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Abstract: In recent years, there has been an increase in the use of renewable energy resources, which
has led to the need for large-scale Energy Storage units in the electric grid. Currently, Compressed
Air Energy Storage (CAES) and Pumped Hydro Storage (PHES) are the main commercially available
large-scale energy storage technologies. However, these technologies are restricted geographically
and can require fossil fuel streams to heat the air. Thus, there is a need to develop novel large-scale
energy storage technologies that do not suffer from the abovementioned drawbacks. Among the in-
development, large-scale Energy Storage Technologies, Pumped Thermal Electricity Storage (PTES),
or Pumped Heat Energy Storage, stands out as the most promising due to its long cycle life, lack of
geographical limitations, the absence of fossil fuel streams, and the possibility of integrating it with
conventional fossil-fuel power plants. There have been a number of PTES systems proposed using
different thermodynamic cycles, including the Brayton cycle, the Rankine cycle, and the transcritical
Rankine cycle. The purpose of this paper is to provide a comprehensive overview of PTES concepts,
as well as the common thermodynamic cycles they implement, indicating their individual strengths
and weaknesses. Furthermore, the paper provides a comprehensive reference for planning and
integrating various types of PTES into energy systems.

Keywords: Joule-Brayton pumped thermal energy storage; Rankine PTES; transcritical Rankine
cycle; large-scale technologies

1. Introduction

Renewable sources of energy have become increasingly employed in recent years, in
particular wind power and solar photovoltaic technology. The overall aim of this has been
to decarbonise the energy sector. The International Energy Agency (IEA) reported that, in
2020, 29% of the electricity generated worldwide came from renewable sources [1]. It is
predicted that this percentage will rise to 49% by 2030 [2]. One of the main drawbacks of
renewable energy sources is that they are unable to supply power in a reliable and stable
manner, as their sources are intermittent. This means that there is often a misalignment
between the amount of energy being generated and the demand via the grid. One of the
ways to mitigate this challenge is through the use of energy storage systems [3].

They can offer large-scale energy storage and have a number of advantages: their
operational lifetimes are long; energy losses are low during storage; they are not subject to
the same geographic limitations; and they offer a high volumetric energy density [4].

Pumped thermal energy storage (PTES) is a highly promising and emerging technology
in the field of large-scale energy storage. In comparison to the other thermal energy storage
technologies, this method offers high round-trip efficiency (RTE), high capacity, a life span
of up to 30 years, as well as a short response time [5-7]. Aside from being environmentally
friendly and having a smaller carbon footprint, PTES systems have a fast startup time [8,9].

Electrical energy is stored in PTES as thermal energy. A heat pump uses electrical
energy to move heat from a low-temperature reservoir to a high-temperature reservoir
during the charging process. Various heat pump configurations are proposed [10], and
any heat pump technology could be used for the task. When the thermal reservoirs are
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discharged, the thermal reservoirs are used to power a heat engine, which converts the
thermal energy back into electrical energy. The heat engine technology could be of any type,
and different configurations have been proposed [9,11]. The conventional PTES layout is
shown in Figure 1.

Charge Discharge %
202 purpp/Heat Motor/Generator Electricity out
engine — . .
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53
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Cold tank

Figure 1. PTES standard layout and main components, charging and discharging cycle.

The most significant losses occur during expansion and compression, as well as the
heat transfer processes that are characteristic of heat pumps and heat engines. Considering
this, current studies are being conducted to reduce such losses through the optimisation of
components and operating conditions. Several PTES systems have been proposed over the
past decade. Based on the thermodynamic cycle, PTES technology can be divided into two
groups: (i) Joule-Brayton cycles, (ii) Rankine cycles [9]. A packed-bed sensible heat storage
system is commonly used for storing thermal energy [10]. There have also been proposals
to use latent heat storage, particularly for applications at low temperatures; furthermore,
hybrid configurations of latent and sensible energy storage have been suggested [7,12,13].

The historical background of the PTES technology development and detailed descrip-
tions of each powered thermodynamic cycle are provided in the following sections.

2. PTES Historical Background

The concept of storing energy with a heat pump and the engine has been developed
for several generations since Marguerre first introduced a system consisting of two Thermal
Energy Storage Systems (TESs) filled with wet steam in 1924 [14]. Two patents were filed in
the 1930s that described Marguerre’s system in English [15].

In 1972, Babcock [16] first patented a process that uses nuclear power plants’ super-
heated steam. At 450 °C and 200 bars, a ceramic refractory accumulator was employed to
compress and store the steam. A second early heat pump system was described in 1977 by
Smith [17]. In the process of charging, the air is compressed, cooled, and then liquefied.
Regenerators or packed beds are used to store the energy extracted during cooling, while
tanks are used to store the liquefied air produced by the process. An open supercritical sys-
tem is discharged by the Rankine cycle; compressed liquid air is reheated in a regenerator
and then expanded to produce work through a turbine. During the charging process, the
cool air obtained from the process is stored in the cool store and used for the liquefaction
process. Similar to Babcock’s approach, a system was developed by Cahn [16] in 1978.
Cahn proposed an energy system that could use thermal waste and would be independent
of a power plant. In contrast to solid stores such as Babcock’s, the Cahn design does not
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have thermal fronts (a naturally unsteady phenomenon that reduces the maximum capacity
utilisation of the tanks, and enhances self-discharge losses during storage, making the
operation of the system relatively complex) and does not experience conductive losses.

The Highview Power system was developed between 2011 and 2014 and was a pre-
cursor to the LAES [18], as described by Morgan et al. [19]. However, there are some
differences between these systems including: (i) compression-expansion processes (adi-
abatic or isothermal); (ii) liquefication processes (Claude cycle or Linde cycle); (iii) the
number of compression and expansion phases; as well as the manner in which energy is
recuperated. According to [20], Highview Power’s prototype was only 8% efficient; this
value is low due to the small size of the plant and the ineffective use of the regenerator.

Park et al. [21] stated that the Highview design was constrained by pinch points that
restricted the RTE (round-trip efficiency) to 36%. It is expected that further enhancements
of the system will result in efficiency levels that exceed 50%. Accordingly, LAES may be
able to achieve similar efficiencies to other PTES systems and also have the advantages of
using proven technologies, geographical flexibility, and abundant storage media [21].

Joule-Brayton cycles and Rankine cycles have been used in recent studies to develop
PTES systems. As part of the ISENTROPIC project, construction of a prototype based on a
Joule-Brayton cycle began in 2015, while ABB is interested in building a prototype based on
a Rankine cycle [21]. In the commercial sector, a number of PTES solutions exist or are being
developed. These include the Brayton PTES developed by Isentropic [15], the transcritical
PTES developed by MAN Energy Solutions [22] and the Rankine PTES designed by Malta.
While development and research are currently at an early stage, some controversial results
regarding key performance indicators, such as round-trip efficiency, have been reported.
There has been no systematic investigation of how thermal energy storage impacts system
performance; studies are urgently needed to maximise the potential of PTES [23]. The PTES
development timeline is illustrated in Figure 2.

Commercially, Brayton PTES
was developed by Isentropic,
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Figure 2. PTES historical timeline.

3. PTES Thermodynamic Cycles

The PTES systems can be broadly categorized into three groups based on the type
of cycle they incorporate. Within each category, several variations have been proposed,
including Joule-Brayton cycles, Rankine cycles, and transcritical cycles. In this section,
the major systems within each category are reviewed, along with a brief comparison
of each system. Figure 3 demonstrates the difference between the three types of PTES
thermodynamic cycles.
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Figure 3. Comparison between the common PTES thermodynamic cycles.

3.1. Joule-Brayton PTES Thermodynamic Cycle

Brayton heat pumps and heat engines are used in the Joule-Brayton PTES thermo-
dynamic cycle. Brayton PTES is typically comprised of two thermal storage tanks, two
expanders, and two compressors. In the standard configuration, both heat pumps and
heat engines have a single compressor and expander. Reversible machines have also been
proposed as a means of reducing costs for Brayton PTES; however, they produce lower
performance. Volumetric [24] and dynamic [23] machines are both used in the Brayton
PTES. The adoption of a reversible configuration is more accessible by using volumetric
machines. The Brayton cycle requires sensible heat storage to overcome the temperature
glide experienced during gas cooling and heating. There are two main configurations [23]:
a packed-bed regenerator was proposed by Howes [15]; whereas, Laughlin [25] suggested
a two-tank liquid storage system.

Packed beds refer to reservoirs full of solid materials (e.g., rocks) into which the
fluid of the Brayton cycle flows directly. The most common arrangement is axial fluid
flow; however, it has been proven that radial flow is more efficient and capable than axial
flow [26]. A number of researchers deal with the selection of packing-bed materials, and
Al,O3 and Fe; O3 have been recommended as the most suitable, owing to their excellent
heat capacity—conductivity ratios [24,27,28]. Additionally, common rocks, such as basalt,
which have lower costs, have been considered [29]. Based on a comprehensive study on
packed-bed materials for a constant reservoir dimension, the researchers have determined
that a variety of packing materials are capable of producing similar round-trip efficiencies,
while storage capacity and charging/discharging periods differ [28]. The specific heat
capacity of constant pressure, C,, thermal conductivity, A, and working temperature ranges
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of common solid sensible storage materials used in packed-bed systems are listed in
Table 1 [30,31].

Table 1. High-temperature solid and liquid sensible heat storage properties of commonly used
materials, adapted from [30,31].

Materials Type (Cp) [KJ/kg- K] A [W/(m-K)] Working Temperature [°C]
Silica fire bricks Solid 1 1.5 200-700
Reinforced concrete Solid 0.85 15 200-400
Cast iron Solid 0.56 37 200400
Basalt Solid 1.231 15 ~500
Fe;O3 Solid 0.851 491 ~600
Al O3 Solid 1.167 11.1 ~700-800
Carbonate salts Liquid 1.8 2 450-850
Nitrate salts Liquid 1.6 0.52 256-565
Liquid sodium Liquid 13 71 270-530
Nitrite salts Liquid 15 0.57 250450
Silicone oil Liquid 2.1 0.1 300-400
Mineral oil Liquid 2.6 0.12 200-300

The packed-bed system is an economical and efficient means of storing thermal energy.
However, it might be challenging to control and predict its behaviour, which makes it
difficult to estimate the charge level.

Many authors [26,29,32] examined packed-bed dynamics analysis in order to deter-
mine Joule-Brayton PTES’s round-trip efficiency, output power, and energy density. Several
research studies and projects [29,33,34] have indicated that to achieve cyclic operation
(cyclic operation involves charging and discharging the store repeatedly until a steady-state
periodic operation has been achieved) packed beds may require as many as 10 charges
and discharges. Materials used for storage are capable of withstanding temperatures up to
1000 °C based on their composition [33].

Alternatively, Brayton PTES [34] may be equipped with two tanks for liquid stor-
age. Generally, when high-temperature applications are required (300 to 500 °C), molten
salts—usually made from NaNO3 and KNOs;—are commonly used, whereas when low tem-
peratures are required (60 to 100 °C), alcohols or hydrocarbons are frequently used [10,34].
Figure 4 considers the advantages and disadvantages of solid and liquid storage. The main
properties of common liquid sensible storage materials used in packed-bed systems are
listed in Table 1 [30,31].

The state of charge can be easily estimated with liquid-sensing thermal storage, making
it easier to predict the system’s performance. A heat exchanger is necessary, and direct
contact between the Brayton cycle liquid and the storage media is not recommended
in practice. A heat exchanger of this type may have an extensive area for heat transfer,
maximising round-trip efficiency, and reducing energy losses, but it may also be associated
with an increase in investment costs [7,10].

The most common working fluids for the Brayton cycle are argon [33], helium [10],
and air [28]. Given their higher temperatures at the same operating pressures, due to
the higher specific heat ratio [35], the use of helium and argon is preferable to the use of
air, and round-trip efficiency is determined by temperature ratios rather than pressure
ratios [32]. The compression/expansion ratio of Brayton PTES usually ranges between two
and four [25,33], although it can be higher [36].

Brayton PTES simulations indicate that round-trip efficiency is around 60% for both
liquid sensible heat storage tanks and systems with packed beds when the machines
have a polytropical efficient of at least 0.9. Additionally, round-trip efficiency is highly
dependent on the performance of the machinery, such that if lower figures are used, round-
trip efficiency can be found to be around 30% [7,28]. High-quality air turbomachines can
currently achieve the polytropic efficiency of 0.9, but Brayton PTES uses different fluids,
which may result in different round-trip efficiency values than have been reported [10].
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Brayton PTES only has one pilot plant implemented (150 kW /600 kWh) to date.
Research shows that Brayton PTES can be technically feasible, but it has a very low round-
trip efficiency [29]. The estimated round-trip efficiency of a larger system (2 MW /16 MWh)
ranges from 52% to 72%, based on a realistic theoretical estimate [6,37]. Based on the
Brayton cycle, Guo et al. [38] initially developed a thermodynamic model based on PTES
that neglected external heat losses and was based on a finite-rate heat transfer model. This
model was further developed to include irreversible losses both internally and externally,
on the basis of a weak dissipative assumption [39], and a more universal thermodynamic
model has been developed.

Desrues et al. [33] considered a system based on the Brayton cycle, argon gas as
the working fluid, for the development of PTES for a large-scale application. There is a
possibility of reaching an RTE of 66.7%; however, a maximum temperature (1000 °C) is
needed, which is higher than the existing compressor’s operating temperature of about
900 K. It is possible to partially resolve the constraint by adding a second electrical heater.
Howes [15] studied the heat transfer processes and the losses of three PTES prototypes;
reciprocating devices were used in place of compressor/turbine pairs. In addition, White
et al. [40] examined the effects of storage tank geometry, operating mode, and temperatures
on thermodynamic losses and indicated that long-term storage leads to significant losses,
while periodic operation leads to acceptable losses.

Additionally, many authors have enhanced the arrangement of the system by study-
ing the effects of a packed bed on the system, adding a buffer vessel, and investigating
loss/generating mechanisms [24,26,32,41,42]. A transient analysis method for a (10 MW/
4 h) PTES system was proposed by Wang et al. [29], who examined the impact of many
factors, as well as comparing helium and argon-based systems. According to their findings,
the RTE of helium is greater, and at the isentropic conditions and greater pressure ratios,
the energy storage performance increases. The charging process involved the use of an
electric heater in a plant designed by Benato et al. [27,28,43]. Moreover, a packed-bed
(one-dimensional, two-phase) model is also developed, where two heat transfer fluids are
tested along with nine heat storage materials.

Using air as the working fluid, Benato [27] developed a novel PTES based on the
Brayton cycle power system. As part of the study, five types of high-storage materials were
tested and investigated. Electric heaters are used in PTES systems to increase maximum
storage temperature, so compressor pressure does not affect this parameter. There are two
key factors determining why the proposed PTES could have a low RTE of approximately
10%: first, energy losses in the electric heater and second, losses associated with the
process of removing the thermal front from the thermal storage tanks. McTigue et al. [24]
examined the parameters that influence the PTES and presented optimised results. The
thermodynamic analysis findings indicated that the efficiency of the compression and
expansion processes was primarily responsible for the RTE of PTES. If the compressors
and expanders could only achieve efficiencies that are typical of turbomachinery, the RTE
would not exceed 50%.

An analytical model of a 10.5 MW, 5 h storage system based on packed-bed latent
heat/cold storage was developed by Ge et al. [5]. The study also performed an energy and
exergy analysis of the components. A study has also been conducted to determine whether
packed-bed latent heat/cold stores could replace packed-bed sensible heat/cold stores for
pumped thermal electricity storage. Systematic thermodynamic performance at optimal
conditions was examined by examining the effects of porosities, compression ratios, inlet
velocities, and isentropic efficiency. The study concluded that when latent heat and cold
stores are replaced by packed-bed sensible heat and cold stores, the energy storage density
of the system increases (from 232.5 to 245.4 kWh/m?). In addition, this system provides
a round-trip efficiency of 84.7%, and a power density of 216.5 kW/m?, demonstrating
competitiveness and efficiency over large-scale electrical energy storage systems [10].

A comparison between the solid storage materials and the liquid storage materials
that are used in packed-bed systems and applications is presented in Figure 4.
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*Cheap storage materials.

*Wide temperature ranges (Great for high-
temperature applications greater than 300
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*High energy densities.

=Difficult to operate.

*High self-discharge losses.

*Expensive (Heat exchanger can be
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»Specific temperature ranges, suitable for
the low-temperature application less than
300 °C.

*High power densities.

*Easy to operate.

*Low self-discharge losses.

Figure 4. Main advantages and disadvantages of solid and liquid storage.

3.2. Conventional Rankine Cycles

Heat engine expander and heat pump compressor components are used by Rankine
PTES systems, and they are usually separated in standard configurations. Several studies
have suggested that reversible configurations could be used in order to reduce investment
costs [37-44].

As low temperatures (100 to 250 °C) typically used in Rankine PTES thermal storage
systems, either latent heat storage or liquid sensible heat storage [39,45] or a combination of
both are typically used. In general, the most used liquid sensible heat storage techniques are
pressurised water and thermal oil [46]. To increase efficiency by avoiding mixing between
storage tanks, it is possible to use two-tank liquid storage systems [47]. These are more
costly and require doubling the storage.

Rankine cycle operating fluids must match the temperature profiles of the thermal
exergy reservoirs properly in order to reduce the destruction of internal exergy. In this
regard, a variety of thermal storage types have been proposed by researchers. For example,
Morandin et al. [48,49] describe a multiple-tank liquid storage system to overcome the
significant change in the specific heat of the working fluid in the supercritical region. In
this arrangement, water is held in a number of tanks at incremental temperatures. During
charge, the largest volume of water is in the hot tank, while during discharge, it is in the
low-temperature tank. Similarly, Steinmann et al. [12] propose a hybrid latent and sensible
thermal reservoir for recalibration of direct and inverse Rankine cycle condensing and
evaporating temperatures. Although the complexity of this configuration may increase the
system’s cost, it may also improve its performance, as well as necessitate the use of a more
sophisticated control strategy [13].
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In most Rankine PTES systems, the low-temperature reservoir is composed of a
phase-change material. In most cases, the evaporation and condensation temperature
profiles during charge and discharge are relatively flat; therefore, the best temperature
profile matching is obtained by constant temperature storage. Cold latent storage is often
proposed using water ice due to its low cost, high reliability, and long life span [39,45,48].

A high-temperature reservoir may also utilise phase-change materials. With subcritical
Rankine cycles, latent heat storage ensures that condensation and evaporation temperature
profiles (during charge and discharge, respectively) are precisely matched [12,50]. This can
be achieved by utilising nitrate salts.

There are two types of Rankine PTES systems: transcritical cycles and subcritical cycles.
Transcritical Rankine PTES commonly utilises CO; as a working fluid [48,49], but other
fluids including R1234ze(Z), R152A, and R1234ze(E) are also studied. By replacing CO,
with a different fluid, it can be used to achieve slightly higher performance at much lower
operating pressures. The main difference between refrigerants and CO; is that the operating
pressure of the refrigerant is significantly lower, while the expansion and compression
ratios are significantly higher, reaching 60 for R1234ze(Z). In order to achieve satisfactory
efficiency, such machines may require more complex layouts, as several stages may be
needed. Configurations with high compression and expansion ratios may be expensive.

A wide range of fluids, such as ammonia and water [50], as well as several organic
refrigerants [47,51], have been examined for subcritical Rankine PTES. As nonorganic
refrigerants possess comparatively larger specific works (i.e., enthalpy differences), they
are more suited to larger systems. Compression is limited by a highly specific work, which
means that several compression stages should be employed [50]. While organic fluids are
expected to have lower efficiency, they might require simpler layouts. A carefully chosen
organic refrigerant may require only a few compression stages during the charging phase,
whereas a single-stage machine may be sufficient during the discharge phase.

Under realistic assumptions, Rankine PTES typically has a round-trip efficiency in
the range of 50-60%. Steinmann [50] reported a 55-66% round-trip efficiency, Morandin
et al. [48,49] suggested a value of up to 60%, and Koen et al. [46] found it to be between 50%
and 55%. Comparison analyses conducted by Steinmann [52] indicate that the transcritical
CO; systems are less efficient than Brayton PTES systems. Although subcritical systems
tend to be less efficient than transcritical systems, their layout is more straightforward and,
therefore, more cost-effective.

Although the Rankine PTES is slightly less efficient than the Brayton PTES, it op-
erates at a lower temperature, so it may pose fewer technical challenges. As a conse-
quence of the low operating temperatures of the Rankine PTES, it has been proposed
that low-temperature heat sources be integrated into the systems to improve system
performance [47,51,53]. Solar thermal energy, waste heat, or geothermal energy are suitable
for use [12,45]. As a result, the PTES may function as a bridge between different energy
networks, or as a hybrid storage/waste heat recovery system (e.g., the district heating
networks and the electric grid). There is a substantial impact on performance associated
with additional thermal energy inputs. According to research, over 100% electrical round-
trip efficiency may be achieved when thermal energy at 80 °C is exploited [51]. Therefore,
thermal energy may contribute to a higher discharge of electrical power than was initially
charged into the storage system.

The Organic Rankine Cycle (ORC) is a type of Rankine cycle that uses an organic
working fluid; due to its high efficiency, simple structure, and environmental friendliness,
the ORC is considered to be a promising technology for low-grade thermal energy recovery.
ORC is considered to have improved the RTE of the PTES, because part of the waste
heat is turned into electricity [9]. A standard ORC does not match both working fluid
temperatures and heat transfer medium equally, which leads to significant energy loss
during heat transfer. Due to irreversible heating, compression/expansion processes, heat
exchangers can be used to remove heat from the working fluid, making them a suitable
heat source for ORCs.
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As with Brayton systems, the performance of Rankine PTES systems is greatly influ-
enced by the isentropic and polytropic efficiency of the machine. To attain satisfactory
results, high-quality machines are usually required (compressors with an isentropic effi-
ciency greater than 0.8, while turbines have an isentropic efficiency equal to 0.9). A number
of comparative studies have shown that Brayton systems are more sensitive to the perfor-
mance of their machines than Rankine systems [52]. This is due to the back work ratio of
the Brayton systems being much higher than the Rankine system and, for a given efficiency,
the maximum round-trip efficiency decreases rapidly with an increase in the back work
ratio [54].

3.3. The Transcritical Rankine Cycle

Researchers have extensively studied the transcritical Rankine cycle as a thermody-
namic cycle for PTES. According to [52], the electrothermal energy storage (ETES) method
employs transcritical CO; cycles as thermodynamic cycles to store bulk electrical energy.
There were two processes involved in this case: pumped heat was stored in hot water and
cold energy was absorbed in cold water, which melted and became ice, respectively, as a re-
sult of the process. Similarly, Morandin [49] proposed a CO, transcritical cycle which used
hot water to store heat and cold energy in saltwater ice. Frate et al. [51] developed a new
PTES solution that boosted the RTE of the system beyond 100% by utilising a low-grade
heat source, which in this context is considered free heat. According to Wang et al. [55], the
cold energy from LNG (liquefied natural gas) can enhance PTES RTE beyond 100% if used
as a heat sink, as external heat sources may not always be accessible sinks.

However, the energy storage density of PTES that uses the transcritical Rankine cycle
as the thermodynamic cycle is low (22 kWh/ m?) [55]. A lower figure will be achieved if ex-
ternal heat sources are not taken into account. The Brayton cycle and packed-bed PTES were
examined by Chen et al. [56] due to the higher storage density of energy (110170 kWh/m?3).
An electric heater was used to improve the density of energy storage further.

It has been proposed that the significant energy loss during heat transfer [57] in an
ORC can be overcome by utilising zeotropic mixtures [58], trilateral cycles [59], dual-loop
ORCs [60], or transcritical ORCs [61]. Zeotropic ORCs have a higher efficiency than simple
ORCs due to better matching between exchange curves. A lack of knowledge of fluid
properties and an unknown heat coefficient will pose some difficulties in their practical
implementation [62]. While the trilateral cycle is one of the most efficient heat recovery
cycles for sensible heat resources, with the lack of effective two-phase expanders, its
efficiency is severely limited [62]. It is more appropriate to use a dual-loop ORC in order to
recover the waste heat associated with the multigrades, for instance, the heat generated from
engine coolant and exhaust gases [60]. Another method of reducing thermal irreversibility
in heat-transfer processes is a transcritical ORC [63]. Furthermore, if a recuperator is used
and a small turbine is operated [64], the high temperature of the cycle allows us to achieve
higher thermal efficiency than a standard ORC. An alternative method of reducing thermal
irreversibility in heat transfer processes is transcritical ORC. With a recuperator and a small
turbine, it is possible to improve thermal efficiency over that of a standard ORC [63,64].

Table 2 below summarises and compares the three technologies (Brayton, Rankine and
transcritical cycles).
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Table 2. A comparison between the three PTES’s thermodynamic cycles (transcritical, Brayton and

Rankine).
PTES Cycle Working Fluid Te(l)mf;er::’tzfes Advantages Disadvantages
The round-trip
efficiency is highly
dependent on
It is highly efficient at te‘flfrikc’ioer;‘j‘:hmary
any temperature limit . y:
. Using low-grade heat
and pressure ratio. ) .
Energy and power integration to support
) (HOt stora)ge: density are increased PTES is also difficult
Air/Argon are 500-1000) °C - ‘ due to the high
Brayton cycle commonly used Cold storage: as low as with a higher ) temperature
—70°C temperature ratio. requirements
There is less friction d g
loss in fluids. H}gh c'ost associated
Low emission. with .hlgh
requirements and
design.

A large air heater is
required.

Thermal
oil/pressurised water
are commonly used

Rankine cycle

Operate at low
temperature
(100-250) °C

Widely available and
cheap.

Low friction losses (low
viscosity).

Less material
requirements (chemical
stable).

High heat capacity
(excellent medium for
heat transfer).

Heat pump cycles with
lower cycle
temperatures reduce
thermal losses and
maximise efficiency by
incorporating
low-grade waste heat
with the classical cycle.

Big insulation needed
(turbine, condenser),
high specific volume
and very low pressure
due to low
condensation
temperature.
Efficiency loss and
limited suitability to
waste heat recovery
Expensive multistage
turbine needed.

Transcritical

cycle €O

Around 31 °C

Good match with heat
source profile.

High exergy efficiency.
Environmentally
friendly.

Inexpensive and
nontoxic working fluid

(CO2)

An expensive setup
for improved cycles.
Several stages of
expansion needed
(large volume ratio).

4. Analysis and Performance Enhancement of PTES

Recently, several PTES systems have been presented using a variety of thermody-
namic cycles, including Joule-Brayton and Rankine [32]. Currently, a variety of plant
configurations have been studied for Brayton-based PTES, comprehensive thermodynamic
analyses have been undertaken, and performance has been evaluated under various op-
erating conditions [9]. A study done by Guo et al. [65] examined the effects of the design
solution on key performance indicators, such as cycle temperatures and pressure ratios,
and identified an optimal design of a Brayton-based PTES configuration. In spite of this,
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McTigue et al. [24] concluded that round-trip efficiency is highly dependent on losses
incurred during compression and expansion.

Exergy analysis conducted by Zhao et al. [66] indicated that the expander discharge
caused the greatest amount of exergy loss. In addition, advanced exergy analysis indicated
that cold heat exchangers during discharge account for a significant portion of avoidable
exergy destruction (95%) among the system components studied. Wang et al. [29] analysed
the PTES performance such as the effects of the heat transfer and the thermodynamics
processes. A number of key factors in the design of TES systems, for example, aspect ratio
and particle size, among others, are crucial for ensuring a stable discharging power and
optimum round-trip efficiency. PTES performance has been investigated in this regard
by Wang et al. [67], who examined TES arrangements based on the number and mode
of reservoirs and operating modes. As a result of their findings, the operational modes
significantly impact on the variation ratio of delivery power, and the round-trip efficiency
of the system, while the tanks count has an insignificant influence. Previous studies have
focused on sensible packed-bed heat storage systems using argon as the working fluid in
the TES section. A number of other gases have also been studied, including helium, carbon
dioxide, and air [28].

Dumont et al. [68] reported that academics frequently report round-trip efficiencies of
approximately 60% to 70%; however, such levels of efficiency can only be conducted by
extremely large polytropic efficiency rates of turbines and compressors, which are typically
greater than 90%. Due to the fact that the Brayton-PTES system’s efficiency is greatly
impacted by polytropic efficiency, assuming slightly lower polytropic efficiency would
result in a significant reduction in round-trip efficiency. Therefore, various innovative
solutions should be examined to enhance the competitiveness of such storage systems.
A [15] suggestion was made to incorporate an electrical heater after the compressor, in
order to convert electrical energy into thermal energy, which would enable the maximum
cycle temperature to be independent of the pressure ratio of the compressor. The study
demonstrated that despite a reduction in round-trip efficiency due to an electric heater, the
cost of PTES could be reduced by reducing the heat exchange area and compressor size.

Zhang et al. [69] investigated the potential of a PTES system as a power and cool-
ing /heating system. Based on their findings, active and appropriate heat delivery through
the hot tank could significantly enhance the outlet’s temperature stability during the work-
ing fluid’s discharging phase, thereby improving the system’s power delivery stability and
electrical efficiency. According to Dumont et al. [68], thermal integration can significantly
reduce electricity losses when combined with other systems. Accordingly, Jockenhofer
et al. [13] investigated the impact of adding additional heat sources to PTES systems in
terms of enhancing the round-trip efficiency and the exergy efficiency of the system. Ac-
cording to Wang et al. [55], LNG cold energy may be able to be used as a heat sink for the
PTES and a natural gas distribution system. The authors confirmed that thermal integration
is feasible, as is the potential for enhancement of round-trip efficiency.

A Brayton cycle-based PTES system may also be suitable for integration into concen-
trated CSP. Solar energy can be captured and converted into electricity through a CSP
system; however, solar radiation is intermittent, thus limiting the capacity factor. The
integration of CSP plants with PTES systems may provide a solution to this limitation:
Petrollese et al. [7] presented and evaluated a novel PTES system integrated with a CSP. As
part of this system, the same working fluid (argon) is used as in the CSP, and several compo-
nents can be operated simultaneously or independently. TES consists of three thermocline
packed-bed tanks. During this study, the performance of a PTES-CSP plant integrated with
TES tanks was modelled in MATLAB using specific mathematical models under nominal
conditions. A study was conducted to investigate the impact of the key design parameters
of TES systems (e.g., the operating temperatures and pressure ratio) on the key performance
indicators. A pressure ratio of about 5:2 was found to be optimal for the integrated plant’s
exergetic round-trip efficiency. From this, an efficient PTES-CSP system with an exergetic
round-trip efficiency of approximately 60% has been developed [7].
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5. Summary of Literature Review PTES

Recent research has focused on using PTES systems for power density applications.
Tables 3 and 4 summarise the various PTES systems described in the literature.

Table 3. A summary of the Joule-Brayton cycle studies in the literature.

Efficiency [%] Heat Transfer Fluid Studied Thermal Energy Storage System Ref.
Nstorage = 67 Ar Storage tanks (refractory bricks) [33]
N RTE =72 Ar Packed bed (granite) [15]
1 rrE =70 Ar Packed bed (gravel) [20,32,40,70,71]
1 RTE = (64-82) Air/Ar Storage tanks (refractory materials) [72]
1 RrTE = 40 Ideal gas . [65]
N RrrE = (52-72) Ar Packed bed [40,73]
_ Air/Ar Packed bed [27,28]
N RTE = (42-50) Air/Ar Packed bed (alumina) [56]
1 rTE = 80 Ar Packed bed (magnetite) [36,74-76]
1 rrE = (39-57) He/Ar Packed bed (basalt) [29,69,77]
N rTE = (45-57) Air/Ar Packed-bed storage tank and regenerator (molten salt) [52]
N RTE = 43 Air [78,79]
_ Ny /Ar Storage tank (hexane, solar salt) [25],
N rtE = (55-62) He/N,/Air Storage tank (thermal oil, molten salt, and pentane) [56,71,80-83]
N grE = (50-60) Air/Ar Storage tanks (soal?:;1 s;i’z ;ﬁ’;};anol, mineral oil, [79,84]
M RTE = (35-40) Air/Ar Storage tank (solar salt, cryogenic liquids) [85]
Exer%:f;;c)lency Ar Storage tank (butane, solar salt) [66]
N rtE (60-78) CO, Storage tanks (synthetic fluids and molten salt) [86]
Table 4. A summary of the transcritical Rankine cycle studies in the literature.
Efficiency [%] HTF Thermal Energy Store Reference
N RrE =65 CcO Storage tanks (ice, hot water) [39]
N RrE =512 z 8 ’
1 RTE = (48-64) CO, Storage tanks (ice, hot water) [48,49,87]
M RTE = (65-73) CO, Storage tanks (ice, hot water) [35]
N RrTE = 30 CO, Storage tanks (water) [88]
1 rTE = (43-56) CO, Phase-change materials and grounded heat storage [54,89]
1 r1E = (52-66) CO, Hot thermal energy storage (tube-in-concrete) [89-92]
1 rTE = 139 CO,/NH; Heat exchanger and storage tanks [55]
M rTE = 58 R13I1 and CO, Storage tanks (oils and water) [46]

! Commercial plant; 2 Pilot plants.

6. Conclusions

Different technologies have been presented and discussed in this paper. PTES systems
are classified as high-temperature Brayton cycles and moderate-temperature Rankine
cycles. The organic Rankine cycle features thermal integration using a low-temperature
heat source, which results in considerable improvement in cycle efficiency. Nevertheless,
thermal integration adds to the complexity of the system and results in a higher system
cost. PTES systems such as transcritical CO, Rankine cycles are also important to consider,
as they deliver greater energy density and perform better than organic Rankine cycles. In
addition, transcritical CO, cycles provide a solution to the pinch problem associated with
ORC by sensibly transferring heat to the secondary fluid in the supercritical region. By
doing so, the cycle temperature profile is matched to the storage medium temperature
profile, resulting in a higher work output from the system. Based on this, the lower
operating temperatures are also beneficial for heat losses and provide a varied option for
storage materials and secondary working fluids.
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As a promising technology, Pumped Thermal Energy Storage (PTES) utilises a heat
pump and a heat engine cycle to store electrical energy as thermal energy during charging
and discharging. The PTES technology can be a valuable resource for storing large amounts
of energy efficiently and economically, particularly when combined with Sensible Heat
Thermal Energy Storage (SHTES). Although its efficiency is lower than that of commercial
large-scale energy storage technologies, recent research has led to the development of this
technology as a promising novel alternative to PHES and CAES. It also has the added
advantage of being environmentally friendly and geographically unrestricted. Several
studies have been conducted to optimise the round-trip process’s efficiency by analysing
the power cycles, thermal storage systems, working fluids, operating conditions, and
thermal integrations. Key features of the technology are below.

e According to the latest research and studies, Pumped Thermal Energy Storage (PTES)
could achieve round-trip efficiency of 60-65% for a system capable of storing 600 kWh
of electricity.

e  PTES uses a theoretically reversible thermodynamic cycle involving compression and
expansion stages with constant pressure heat addition and rejection to hot and cold
thermal stores.

e  Energy storage round-trip efficiency largely depends on the isentropic efficiencies of
the compression and expansion equipment, the thermal effectiveness of the thermal
stores, the presence of circuit pressure drops, heat leaks to and from the system, and
electrical machine efficiencies.

PTES could offer a viable large-scale, long-duration energy store.

The Rankine PTES system has never been built as a standard layout. Accordingly, it is
imperative that research efforts be directed towards demonstrating the results derived
from simulations.
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