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A B S T R A C T

A pumped heat energy storage (PHES) system based on a Rankine cycle for supercritical working fluids, such
as carbon dioxide and ammonia, accounting for the irreversible latent and sensible heat transfers between
the working fluid and the storage liquid medium, as water or thermal oil, is analyzed. The model also
includes several parameters such as pressure losses, heat exchanger efficiencies, and isentropic efficiencies of
the compressor, pump, and expansion devices (such as turbines and valves), that take into account the main
internal and external losses and heat leak to the environment. The model allows for the calculation of specific
energy, the heat pump performance coefficient, heat engine efficiency, and overall round-trip efficiency, as well
as the temperatures of the working fluid and reservoirs. A zero-dimensional model is also used to determine
the time dependence of heat leak in the tanks. The main results show that this technology could achieve
round trip efficiency values in the order of 50–70%. Irreversibilities in compression and expansion appears
as the most influential energy losses factor. The time effect of the ambient conditions on the tanks has been
analyzed for a wet subtropical climate but it seems that the ambient conditions have no major influence on the
performance of the system. In addition, explicit numerical results and temperature–entropy plots are presented
for two representative systems as carbon dioxide-water and ammonia-thermal oil to take into account the main
values in an operating condition.
1. Introduction

To reduce emissions of CO2, and surpass the increase in fuel prices
and the more restrictive environmental regulations, the control of
energy consumption becomes more and more important [1]. Along this
line, it is essential to reduce the use of fossil fuels through electric-
ity generation systems from renewable sources (wind, hydroelectric,
photovoltaic, etc.). However, beyond the economic and environmental
advantages, the production of electricity from renewable sources can
be intermittent and difficult to control by the electric grid operators.
In addition, it is important to point out that the energy consumption of
the communities is usually quite regular, with high demand at certain
times of the day which, in general, are non-coincident with the peaks
in the renewable energy production [2].

According to the need to avoid these variations, without the use
the fossil fuel power plants, it is appealing that the analysis of novel
energy storage systems could improve the grid stability, increase the
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penetration of renewable energy resources, conserve fossil energy re-
sources, and reduce the environmental impact of power generation.
One kind of useful technology to achieve the above goals is based on
the store of surplus electricity in the form of high temperature heat
and power [3] employing a heat pump device (charge period) from
where it is then extracted (discharge period) as electrical energy using
a thermal heat engine when needed [4]. This technology can be used
not only for electricity storage/production but also for cogeneration
of electricity and heat or even trigeneration of electricity, heat, and
cold. In [5], a detailed description and fundamentals of the system and
how it works are presented. Currently, there have been few experiences
in thermal storage. In 2014 in Germany, a small-scale pilot plant was
installed in Hamburg Bergedorf [6] with a storage capacity of 5 MWh
where various storage concepts, materials, and assemblies were tested.
Then, it was upgraded to a capacity of 130 MWh stored in volcanic
rocks that were connected to the Hamburg grid in June 2019. Also,
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Nomenclature

𝑐𝑝 Specific heat (J/kg K)
𝐶 Heat capacity (W/K)
𝐷 Diameter (m)
𝑒 Thickness (m)
ℎ Enthalpy (J/kg)
𝑀 Mass (kg)
�̇� Mass flow (kg/s)
𝑃 Pressure (MPa)
𝑄 Heat (W)
𝑟 Pressure ratio
𝑡 Time (h)
𝑇 Temperature (K)
𝑊 Work (W)
𝑥 Cycle ratio = r𝐻𝑃 /r𝐻𝐸

𝐶𝑂𝑃 Coefficient of performance
𝑃𝐻𝐸𝑆 Pumped heat energy storage
𝑃𝑃 Pinch point
𝑅𝑇𝐸 Round trip efficiency

Greek letters

𝜀𝑖 Efficiencies
𝛾 Adiabatic coefficient
𝛤 Heat capacity ratio
𝜂 Heat engine efficiency
𝜉 Heat leak coefficient

Subscript

𝑐 Compressor
𝑐𝑟𝑖𝑡 Critical
𝐻 High pressure zone
𝐻𝐸 Heat engine
𝐻𝑃 Heat pump
𝐿 Low pressure zone
𝑚𝑖𝑛 Minimum
𝑝 Pump
𝑡 Turbine
𝑤 Working fluid
0 Ambient
1-4 Points of the cycle

there are currently several projects around the world to build the
first series of commercial pilot plants in a range of 10 to 100 MW
ranging from a combination of packed bed tanks and different kinds of
cycles to supplementary organic Rankine cycles tested by researchers in
Denmark [3,4], resulting in a power-to-power efficiency of about 30%.

Nowadays, a specific technology for electricity storage at large- and
medium-scale applications appears inspired by some of the projects
mentioned above. Pumped heat energy storage (PHES) systems usu-
ally work with a single-phase working gas operating in a round-trip
Brayton-like cycle or a fluid operating on round-trip Rankine-like cy-
cles with appropriate solid or liquid components as storage systems.
Sensible packed-bed materials, due to their wide temperature range,
high efficiency, and small pressure losses [7] have been studied for
large-scale electric applications [8], using thermodynamic analysis [9]
with main internal and external losses [10], parametric optimization
[11] and response to cycle duration perturbations [12]. Guo et al. [13]
developed a finite-time numerical model to estimate the system perfor-
mance, obtaining values in the order of 20%–40% global efficiency.
2

Optimization algorithms, providing trade-off surfaces (Pareto fronts)
from which insights on how the optimal design (Pareto optimal sets)
should vary when multiple objectives are considered, have been also
reported [14].

The main Brayton PHES studies were done on solid storage, but also
high-temperature fluids have been used as storage media for the heat
treatment industry and in concentrated solar power plants (i.e. solar
towers) [15]. Also, some companies are beginning to develop pilot
plants with inexpensive components and raw materials because much
of the system uses conventional and easy-to-procure technology like
steel tanks, air as a working fluid, and cooling liquids like water [16].
Some researchers like Laughlin [17], Farres et al. [18] or Salomone
et al. [19,20] studied solar salts and thermal oils for high-temperature
reservoirs and cold fluids like methanol and hexane with reported
round trip efficiencies in between 20 and 40% under normal operating
conditions.

The transcritical Rankine-like cycle has recently been proposed for
pumped heat energy storage (PHES) technology due to its versatility
for working on subcritical, supercritical and/or transcritical fluid con-
ditions. The technology is promising since thermal energy can be stored
in tanks at a relatively low cost and generally presents a high energy
density, especially due to the use of latent heat storage, even though
the necessary high pressure levels imply the use of more demanding
compression machines and consequently, a higher initial investment
cost [21].

The first studies on PHES technology with Rankine cycle were car-
ried out by Hemrle and Mercangöz [22]. They presented a system using
transcritical CO2. Additionally, Morandin and Maréchal [23], seeking
the improvement of the transcritical technology, developed a procedure
based on empirical curves obtained by Hemrle [22] and optimized the
thermal integration between the charge and discharge cycles. Inspired
by this work, a preheater was included before the compressor in the
charge period, which allowed the increasing in the temperature of the
hot tank and thus the power produced at discharge [24,25]. Finally,
based on suppliers prices, they developed an economic model where
the impact of the high cost of high pressure cycles and the number
of intermediate reservoirs was recognized [26]. Later, Kim et al. [27]
(based on the Hemrle and Mercangöz work) studied the application
of an isothermal model and made modifications to the compression
and expansion stage to optimize the global round trip efficiency (RTE).
These studies led Fauci et al. [28] to study the construction of a 5
MW PHES pilot plant in Zurich. The proposed working fluid was CO2,
operating between 30 and 140 bar with storage temperature of the hot
reservoir of 120 ◦C and the cold one, 0 ◦C. To improve the overall
system efficiency, they proposed a possible integration of the PHES
with the district heating system. The use of other refrigerants such as
ammonia, is just beginning to be studied by the academic community,
by Koen et al. [29] or Abbar et al. [30]. They use storage media
other than water to develop the transcritical Rankine technology. For
instance, Koen uses thermal oils (such as Therminol DS12 and 66) to
reach the temperatures needed for ammonia while Abarr works with
a novel concrete tube exchanger. Moreover, recently, Zhao et al. [31]
presents three different variants of the pumped thermal electricity stor-
age system (PHES) based on currently available sensible heat storages
and one of them is transcritical Rankine with different thermal oils and
pressurized water.

In regards to compression and expansion devices, transcritical cycles
have several advantages compared to those using Brayton cycles with
working fluids in a gaseous state. This occurs due to the compression
of the working fluid during discharge in the liquid region, where its
density is high enough to use simple pumps instead of compressors,
thus reducing the compression work and increasing the generated
power. Additionally, in this region, the supercritical fluid behaves like
a liquid in terms of compressibility and heat transfer characteristics
allowing more efficient heat exchange. In short, machines and heat

exchangers will be smaller [27].
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Fig. 1. Transcritical Rankine cycle with irreversibilities for PHES (a) Heat pump (HP) –
Composed of an isentropic compression (1HP-2HP), a high temperature heat exchange
(2HP-3HP), an isenthalpic or isentropic expansion (3HP-4HP) and a low temperature
heat exchange (4HP-1HP) and (b) Heat engine (HE) – Composed of an isentropic
compression (4HE-3HE), a high temperature heat exchange (3HE-2HE), an isentropic
expansion (2HE-1HE) and a low temperature heat exchange (1HE-4HE). 𝜀 represents
the efficiencies of the equipment, 𝛥𝑃 the pressure drops and 𝜉 the heat leak. Details
on all these parameters are given in Section 4.

The main purpose of this work is to model this specific energy
storage technology, to analyze its main variables and capabilities with
a detailed analysis of the different involved irreversibilities. Therefore,
the proposed model takes into account the description of the charge
and discharge modes and their coupling. It includes the internal losses
of the compressors, pumps and expanders (turbine, valves or hydraulic
expanders), the pressure drops of the working fluid, the heat leak to
the environment and the external coupling of the working fluid with
the cold and hot storage liquids. The model allows to obtain explicit
analytical and numerical results for the main energetic metrics such as
the efficiency (𝜂) of the HE cycle, the coefficient of performance (COP)
of the HP cycle and the round-trip efficiency (RTE) of the overall device
in terms of the losses considered. From this, an additional advantage
of the model is its ability to test parametric optimization and design
strategies based on a reduced set of parameters that take into account
3

hot and cold tanks, and the charging and discharging power blocks. In
summary, it constitutes a complete thermodynamic description of the
main processes and their interaction for a selected layout without the
high computational costs of dynamic models.

The paper is structured as follows. Section 2 contains the analysis
of the working fluids and hot and cold liquids that will be used along
the paper. Section 3 contains the description of the HE and HP cycles,
their coupling, and the overall thermodynamic model, including the
main involved losses. Section 4 contains the numerical results and some
discussions of HE efficiency, HP coefficient of performance and overall
round-trip efficiency for the system using CO2 and water and with
particular emphasis on the influence of internal and external losses. For
the same case, the heat leak to the environment is analyzed over time
to estimate how the reduction in efficiency is affected. Additionally,
particular examples (for systems with CO2 and NH3) are also presented
to explicitly show the individual T–s behaviors for HE and HP cycles,
as well as to calculate specific values of the corresponding efficiency
𝜂, COP and round-trip efficiency RTE. Finally, in Section 5, the main
conclusions and some perspectives are presented.

2. System description

The temperature–entropy (T–s) sketches for heat pump and heat
engine of the simplest transcritical Rankine cycle in a PHES system are
presented in Fig. 1 while the overall arrangement is presented in Fig. 2.
The shape of the diagrams, very different from that of the Brayton cycle
(the other usual arrangement used for PHES with liquid storage), is due
to the different type of heat exchange in the low and high pressure
zones of the cycle.

The main feature of this type of cycle is that on the cold tank side,
heat exchange takes place at a constant temperature with the work-
ing fluid under the saturation curve while on the high-pressure side
the working fluid undergoes heat exchange in a supercritical process
without any phase change and therefore with a variable temperature
profile [32,33]. Accordingly, the charging system, the HP-cycle, in-
cludes a work recovering expander, an evaporator, a compressor, and
heat exchangers, and the discharging system, the HE cycle, includes
a liquid pump, a condenser, a CO2 turbine, and heat exchangers. As
storage systems, water in the hot reservoir and ice slurry in the cold
one were used. The storage system includes a heat exchanger with
a circuit for the working fluid where a transcritical process happens
during heat transfer. The circuit has a hot storage tank, an intermediate
temperature tank, and a cold storage tank connected via the heat
exchanger. One interesting feature is that a decrease in the temperature
of the cold source by using ice is more favorable in the obtained
efficiency than an increase in the high temperature of the hot tank.

2.1. Supercritical working fluids

A supercritical fluid is a substance that works above its critical
temperature (𝑇𝑐𝑟𝑖𝑡) and critical pressure (𝑃𝑐𝑟𝑖𝑡). These fluids are interest-
ing in their utilities since they adopt properties intermediate between
liquids and gases (densities, diffusion coefficients and viscosities). Their
transport properties are close to those of gases: low viscosity, high
diffusivity, very low surface tension, and similar solvating power to that
of liquids. Their high compressibility makes it possible to manipulate
and modify their density and solvating power, making them similar to
liquids or gases, depending on their application [34].

Table 1 shows critical values, formulas and safety levels (SL) for
some working fluids.1 Preferably, the working fluid of a PHES system
should be safe to handle. However, few fluids are completely harmless,
so the question is what constitutes an acceptable risk to the industry.

1 Safety levels in the ANSI/ASHRAE 15-1992, refrigerants are classified
according to the danger involved in their use. Group A1 refrigerants are the
least dangerous and group B3 refrigerants are the most dangerous.
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Table 1
Critical values (T𝑐𝑟𝑖𝑡 and P𝑐𝑟𝑖𝑡), formulas and safety levels (SL) for different common
efrigerants [35].
Refrigerant N◦ Form. 𝑇𝑐𝑟𝑖𝑡 (◦C) 𝑃𝑐𝑟𝑖𝑡 (MPa) SL

Carbon dioxide R744 CO2 31.1 7.38 A1
Water R718 H2O 376.9 2.21 A1
Ammonia R717 NH3 132.9 11.2 B2
Butane R600 C4H10 152.0 3.8 A3
Sulfur dioxide R764 SO2 157.5 7.9 B1

Therefore CO2 is an attractive option for use as a working fluid
n Rankine-type PHES due to its good thermo-physical properties,
uch as its low critical point and high power density. It is non-toxic,
on-flammable, safe (A1), compatible with standard materials and
ubricants and it is a natural refrigerant with low global warming
otential. In addition, the very low dynamic viscosity and high density
f CO2 result in good heat transfer coefficients, so that large transfer
ates are achieved with relatively small surface areas. Another advan-
age of CO2, especially for the charging stage of the PHES system, is
hat it has a low surface tension, which reduces cavitation effects in
he machinery and allows compression and expansion closer to the
aturation curve [26,36]. From an economic point of view, its price
s up to ten times lower than R22 or an half the cost of ammonia
NH3-R717).

Since the critical point of CO2 occurs at a low temperature, it
should be careful that the fluid conditions do not reach the triple point
(−57 ◦C and 0.52 MPa) [37]. If the system is not properly designed
and controlled, a solid, liquid and gaseous states can coexist, which is
a limitation on the operating temperatures.

The disadvantage is that it is an asphyxiating gas and requires high
pressures to reach moderate temperatures [32]. Another drawback of
transcritical carbon dioxide is the larger pressure required to reach
reasonable temperatures, given the lower adiabatic coefficient of ex-
pansion (𝛾 = 1.3) with respect to that of Argon (𝛾 = 1.67) or air
(𝛾 = 1.4). Values reported in the literature about transcritical Rankine
CO2-PHES systems show working pressures of 150 to 200 bar in the
high temperature zone [32]. This must be considered in the design
of piping and heat exchangers. Another important issue is that the
maximum pressure that compressors can reach is about 200 bar ( a high
but reasonable technical–economic limit), therefore a significant size is
required to operate at maximum temperatures close to those obtained
with air or Argon compressors [38].

The work of Aga et al. [39] provides some hints on the needed
characteristics of the turbomachinery. It takes as its main restriction
the high pressures required by the compressors and they use only
machinery and technology present in the market at the date of pub-
lication of their article and not those still under development. They
use a Brayton CO2 model focusing on the restrictions to reaching high
temperature and pressure. In this way, it presents a proposal based on
a compressor and expander from the oil and gas industries. In practice,
this implies that the compressor is limited to a maximum, and to reach
the temperature of ideal storage of molten salts, it is necessary to
supplement with an electric heater, which reduces the efficiency of the
charge cycle but benefits the overall performance of the system. This
can be an alternative option when it is preferred to reduce the operating
pressure ratios but at the cost of lower efficiency.

Recently, Koen et al. [29] and Abbar et al. [30] have studied the
use of ammonia. Ammonia as a working fluid has good thermodynamic
properties for transcritical Rankine PHES. It has an elevated critical
point (see Table 1), which implies a more demanding compressor
(higher critical points values imply higher pressure ratios), but on the
other hand it has a lower triple point (−78 ◦C and 6.06 × 10−3 MPa),
therefore it can be worked at lower pressure levels than CO2. Although
ammonia has inherent risks due to its toxicity and flammability (B2),
4

it is very commonly used on an industrial scale. T
2.2. Storage fluids

Regarding energy storage, the current literature focuses on both
packed-bed reservoir systems and two-reservoir systems with thermal
fluids (salts or liquid metals). In the case of Rankine cycles, it should
be clarified that the main trend is towards the use of pressurized
water or thermal oil as storage medium, operating with a brine ice
suspension for the cold reservoir. Considering the practical benefit
when the working fluid and storage fluid are both under two-phase
conditions, the transcritical cycle is suitable to operate with a constant
temperature reservoir (and a variable temperature reservoir on the high
pressure side). Therefore, the use of oils or pressurized water (in the
high temperature zone) and ice water (in the low temperature zone),
seems to be an option of interest that has been studied by several
authors [22,24,32].

2.2.1. Hot storage fluids
Hot water thermal storage is very used, since has high thermal

capacities (and consequently high energy density, in both volume
and mass, compared to molten salts or solids), is harmless (as it is
non-flammable, non-toxic and non-corrosive), is naturally available,
is environmentally friendly and, moreover, it has a low price. It also
has excellent heat transfer and heat transport properties. An additional
advantage is that, by working at lower temperatures than Brayton
cycles, losses to the coldest parts of the plant (heat leak) will be lower.
This feature improves the long-term liquid storage possibilities. The
maximum storage temperature is limited by the boiling temperature
but these temperature levels in the hot reservoir can be raised by
using pressurized tanks or by adding some salts to increase its boiling
point [40].

Other alternative fluids in the hot reservoir, such as thermal oils,
provide a low or medium range of possible storage temperatures (in
the range between −115 ◦C and 400 ◦C) for Rankine cycles, especially
when ammonia is used as working fluid, whose critical point is above
130 ◦C. The fluid, unlike molten salts, is pumpable at low temperatures
nd offers high-temperature thermal stability [29].

.2.2. Cold storage fluids
In the cold reservoir, the constant temperature value due to the

hase change in the heat exchanger suggests that it would be a good
ption to use the latent heat obtained from an ice suspension in a
ilution of antifreeze (ice slurry or liquid ice) or an ice bank. The most
conomical, but less efficient option may be the use of a relatively
onstant temperature source such as the ground or ambient air. It
hould be mentioned that having an ice water storage should not
isregard the possibility of using in series an external heat reservoir
air, water, ground) to discharge part of the energy that cannot be
onverted. Other storage media could also be used, such as alcohols
nd hydrocarbons from Brayton cycles, but the features of constant
emperature and reduced cost of ice water in the low temperature zone
eems to be a good choice for this case. Although liquid ice has great
nd diverse advantages, the density and enthalpy gradient make the
eservoir volumes larger compared to the use of other cryogenic fluids
uch as methanol or hexane.

Liquid ice is a technology under strong development because of
ts high potential within the refrigeration industry in order to get
ncreasingly efficient and environmental friendly systems. It consists
f a suspension of microcrystals in an aqueous solution, which allows
he freezing temperature of the solution to be reduced below that pure
ater. While pure water crystallizes only at 0 ◦C and can be used to
enerate liquid ice, a mixture of salt water with calcium or sodium
hloride or other antifreeze agent (glycols, such as ethylene glycol or
ropylene glycol and alcohols, such as ethanol or propanol) can be
onsidered to explore the option of cold storage at lower temperatures.
he simplest and most economical is the use of sodium chloride (NaCl).

he phase change of NaCl and water mixtures can be obtained between
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Fig. 2. Transcritical Rankine for PHES. Combined cycles: (a) heat engine (dark blue) and heat pump (light blue); (b) scheme of the corresponding components. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)
0 ◦C and −21.2 ◦C [41]. Cold storage is then obtained by freezing
the brine and a remnant of suspended solid ice will remain in the
tanks [26].

The ice fraction defines the melting point, the properties of the
liquid and, for the purposes of fluid transport, this value cannot exceed
30%. As there is more solid ice, there will be more antifreeze in the
liquid and the freezing point temperature is reduced to a minimum
where the concentration is reached where the salt and water form
a eutectic solution (about−21.5 ◦C) and then starts to rise [42]. The
heat exchanged in relation to the freezing process for the PHES low
reservoir can be calculated by enthalpy diagrams. In this work it is used
Coolprop [43] for fluids properties. For the case of brine the physical
properties presented by Melinder [42] are used.

In summary, the use of water as storage medium in reservoirs
requires a thermal cycle that can operate with low temperature heat,
so CO2 is chosen in a transcritical process to optimally match the
thermal profiles of the working fluid and the water used as storage
medium [44]. On the other hand, the critical conditions of NH3 do not
allow the use of water in the storage tanks, so the system uses thermal
oils that resist higher temperatures and remain liquid in the operating
range.

3. Method

The proposed overall arrangement consists in a combination of a
Transcritical Rankine-like HP cycle followed by a Transcritical Rankine-
like HE cycle.

3.1. Heat pump cycle

The heat pump Rankine cycle for the charge mode, see Fig. 1a,
shows, in addition to the different equipment and relevant points
of the cycle, the main type of involved irreversibilities: the external
irreversibilities are due to the finite temperature difference between
the system and external reservoirs and heat leak, while the internal
irreversibilities are due to pressure drops due to friction in pipes and
heat exchangers and entropy generation in compressors, pumps and
turbines.

In relation to Fig. 1a, the HP cycle starts with an irreversible
mechanical compression 𝑊𝑐 with isentropic efficiency 𝜀𝑐 that raises
the temperature of the working fluid from 𝑇𝐻𝑃

1 to 𝑇𝐻𝑃
2 . The hot gas

reaches a supercritical state and it is used to irreversibly heat up the
storage liquid (with an efficiency of 𝜀 ) from 𝑇 to 𝑇 in the high
5

𝐻 𝐻2 𝐻1
temperature reservoir through process 2𝐻𝑃 → 3𝐻𝑃 . The temperature
of the fluid drops from 𝑇𝐻𝑃

2 to 𝑇𝐻𝑃
3 and the pressure is slightly reduced

due to frictional losses with a drop of 𝛥𝑃𝐻 . This cooling process of the
working fluid under supercritical conditions does not lead at any time a
phase change. Next step is an irreversible expansion 𝑊𝑡 (with isentropic
efficiency 𝜀𝑡) along the 3𝐻𝑃 → 4𝐻𝑃 process take place. In order to
increase the RTE, a hydraulic expander can be used to recover the
expansion work on the liquid zone of the cycle instead of an expansion
valve, although this clearly involves higher cost. Expansion valves are
generally used in heat pump and refrigeration cycle designs for liquid
expansion at the condenser outlet as a simple, practical and low-cost
component. In the case of PHES, a liquid expander can recover some
work and improve the cycle efficiency. If the system uses an expansion
valve at this point instead of a recovery expander, the expansion
becomes an isenthalpic process in which all the power that could be
recovered is lost. In this paper, where the aim is to establish situations
as close to reality as possible, expansion valves will be used since they
are easily found in the market. Then, in the expansion process, the
temperature and pressure drop from 𝑇𝐻𝑃

3 (𝑃𝐻𝑃
3 ) to 𝑇𝐻𝑃

4 (𝑃𝐻𝑃
4 ) and the

fluid is in a liquid state under subcritical conditions. Finally, in the
process 4𝐻𝑃 → 1𝐻𝑃 the working fluid undergoes a phase change
(it evaporates) driven by the addition of heat coming from the low
temperature reservoir where 𝑇𝐿2 reduced to 𝑇𝐿1 or, if ice water is used
as in Fig. 1a, a phase change occurs at constant temperature but with
a pressure drop 𝛥𝑃𝐿. At this stage, during the addition of heat from
the cold reservoir, the fluid remains at a nearly constant temperature.
In such a situation of change of state, the working fluid could be in
different phases. For example, it can be subcooled liquid, saturated
liquid, a liquid–vapor mixture, saturated vapor or even superheated
vapor (towards the end of the evaporation process) [45,46].

To account for the inherent irreversibilities, isentropic and heat
exchange efficiencies, pressure drops and heat leak are defined below.
Since there are phase changes, enthalpy values are considered for each
working fluid and storage media.

3.1.1. Pressure losses
Due to frictional effects in the fluid flowing through the heat ex-

changers and pipes connecting the components, pressure drops must
be considered. These effects are expected to be more significant in
liquids than in gases due to their viscosity and density values. In fact,
pressure losses in most of the studies in the literature are neglected;
here, the proposed model includes both a 𝛥𝑃 loss of the supercritical
𝐻
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fluid flowing through the high pressure heat exchanger and a 𝛥𝑃𝐿 loss
or the low pressure side, quantified as:

𝑃𝐻𝑃
𝐻 = 𝑃𝐻𝑃

2 − 𝑃𝐻𝑃
3 and 𝛥𝑃𝐻𝑃

𝐿 = 𝑃𝐻𝑃
4 − 𝑃𝐻𝑃

1 (1)

.1.2. Irreversibilities in expansion and compression
Assuming a nonadiabatic operation for the compressor and turbine,

he model uses the common isentropic efficiency equations defined by
he enthalpies.

For the compressor:

𝑐 =
ℎ𝐻𝑃
2𝑠 − ℎ𝐻𝑃

1

ℎ𝐻𝑃
2 − ℎ𝐻𝑃

1

so ℎ𝐻𝑃
2 =

ℎ𝐻𝑃
2𝑠 − ℎ𝐻𝑃

1
𝜀𝑐

+ ℎ𝐻𝑃
1 (2)

For the expander:

𝜀𝑡 =
ℎ𝐻𝑃
3 − ℎ𝐻𝑃

4

ℎ𝐻𝑃
3 − ℎ𝐻𝑃

4𝑠

so ℎ𝐻𝑃
4 = ℎ𝐻𝑃

3 −
(

ℎ𝐻𝑃
3 − ℎ𝐻𝑃

4𝑠
)

𝜀𝑡 (3)

Therefore, the compressor and hydraulic turbine works are given,
espectively, by:

𝐻𝑃
𝑐 = �̇�𝑤

(

ℎ𝐻𝑃
2 − ℎ𝐻𝑃

1
)

=
�̇�𝑤
𝜀𝑐

(

ℎ𝐻𝑃
2𝑠 − ℎ𝐻𝑃

1
)

(4)

𝐻𝑃
𝑡 = �̇�𝑤

(

ℎ𝐻𝑃
3 − ℎ𝐻𝑃

4
)

= �̇�𝑤𝜀𝑡
(

ℎ𝐻𝑃
3 − ℎ𝐻𝑃

4𝑠
)

(5)

here ℎ (ℎ𝑠) stands for the specific enthalpy (isentropic conditions) and
̇ 𝑤 the mass flow rate of the working fluid.

If the HP-cycle operates with a valve instead of a hydraulic turbine,
he expansion is modeled as an isentropic throttling process where
𝐻𝑃
3 = ℎ𝐻𝑃

4 . The pressure decreases on expansion and is accompanied
y an increase in entropy. The fluid leaves the valve in state 4 as a two-
hase liquid–vapor mixture. The net work of the cycle is equivalent to
𝐻𝑃 = 𝑊 𝐻𝑃

𝑐 −𝑊 𝐻𝑃
𝑡 and if using an expander valve is 𝑊 𝐻𝑃 = 𝑊 𝐻𝑃

𝑐 .

.1.3. Heat exchangers losses
During charging process, part of the heat from working fluid is

aken from the cold reservoir. Then, as the fluid is compressed, its
emperature is further raised up and finally transfers that energy to the
torage system where it will be retained until discharge. In the high
emperature heat exchanger the working fluid flows into the tubes and
he storage liquid flows through the shell side. Both pass through the
eat exchanger without changing phase.

The energy balance �̇�𝐻 for the heat exchanged with the hot tanks
hows that:

̇ 𝐻𝑃
𝐻 = �̇�𝑤

(

ℎ𝐻𝑃
2 − ℎ𝐻𝑃

3
)

= 𝐶𝑤
(

𝑇𝐻𝑃
2 − 𝑇𝐻𝑃

3
)

= (6)
𝐶𝐻𝑃
𝐻

(

𝑇𝐻𝑃
𝐻1 − 𝑇𝐻𝑃

𝐻2
)

= 𝐶𝐻𝑃
𝐻,𝑚𝑖𝑛𝜀

𝐻𝑃
𝐻

(

𝑇𝐻𝑃
2 − 𝑇𝐻𝑃

𝐻2
)

here 𝐶𝐻 and 𝐶𝑤 are the average heat capacities of the storage liquid
nd working fluid, respectively, 𝜀𝐻𝑃

𝐻 the effectivenesses of the hot heat
xchanger, and 𝐶𝐻𝑃

𝐻,𝑚𝑖𝑛 is the minimum value between 𝐶𝐻 and 𝐶𝑤.
In the cold reservoir case, both fluids are changing phase, so there is

o temperature variation as in the high reservoir. In this case, it should
e understood that the thermal capacity of both fluids will be very high
nd cannot be evaluated in the same way as for the case of the high
emperature zone. Therefore, this energy balance should be:

̇ 𝐻𝑃
𝐿 = �̇�𝑤

(

ℎ𝐻𝑃
1 − ℎ𝐻𝑃

4
)

= 𝜀𝐻𝑃
𝐿 �̇�𝐿

(

ℎ𝐻𝑃
𝐿2 − ℎ𝐻𝑃

𝐿1
)

(7)

here 𝜀𝐻𝑃
𝐿 is the effectivenesses of the cold heat exchanger.

The model assumes, in addition to a low temperature exchanger ef-
iciency (𝜀𝐿), a minimum temperature difference between the working
luid and the cryogenic fluid (𝛥𝑇𝐻𝑃

𝐿 ) to account for pinch point effects
uch that:

𝐻𝑃 𝐻𝑃 𝐻𝑃
6

4 = 𝑇𝐿 − 𝛥𝑇𝐿 (8)
.2. Heat engine cycle

The Rankine cycle for the discharge (heat engine) is shown in
ig. 1b. As in the heat pump cycle, the Rankine heat engine system
perates in a transcritical cycle with heat absorption above the critical
oint on the hot zone and below subcritical conditions on the low
ressure zone.

At peak consumption hours, the system is discharged such that the
orking fluid is compressed from a saturated liquid situation using a
ump with an isentropic efficiency (𝜀𝑝). The temperature and pressure
ise from 𝑇𝐻𝐸

4 (𝑃𝐻𝐸
4 ) to 𝑇𝐻𝐸

3 (𝑃𝐻𝐸
3 ). At the pump outlet the fluid in

upercritical condition reaches the maximum pressure and pass through
he high temperature heat exchanger with a pressure drop 𝛥𝑃𝐻𝐸

𝐻 , that
eat the fluid from 𝑇𝐻𝐸

3 to 𝑇𝐻𝐸
2 while the liquid stored reduces its tem-

erature from 𝑇𝐻1 to 𝑇𝐻2. After the heat exchanger, the fluid expanded
in a turbine, with an isentropic efficiency 𝜀𝑡, reducing its temperature
and pressure to 𝑇𝐻𝐸

1 (𝑃𝐻𝐸
1 ) to obtain the energy that is transmitted to

the electrical network. Later, the working fluid discharges its remaining
energy into the cold tank, condensing along process 1𝐻𝐸 → 4𝐻𝐸. The
ce slurry thaws at approximately constant temperature by receiving
eat from the working fluid, which lowers its temperature from 𝑇𝐻𝐸

1
o 𝑇𝐻𝐸

4 and then remains in a phase change situation until restarting
he cycle with a net pressure drop 𝛥𝑃𝐿. Temperatures may vary slightly

due to pressure drop.
The losses for the case of the heat engine are presented below:

3.2.1. Pressure losses
In this case, pressure drops result:

𝛥𝑃𝐻𝐸
𝐻 = 𝑃𝐻𝐸

3 − 𝑃𝐻𝐸
2 and 𝛥𝑃𝐻𝐸

𝐿 = 𝑃𝐻𝐸
1 − 𝑃𝐻𝐸

4 (9)

.2.2. Irreversibilities in expansion and compression
The isentropic efficiency for the pump and the turbine can be

alculated from the enthalpies as follows.
For the pump:

𝑝 =
ℎ𝐻𝐸
3𝑠 − ℎ𝐻𝐸

4

ℎ𝐻𝐸
3 − ℎ𝐻𝐸

4

so ℎ𝐻𝐸
3 =

ℎ𝐻𝐸
3𝑠 − ℎ𝐻𝐸

4
𝜀𝑝

+ ℎ𝐻𝐸
4 (10)

For the turbine:

𝜀𝑡 =
ℎ𝐻𝐸
2 − ℎ𝐻𝐸

1

ℎ𝐻𝐸
2 − ℎ𝐻𝐸

1𝑠

so ℎ𝐻𝐸
1 = ℎ𝐻𝐸

2 − 𝜀𝑡
(

ℎ𝐻𝐸
2 − ℎ𝐻𝐸

1𝑠
)

(11)

Therefore, the equivalent work for the pump:

𝑊 𝐻𝐸
𝑝 = �̇�𝑤

(

ℎ𝐻𝐸
3 − ℎ𝐻𝐸

4
)

=
̇𝑚𝑤
𝜀𝑝

(

ℎ𝐻𝐸
3𝑠 − ℎ𝐻𝐸

4
)

(12)

In addition, for the turbine:

𝑊 𝐻𝐸
𝑡 = �̇�𝑤

(

ℎ𝐻𝐸
2 − ℎ𝐻𝐸

1
)

= �̇�𝑤𝜀𝑡
(

ℎ𝐻𝐸
2 − ℎ𝐻𝐸

1𝑠
)

(13)

Therefore, the net work of the cycle is calculated by 𝑊 𝐻𝐸 = 𝑊 𝐻𝐸
𝑡 −

𝑊 𝐻𝐸
𝑝 .

3.2.3. Heat exchangers losses
The heat exchanged in the high temperature heat exchanger is:

�̇�𝐻𝐸
𝐻 = �̇�𝑤

(

ℎ𝐻𝐸
2 − ℎ𝐻𝐸

3
)

= 𝐶𝐻𝐸
𝑤

(

𝑇𝐻𝐸
2 − 𝑇𝐻𝐸

3
)

= (14)
𝐶𝐻𝐸
𝐻

(

𝑇𝐻𝐸
𝐻1 − 𝑇𝐻𝐸

𝐻2
)

= 𝐶𝐻𝐸
𝐻𝑚𝑖𝑛𝜀𝐻

(

𝑇𝐻𝐸
𝐻1 − 𝑇𝐻𝐸

3
)

And the heat exchanged at low temperature is:

�̇�𝐻𝐸
𝐿 = �̇�𝑤

(

ℎ𝐻𝐸
1 − ℎ𝐻𝐸

4
)

= 𝜀𝐿�̇�𝐿
(

ℎ𝐿2 − ℎ𝐿1
)

(15)

And there will be a minimum temperature differential 𝛥𝑇𝐻𝐸
𝐿 to

account for pinch point effects so that:

𝑇𝐻𝐸
4 = 𝑇𝐻𝐸

𝐿 + 𝛥𝑇𝐻𝐸
𝐿 (16)

In addition to the latent heat exchange, the system must cool
sensitively from point 1HE to the phase change. It should be interesting
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Fig. 3. Scheme of the tank with heat leak and the different involved heat transfer
mechanisms [20].

that if the temperature 𝑇𝐻𝐸
1 is higher than ambient, this first section

can be cooled with an exchanger with the surroundings temperature,
but to be conservative in the analysis it will be assumed that all the gas
in this stage lowers its temperature with the ice slurry.

3.3. Heat leak losses

Assuming a linear model of heat losses associated with the aver-
age ambient temperature, the heat leak equations affecting the high
temperature storage tank can be written as:

𝑇𝐻𝐸
𝐻1 = 𝑇𝐻𝑃

𝐻1 − 𝜉𝐻 (𝑇𝐻𝑃
𝐻1 − 𝑇0) (17)

where 𝜉𝐻 denotes an effective heat leak coefficient and 𝑇0 the ambient
temperature. The value of the coefficient 𝜉𝐻 will depend on the ambient
conditions and storage time and can be evaluated using a model of the
heat transfer of the liquid within the tank and the ambient.

The calculation procedure and details for the heat leak coefficient
is taken from Salomone et al. [20] where the net heat loss that cause
hot liquid to cool can be subdivided into four main components:
losses through the ground, the roof, the wall in contact with the air
over the liquid and the wall in contact with the liquid. In each of
these interfaces, the model develops all the mechanisms involved in
convection, conduction, radiation and incident solar radiation. On the
other hand, the model takes into account the local climatic conditions
where the system is installed, so the calculations use factors such as
ambient, ground and sky temperature, surrounding wind speed and
incident solar irradiation (See Fig. 3 for a scheme of the tank, the
involved heat leaks and different heat transfer mechanisms).

Here, the heat leak losses for the waiting tank (at 𝑇𝐻2) and cold
reservoir (at 𝑇𝐿) will be considered negligible since the waiting tank
temperature is close to ambient and insulation is not required. Thus,
only heat leak from the tank at 𝑇𝐻1 will be considered in this work.

3.4. Overall analysis

During the charging process, electricity is stored as potential ther-
mal energy by increasing the temperature of the hot storage medium
and lowering the temperature of cool storage medium, through the
7

transcritical heat pump cycle. During the discharge, the stored ther-
mal energy is converted back to electricity through the coupling of
the HP and HE modes Rankine-type transcritical cycles. The overall
arrangement is presented in Fig. 2.

To mimic a real behavior system, it is necessary to define some key
restrictions for the involved temperatures of both the storage system
and the working fluid. The liquid must remain in that state in the
hot tank, so the temperature must be higher than the crystallization
temperature (𝑇𝑐𝑟𝑖𝑠𝑡) and less than the boiling temperature (𝑇𝑏𝑜𝑖𝑙). In
the cold tank, the temperature must always be below the level of
the crystallization temperature. On the other side heat transfer pro-
cesses between the working fluid and the tanks in the charge and
discharge modes require a pinch point (PP) gradient. These restrictions
are accounted for by the following conditions:

𝑇𝐻𝐸
2 + 𝑃𝑃 < 𝑇1𝐻𝑃 < 𝑇𝐻𝑃

2 − 𝑃𝑃

𝑇𝐻𝐸
3 + 𝑃𝑃 < 𝑇2𝐻𝑃 < 𝑇𝐻𝑃

3 − 𝑃𝑃

𝑇𝑐𝑟𝑖𝑠𝑡 < 𝑇2𝐻𝑃 < 𝑇1𝐻𝑃 < 𝑇𝑏𝑜𝑖𝑙
𝑇𝐿 < 𝑇𝑐𝑟𝑖𝑠𝑡 (18)

Since the initial temperatures at the beginning of each period should
be fixed, it is very important to stabilize the system to get the right
temperatures. In this line, at the outlet of the turbine in the discharge
period, the fluid still has a high temperature and this energy must be
removed to reach the inlet conditions in the charge period. Therefore,
it must be additionally cooled with a refrigeration system to keep the
temperature 𝑇𝐿 constant.

The mass contained in the hot tank (𝑀𝐻 ) and in the cold tank (𝑀𝐿)
will be given by:

𝑀𝐻 =
�̇�𝑤𝑐𝑝𝑤𝑡
𝑐𝑝𝐻𝛤𝐻

and 𝑀𝐿 =
�̇�𝑤(ℎ1 − ℎ4)𝑡
𝜀𝐿(ℎ2𝐿 − ℎ1𝐿)

(19)

where 𝑐𝑝𝑤 and 𝑐𝑝𝐻 are the specific heats at the average tempera-
ture for the working fluid and the storage fluid, respectively. 𝛤𝐻 =
𝑚𝑤𝑐𝑝𝑤∕𝑚𝐻 𝑐𝑝𝐻 < 1. 𝑡 is the preset charging or discharging time. 𝛤𝐻
and 𝑡 values can be different in the HP cycle and the HE cycle, so the
cycle that gives the highest mass in the storage tank is taken for the
design.

The heat pump cycle coefficient of performance (COP), heat engine
cycle efficiency (𝜂𝐻𝐸) and round trip efficiency (RTE) of the over-
all heat pump cycle system are quantified according to the model
developed by Salomone et al. [19]. Definitions are as follows:

𝐶𝑂𝑃𝐻𝑃 =
𝑄𝐻𝑃

𝐻

𝑊 𝐻𝑃 𝜂𝐻𝐸 = 𝑊 𝐻𝐸

𝑄𝐻𝐸
𝐻

𝑅𝑇𝐸 =
𝜂𝐻𝐸𝑄𝐻𝐸

𝐻

𝐶𝑂𝑃−1
𝐻𝑃𝑄

𝐻𝑃
𝐻

(20)

4. Results and discussions

The following paragraphs present the results of a parametric study
for the transcritical cycle using the model described above. An overall
cycle ratio, 𝑥 = 𝑟𝐻𝑃 ∕𝑟𝐻𝐸 , associated with heat pump and heat engine
pressure ratios is defined in order to fix the size ratio of both cycles
and considering 𝑟𝐻𝑃 as the independent variable in the analysis.

Firstly, the transcritical system with carbon dioxide and water as
storage medium is analyzed in detail, including the heat leak effects
of the water tanks on the time evolution of the RTE. Next, and for
sake of comparison, two particular configurations with CO2-water and
NH3-thermal oil are presented, including numerical values of the main
parameters and the corresponding 𝑇 − 𝑠 plots.

4.1. Performance parametric evaluation

The theoretical model, including all described irreversibilities, was
implemented in Octave [47] and the properties of pressurized water
and dry CO2 as working fluid are calculated with Coolprop [43] li-
braries, linked to Octave. The numerical results are obtained assuming
that: (a) the compressor inlet pressure during the system charge (𝑃𝐻𝑃 )
1
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Fig. 4. (a) COP, (b) heat engine efficiency and (c) RTE as a function of pressure ratio
r𝐻𝑃 . Baseline arrangement: 𝜀𝑐 = 𝜀𝑡 = 𝜀𝑝 = 0.9, 𝜀𝐻 = 𝜀𝐿 = 0.90, %𝛥P = 1%, x = 2, 𝑃𝐻𝑃

1
= 2.5 MPa, 𝜉 = 1%, 𝛥𝑇𝐿 = 5 ◦C, T𝐻2 = T0 = 17 ◦C, m𝑤 = 100 kg/s. The dotted line
represents the physically unavailable zones.

is equal to 2.5 MPa to ensure the liquid–gas phase change; (b) the
pressure drop is equal in all heat exchangers and of the order of
1%; (c) the values of the efficiencies 𝜀𝑐 and 𝜀𝑡 in the compressors,
expanders, valves and pumps are 0.90; and (d) the efficiencies of the
high counterflow heat exchangers 𝜀 is 0.90, 𝑥 = 2, a heat leak of (𝜉)
8

𝐻

equal to 1.0% and a pinch point 𝛥𝑇𝐿 for the low temperature reservoir
of 5 ◦C are also used. The temperature of the reservoir tank (𝑇𝐻𝑃

𝐻2 ),
before charging, is assumed equal to the average ambient temperature
of the zone (𝑇0 = 17 ◦C for a humid subtropical climate).

In Fig. 4a the coefficient of performance (COP) for the heat pump
is plotted in terms of pressure ratios 𝑟𝐻𝑃 . The COP shows a monotonic
decreasing behavior with high values at low pressure ratios and then
it becomes practically constant. Opposite, the efficiency of the heat
engine and the overall RTE show a parabolic-like behavior with well
defined peak values at different 𝑟𝐻𝑃 -values, between 5 and 7, as it can
seen in Fig. 4b and c, respectively. Note that around the optimized
pressure ratio, the values of the RTE are quite high in spite of that the
corresponding COP and 𝜂 values are moderate.

As mentioned above, in terms of operating temperatures some
restrictions must be taken into account: firstly, to couple the power
cycle with the heat pump cycle with a minimum required level of
pinch point, and finally to keep the liquid nature of the water or
thermal oil (see restrictions in Ec. (18)). Due to these constraints, in
Fig. 4c not all values are thermodynamically accessible and the dotted
lines correspond to the physically unavailable zone according to the
restrictions on temperatures and the effects of the pinch point.

Efficiency and power output are two key magnitudes in the analysis
of any heat engine. These magnitudes are usually obtained in terms
of a set of independent variables and some control parameters. When
in between these two magnitudes it is possible the elimination of
the independent variables the resulting power-efficiency plots (usually
loop-like) contains very useful information on their maximum values
(close but non-coincident) for the remainder control parameters. In this
analysis, such kind of plots can be easily obtained for the power output
and RTE by the parametric elimination of the independent variable 𝑟𝐻𝑃

as can be seen in Figs. 5, 7 and 8 for different system parameters. Note
that only the solid portion of each curve fits the restrictions on the
temperatures and the effects of the pinch point given by Ec. (18).

Fig. 5a shows the loop-like behaviors of power versus RTE to gain
information about the influence of the pressure in the hot water tank
while Fig. 5b shows the effects of the ice slurry temperature. In each
curve, the starting point of the solid curve is associated with the
minimum pressure ratio required by the heat engine to reach operating
temperatures. The dotted line represents the physically unavailable
zone due to the characteristics of the system. From these figures two
main consequences are clear: (a) The use of higher pressures in the
hot water tank allows to substantially increase the value of the RTE
and the power produced, so the use of pressurized tanks improves the
performance of the system, but this feature requires an increase in the
investments. In the following analyses, it will be assumed that the water
pressure (𝑃𝐻2𝑂) is 0.2 MPa; (b) The effect of ice slurry temperature (𝑇𝐿)
is important since a decrease of the temperature in the cold tank results
in a clear increase in both the power output and efficiency.

Fig. 6 summarizes the effects of internal irreversibilities on the
overall system using the RTE-power plots. Those effects associated
with compression and expansion are shown in Fig. 6a. Note how the
isentropic efficiency is the most influential irreversibility parameter
in both the RTE and power output. Fig. 6b compares the loop-like
behaviors using an expansion valve or a hydraulic expander with the
corresponding energy recovery. As expected, the generation of electric-
ity with the expander, which compensates for the energy consumed
during compression, improves performance (at a higher cost) but at
the expense of a smaller power output. Finally, losses on the overall
system due to pressure drops are illustrated in Fig. 6c, which clearly
shows that these kinds of irreversibilities are not too significant in the
RTE-power performance, at least at low and moderate pressure drops.
The effects of the counterflow heat exchanger efficiency are shown in
Fig. 7.a. As expected, the effect is clear and follows the same trend that
the internal irreversibilities associated with compression or expansion
in Fig. 6a.
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Fig. 5. RTE vs. power loops varying the pressure ratio (r𝐻𝑃 ). Effect of storage tanks.
(a) Hot water tank pressurization in the high temperature zone and (b) ice slurry
temperature for a CO2 working fluid. The baseline arrangement is as in previous figure.
The dotted line represents the physically unavailable zones of the loop. Consequently,
the power and RTE improves with increasing hot water tank pressure and decreasing
ice slurry temperature. As shown in the previous figures, the power and RTE peaks
occur at values of r𝐻𝑃 between 5 and 7.

4.2. Heat leak effects

One of the advantages of the PHES Rankine systems, especially
when CO2 and hot water are used, is that it operates at lower tempera-
tures than other PHES technologies, and losses to the environment will
be lower, allowing the possibility of longer storage periods and thus the
long-term storage. Another key advantage in transcritical PHES when
the storage fluid is water is that temperatures close to ambient can
be reached without crystallization problems, opposite to Brayton PHES
arrangement where the crystallization of the storage fluid in the waiting
period should be avoided by keeping a high temperature. Concerning
the temperature of the cold tank, it is assumed that at least in the short
term it remains constant since it is always in the phase change zone and,
therefore, the RTE will not be affected by the coupling of the charge
and discharge cycles [20].

In Fig. 7.b the RTE-power behaviors are plotted for large variations
in the heat leak value. It can seen that the effect is not noticeable,
although in the long term it may cause a small drop on the efficiency.
So, the long-time heat leaks effects deserve a detailed analysis. The
zero-dimensional analysis applied for this calculation was performed
with the model developed by Salomone et al. [20] and the properties
9

Fig. 6. RTE vs. power loops varying the pressure ratio (r𝐻𝑃 ). Effect of internal
irreversibilities. (a) Isentropic efficiency of compressors, pumps and expanders (turbine
and expander), (b) use of valve or expander in charging period (heat pump cycle) and
(c) pressure drop for a CO2 transcritical Rankine cycle. The baseline arrangement and
color references are as in previous figures. Accordingly, RTE rises with the increase
of isentropic efficiency, with the use of an energy recuperator expander and with the
reduction of pressure losses. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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Fig. 7. RTE vs. power loops varying the pressure ratio (r𝐻𝑃 ). Effect of external
irreversibilities for a CO2 transcritical Rankine system. (a) Effect of heat exchanger
efficiency. (b) Effect of heat leak. As expected, heat exchange efficiency and heat leak
losses affect negatively the performance. The baseline arrangement is as in previous
figures.

of the pressurized water are determined by Coolprop libraries [43].
The impact of this irreversibility is further analyzed considering the
tank characteristics for a 5 MW plant using CO2, hot water and ice
slurry as storage media (see Table 2). By evaluating the heat leak of
this system over time using a heat transfer model through the tank
walls, roof and floor, it is possible to estimate how the loss affects the
RTE over time. The variation of the heat leak coefficient for different
thicknesses of a mineral wool lining (2.5%, 5.0% and 7.5% of the inside
diameter) for the months of winter and a comparison with summer is
presented in Fig. 8. It is observed, as expected, that losses decrease
with the amount of insulation covering the wall and the heat leak is
higher in winter, but its variation will not have a significant effect on
the RTE comparing one season with another. The weather significantly
influences the performance of the technology for long periods and
the thickness of the insulation applied is determinant for this effect.
Therefore, it is important to be concerned about the compromise of
maintaining storage tanks with the lowest level of losses at the cost
of higher insulation costs. In addition, it can be seen that winter and
summer weather conditions do not show a significant difference.

Fig. 9 shows the time effect of the temperature of the storage
tank that will be used to heat the working gas prior to enter in the
turbine. The lower this temperature, the lower the RTE of the system.
It can be seen that, for larger thicknesses and long time periods (up to
10
Fig. 8. Heat leak vs time for a pressurized water storage tank of 5MW CO2 transcritical
Rankine plant. (a) Heat leak in winter for a pressurized water tank system evaluated for
different glass wool thicknesses and (b) winter–summer comparison for an insulation
thickness of 5% of the diameter. Consequently, heat leak losses are reduced as the
insulation thickness increases and they are higher in winter than in summer.

Table 2
Tank characteristics for Rankine 5 MW system with CO2 as working fluid, pressurized
water and ice slurry (with Height/Length = 0.7 and Height/Max.Level of liquid =
1.1).
𝑚𝐻 (kg/s) = 53.8 𝑀𝐻 (ton) = 968 𝑉𝐻 (m3) = 969
𝑚𝐿 (kg/s) = 593 𝑀𝐿 (ton) = 10667 𝑉𝐿 (m3) = 10597
𝐼𝑐𝑒0 = 30% 𝐵𝑟𝑖𝑛𝑒0 = 8% 𝑃𝐻2𝑂 (MPa) = 0.2

three months) significant drops in temperature are not observed. With
insulation of 5% of the diameter, the temperature does not drop more
than 5 ◦C per month. Another detail visible in the graphs is that for
short periods the temperature curves can approach a linear behavior.

As seen previously in Fig. 7.b, the heat leak does not play a relevant
role when the system operates in short cycles of a few hours or days.
However, it is vital to maintain a good insulation thickness in the water
tank to optimize the system in those situations of long storage periods.
The plot in Fig. 10 shows how RTE is affected for three winter months
with different insulation thicknesses. It is observed that the decrease is
not significant enough when there is a good level of cover walls.

To analyze the influence of size plant on heat losses, simulations
were performed for 5, 15 and 25 MW with fixed insulation of 5% of
hot tanks. In particular, when heat leaks are evaluated for different
plant sizes, see Fig. 11, it is noted how the heat leak coefficient is
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Fig. 9. Pressurized water temperature vs storage time. It is observed that the decrease
is smaller with a good insulation thickness.

Fig. 10. RTE with storage time for different glass wool thicknesses. Over time the RTE
efficiency decreases but the decrease is smaller with a higher level of insulation.

Fig. 11. Heat leak coefficient with storage time for different plant sizes. As plant size
increases, the effect of storage time is reduced.
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Table 3
Irreversibility parameters for a Rankine 5MW system with CO2 as working fluid,
pressurized water and ice slurry.
𝜀𝐻𝑃
𝐻 = 0.95 𝜀𝐻𝐸

𝐻 = 0.95 𝜀𝑐 = 0.90 𝜀𝑏 = 0.90 𝜀𝑡 = 0.90
𝛥𝑇𝐻𝑃

𝐿 = 5 ◦C 𝛥𝑇𝐻𝐸
𝐿 = 5 ◦C 𝛥𝑃𝐻 = 1% 𝛥𝑃𝐿 = 1% 𝑟𝐻𝑃 = 5.5 (𝑥 = 2)

Table 4
Temperatures (◦C) and pressures (MPa) for the combined Rankine system with CO2 as
working fluid, pressurized water and ice slurry.
𝑇𝐻𝑃
1 = −12 𝑇𝐻𝑃

2 = 129 𝑇𝐻𝑃
3 = 23 𝑇𝐻𝑃

4 = −12

𝑇𝐻𝐸
1 = 37 𝑇𝐻𝐸

2 = 115 𝑇𝐻𝐸
3 = 3 𝑇𝐻𝐸

4 = −2

𝑃𝐻𝑃
1 = 2.50 𝑃𝐻𝑃

2 = 13.75 𝑃𝐻𝑃
3 = 13.61 𝑃𝐻𝑃

4 = 2.53

𝑃𝐻𝐸
1 = 3.37 𝑃𝐻𝐸

2 = 9.19 𝑃𝐻𝐸
3 = 9.08 𝑃𝐻𝐸

4 = 3.33

𝑇𝐻1 = 120 𝑇𝐻2 = 17 𝑇𝐿 = −7 𝑇0 = 17

Table 5
Performances results for a Rankine system with CO2 as working fluid, pressurized water
and ice slurry.
𝜂 = 12% 𝐶𝑂𝑃 = 3.23 𝑅𝑇𝐸 = 47% 𝑚𝑤 = 123 kg/s 𝑃 = 5 MW

Table 6
Irreversibility parameters for a Rankine 5MW system with NH3 as working fluid,
thermal oil and ice slurry.
𝜀𝐻𝑃
𝐻 = 0.95 𝜀𝐻𝐸

𝐻 = 0.95 𝜀𝑐 = 0.90 𝜀𝑏 = 0.90 𝜀𝑡 = 0.90
𝛥𝑇𝐻𝑃

𝐿 = 5 ◦C 𝛥𝑇𝐻𝐸
𝐿 = 5 ◦C 𝛥𝑃𝐻 = 1% 𝛥𝑃𝐿 = 1% 𝑟𝐻𝑃 = 40 (𝑥 = 1.5)

smaller as plant power increases, and thus favor the technology with a
lower drop in the energy that can be recovered from the system and the
higher RTE. Therefore, it is to be expected that losses from larger plants
will have better long-term performances than smaller plants. This trend
is due to the improvement in the ratio of the mass contained in the
reservoir to the transfer area exposed to the environment.

4.3. Particular configurations

This subsection aims to show two particular configurations with a
closer approximation to reality in order to test theoretical predictions.
First, the case of a system with carbon dioxide as working fluid and
water as storage medium is presented and then, the paper analyzes the
case of a system with ammonia, thermal oil and ice slurry with the same
power as the previous one.

Table 3 shows the irreversibility parameters selected for the first
case, where an expander valve is used.

The numerical results obtained for the temperatures and pressures
of each main points of the heat pump and heat engine cycles are shown
in Table 4 and plotted on the T–s diagram in Fig. 12. The calculated
main performance metrics for the 5MW transcritical CO2 plant are
shown in Table 5. The numerical results, 47% for the RTE, are very
valuable and even better than those obtained with Brayton-like systems.

The optimum pressure in the subcooled region depends on the
refrigerant properties and operating parameters. In the case of am-
monia as the working fluid, the pressures required to reach higher
temperatures are lower with respect to CO2, so the line pressures in
the cold region will be lower. However, to reach the critical point, the
temperatures are higher than those achievable with water, so the use
of a thermal oil will be essential and the pressure ratios are higher.

Now, the NH3 system is addressed. Table 6 shows the irreversibility
parameters selected for a Rankine 5 MW system with NH3 as working
fluid and thermal oil using, as before, an expander valve. The results
obtained for the temperatures and pressures of each point of the heat
pump and heat engine cycles are shown in Table 7 and plotted on the
T–s diagram in Fig. 13.

The results in Table 8 show that the efficiencies are higher than in
the previous case for the same design power. In addition, when working
with lower enthalpy gradients, the working fluid flow is much lower
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Fig. 12. Heat engine and heat pump T–s plots of the transcritical Rankine with CO2
as working fluid, pressurized water and ice slurry.

Fig. 13. Heat engine and heat pump T–s plots of the transcritical Rankine with NH3
as working fluid, thermal oil and ice slurry.

compared to that used with carbon dioxide. However, this system is
expected to have higher cost of machines and storage and working
fluids.

Two brief comments are in order here. Firstly, The RTE values
obtained range between 50% for CO2 and 70% for NH3 which surpass
those reported by using a Brayton-type system with liquid storage [19,
20]. Secondly, in comparison with reported values from Rankine tech-
nology the values obtained fit those reported for CO2 as the working
fluid in [32]. Similar values were obtained by Vinnemeier et al. [38]
and Ayachi et al. [48].

5. Conclusions

This work presents a general description of the PHES storage tech-
nology for a transcritical Rankine model, inspired by the need to
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Table 7
Temperatures (◦C) and pressures (MPa) for Rankine system with NH3 as working fluid,
thermal oil and ice slurry.
𝑇𝐻𝑃
1 = −9 𝑇𝐻𝑃

2 = 343 𝑇𝐻𝑃
3 = 33 𝑇𝐻𝑃

4 = −9

𝑇𝐻𝐸
1 = 38 𝑇𝐻𝐸

2 = 311 𝑇𝐻𝐸
3 = 4 𝑇𝐻𝐸

4 = 1

𝑃𝐻𝑃
1 = 0.300 𝑃𝐻𝑃

2 11.7 𝑃𝐻𝑃
3 = 11.6 𝑃𝐻𝑃

4 = 0.303

𝑃𝐻𝐸
1 = 0.450 𝑃𝐻𝐸

2 = 11.5 𝑃𝐻𝐸
3 = 11.6 𝑃𝐻𝐸

4 = 0.446

𝑇𝐻1 = 327 𝑇𝐻2 = 17 𝑇𝐿 = −4 𝑇0 = 17

Table 8
Performances results for the combined Rankine system with NH3 as working fluid,
thermal oil and ice slurry.
𝜂 = 28% 𝐶𝑂𝑃 = 2.44 𝑅𝑇𝐸 = 70% 𝑚𝑤 = 9.4 kg/s 𝑃 = 5 MW

regulate the intermittency of renewable sources and to take advantage
of surplus energy. The reasons why such an electrical energy storage
technology is interesting mainly arise from its promising efficiency,
long lifetime and the possibility of locating it anywhere, even next to
wind or solar farms.

From the results, it is clear that with increasing temperature and
pressure storage in the hot tank and decreasing ice slurry temperature,
the round-trip efficiency gradually increases.

The round trip efficiency values obtained are between 50% for CO2
and 70% for NH3 and they are clearly higher than those obtained
(25%–35%) with Brayton-type system with liquid storage previously
developed [19,20]. Main reasons could be greater external losses and
heat leaks since Brayton PHES requires higher temperature storage
using molten salts instead of water or thermal oils. In addition, storage
fluids are more expensive (water is cheaper than molten salts) and have
crystallization problems. However, the costs and insecurities of high
working pressures to achieve good recovery temperatures mean that
Rankine technology needs to be further evaluated, particularly from an
economic point of view.

The formation of loop-like behaviors in the RTE vs power plots
is primarily due to the peak in heat engine cycle efficiency and the
stabilization of COP after a certain level of pressure ratio. It is dif-
ficult to make a comparison with other studies performed on the
Rankine cycle due to the different theoretical approaches and the lack
of prototypes working on this technology, but the results obtained
are comparable to those of the model patented by Hemrle and then
optimized by Morandin and Mercangoez reaching RTE values between
50 and 60% [32] for CO2. Similar values were obtained by Ayachi
et al. [48],Vinnemeier et al. [38], among other authors. As mentioned
above, there is not much experience with ammonia but the results
obtained by Koen et al. [29] show efficiencies higher than 50% using
ambient temperature in the low pressure zone. Good results, around
50%–70%; when thermal oils are used to store at temperatures higher
than pressurized water, they are very similar to those obtained by Zhao
et al. [31].

The use of CO2 as transcritical working fluid and water as a storage
medium is promising, but its efficiency is limited by the narrow range
of temperatures of the storage medium. Regarding the use of ammonia
as working fluid, whose thermal limits are more accessible and with
higher RTE, is limited by its toxicity and the high compression ratios
required to reach the usual working temperatures of thermal oils, but
the efficiencies achieved are much more encouraging.

Concerning with losses, it has been found that those associated to
internal irreversibilities coming from compressions and expansions are
the most relevant, while heat leak effects are not important for short
times. In particular, for a 5 MW plant with CO2 as working fluid, heat
leak coefficient amounts up to 5% after one month changing the RTE by
about 0.04% per day for an average thickness of about 5% of the tank
diameter. Working with greater insulation thickness and high powers
favors the improving of the RTE performance in time.
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The presented model and simulation work plays an important role
to introduce the new concept of Rankine PHES storage systems, gives a
comparative thermodynamic analysis and provide a preliminary design
of the system. The technology is simple, replicable and provides good
efficiency results. If the difficulties regarding high working pressures
can be overcome, it could become a promising storage system as a
substitute for common batteries.

In a more general context, it is clear that the problems caused by the
penetration of renewable energy production at grid-scale applications,
mainly due to variable weather conditions, could be properly addressed
by the different energy storage technologies. Much of them are com-
mercially available but are non-mature yet. Further and systematic in-
vestigation on their durability and reliability are needed. In particular,
high-temperature thermal energy storage plays a central role in cur-
rent renewable energy technologies although more thermo-economical
studies complemented with simulation techniques and optimization
algorithms are required to fit the better suitability of the working
fluids with the phase change materials, molten salts and packed bed
materials.
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