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Abstract:
In the process of energy transition, the share of renewable energy sources is increasing. This leads to strong
fluctuations in power generation. To balance supply and demand, energy storage is required. Carnot batteries
could be a promising storage technology to solve this problem. These batteries convert electrical energy into
thermal energy through an electrical resistance heater or a heat pump and stores this energy for a period of
time. Later, the thermal energy is converted back into electrical energy through a heat engine.
A Carnot battery with a two-zone tank and water as a storage medium was investigated. This type of storage
allows storage temperatures above 100 ◦C under atmospheric conditions. The system studied here applies
a storage temperature of 115 ◦C. Charging is realized with a CO2 heat pump, while discharging uses a heat
engine with an organic fluid. This Carnot battery was implemented and simulated in EBSILON R�Professional.
The supplied electrical power was 18 MW and the maximum outlet temperature was 150 ◦C. Derived from
the day-ahead market [1], a charging and discharging time of 4 h was applied. To identify the most promising
concept for practical applications, the round trip efficiency, levelized cost of electricity (LCOE), and technology
readiness level (TRL) of the different Carnot battery configurations were compared. In addition, a simplified
sensitivity analysis was performed to assess the influence of the uncertainties of the economic parameters on
the LCOE. Furthermore, the change in the LCOE with a variation in the charging and discharging duration was
investigated.
The advantage of a CO2 heat pump is that applications with high input power have already been implemented,
which leads to an estimated TRL of at least 6. By contrast, heat pumps for temperatures above 100 ◦C utilizing
screw or piston compressors are only available for lower power applications.
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1. Introduction
Electricity generation from renewable energy is subject to fluctuations due to weather conditions. To ensure
a secure power supply with an increasing share of renewable energy, energy storage systems are needed to
temporarily store electrical energy, and thus compensate for fluctuations. Pumped thermal electricity storages,
known as a Carnot battery (CB), is a promising technology in this respect. A CB is a system that converts
electrical energy into thermal energy through an electrical resistance heater or a heat pump and stores this
energy for a period of time. Later, the thermal energy is converted back into electrical energy through a heat
engine. CBs have been studied in different configurations involving supercritical, transcritical, and subcritical
processes [2]. Comprehensive overviews of CBs can be found in [2, 3]. For storing thermal energy, sensible,
latent, or thermo-chemical energy storage systems are available. A sensible energy storage system consists of
a single storage tank with a thermocline (stratified storage) or two tanks, where the storage medium is pumped
from one tank into the other.
An overview of the research literature is given below. This study focuses on configurations in which CO2
transcritical processes are used. Several authors dealing with CBs have considered transcritical processes
predominantly using CO2 [4–11] as a working fluid. Energy storage on the hot side is often realized in tanks
with hot water [4,7,8,10]. This allows a temperature glide between the storage medium (water) and the working
fluid. On the cold side, either an ice storage tank [4, 7] or the environment [10, 11] are considered as storage
units.
Mercangöz et al. [9] described a transcritical charging and discharging process using CO2 as a working fluid.
The concept included two storage units, one of which stored thermal energy at higher temperatures in water
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tanks at a maximum temperature of 123 ◦C and the other stored energy in an ice storage tank at a temperature
of -5 ◦C. Because of the irreversibilities that occur in the process, the ice storage is supplemented by an
additional circuit during the charging process to dissipate losses to the environment. With a nominal turbine
power of 1 MW (ηturbine = 86 %, ηcompressor = 81.5 %, ηexpander = 80 %, and ηpump = 80 %) for a pilot project and
a nominal turbine power of 50 MW (ηturbine = 91 %, ηcompressor = 89 %, ηexpander = 88 %, and ηpump = 86 %) for a
commercial plant, round trip efficiencies of 51 % and 65 %, respectively, were achieved.
Morandin [4,5], starting from the base case, optimized the transcritical CO2 charging and discharging process.
The base case included, on the hot side, a sensible energy storage system using water as a storage medium,
with several tanks storing energy at different temperatures, and, on the cold side, an ice storage system
consisting of two tanks. The ice storage tank contained a salt mixture to lower the freezing point to -21.2 ◦C.
An air fan was also integrated into the charging and discharging process to release the resulting irreversibilities
to the environment in the form of heat. By optimizing the base case with eight water tanks and a maximum
discharge temperature of 177 ◦C, a round trip efficiency of 60 % was achieved. By adding an internal heat
exchanger in the charging and discharging process to the base case configuration, the round trip efficiency
was increased to 62 %. The expansion of the working fluid occurs in the two phase/wet steam area, which
is associated with technological problems. To prevent these problems, a throttle can be used instead of the
expander, which in turn leads to a drop in round trip efficiency.
Another study on CB was presented by Kim et al. [8], based on Morandin and Mercangöz [4,9]. Nevertheless,
in the study by Kim et al. [8] the concept involved isothermal compression/expansion using a liquid expander
and a water injection to cool the working fluid during the charging process and to heat it during the discharging
process, respectively. At a maximum pressure of 160 bar and a maximum charging temperature of 150 ◦C,
and under high isentropic efficiencies (ηcompressor,charging = 90 %, ηexpander,charging = 85 %, ηcompressor,discharging =
0.85 %, ηexpander,discharging = 90%) an overall efficiency of 74.5 % was obtained.
Steinmann et al. [7] studied a CB that consisted of transcritical CO2 cycles and two storage units at different
temperatures. The first storage unit was a pressurized water storage tank with a temperature up to 160 ◦C.
The other one was an ice storage unit with a temperature of 0 ◦C. With an isentropic compressor and turbine
efficiency between 80 % and 90, % the round trip efficiency was about 45 %.
Baik et al. [10] investigated CBs with a transcritical CO2 process involving two-tank liquid systems, each on
the hot and cold side. The tanks on the cold side used the environment with a temperature of 20 ◦C as a heat
source and heat sink, respectively. These storage tanks were operated with water. Compared to the concepts
in [4, 5, 7], a throttle was integrated into the charging process instead of an expander. The maximum storage
temperature was 120 ◦C and isentropic efficiencies of 85 % were assumed for the: compressor, turbine, and
pump. The round trip efficiency was studied as a function of the lower storage temperature of the two-tank
system on the hot side, which varied between 25 and 70 ◦C. Under these conditions, round trip efficiencies
ranged from 14.7 % to 29.1 %, with the maximum reached at the lower storage temperature of 40 ◦C on the hot
side.
Koen et al. [11] analyzed the transcritical process by testing different working fluids, such as CO2, R1234yf,
R1234ze(e), R1234ze(z), R152A, R161, R13I1, and ammonia, and different storage media such as wa-
ter,Therminol D12, and Therminol 66. The concept included a compressor and an expander for both charging
and discharging processes. A storage unit was implemented on the hot side, designed as a two-tank system.
A low-temperature storage tank was dispensed, with and thus, a heat exchanger used the environment as the
second storage unit. Under optimal operation conditions with polytropic component efficiencies of 90 %, round
trip efficiencies between 50.5 % and 57.6 % were obtained. The best result was achieved using the working
fluid R13I1 at a maximal storage temperature of 206 ◦C.
The described concepts generally use the round trip efficiency to evaluate their configurations. In this study,
besides the round trip efficiency, the levelized cost of electricity (LCOE) and the technology readiness level
(TRL) were determined to answer the following questions:

With which CBs could a system be realized in a timely manner?

Which efficiencies are achieved and what are the resulting LCOEs of the investigated CBs?

How does reducing the pinch point of the heat exchangers affect the round trip efficiency, purchased
equipment cost, and LCOE?

The study focuses on various CB concepts based on the transcritical charging process with CO2 as a working
fluid. Using CO2, an appropriate compressor at an outlet temperature greater than 100 ◦C, allows the imple-
mentation of a heat pump at a larger scale [12, 13]. So far, it is only possible to implement heat pumps in the
kW range with positive displacement machines, using a high compressor discharge temperature [14]. A two-
zone storage tank is used as a thermal energy storage (TES). This type of storage consists of an upper and a
lower chamber, which are separated from each other by a partition wall. These chambers are filled with water
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at different temperatures and are connected by pipes. The water in the upper chamber exerts pressure on the
lower chamber. This allows the storage of water in the lower chamber in a pressureless state at temperatures
> 100 ◦C. Compared to pressure-loaded tanks with water, the two-zone storage tank is a safer and cheaper
option [15]. In combination with the two-zone storage tank, the working fluid (CO2) is suitable for the trans-
critical charging process. This mode of operation has the advantage that the CO2 approximates the course of
the temperature glide of the storage medium (water) in the two-zone storage tank. One way to discharge the
TES is to use a heat engine, which is also operated with the same working fluid (CO2) in transcritical mode.
Alternatively, subcritical processes with different organic working fluids can be considered as these subcritical
processes are already used in practice, (e.g., in geothermal plants) [16].

2. Design and Simulation of the Carnot Battery
The CB consists of a transcritical charging process and a sensible thermal energy storage (TES). The dis-
charge of the TES is either transcritical or subcritical. The schemes of the charging and discharging subpro-
cesses are shown in Fig. 1 a) and b), respectively. The subprocesses are described below.
Charging Process

Excess electrical energy is used to compress the working fluid to a supercritical pressure (HP1-HP2). Af-
ter transferring the heat to the TES (HP2-HP3), the working fluid is further cooled in the regenerative heat
exchanger (HP3-HP4) until the liquid state is reached. Then, the working fluid is first expanded in a liquid
expander to a nearly saturated liquid (HP4-HP5) before it is further expanded in the throttle to the evaporating
pressure (HP5-HP6). The working fluid evaporates in the heat exchanger (HP6-HP7) by the heat supply from
a river and is further heated in the regenerative heat exchanger (HP7-HP1).
Discharging Process

The liquid working fluid is compressed in the pump to a high-pressure level (HE1-HE2). Heat is then transferred
to the fluid in the heat exchanger (HE2-HE3), using the two-zone energy storage. In a transcritical process, the
fluid is heated with a phase change during temperature decrease, whereas in a subcritical process, the fluid
undergoes a phase change at a constant temperature and evaporation also takes place. Then, the working
fluid is expanded in the turbine (HE3-HE4), which drives the generator. To close the cycle, the working fluid
is condensed in the heat exchanger (HE4-HE1) by releasing the heat to a river and reaches the initial state
(HE1).
For the discharging process, a heat engine in transcritical operation mode with the same working fluid (CO2)
as in the charging process was compared with heat engines in subcritical operation mode, using the following
working fluids:

• R600a (isobutane), R134a, and R245fa as these fluids are already used in geothermal power plants [16].

• R1233zd(E), as this working fluid is already used in CB laboratory setups [17,18].

• R1234yf, discussed as replacement fluid for R134a [19].

• R290 (propane), which is used in refrigeration and heat pump systems [20].

2.1. Modeling and Simulation
The modeling and steady-state calculation of the Carnot battery were performed in EBSILON R�Professional
[21]. For this purpose, the components (e.g., the turbine, heat exchanger, and others) are placed on the graph-
ical surface and connected by lines. The line between the components corresponds to electrical, mechanical,
or physical lines through which fluids flow. At a point of the physical line, a starting value and the fluid must
be defined. With further measuring points, which are to be placed on the corresponding lines, further oper-
ating points in the system can be defined. The component ’controller’ allows changing an actual value until
the setpoint is reached. These controllers are used to determine the mass flow in the subprocesses. For
implementing different working fluids, substance databases such as Refprop [22] are available.
The charging process is supplied with 18 MW of electrical power, which is needed to operate the compressor
and the two pumps for pumping the river water and the hot water from the two-zone storage. According
to [12], the upper pressure and temperature level in HP2 is a maximum of 140 bar and 150 ◦C, respectively.
The maximum storage temperature in ST1 is 115 ◦C and is based on the already implemented two-zone
storage [15]. The heat losses in the two-zone storage tank are neglected in this work. To evaporate the CO2 in
the heat exchanger from HP6-HP7, water is taken from the environment at 10 ◦C and 1 bar (state: w1), which
is reduced by 5 K (state: w3).The temperature in HP6 is determined by specifying a terminal temperature
difference or a pinch point in the heat exchanger. This, in turn, results in the evaporation pressure and thus the
pressure HP6 and HP7. The same pinch point is specified in all heat exchangers. Pressure losses are also
neglected in the process. Isentropic, mechanical, and electrical efficiencies of the components are specified
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Figure 1: Scheme of the a) charging cycle and b) discharging cycle; t,s diagram of c) charging with CO2; d)
discharging with CO2; e) discharging with R1234yf and f) discharging with R134a [22].
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(see Table A.1). These values are the same for all concepts. As a condition, the lower storage temperature
TST1 is defined in such a way that the CO2 is liquid in state HP4.
2.1.1. Results of the Simulations

Tables 1 and 2 present an overview of the simulation results for the different configurations when two different
pinch points are specified. Under a pinch point of 5 K, the transcritical CO2 discharge process (Configura-
tion 1) achieves the highest round trip efficiency (21.9 %), whereas the other configurations with ORC fluids
vary between 9.6 % and 13.7 %. In general, a decrease in pinch point leads to an increase in round trip ef-
ficiency. This may be because, the evaporation pressure in the discharge process can be increased and the
condensation pressure in the discharge process can be decreased. The overall process of Configuration 1
thus increases in efficiency from 21.92 % to 33.48 %. A greater increase in round trip efficiencies is achieved
with Configurations 2-6 (see Figure 2) compared with the pinch point of 5 K. The lower pinch point allows the
lower storage temperature TST1 to be increased, which has a positive effect on the heat engine. However, the
lower storage temperature is limited upward, otherwise, the state of aggregation before the liquid expander
in the heat pump is gaseous. Figure 2 shows the temperature curves of the fluids in the heat exchangers
between HP2 and HP3 and between HE2 and HE3, assuming different pinch points. With a reduction of pinch
point, the cost of the purchased equipment increases because of the need for a larger heat exchanger area.
Considering the LCOE, the financial cost at the expense of efficiency is examined as well. In the following, the
working fluids R1233zd(E) and R245fa are not considered for the economic analysis because of the low round
trip efficiencies and the low pressure ratios obtained in the discharge process.

Table 1: Results of the simulation with a pinch point of 5 K in the heat exchangers. COP = 3.04, TST1 = 35◦C
and TST2 = 115◦C.

Configuration 1 2 3 4 5 6 7
Discharging process
Fluid CO2 R600a R134a R245fa R290 R1234yf R1233zd(E)
pev in [bar] 120.5 4.8 9.5 2.2 12.9 10.1 1.8
pcon in [bar] 55 2.9 5.5 1.2 8.1 5.7 1.1
ηHE in [%] 7.94 3.83 4.28 3.73 4.22 4.48 3.17
ηrt in [%] 21.92 11.64 13.01 11.35 12.84 13.63 9.65

Table 2: Results of the simulation with a pinch point of 1 K in the heat exchangers.

Configuration 1 2 3 4 5 6 7
Charging process
Fluid CO2 CO2 CO2 CO2 CO2 CO2 CO2
COP in [-] 3.57 3.24 3.2 3.19 3.20 3.21 3.20
TES
TST1 in [◦C] 30.9 41.1 42.4 42.3 42.4 41.8 42.4
Discharging process
Fluid CO2 R600a R134a R245fa R290 R1234yf R1233zd(E)
pev in [bar] 140 7.9 17.3 4.2 21.8 18.4 3.3
pcon in [bar] 51 2.6 5.0 1.0 7.7 5.1 1
ηHE in [%] 9.39 8.45 9.40 8.69 9.41 9.47 7.83
ηrt in [%] 33.48 27.38 30.03 27.77 30.07 30.44 25.03

3. Economic Analysis
This subchapter describes the methods used for calculating the purchased equipment costs (PECs) as well as
the levelized cost of electricity (LCOE).
3.1. Equipment Cost
In addition to its efficiency, the cost of a CB is also important. For a first estimation of component costs,
the Turton method [23] was used. With this method, the PECs are calculated on the basis of cost functions,
which result from predefined factors and characteristic size parameters, such as the power or heat exchanger
area.The estimation of the PEC of the generators’ was based on the six-tenths rule [24]. The reference values
were obtained from the cost of the generator by Balli et al. [25]. The PEC of the throttle was negligible compared
to the other components. A detailed description for estimating PEC is available at [26]. For calculating the PEC
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Figure 2: t,Q diagram of a) Configuration 1 in the heat exchanger (HP2-HP3) with pinch point= 5 K; b) Con-
figuration 1 in the heat exchanger (HE2-HE3) with pinch point= 5 K; c) Configuration 1 in the heat exchanger
(HP2-HP3) with pinch point= 1 K; d) Configuration 1 in the heat exchanger (HE2-HE3) with pinch point= 5 K; e)
Configuration 6 in the heat exchanger (HE2-HE3) with pinch point= 5 K; f) Configuration 6 in the heat exchanger
(HE2-HE3) with pinch point= 1 K for illustration of the curve between the fluids.

of the two-zone storage tank, an average value of 550e/m3 [15] was applied. The PECs are based on specific
reference years. Hence, it is necessary to update costs by considering the price development, inflation, and
other factors, with the aid of the cost index Chemical Engineering Plant Cost Index (CEPCI). For the selected
reference year (2021), the CEPCI was 708 [27]. The official exchange rate of the European Commission [28]
was applied for converting other currencies into euros.
3.2. Levelized Cost of Electricity
For comparing the CB configurations, LCOE was calculated according to [29]. The LCOE is composed of the
economic expenditure of the system during its lifetime and the total amount of electricity generated. Taking into
account the purchase cost of the supplied electrical energy cel,in, the LCOE can be calculated according to the
following equation:

LCOE =
I +

n

t=1

At
(1+i)t

n

t=1

Ent ,el
(1+i)t

+
cel

ηrt
. (1)

The time period is set to n = 25 years. The aim is to operate the CB 365 days a year with a uniform
charging and dicharging time of Δτ = 4 h. This results in the annually produced amount of electricity Ent ,el
with Ent ,el = 365 ·Δτ · Pout. The investment costs I include not only the PECs, but also take into account other
costs (e.g., for pipes, measuring devices and installation) [30]. To determine the investment costs I, the total
PECs are multiplied by the Lang factor (FLang = 4.74) [30]. The annual operation and maintenance costs At are
determined using a constant factor Fop = 0.015. This factor (Fop) is multiplied by the total investment costs.The
purchase cost cel,in of the supplied electrical power during charging is determined using the day-ahead market
for Germany and Austria of the European Energy Exchange. Application of the approach of Dietrich [31] to the
reference year 2021 results in a purchase cost of cel,in = 6.64e cents/(kWh)−1 [32]. The debt interest rate
i is estimated from the program ’Renewable Energies Standard’ [33] of the credit bank KfW. This program is
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finances renewable energy systems such as battery storage and power-to-X systems and enables debt capital
financing of 100 %. A debt interest rate of i = 3.49 % [34] was selected for the program at a maximum fixed
interest period of 20 years. Because the period of time is 25 years in this study, we assumed that the interest
rate remains fixed and does not change over the additional 5 years. No adjustments for inflation were made.
3.3. Results of the Economic Analysis
Table 3 gives an overview of the total PEC and LCOE of the different configurations for a uniform charging and
discharging time of 4 h at a pinch point of 5 K in all heat exchangers. The total PEC of the subcritical processes
of Configurations 1-3,5,6 averages 12.209· 106 e. Configuration 1, based on the CO2 HE, has PECs about
3 million euro higher than others. Despite, Configuration 1 has the lowest LCOE (123ecents (kWh)−1). The
other configurations are in the range of 183-214ecents (kWh)−1 because of their poor round trip efficiency.
With the decrease in pinch point, component costs for Configuration 1 increased by almost 57 %, whereas the
other configurations became on average 20 % more expensive (see Table 4). A higher LCOE for Configuration
1 was obtained. This is mainly due to the increased costs for the heat exchangers, resulting from the reduced
temperature differences within them in the heat engine, from the hot TES to the discharging process. For the
other configurations, a reduction in pinch point had a positive effect on LCOE, which was reduced by 50 % on
average. Tables 5 and 6 show that the LCOEs were further reduced with a uniform charging and discharging
time of 5 and 6 h, respectively. The two-zone storage system should be larger, but this additional cost does
not affect the total PEC or the LCOE as much. In addition, Fig. 3 compares the shares of the PECs of the
different components for Configuration 1 (CO2) and for Configuration 6 (R1234yf) with different pinch points.
The subprocesses of charging, storage, and discharging are presented in different colors. For all variants, the
compressor (including the motor) is the most cost-intensive component, but with a lower pinch point, the cost
proportion of the heat exchangers increases. The distributions of the PECs of the other configurations are
similar to Configuration 6.

Table 3: PEC and LCOE with a pinch point of 5 K in heat exchangers during uniform charging and discharging
for 4 h.

Configuration 1 2 3 5 6
PEC [106 e] 15.387 12.152 12.213 12.236 12.233
LCOE [ecents (kWh)−1] 123 214 192 195 183

Table 4: PEC and LCOE with a pinch point of 1 K in heat exchangers during uniform charging and discharging
for 4 h.

Configuration 1 2 3 5 6
PEC [106 e] 24.118 14.670 14.683 14.712 14.751
LCOE [ecents (kWh)−1] 128 105 96 96 95

Table 5: LCOE with a pinch point of 5 K in heat exchangers during uniform charging and discharging for 5 h
with cel,in = 6.8e cents (kWh)−1

Configuration 1 2 3 5 6
PEC [106 e] 15.685 12.449 12.512 12.535 12.532
LCOE ecents (kWh)−1 106 187 168 170 160

Table 6: LCOE with a pinch point of 5 K in heat exchangers during uniform charging and discharging for 6 h
with cel,in = 7e cents (kWh)−1

Configuration 1 2 3 5 6
PEC [106 e] 15.984 12.747 12.810 12.833 12.830
LCOE [ecents (kWh)−1] 95 169 152 154 145

3.4. Sensitivity Analysis of the LCOE
A sensitivity analysis was performed to identify the parameters with the most substantial effects on the LCOE.
Table 7 lists the parameters and the corresponding results of the sensitivity analysis. The results of one
configuration are shown in this work, because they are comparable to those of the other configurations. Only
the absolute values differed among configurations. The fluctuation of the purchase costs exerted the greatest
influence on the LCOE. The lower and upper limits of the purchase costs corresponded to 2020 and 2022,
respectively. With a relative deviation of around 18.7 %, investment costs also have a major influence on the
LCOE. Fluctuations between 6 and 10 percent occur with different period of time and debt interest rate. Due
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to the large uncertainties in LCOE, these configurations are not suitable to evaluate economic viability. In this
work, LCOE is applied to compare the different configurations.
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Figure 3: PEC distribution for configuration 1 a) with a pinch point of 5 K, b) with a pinch point of 1 K and for
configuration 6 a) with a pinch point of 5 K and b) with a pinch point of 1 K.

Table 7: Sensitivity analysis of the LCOE for configuration 1 with a pinch point of 5 K

Parameter Value Variation of LCOE
Investment costs I 0.7 · Ibase case -18.68 %
(base case: 72.935 ·106 e) 1.3 · Ibase case +18.68 %
Factor for operational costs Fop 1 % -5.14 %
(base case: 1.5 %) 2 % +5.14 %
Period of time n 20 years +9.95 %
(base case: 25 years) 30 years -6.48 %
Debt interest rate i 2.39 % [34] -7.20 %
(base case: 3.49%) 4.69 % [34] +8.38 %
Purchase cost of electricity cel,in 1.82ecents (kWh)−1 -16.21 %
(base case: 6.64ecents (kWh)−1) 16.31ecents (kWh)−1 +32.54 %

4. Technology Readiness Level
The technology readiness level (TRL) scale of the European Commission [35] is a method used to assess
the maturity and readiness of a technology or concept. The TRL scale ranges from 1 to 9, with 1 being the
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Table 8: TRL scale [35]

Phase TRL level Condition
1 Basic principles observed

Research 2 Technology concept formulated
3 Experimental proof of concept
4 Technology validated in lab

Development 5 Technology validated in relevant environment
6 Technology pilot demonstrated in relevant environment
7 System prototype demonstration in operational environment

Deployment 8 System complete and qualified
9 Actual system proven in operational environment

lowest level of technological maturity and 9 being the highest. In the following section, the TRL is applied to
the subprocesses.

4.1. Evaluation of the Subprocesses
CO2 heat pump
CO2 heat pumps using positive displacement machines and throttle for expanding CO2 are already offered on
the market. However, these are limited in their capacities [14]. A configuration similar to the concept in this
study was developed and successfully implemented in the form of a test rig by MAN Energy Solutions [12,13].
The necessary components are also offered by this company. Instead of a displacement machine a barrel
compressor is used, enabling a higher capacity. As a result, the subprocess is classified as TRL6. Since there
is not evidence yet of a prototype in a relevant operational environment, a TRL of 7 is not achieved.
Two-zone storage
This storage system is assigned a TRL of 8 because it is already being used in various facilities [15], but is not
yet in mass production.
CO2 heat engine
The CO2 discharging process has been studied experimentally [36]. Therefore, a TRL of at least 3 is achieved.
One manufacturer offers a commercial system [37] based on a supercritical process and with high temperature
heat supply. In our study, a lower heat supply temperature of 115 ◦C is used. Consequently, the subprocess is
assessed as TRL = 5, and still needs further testing and development under operational conditions to achieve
a TRL of 6.
ORC with R600a
In Grünwald, Germany [16], an ORC process with isobutane as the working fluid is already used to generate
electricity. An electrical output of 4.3 MW is achieved at a geothermal spring inlet temperature of 135 ◦C,.
Consequently, the subprocess achieves a TRL of 8.
ORC with R134a
A geothermal power plant using the working fluid R134a is in operation. The power plant is able to generate
5.5 MW of electrical power using a geothermal spring with an inlet temperature of 118 ◦C [16]. Therefore, the
HE is assigned a TRL of 8.
ORC with R290
Propane is widely used as a working fluid in refrigeration systems [20]. So far, only one research group [38] is
known to use propane in their transcritical process for geothermal power generation. Hence, the subprocess
results in a TRL of 5.
ORC with R1234yf
R1234yf was developed as a replacement for R134a. ORC with this working fluid has been investigated and
verified through numerical simulations, achieving a TRL of 3. However, a prototype or experimental investiga-
tion has not yet been developed or conducted, which is necessary to achieve a TRL of 4 [19].
4.2. Evaluation of the Overall Process
The TRL of the overall processes is determined by the lowest TRL resulting from the subprocesses. Configu-
rations 2 with R600a and 3 with R134a reach the highest TRL level with 6. The lowest TRL level is reached by
configuration 6 with R1234yf.

5. Discussion
Under the assumption of a pinch point of 5 K, the investigated configurations achieved round trip efficiencies
between 9 % and 22 % and LCOEs between 123 and 214ecents (kWh)−1, with Configuration 1 using CO2 in
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the heat engine process achieving the best results. Reducing the pinch point demonstrated that configurations
using subcritical processes result in better round trip efficiencies and substantially lower LCOEs. Compared
to Configuration 1 with CO2 in the discharge process, increasing efficiency by 11.5 % results in a higher LCOE
because in the greater heat transfer surface area between the hot water and CO2 during the discharge. This
results in high component costs. Configurations 2 and 3 with R600a and R134a, respectively, achieved the
highest overall TRL and therefore enable prompt implementation. The ORC fluid R134 achieved better results
compared to isobutane. However, because of its high global warming potential (GWP), this fluid may be
excluded from ORC processes in the future by the European Union.
Although Configuration 1 with a pinch point of 5 K showed the highest round trip efficiency, the lowest LCOE,
and an overall TRL of 5, this combination with the environment as a heat reservoir is unsuitable because if the
ambient temperature increases, the evaporating pressure and temperature in the heat engine approach the
critical point of CO2, leading to technical problems. One possibility is the combination of an ice storage with an
intermediate circuit. However, in this case, a heat exchanger must be integrated into the process to dissipate
the heat generated by irreversibilities from the system to the environment. Nevertheless, indirect ice storage
adds further costs and irreversibility.
CBs based on transcritical CO2 cycles showed a substantially higher round trip efficiency in some studies
[4, 7–9, 11]. The reason for this is primarily due to the utilization of different CBs. First, the CBs use a second
storage tank at a low temperature, integrated directly into the subprocesses, either with ice slurry storage [9]
or ice storage [7]. Because of the high pressure of the working fluid (CO2), ice storage is not feasible [13]. Ice
slurry storage tanks are uncommon [39], resulting in a lower TRL level. Higher round trip efficiencies also result
for pressurized tanks with water at high storage temperatures, as shown in previous publication [4]. Moreover,
multiple high-temperature storage tanks are employed to improve the temperature glide between CO2 and the
storage medium (water). This necessitates the use of multiple heat exchangers, which substantially increase
the complexity of the system.
Furthermore, unlike the approach taken in this study, many publications do not account for losses in the motors
and generators, and rely solely on machine for the expansion process during charging, which could make the
system unfeasible from a technical point of view.
Another improvement in round trip efficiency is achieved through supercritical discharge processes and ORC
fluids as working fluids [11]. However, this requires higher storage temperatures and the use of alternative
storage media in case the storage medium exceeds 160 ◦C. Furthermore, an appropriate compressor that can
achieve high temperatures is needed for the charging process. Consequently, a low TRL is expected.
Under simplified assumptions, such as the absence of storage heat and pressure losses, the actual forward
and return efficiencies of the system are expected to be lower than those predicted by the configurations.

6. Conclusion and Outlook
In this study, CBs based on a transcritical CO2 charging process with an electrical power input of 18 MW were
numerically modeled and simulated stationarily, using the Ebsilon software. A two-zone storage tank with
water as a storage medium at a maximum temperature of 115 ◦C was used. For the discharge, a transcritical
CO2 process and subcritical processes with different organic working fluids were investigated and compared
to each other on the basis of round trip efficiency, LCOE, and TRL. With a pinch point of 5 K, Configuration 1
(transcritical CO2 HE) resulted in the highest round trip efficiency and the lowest LCOE. Despite an overall TRL
of 5, this configuration is unsuitable for implementation because the operating points of the evaporator in the
HE approach the critical point as the ambient temperature increases, which could lead to technical problems.
The other configurations resulted in very low round trip efficiencies, leading to a high LCOE. By reducing
the pinch point in the heat exchangers, the efficiencies can be increased, which has a positive effect on the
LCOE. Among the subcritical processes, the working fluid R1234yf (Configuration 6) could be an alternative.
However, this variant was classified with the lowest TRL level. Similar round trip efficiencies and LCOE at a
higher TRL level were achieved with the ORC fluid R134a (Configuration 3). However, the refrigerant R134a
has a high global warming potential and is already banned in the automotive sector [40]. The same TRL
level was achieved with R600a (Configuration 2), which has the highest LCOE due to its poorer round trip
efficiency. The economic values were estimated under considerable uncertainties, as the sensitivity analysis
on LCOE showed. Detailed information on component costs and a full financing calculation are required for an
economic evaluation of the configurations, as well as the specifications of an accurate plant design, such as the
isentropic efficiency of the turbine, compressor, and pumps. With a uniform charging and discharging time of
4 h, the LCOEs are very high, but can be reduced if the charging and discharging duration increases. Because
Configuration 1 is excluded as a possible option in this study, replacing the environment as a storage unit with
ice could be considered in further investigations to obtain an overview of the possible round trip efficiency,
LCOE, and TRL compared to the configurations studied here.
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Appendix A
Table A.1: Component parameters used in Ebsilon

Parameter Symbol Value Unit
Isentropic efficiency compressor ηis,compressor 85 %
Isentropic efficiency liquid expander ηis,expander 85 %
Isentropic efficiency pumps ηis,pump 80 %
Isentropic efficiency turbine ηis,turbine 85 %
Mechanical efficiency compressor ηmech,compressor 99 %
Mechanical efficiency liquid expander ηmech,expander 99 %
Mechanical efficiency pumps ηmech,pump 99 %
Mechanical efficiency turbine ηmech,turbine 99 %
Mechanical efficiency motor ηmech,motor 99 %
Electrical efficiency motor ηel,motor 95 %
Electrical efficiency generator ηel,generator 98 %
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