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a b s t r a c t

The growth of renewable energy requires flexible, low-cost and efficient electrical storage to balance the
mismatch between energy supply and demand. Pumped thermal energy storage (PTES or Carnot battery)
converts electric energy to thermal energy with a heat pump (or another heating system) when elec-
tricity production is greater than demand; when electricity demand outstrips production the PTES
generates power from two thermal storage reservoirs (possibly a Rankine cycle mode). Classical PTES
architectures do not achieve more than 60% roundtrip electric efficiency. However, innovative archi-
tectures, using waste heat recovery (thermally integrated PTES) are able to reach electrical power pro-
duction of the power cycle larger than the electrical power consumption of the heat pump, increasing the
value of the technology. In this paper, a general model is developed to draw mappings of performance
depending on the two main inputs (waste heat and ambient air temperatures). Whatever the storage
configurations, the best performances are reached when the waste heat temperature is high, the air
temperature is low, and the lift of the heat pump is low. Finally, the thermally integrated PTES technology
is compared with other technologies of energy storages and is theoretically promising due to its high
roundtrip efficiency, its low specific price and no specific geographical conditions.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

1.1. Context

The share of renewable energy production is expected to grow
significantly in the next decades. In this context, due to the vari-
ability of the wind and solar energy, energy storage solutions are
required to provide electricity when required. In this context, the
Pumped Thermal Energy Storage (PTES), or Carnot battery, is a
promising technology to store electricity. Basically, a heating cycle
provides heat to a hot storage by using excess electricity (charge)
while a power cycle converts this stored thermal energy into
electricity when required (discharge) (Fig. 1). Several demonstra-
tors are being built around the world [1e4]. Different technologies
and architectures are possible for this technology. This paper fo-
cuses on PTES using waste heat recovery (Thermally Integrated
Pumped Thermal Energy Storage - TIPTES) combined with a
reversible Heat Pump/Organic Rankine Cycle (HP/RC).
ont).
Different types of PTES have been proposed in the literature:

- Depending on the required temperature levels, the power cycle
can be, among other possibilities, a Brayton cycle, a Rankine
cycle [5], a trans-critical CO2 cycle or a Lamm-Honigmann pro-
cess [6]. The competitive technology, the closed Brayton cycle,
despite promising efficiencies, requires very high temperature
levels (>320 �C) [7] whichmay lead to high components and TES
costs. Moreover, in a power cycle, high temperatures usually
demonstrate higher efficiencies, but as will be demonstrated in
this paper (section 3, the thermally integrated PTES (TIPTES)
technology is more efficient at low temperatures.

- The PTES can be composed of a separate heat pump and power
cycle or can be a sole unit able to provide both modes with the
same components (reversible HP/ORC system) [8e10]. The
technical feasibility of such a system has been demonstrated
experimentally [11].

- If available, waste heat may be used as the heat source of the
heat pump to increase its coefficient of performance [12,13] or as
a heat source of the power cycle, resulting in a thermally inte-
grated PTES (TIPTES).
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Fig. 1. Heat flow of a classical Pumped Thermal Energy Storage.
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- The heat pump cycle can be used to produce thermal energy
that, once stored, permits to produce electricity through a po-
wer cycle (hot storage layout). But, another possibility is to
produce cold thermal energy (chiller system), store it, and use it
to increase the efficiency of the power cycle through a lower
condensation temperature (cold storage layout) [14].

- The energy can be stored under latent or sensible energy [5].
1.2. Thermally integrated pumped thermal energy storage

Typically, the power to power ratio (P2P), defined as the elec-
trical energy output (discharge) divided by the electrical energy
input (charge) is below 70% for classical PTES. This is the reason
why it can be helpful to valorize waste heat fluxes in the system to
improve its performance (TIPTES). Some authors expect more than
100% P2P [12,13]. Compared to a classical PTES using a hot and a
cold storage, there are two different options to operate a TIPTES
(Fig. 2). On the one hand, the hot storage configuration uses a
heating system (heat pump in this example) to increase the waste
heat temperature. This allows the power cycle (RC in this example)
to increase its performance by working with a higher temperature
difference. On the other hand, the cold storage configuration stores
thermal energy at temperatures lower than the ambient (through a
vapor cycle in this example). Once again, it allows the power cycle
to work efficiently with a higher temperature difference.

1.3. Reversible heat pump/organic Rankine cycle

The PTES unit can be a sole unit able to provide bothmodes with
the same components (reversible HP/RC system) [8e15]. Indeed,
heat pumps and RC power systems present many similarities for
low and mid-scale systems (working fluids, compressors, heat ex-
changers among others). The technical feasibility of such a system
has been demonstrated experimentally by the authors [15]. This
solution presents the advantages to be cheaper, more compact and
easier to operate compared to two separate systems. In those sys-
tems, the Reynolds ratio (Eq. (1)), defined as the ratio between the
highest Reynolds number of the RC divided by the highest one of
the HP, needs to be constrained [15]. In Eq. (1), the Reynolds is
defined at the exhaust of the expander in RC mode and at the inlet
of the compressor in HP mode. This is why areas (A) and lengths (L)
Fig. 2. PTES (left), PTES with hot storage (cen
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are equal in both modes (see Eq. (1))

Reratio ¼
ReRC
ReHP

¼
SOCLRC
yRC

SHPLHP
yHP

¼
_mRCLRC

ARCrRCyRC
_mHPLHP

AHPrHPyHP

¼
_mRC

rRCyRC
_mHP

rHPyHP

(1)

If not constrained, heat exchangers performance, the efficiency
of the expander and compressor, the pressure drops and the oil
circulation rate will be affected. Moreover, it influences directly the
charge and discharge times. The ratio of the charge time to the
discharge time is roughly equal to the Reynolds ratio. As an
example, the discharge time is three times smaller than the
charging time with a Reynolds ratio of 3.

The aim of this paper is to investigate the cold and hot storage
configurations of thermally integrated PTES due to their high po-
tential. In the methodology section, the modeling equations and
hypotheses are presented. Following this, the results section pro-
vides mappings of performance to understand optimal working
conditions of these systems by varying the most influent parame-
ters. Also, the energy density of such systems is assessed. In the
conclusion, a comparison with competitive technologies of energy
storages is analyzed.
2. Methodology

The idea of this paper is to provide a general model to simulate
the two aforementioned systems in a wide range of operating
conditions. No detailed technological considerations are thus taken
into account to obtain a general formalism. The mappings are only
provided to give trends and to understand the potential of the
technology. It is important to note that a more detailed model
should be used in the case of the design or part load simulation of
such a unit. However, it is well known that constant efficiency
models are realistic in the nominal sizing conditions of the ma-
chine. This type of modeling is therefore consistent for the purpose
of this paper, which is to derive global mappings without entering
into technical details to obtain general guidelines for the technol-
ogy. In this analysis, the influence of the size (power) of the system
is not taken into account. In practice, the expander and compressor
efficiency are slightly increasing by using larger power. Also,
volumetric machines are usually preferred to turbomachinery for
low scale power machines (~tens of kW). However this differenti-
ation is not considered here since the only parameter related to the
compressor or the expander is its isentropic efficiency. Only the
heat pump/Rankine cycle combination is considered in this paper.
2.1. Heat pump and power cycle

The heat flow charts for the hot and cold storage configurations
are provided in Fig. 3. Here, the considered system is a reversible
heat pump/Rankine Cycle unit (HP/RC) but two separate systems
for each operating mode can also be considered [9]. For the cold
storage layout, the charging process utilizes electricity to run the
ter) and PTES with cold storage (right).



Fig. 3. Heat flow chart for the hot and cold storage configurations.

O. Dumont and V. Lemort Energy 211 (2020) 118963
compressor of the heat pump. From there, the condenser releases
thermal energy in the air. Following this, the working fluid enters
the expansion valve and reaches the low pressure and temperature
level. The evaporator retrieves thermal energy from the cold TES.
During the discharge process, the pump provides a given flow of
refrigerant that is sent to the evaporator. The waste heat source
evaporates the working fluid and electricity is produced in the
expander. The cold TES is the heat sink of the power cycle. In the
case of the hot storage configuration, the charging process starts
with the compressor of the heat pump, which increases the tem-
perature and pressure level of the working fluid. The thermal en-
ergy is provided to the hot storage through the condenser. Then, the
working fluid flows through the expansion valve to reach the low
temperature and pressure side. The waste heat source is used to
transform the working fluid into vapor in the evaporator. The
discharge process uses the temperature difference between the hot
storage and the air to run the expander and produce electricity.

Themodeling of the heat pump and the power cycle, assumed to
be a Rankine cycle (RC) in this case, is performed based on constant
efficiencies and pinch points modeling. For a given configuration,
the HP and the RC utilize the same working fluid for the sake of
simplicity. The temperature glide DT corresponds to the tempera-
ture difference of the secondary fluids between the inlet and outlet
of the heat exchangers. This temperature glide also corresponds to
the temperature difference between the hot and cold parts of the
thermal storages. For more clarity, T-s diagrams are shown in Fig. 4.
In these diagrams, the RC (green) is always operated between the
highest temperature difference for high efficiency (red and blue
curve) while the HP operates with a small lift as it is beneficial for
the COP and the P2P (as proven in section 3).
2.2. Analytical model

This analytical model is very general and is based on the
P2Pcold ¼
Eel;out
Eel;in

¼
�
COPHP;cold
Qev;HP

�
:
�
hRC;coldQev;RC

�¼ hRC;cold
1� hRC;cold

COPHP;cold

3

comparison with an ideal Carnot cycle. DT is defined as the lift of
the heat pump. The lift is defined as the difference between the
waste heat temperature and the storage temperature for the hot
configuration and as the difference between the air and the storage
temperature for the cold configuration (Fig. 1).

The heat pump coefficient of performance (COP) in heating
mode is defined by Eq. (2) while the one in cooling mode is defined
by Eq. (3) [8]. They correspond to the COP of a Carnot system
multiplied by a factor (g) taking into account all the irreversibilities
and physical constraints.

COPheating ¼
Qcd

Eel
¼ gheating

Thot
Thot � Tcold

(2)

COPcooling ¼
Qev

Eel
¼ gcooling

Tcold
Thot � Tcold

(3)

The Rankine cycle (RC) efficiency is defined by the Carnot effi-
ciency multiplied by a factor (g) taking into account all the irre-
versibilities and physical constraints (Eq. (4) [8]).

hRC ¼
Eel
Qev

¼ gRC

�
1� Tcold

Thot

�
(4)

It is conventionally accepted that g is comprised between 0.5
and 0.7 to obtain performance that match real applications [8]. In
the case of the hot storage architecture, the P2P is simply evaluated
by the product of the COP and the efficiency of the power cycle (Eq.
(5)) in which Qev is the thermal energy at the evaporator.

P2Phot ¼
 
COPHP;hot
Qcd;HP

!
:
�
hRC;hotQev;RC

�¼COPHP;hot :hRC;hot (5)

In the case of the cold storage, the P2P is defined by Eq (6) where
Qcd is the thermal energy at the condenser.
(6)



Fig. 4. Example of T-s diagram for the hot configuration (left) and cold configuration (right).
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A simple analytical model based on Eqs. (2)e(6) provides the
ratio of the P2P between the cold and hot storage layouts (Eq. (11)).
The demonstration is provided through (Eqs. (7)e(11)). For the
simplicity of the formulation, g is assumed to be equal in Eqs.
(7)e(11).

R¼ P2Pcold
P2Phot

¼ hRC;cold
1� hRC;cold

COPHP;cold:
1

COPHP;hot :hRC;hot
(7)

R¼

0
BB@

�
1� Tair�DT

Twaste

�

1� g
�
1� Tair�DT

Twaste

�
1
CCA

�
�
Tair � DT

DT

�
:

1�
TwasteþDT

DT

���
1� Tair

TwasteþDT

� (8)

R¼

0
BB@

�
Twaste�TairþDT

Twaste

�
Twaste�gðTwaste�TairþDTÞ

Twaste

1
CCA

�
�
Tair � DT

DT

�
:

1�
TwasteþDT

DT

���
TwasteþDT�Tair

TwasteþDT

� (9)

R¼
�

Twaste � Tair þ DT
Twaste � gðTwaste � Tair þ DTÞ

��
Tair � DT

Twaste þ DT � Tair

�
: (10)

R¼ P2Pcold
P2Phot

¼
� ðTair � DTÞ
Twaste � gðTwaste � Tair þ DTÞ

�
(11)
2.3. Constant efficiency model

The main inputs are the waste heat and air temperatures. Three
parameters are varied to optimize the performance, namely the
working fluid, the Reynolds ratio and the glide temperature
(Table 1). The pump isentropic efficiency is computed with Eq. (12).
4

hpp;is ¼
_V
�
Ppp;ex � Ppp;su

�
_Wpp;el

(12)

The compressor isentropic efficiency is defined by Eq. (13).

hcmp;is ¼
_m
�
hcmp;ex;is � hcmp;su

�
_Wcmp;el

(13)

The expander isentropic efficiency is evaluated with Eq. (14).

hexp;is ¼
_Wexp;el

_m
�
hexp;su � hexp;ex;is

� (14)

The value of the pinch point needs to be very low. Indeed a 1 K
increase of this parameter leads to a P2P drop of 3%. Thismeans that
heat exchangers should be oversized compared to a classical
application in order to reach decent efficiencies. This model is
power-independent. Practically, a nominal flow of 1 kg/s is adopted
for the heat pump since the flow (or power) has no influence on the
observed outputs (power, P2P, COP, RC efficiency). The ORC flow is
directly given by the Reynolds ratio (Eq. (1)).
2.4. Cost model

The cost model for such a non-mature technology is difficult to
assess. The methodology used in Ref. [4] for MW-scale systems is
used. The cost of the reversible HP/ORC is assumed to be equal to
166 V per kW, the cost of the electric motor generator is 64 V per
kW, the cost of other system components (piping, insulation, site,
control …) is estimated at 170 V per kW. It takes into account the
cost analysis of each component, final assembly, installation and
commissioning. For the storage a cost of 17 EUR per kWh is
assumed [4]. Among the available information on the next pro-
totypes of Carnot battery, the storage size in kWh is usually five to
ten times larger than the electrical power (kW) [3,4]. Joining all
these pieces of information together, it means that the total price is
comprised between 485 V/kW and 570 V/kW and 57 V/kWh and
97 V/kWh.
3. Results

This section aims at understanding how the inputs and



Table 1
Value of the parameters for the constant efficiency model.

Parameter Value

Inputs Evaporator pinch point [K] 2
Condenser pinch point [K] 2
Compressor isentropic efficiency [%] 75
Sub-cooling [K] 5
Superheating [K] 5
Pump isentropic efficiency [%] 50
Storage Ideal (Plug-flow)
Pressure drop (exchangers) [bar] 0.2

Parameters Evaporator/condenser glide (secondary
fluid) [K]

[5e70]

Waste heat temperature [�C] [30e100]
Air temperature [�C] [0:40]
Fluids Toluene, R1233zd(E), R1234yf, R11, Ammonia, R123, R141b, R142b, R123,R236EA,R245fa, SES36, R365MFC,

Isobutane, Ethanol, Water
Reynolds ratio (Eq. (1)) [1:3]
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parameters of the system influence the performance of the system
by using the model described in the section Methodology.

3.1. Analytical model

From the analytical model, two main results are highlighted.
Firstly, the global performance of the system is always better with
high waste heat temperature and low air temperature (Eqs. (7) and
(8)). Also, the ratio between the cold and the hot P2P (Eq. (11)) is
always below one since the lift, DT (assumed equal for hot and cold
storage) is larger than 0 and g is by definition comprised between
0 and 1. This model is very simple and allows to evaluate the per-
formance of a TIPTESwith only three inputs. It can be useful for pre-
studies of a given application. Nevertheless, this model requires
several hypotheses (mainly the g value) and a constant efficiency
model is necessary for a more accurate description of the process.

3.2. Constant efficiency model

Performance is simulated for 16 classical working fluids (see
Table 1) with Coolprop. The performance is illustrated with fluid
R1233zd(E). Results with other fluids are given in the appendices.

3.2.1. Influence of the glide
The influence of the glide temperature is depicted in Fig. 5. In
Fig. 5. Influence of the glide on the P2P for the hot and cold storage layouts
(R1233zd(E)).
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this example, the P2P is computed with a waste heat temperature
of 75 �C and an air temperature of 15 �C.

From Fig. 5, it appears that the hot storage configuration pre-
sents a higher P2P than the cold one. This observation is general-
ized in the next section. Also, the temperature glide needs to be
limited to values below 15 K to keep a decent P2P. This constraint
limits the compactness of sensible storage (see section compact-
ness). In thewhole paper, the glide is fixed to 10 Kwhich is a decent
compromise between performance and compactness. For the sake
of completeness, mappings with 5 K and 15 K are also proposed in
(Fig. 7 and Fig. 8).

3.2.2. Compactness
Before going further, it is important to quantify the energy

density of such a technology. It is assumed that the volume of the
heat pump and Rankine cycle are negligible compared to the size of
the TES. The electrical energy for a given volume of storage can be
computed through the product of the RC efficiency and the energy
available in the TES for the hot storage configuration under sensible
(water in this case) or latent form (200 J/g). The energy density is
directly related to the Reynolds ratio. High values of Reynolds ratio
(up to 3) leads to higher compactness of the system (because of the
increase of thermal power for the same machine) but can rise
performance problems (asmentioned before). A value of one for the
Reynolds ratio ensure a perfect matching of the components of the
reversible HP/RC unit. As an example, the influence of the Reynolds
on the compactness is plotted in Fig. 6. From this Figure, it appears
that the phase change materials are promising here due to the low
glide (5 K in this example with a pinch point of 2 K). Also, the
compactness is highly affected by the working conditions, the
design and the layout of the considered system. In the next part of
the paper, a Reynolds ratio of one is considered to ensure an
optimal performance.

3.2.3. Optimal fluid
The fluid presenting the highest P2P is presented in Fig. 7 for

different lift and different temperature levels. Generally, only 5
fluids show a decent efficiency among the 16 fluids from Table 1:
R1233zd(e), R1234yf, R11, R236ea and R245fa. From Fig. 7, fluids
R1234yf and R1233zd(e) show better performance for low tem-
perature differences between waste heat temperature and air
temperature. Fluids R245fa and R11 are more suited for larger
temperature differences. The P2P for each fluid and each lift are
given in appendices. A comparison between the different fluids
show that the differences are rather small between the 5 optimal
fluids from Fig. 7. In conclusion, it means that those 5 fluids are
probably the best candidates for an applicationwith the considered



Fig. 6. Compactness of the systems (left) Reynolds ratio ¼ 1, (right) Reynolds ratio ¼ 3 (R1233zd(E)).

Fig. 7. Optimal working fluid for different configurations.
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range of temperature. However, a dedicated accurate modeling
should be considered to select the optimal one for a given case
study.
6

3.2.4. Mappings of performance
A general mapping of performance is evaluated with a glide of

10 K (R1233zd(e)) for both hot and cold storages for a wide range of
air and waste heat temperatures (Fig. 8). First, the RC efficiency



Fig. 8. RC efficiency, COP of HP and P2P as a function of the air temperature and the waste heat temperature (glide ¼ 10 K, R1233ZD(E)).
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naturally increases with the increase of the waste heat temperature
and the decrease of the air temperature. The RC efficiency in the
case of the cold storage is slightly higher due to the lower cold
source temperature. The COP of the HP in the hot storage config-
uration is naturally independent of the air temperature and in-
creases slightly with the waste heat temperature. For the cold
storage layout, the COP of the heat pump is independent of the
waste heat temperature and slightly increases with the air tem-
perature within the inputs of this paper. Globally, the COP is rather
constant due to the constant glide. This leads to a trend for the P2P
which is similar to the RC efficiency: it increases with the waste
heat temperature and decreases with the air temperature. Values
with P2P larger than one can be obtained for a given range of
conditions. As already mentioned, the hot storage configuration
outperforms the cold storage layout whatever the inputs and pa-
rameters. This is due to two facts. First, a simple analytical solution
shows the highest efficiency of the hot storage layout. Secondly, the
Reynolds ratio is more restrictive for the cold storage layout due to
highest difference between the heat pump and RC operating con-
ditions (very different flows for the same thermal power). This
means that it could be profitable to use two separate cycles (one
separate HP and one separate RC) instead of a reversible system in
this case. The influence of the glide is highlighted in Fig. 9 and
Fig.10, where the performance of the cycle is evaluated for values of
5 K and 15 K.
7

3.3. Comparison with competitive technologies

Now that energy density numbers have been computed in the
results section, it is possible to develop a complete comparison of
the Carnot battery with other competitive technologies. This
comparison is primarily interested in storage technologies that
have a shifting capability of one day at least and the possibility to be
efficient at large scale (up to MW), with characteristics such as high
P2P, high energy density, low specific price, long lifetime. Different
technologies are available in the considered range of requirements:
pumped hydro-storage (PHS), fuel cells combined with hydrogen
storage (FC), batteries (and flow batteries) (B), compressed air en-
ergy storage (CAES), liquid air energy storage (LAES), gravity energy
storage (GES). PHS is the most widespread large-scale energy
storage technology. The operating principle of PHS is to pump a
fluid to a reservoir with a certain elevation when the electricity
demand is low. In discharging mode, the fluid converts its potential
energy in a turbine to produce electricity. CAES has also been
demonstrated at large scale. In CAES, air is compressed in a given
hermetic tank or underground reservoir during the charging mode
and expanded in the discharge mode. However, they both require
specific geological conditions [9], which significantly decreases the
availability of these types of energy storages. Also, their energy
density is rather low (see Table 2). Flow batteries could possibly
become a useful way of storing large quantities of energy due to
their large energy density (60 kWh/m3). However, they suffer from



Fig. 9. ORC efficiency, COP of HP and P2P as a function of the air temperature and the waste heat temperature (glide ¼ 5 K, fluid ¼ R1233ZD(E)).
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a rather low lifetime and the use of rare (or expensive) materials
(Table 2).

LAES (air compression to store it in its liquid state) and GES
(potential energy store by moving a large mass vertically) are not
mature technologies and suffer from large energy price and low
energy density. Finally, the fuel cells, despite their high energy
density (Table 2) present a relatively low lifetime with a limitation
on the number of cycles.

This short summary of storage technologies with a storage
period longer than a few hours shows the interest to develop and to
evaluate new energy storage technologies such as the pumped
thermal energy storage (PTES). The PTES technology is interesting
due to its long cycle life, no geographical limitations, no need of
fossil fuel streams and capability of being integrated into conven-
tional fossil-fueled power plants or with any other type of waste
heat source (Benato et al., 2018). As demonstrated in this paper, this
type of storage is more beneficial using a waste heat source
(Thermally Integrated Pumped Thermal Energy Storage) with
higher P2P. The values provided in Table 2 are based on real data for
the mature technologies (CAES, PHS, FC, B) but should be confirmed
by experimental campaigns to validate them for the other types of
storages.

The PTES technology should therefore be investigated with a
focus on the development of a prototype demonstrating the high
efficiency and the reliability of the system and of the TES storages,
which need to be compact and cheap. This should help bringing the
technology to the market.

4. Conclusion

This paper aims at evaluating the potential of the Pumped
8

Thermal Energy Storage compared to competitive technologies.
First, a review of literature shows the low P2P of classical PTES
(<60%). However, recently a new thermally integrated PTES using a
hot storage has been investigated showing high P2P. This paper
aims at developing mappings of performance for this system but
also for an innovative concept consisting in a thermally integrated
PTES using a cold storage. A constant-efficiency model is developed
and leads to the following conclusions:

- The higher the lift of the heat pump, the lower the P2P. This
means that the energy storage temperature should preferably be
close to the air temperature in the case of the cold storage
configuration and close to the waste heat temperature in the
case of the hot storage configuration. This observation is only
valid for Thermally Integrated PTES. The classical PTES P2P is
theoretically independent of the TES temperature.

- The results show a large zone on the operating map with high
P2P, which makes the thermally integrated PTES technology
very promising compared to other storage technologies despite
the lower maturity.

- Among the 16 studied fluids, only 5 (R1233zd(e), R1234yf, R11,
R236ea and R245fa) are presenting high performance and
should be considered for this application.

- Mappings are provided to estimate which type of configuration
(hot storage or cold storage) is more profitable depending on the
glide, the waste heat temperature and the air temperature.

This work proves the theoretical encouraging performances of
an innovative electrical energy storage. In the future, a complete
economic analysis and a real proof of concept should be investi-
gated to confirm these results.



Fig. 10. ORC efficiency, COP of HP and P2P as a function of the air temperature and the waste heat temperature (glide ¼ 15 K, fluid ¼ R1233ZD(E)).

Table 2
Comparison of the electrical energy storages [5,16e21].

Technology Energy density [kWh/m3] Energy price [$/kWh] Energy price [$/kW] P2P [%] Lifetime [years] Specific geographical conditions required Year of publication

PHS 0.5e1.5 5e100 [300e5200] 65e87 30e60 Yes 2015
GES 0.5e1.5 N/A e 70e86 30e40 Yes 2015
CAES 3e12 2e200 [400e2250] 40e95 20e60 Yes 2015
LAES 50 260e530 [500e3500] 40e85 20e40 No 2015
Li-Ion B 300 500e2500 [270e1500] 85e95 5e15 No 2015
Flow B 16e60 120e1000 [175e10000] 57e85 5e15 No 2015
FC 500e3000 1e10 [3500e10000] 20e50 5e30 No 2015
PTES 0.25e6.9 [62e107] [533e627] 70e80 25e30 No 2018

O. Dumont and V. Lemort Energy 211 (2020) 118963
This work proves the theoretical encouraging performances of
an innovative electrical energy storage. In the future, a complete
economic analysis and a real proof of concept should be investi-
gated to confirm these results. Moreover, a part-load model should
be developed to assess performance for real case studies.
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Nomenclature

A Area (m2)
B Battery
CAES Compressed Air Energy Storage
COP Coefficient of performance (�)
Cmp Compressor
Cp Specific heat capacity (J/(kg.K))
E Electrical energy (Wh)
Exp Expander
Q Thermal energy (Wh)
FC Fuel cell
g Empirical coefficient (�)
GES Gravity Energy Storage
HP Heat Pump
L Length (m)
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LAES Liquid Air Energy Storage
_m Mass flow rate (kg/s)
P Pressure (Pa)
P2P Power to Power ratio (�)
PHS Pumped Hydro-storage
PTES Pumped Thermal Energy Storage
R ratio (�)
RC Rankine Cycle
Re Reynolds (�)
S Speed (m/s)
TIPTES Thermally Integrated PTES
T Temperature (K)
_V Volumetric flow (m3/s)
_W Power (W)
h Efficiency (�)
D Difference
y Kinematic viscosity (Pa.s)
r Density (kg/s)

Subscript
Air Outdoor air
Cd Condenser
El Electric
Ev Evaporator
Ex Exhaust
HP Heat pump
Is Isentropic
pp Pump
RC Rankine cycle
Su Supply
Waste Waste heat recovery

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.jeem.2020.102381.
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