’s operation strategy aims at integrating as much

as possible RES-electricity into the grid.
First, the difference between the production and the demand is

calculated for each quarter of an hour of the year (equation (2)).

Net production = production−demand (2)

If this net production (NP) is positive, this excess electricity
production will be used to charge the system. If the net produc-
tion is negative, thermal energy will be extracted from the TES
and electricity will be produced by the heat engine. The max-
imum and minimum net production powers are shown for both
demand profiles in Table 2. The heat pump power is expressed
relative to the maximum power while the electrical power of the
heat engine is expressed relative to the absolute value of the min-
imum power. This is illustrated by equation (3) and (4).

PHP,nom,rel =
PHP,nom

PNP,max
(3)

PHE,nom,rel =
PHE,nom

|PNP,min|
(4)

For a chosen system size the charging and discharging be-
haviour is calculated. From this behaviour the optimal system
size is selected as discussed in the next section.

During charging, the net production power is compared to the
maximum power of the power-to-heat system. If the net produc-
tion power is higher or equal to this maximum power, the system
will run at maximum power. If not, the system power is set equal
to the available excess power. Part-load behaviour is not consid-
ered and the COP is assumed constant. Once the charging power
is determined, it is verified the free capacity of the TES is suf-
ficient to store the heat corresponding with charging one quarter
of an hour at this power. This heat added to the TES during the
timestep is related to the charging power by equation (5). If the
state-of-charge of the storage is not sufficiently high, the max-
imum power which result at a completely charged TES at the

Table 2. Maximum and minimum net production power for so-
lar and wind production.

Use case Maximum Minimum

power [MW] power [MW]

Solar production 0.0007100 -0.0002335

Wind production 0.0003152 -0.0001965

end of the timestep is used for charging. This is expressed by
equation (6).

QHP = Pcharge ∗COPHP ∗∆t (5)

Pcharge =

{
min(PNP;PHP,nom) T ESSOS,end < 1
T EScap∗(1−T ESSOS,start )

COPHP
T ESSOS,end = 1

(6)

During discharge a similar procedure is used. First, the net
production power is compared to the maximum heat engine
power. Depending on this comparison, the heat engine will
function at full or part load. The heat engine efficiency is
assumed constant. The thermal energy extracted from the TES
during the timestep is calculated by equation (7). If the thermal
energy in the TES is not sufficient to run the heat engine at
this power, the discharge power is reduced and the TES will be
completely discharged at the end of the timestep. The discharge
power is thus selected according to equation (8).

QHE =
Pdischarge

ηHE
∗∆t (7)

Pdischarge =

{
min(|PNP|;PHE,nom) T ESSOS,end > 0
T EScap ∗T ESSOS,start ∗ηHE T ESSOS,end = 0

(8)

Performance evaluation
In this study, the system’s performance is evaluated by the

fraction of the total overproduction of electricity over one year.
As performances of the subsystems are prescribed the theoretical
efficiency of the system given by equation (9) is constant [4].

ηRT =COPHP ·ηT ES ·ηHE (9)

RESULTS
In this section, the needed storage duration is discussed for

a theoretical round-trip efficiency of 0.5. This is a conserva-
tive efficiency estimate. It is assumed the heat pump COP is
equal to 5, the heat engine efficiency is assumed to be 0.1 and
TES-storage losses are considered negligible (ηT ES = 1). This
last assumption is more accurate for large-scale systems, as the



area-to-volume-ratio of this systems is smaller. To evaluate the
influence of the TES-capacity on the system’s performance, it
is assumed the system’s charging and discharging is never lim-
ited by the power rating of the thermal machines. The power of
both the heat pump and the heat engine is thus set equal to the
maximum value of the net production and net demand over the
year. The TES-capacity is expressed as a charging/discharging-
duration at full power. The needed TES-capacity (MWhth) for
storing thermal energy is calculated according to equation (1).

The relative amount of the overproduction of electricity that
is charged over the year is shown in Figure 4 . The TES-capacity
has been varied for a storage duration of 1h up to 1 week. From
this figure, the difference between the needed capacity for both
cases is clear immediately. The relative energy charged rises
quickly with the TES-capacity, due to the daily cycle. As the
fluctuations in the wind production typically occur over longer
periods, a larger storage duration is required to shift the excess
production to periods of shortage. For solar production the rela-
tive energy charged equals approximately 75%, 90% and 100%
for a storage duration of 3h, 6h and 40h respectively. For wind
production however, storage durations of 42h, 85h and 133h are
needed to reach similar service levels. Remark that increasing
the storage duration even further than the maximum values men-
tioned for each use case is not useful to increase performance.
These differences thus clearly illustrate the importance of con-
sidering the specific application when sizing the system.

Figure 4. Influence of the TES-storage capacity on the relative
energy charged.

CONCLUSION
In this paper, a brief overview is given of the different types

of Carnot batteries discussed in literature. A high-level model
usable for the initial sizing of such a system based on dynamic
production and demand data is presented. Its use is illustrated
by a comparative study of the storage duration needed for load-
shifting of wind and solar using data representative for use in
Belgium. It has been found that a significantly higher storage
duration is needed for shifting of wind production than for solar

production, illustrating the importance of taking the specific use
case into account during more detailed system design.
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