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ABSTRACT

Three distinct pumped-thermal electricity storage (PTES) system variants based on currently available
sensible heat storage materials are presented: (i) Joule-Brayton PTES systems with solid thermal reser-
voirs; (ii) Joule-Brayton PTES systems with liquid thermal stores; and (iii) transcritical Rankine PTES
systems with liquid thermal stores. Parametric design optimisation is performed for each PTES system
variant considering various system configurations, working fluids and storage media from a thermo-
dynamic perspective. The results show that amongst the investigated systems, the recuperative tran-
scritical Rankine PTES system with CO; as the working fluid and Therminol VP-1 as the storage material
achieves the highest roundtrip efficiency of 68%. Further to the optimal thermodynamic performance of
these system, their corresponding capital costs are also evaluated. The economic performance compar-
isons of selected optimal PTES designs reveal that the recuperative transcritical Rankine PTES system
with CO; and Therminol VP-1 exhibits the lowest capital cost of 209 M$ for the given power capacity
(50 MW) and discharge duration (6 h). The influences of the power capacity and discharge duration are
also investigated, with results showing that the lowest power and energy capital costs are 3790 $/kW

(discharge duration of 2 h) and 396 $/kWh (discharge duration of 12 h), respectively.

© 2022 Elsevier Ltd. All rights reserved.

1. Introduction

As the share of electricity generation from renewable energy
sources (RESs), such as solar, wind, wave and tidal energy, con-
tinues to grow steadily worldwide [1], the increasing penetration of
RES generation introduces increasingly substantial challenges in
terms of grid stability, security and the economics of electric power
systems, due to the variable, stochastic and reduced predictability
nature of RESs [2]. Therefore, sufficient power system flexibility is
required to allow a wider utilisation of these non-dispatchable
sources.

Flexibility can be provided by different technological solutions
placed at the supply, network or demand sides of the power system
[3]. Supply-side improvements of operational flexibility, e.g.,
through thermal regulation of gas- and coal-fired power plants, is a
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key measure for allowing an energy future with a growing share of
renewables [4—7]. Moreover, advanced technologies for demand-
side management, such as power-to-gas and power-to-heat, can
provide flexibility in the management of surplus renewable gen-
eration [8—10], whilst grid-scale energy storage technologies are
indispensable for the efficient integration of RESs into the grid and
play a pivotal role in balancing inflexible or intermittent supply
with fluctuating demand [11]. Luo et al. [12] reviewed the devel-
opment of electrical energy storage technologies and their appli-
cation potential in the operation of power systems. Although
several conventional rechargeable batteries, flow batteries,
flywheel energy storage, solar/fuel cells and high-power/high-
energy supercapacitors have been proposed [13], these are still
immature, short-duration and only available for small-scale appli-
cations at present [14]. For large-scale electricity storage, pumped
hydro storage (PHS) [15] and compressed air energy storage (CAES)
[16] are two commercially-available, widely-deployed and highly-
durable electricity storage technologies. However, these have
several noteworthy drawbacks, particularly, geographical and
geological constraints, environmental issues, long construction
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Nomenclature
Symbols
A Heat transfer area [m?]

C Heat capacity [J/K]

Cam Bare module cost [$]

Cp Isobaric specific heat capacity [J/(kg-K)]
Cr Heat capacity ratio [—]

Cr Total capital cost [$]

Cy Isochoric specific heat capacity [J/(kg-K)]
d Tube diameter [m]

E Stored energy [J]

h Specific enthalpy [J/kg]

I Chemical engineering plant cost index [—]
k Thermal conductivity [W/(m-K)]

m Mass flow rate [kg/s]

NTU Number of transfer units [—]

Pressure [Pa]

Heat transfer rates [W]
Fouling resistance on the shell side [(m?-K)/W]
Fouling resistance on the tube side [(m?-K)/W]
Temperature [K]
Time [s]
Overall heat transfer coefficient [W/(m?-K)]
Volume [m?]
Specific volume [m?/kg]
Specific work [J/kg]
Heat transfer coefficient [W/(m?-K)]
Specific heat ratio [—]
Wall thickness [m]
Heat transfer effectiveness [—]
F Void fraction of the packed bed [%]
Isentropic efficiency [%]
Polytropic efficiency [%]
Heat conductivity of wall material [W/(m-K)]
Viscosity [Pa-s]
Pressure ratio [—]
Density [kg/m?]
Roundtrip efficiency [%]
Temperature ratio [—]
Work ratio [—]
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Abbreviations

AHX Auxiliary heat exchanger

CAES Compressed air energy storage
CHEST Compressed heat energy storage
CHX Cold heat exchanger

COMP Compressor

CR Cold reservoir

ECC Energy capital cost

EXP Expander

HHX Hot heat exchanger

HT High temperature

HR Hot reservoir

HX Heat exchanger

IT Intermediate temperature
LAES Liquid air energy storage
LCOE Levelised cost of energy
LCOS Levelised cost of storage
LT Low temperature

LTS Liquid thermal store

ORC Organic Rankine cycle
PCC Power capital cost

PCM Phase-change material
PHS Pumped hydro storage
PPTD Pinch point temperature difference
PTES Pumped-thermal electricity storage
RES Renewable energy source
SC System configuration
STR Solid thermal reservoir
TCC Total capital cost

TMES Thermo-mechanical energy storage
Subscript

C Compressor

chg Charge process

CR Cold reservoir

cr Critical

cs Cold side

dis Discharge process

e Expander

g Working fluid

HR Hot reservoir

hs Hot side

i Inside

in Inlet

is I[sentropic process

m Mean

max Maximum

min Minimum

N Nominal

o} Outside

out Outlet

pack Packed bed

s Storage medium/material
ss Shell-side

tank Storage tank

ts Tube-side

times and high initial capital costs [17,18]. In this context, a
remarkable effort has been made to develop alternative electricity
storage technologies, including two recently-proposed medium-to
large-scale and longer-duration thermo-mechanical energy storage
(TMES) technologies, namely liquid air energy storage (LAES) [19]
and pumped-thermal electricity storage (PTES) [20—22]. LAES and
PTES systems involve few geographical constraints, long lifetimes
and flexible power ratings, which are characteristics that suggest
they can be deployed as important components in future electric
power systems [23].
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PTES (also referred to as ‘Carnot battery’, ‘pumped heat elec-
tricity storage’, ‘electrothermal energy storage’, ‘thermo-electrical
energy storage’ or ‘compressed heat energy storage’ in the litera-
ture) stores electricity in the form of sensible and/or latent heat in
insulated thermal reservoirs containing appropriate storage media,
such as solid packed beds or liquid storage tanks. A detailed list of
PTES variants reviewed and their performance metrics are provided
in Table 1, which indicates that four types of cycles are mainly being
considered. With respect to the Carnot cycle, which is an ideal-
isation made in several of the more theoretical studies in the
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Table 1

Literature overview of PTES system variants and performance metrics.

Renewable Energy 186 (2022) 431—456

Cycle Reference(s) Working fluid(s) Thermal energy store Performance metrics
Carnot Thess [24] Ideal gas Solid/liquid storage materials Roundtrip efficiency (34%—61%)
Guo et al. [25,26] Ideal gas N.A. Roundtrip efficiency (<80%)
Joule- Desrues et al. [27] Argon Tank, refractory bricks Storage efficiency (67%)
Brayton  Howes [28] Argon Packed bed, granite Roundtrip efficiency (72%)
White, McTigue, Farres- Argon Packed bed, gravel Total cyclic losses (6%), roundtrip efficiency (~70%)

Antunez et al. [29—33]
Ni and Caram [34]

Guo et al. [35]
Smallbone et al. [36,37]

Argon and air
Ideal gas
Argon

Benato and Stoppato [38
—40]

Chen et al. [41]
Georgiou, Sapin,
Markides et al. [42—45]
Wang et al. [46—48]
Steinmann et al. [49]

Argon and air

Argon and air
Argon

Argon and He
Argon and air

Dietrich et al. [50,51] Air
Laughlin [52] Argon and N,

Farres-Antunez et al. He, N; and air
[33,53-57]
Xue [58,59] Argon and air

Salomone-Gonzalez et al. Argon and air

[60]
Zhao et al. [61] Argon
McTigue et al. [62] CO,
Transcritical Mercangoz, Wright, CO,
Rankine Hemrle et al. [63,64]
Morandin et al. [65—67] CO,
Kim et al. [68] CO,
Baik et al. [69] CO,
Tauveron et al. [70,71] CO,
Abarr et al. [72—74] NH3
Wang and Zhang [75] CO; and NH3
Koen et al. [76] CO, and R13I1
Subcritical ~ Steinmann et al. [77—79] NHs/water
Rankine Vandersickela et al. [80] R142b/R245fa
Vinnemeier et al. [81,82] CO,/steam

Roskosch et al. [83,84] Organic fluid,

Butane, R245fa

Staub et al. [85] R365mfc
Dumont et al. [86,87] R1233zd(E) and
R1234yf

Eppinger et al. [88] R1233zd(E), Novec
649 and R365mfc
Hassan, Paya et al. [89,90] Organic fluids

Frate et al. [91—94] Organic fluids

Tank, refractory materials
N.A.
Packed bed

Packed bed, nine solid storage
materials

Packed bed, a-Alumina
Packed bed, magnetite

Packed bed, basalt
Packed bed regenerator and storage
tank, molten salt

Packed bed, basalt chips without quartz

Storage tank, solar salt and hexane

Storage tank, molten salt, thermal oil,

and pentane

Tank, solar salt, mineral oil, propane,

and methanol
Storage tank, solar salt and three
cryogenic liquids

Storage tank, solar salt, Therminol 66

and butane

Storage tanks, molten salt, and
synthetic fluids

Storage tanks, hot water and ice

Storage tanks, hot water and ice
Storage tanks, hot water and ice
Storage tanks, water

Ground heat storage and PCMs
Tube-in-concrete hot TES

Storage tank and heat exchangers
Tank, water and Therminol oils
Sensible/latent heat storage units
Pressurised water tank

Storage tank, water

Storage heat exchanger and the
surrounding

Storage tank, water

Storage tank, water

Storage tank, sensible (pressurised
water) and latent heat storage units
Pressurised water tanks and PCMs
Storage tank, thermal integration

Roundtrip efficiency (64%—82%)

Roundtrip efficiency (<40%)

Roundtrip efficiency (52%—72%),

LCOS (9—11 €/kWh)

Roundtrip efficiency (70%—80%), energy capital cost (50—180 $/
kWh)

Roundtrip efficiency (42%—50%)

Roundtrip efficiency (~80%), power capital cost (3.0—6.1 $K/kW),
energy capital cost (0.5—-1.1 $K/kWh), LCOS (0.4 $/kWh)
Roundtrip efficiency (39%—57%)

Roundtrip efficiency (45%—57%)

Roundtrip efficiency (~43%)
Energy marginal cost (13 $/kWh)
Roundtrip efficiency (55%—62%)

Roundtrip efficiency (50%—60%)

Roundtrip efficiency (35%—40%)

Modified overall exergetic efficiency (34%—57%)

Roundtrip efficiency (60%—78%)

Roundtrip efficiency (51% for pilot and 65% for commercial plants)

Roundtrip efficiency (48%—64%), total purchase costs (27—38 M$)
Roundtrip efficiency (65%—73%)
Roundtrip efficiency (<30%)
Roundtrip efficiency (43%—56%)
Stand-alone ES efficiency (52%—66%),
LCOE (32—50 $/MWh)

Roundtrip energy ratio (139%)?
Roundtrip efficiency (58%)

Roundtrip energy ratio (<1.25)*
Roundtrip efficiency (26%)

Roundtrip efficiency (62%)

Roundtrip efficiency (37%—56%)

Power-to-power efficiency (50%—70%)
Roundtrip energy ratio (70%—200%)"

Roundtrip efficiency (62%—80%)
Net power ratio (0.8—1.3)

Roundtrip energy ratio (60%—130%)", energy capital cost (136
—484 €[kWh)

2 When additional external heat sources and/or are integrated with PTES systems, the defined roundtrip efficiency can exceed 100%, which is why the paper reports the
thermodynamic performance using a so-called roundtrip energy ratio, which is the ratio of the electrical energy output recovered during discharge to the electrical energy

input during charge.

literature, isothermal heat transfer is assumed between thermal
reservoirs and working fluid in the cycle [24], with results showing
roundtrip efficiencies in the range of 34%—80% depending on
various parameters and conditions [24—26].

The Joule-Brayton cycle has been widely considered for high-
temperature (HT) PTES, and the world's first pilot plant based on
this cycle is being commissioned by Newcastle University
[36,37,95]. The most widely used working fluids in Joule-Brayton
cycles are argon [27—34,36,38—43,46,49,52,58], air
[34,39,41,49,53,58], nitrogen [52], and helium [46,53] whilst su-
percritical carbon dioxide (sCO») is also being investigated [62].
Many researchers have focused on PTES systems with solid thermal
reservoirs (STRs), usually employing packed beds as sensible solid
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stores. Desrues et al. [27] was one of the first to propose such a type
of PTES system and developed a simple numerical model to
examine its feasibility, and obtained a storage efficiency of 67%. A
more practical thermodynamic model was then used to derive the
analytic expressions for the roundtrip efficiency and power output
of these PTES systems [35], and optimal operating regions were
obtained. Based on this, they suggested that the heat pump should
be operated at or near a point of the maximum coefficient of per-
formance and the heat engine at an operating point between the
maximum efficiency and maximum power output. Focusing on
how various sources of thermodynamic irreversibility affect
roundtrip efficiency, White et al. [29-33,96—99] developed
detailed models of such PTES systems and found that roundtrip
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efficiency was particularly susceptible to compression and expan-
sion polytropic efficiency, especially at low-temperature ratios. In
conventional PTES systems, high temperatures mean high pressure
ratios, which in turn cause high purchasing costs for the
compressor and the hot reservoir (HR). To overcome these issues,
an electric heater can be inserted after the compressor [38—40],
which enables a considerable improvement in the roundtrip effi-
ciency (70%—80%) and energy capital cost (50—180 $/kWh) of these
systems.

Organic Rankine cycles (ORCs) are an effective option for low-to
medium-grade heat conversion [100—102], and have been exam-
ined in the context of HT-PTES in Ref. [41], specifically for recov-
ering and converting rejected heat produced due to system
irreversibility. The simulation results showed that combining HT-
PTES and parallel ORC systems can lead to maximum roundtrip
efficiencies of almost 48%. Beyond the modelling and simulation
studies, experimental work focusing on early prototypes was per-
formed to assess the potential performance of PTES technology in
Ref. [28], with a roundtrip efficiency stated as theoretically reaching
up to 72%.

Because of the unsteady operation of the thermal reservoirs,
transient analyses of these systems have also been performed.
Wang et al. [46,47] proposed transient models for PTES systems
coupling dynamics, heat transfer and thermodynamics. The results
from this work were used to obtain optimal values of the delivery
compression ratio, particle sizes, length-to-diameter ratios of the
reservoirs, and discharging durations corresponding to the
maximum roundtrip efficiency. Dietrich et al. [50,51] also consid-
ered the transient operation of these systems and reported that the
roundtrip efficiencies reached close to 43%.

Exergo-economic analyses have suggested that these systems
have higher power-specific costs than established storage tech-
nologies. Similarly, based on conventional costing methods, Mar-
kides et al. [43,45] presented a combined thermo-economic
modelling as a unified basis to compare PTES and LAES systems
in terms of system efficiency and costs. This effort showed that, as
proposed by the developers, PTES had the potential to achieve
higher roundtrip efficiencies, but LAES (12 MW, 50 MWh) poten-
tially had lower capital costs and levelised costs of storage than
PTES (2 MW, 11.5 MWHh). Following this work, the proposed PTES
and LAES technologies were integrated into a whole-electricity
system model to assess their system-level value in various sce-
narios for system decarbonisation [44]. The results showed that the
system value of PTES was slightly higher than that of LAES, pro-
moted by a higher storage duration and efficiency, at least in the UK
which was the focus of this study.

In Joule-Brayton PTES systems, thermal energy can also be
stored in liquid thermal stores (LTSs). LTSs have fewer limitations in
the choice of the cycle operating pressure without the need to
employ pressure vessels (which are necessary when using STRs),
which means that the costs of the thermal stores can be reduced.
Laughlin [52] was the first to propose a Joule-Brayton PTES system
with LTSs and considered a closed-cycle heat engine transferring
heat from a cryogenic storage fluid to molten solar salt. Following
this work, Salomone-Gonzalez et al. [60] presented a thermody-
namic model of a steady-state PTES system with liquid storage
media, and an analytically derived global roundtrip efficiency in
terms of the isentropic efficiencies of the compressor and turbine,
pressure losses and the effectiveness of the heat exchangers, and
the coupling between the working fluid and the storage liquid
media. By using this expression, they obtained efficiencies in the
range of 35%—40%. Detailed conventional and advanced exergy
analyses of this PTES-LTS technology have also been performed
[61], which indicated that improving the technological readiness
level of the compressor and turbine (higher isentropic efficiency)
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and heat exchangers (increased effectiveness, decreased pressure
loss) to suggested maximum presently attainable values, led to
improved overall exergetic efficiencies of up to 57%.

Argon and air are selected as the working fluids in most previous
studies, and a PTES-LTS variant based on sCO, was proposed by
McTigue et al. [62], who found that sCO,-PTES cycles achieved high
roundtrip efficiencies for a given hot storage temperature (up to
78% at 560 °C). Furthermore, a comparison of adiabatic compressed
air energy storage (A-CAES) and PTES systems with LTSs [58,59]
showed that A-CAES systems usually exhibited higher overall effi-
ciencies and lower unit storage costs, but this must be seen in light
of the geographical restrictions of such A-CAES systems that rely on
compressed air storage in underground caverns.

The transcritical Rankine cycle is an engaging PTES variant due
to the potential for an improved thermal match between the cycle
temperature profile and that of the thermal storage material(s). A
novel PTES system using hot water and ice storage combined with a
transcritical CO; cycle was first proposed by Mercangoz et al. [63].
Based on this original concept, Morandin et al. [65—67] performed a
thermo-economic optimisation of system configurations (SCs) and
found that the roundtrip efficiency of the optimal PTES system
would not exceed a maximum value of 64%, which could be reached
with a maximum total purchasing cost of around 34 million $ (2009
basis). A further case study by Baik et al. [69] showed there existed
an optimal temperature (70 °C) of the lowest-temperature hot
storage tank to achieve the maximum roundtrip efficiency. These
studies of transcritical-cycle PTES systems were based on conven-
tional (nominally adiabatic) compression and expansion processes.
However, Kim et al. [68] proposed a novel isothermal PTES system,
and the results suggested that the roundtrip efficiency of such a
system was 3% higher (in absolute efficiency points) relative to
previously proposed conventional PTES systems with the same
design conditions. By using ammonia as the working fluid, Abarr
et al. [72—74] presented the baseline performance, sensitivity and
levelised cost of energy (LCOE) analyses of a PTES and bottoming
system (Bot-PTES), and their results showed that the standalone
energy storage efficiency and LCOE were in the ranges of 51%—66%
and 32—-50 $/MWh, respectively. Moreover, a comparative inves-
tigation of transcritical PTES systems with different working fluids
demonstrated that trifluoroiodomethane (R131l) was a promising
option with a peak roundtrip efficiency of 58% [76]. Although PTES
has become a hot topic for large-scale energy storage, few systems
have yielded roundtrip efficiencies that are comparable with those
PHS (except for systems utilising external heat sources/sinks). By
employing ambient thermal energy and liquid-natural-gas cold
energy, Wang and Zhang [75] proposed a PTES system with a
cascade design of a transcritical CO, Rankine cycle and a subcritical
NH3 Rankine cycle and the optimised baseline case showed that
roundtrip efficiency could reach 139%.

Subcritical Rankine-cycle-based PTES systems are promising
candidates for intermediate-temperature (IT) and low-temperature
(LT) sensible and latent heat energy storage (<500 K). Using sen-
sible heat storage tanks, Roskosch et al. [83,84] analysed the gen-
eral thermodynamic potential and limits of a PTES system
consisting of a compression heat pump, a thermal storage unit and
an ORC system, with results showing roundtrip efficiencies in the
range of 37%—56%. As with the transcritical systems mentioned
above, the electrical roundtrip efficiency of classical PTES systems
does not exceed ~60%, but when using low-grade thermal energy
integration, the roundtrip energy ratio can exceed 1. Dumont et al.
[87,103] investigated a thermally integrated PTES system using hot
storage or cold storage and provided a performance map to esti-
mate which type of configuration is more profitable depending on
the glide, the waste heat temperature and the air temperature.
Similarly, a thermally integrated PTES system combined with a heat
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pump and an ORC system with a simple hot water storage tank was
proposed [85], and the results showed that applications of the
proposed system in the MW range with more efficient turbines and
dynamic compressors increase the power-to-power efficiency to
promising values over 70%, making them competitive with PHS. In
addition, Frate et al. [91-93] designed a Rankine-based PTES sys-
tem with low-grade thermal energy integration and performed a
multi-objective optimisation of the system to maximise electrical
roundtrip efficiency and minimise system cost. They found that
large-size configurations could result in equipment purchasing
costs as low as 140 €/kWh and roundtrip efficiencies of 60%.

Subcritical Rankine PTES systems can be used for the autarkic
cogeneration of heat and power [80] and integrated into thermal
plants (efficiency could reach 50%—60%) [81,82]. In combination
with latent heat storage, subcritical PTES is a preferred choice in
such applications. Eppinger et al. [88] presented a comparison of
latent and sensible thermal storages for PTES with heat pump-ORC-
systems, and their results showed that for the most sensible-
storage cases, trans-1-Chloro-3,3,3-trifluoropropene (R1233zd(E))
was the best choice working fluid with a small trade-off between
reduced efficiency for the benefit of better environmental sus-
tainability and safety. For latent-heat storage, cyclopentane ach-
ieved the highest efficiency. A similar PTES system comprising an
HT heat pump, an ORC system and an IT thermal energy storage
also showed that for latent heat storage at 133 °C, R-1233zd(E) and
R-1234ze(Z) presented the best performance [89,90]. Such PTES-
ORC systems can be used as a sector-coupling technology for heat
and electricity through LT heat from external sources [77—79].

As indicated by the aforementioned literature, research in this
field has mainly focused on investigating how to improve the
roundtrip efficiency of PTES systems whilst paying less attention to
cost, which is arguably an even more considerable factor in the
deployment of large-scale electricity storage systems. In addition,
although the thermodynamic performance of PTES systems
changes for different SCs, working fluids and storage media, com-
parison of optimised variants is scarce. In summary, most studies
only focus on specific PTES SCs, such that a comprehensive com-
parison of the thermodynamic and economic performance of
different PTES variants is still lacking from the literature.

In this paper, thermodynamic and economic performance of
different PTES systems are investigated and compared using a
unified methodology and based on a set of fixed criteria and as-
sumptions. Three distinct PTES SCs based on available sensible heat
storage materials are presented: (i) reversible Joule-Brayton PTES
with STRs, (ii) reversible Joule-Brayton PTES with LTSs, and (iii)
reversible transcritical Rankine PTES with LTSs. The main novelties
are three-fold: (1) Parametric optimisation based on thermody-
namic performance criteria is performed for each system type
whilst considering different system layouts/configurations, work-
ing fluids and storage media. (2) The sizes of the main components
of these optimal PTES systems are evaluated, and the correspond-
ing capital costs are estimated using the same four different costing
methods. This approach allows a more robust determination and
fair comparison of the thermodynamic and economic performance
of the various PTES system types for selected cases. (3) The effects
of discharge duration and power capacity on the power and energy
capital costs of the three PTES systems are investigated to assess the
economic feasibility of PTES for large-scale bulk energy storage, and
compared with other large-scale energy storage technologies. The
present study provides detailed guidance to support the design and
development of PTES technology from thermodynamic and eco-
nomic perspectives.
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2. Description of PTES system variants
2.1. PTES system configurations

Three main PTES system variants employing sensible heat
storage are considered in this work: (i) reversible Joule-Brayton
PTES systems with STRs, (ii) reversible Joule-Brayton PTES sys-
tems with LTSs, and (iii) reversible transcritical Rankine PTES sys-
tems with LTSs. Reversible transcritical Rankine PTES systems with
STRs are not selected because of the limitation of high working
pressures (up to 20.0 MPa) and corresponding costs in STRs. The
detailed selection of investigated storage materials is described in
Section 2.2.

A generalised reversible Joule-Brayton PTES system with STRs is
shown in Fig. 1. The system consists of two thermal reservoirs (hot
and cold packed beds), four turbomachines (one compressor/
expander pair used during the charge process and another one
during the discharge process), two heat exchangers (in the baseline
design) and a recuperator. During the charge process, as shown in
Fig. 1(a), the working fluid leaving the cold reservoir (CR) is first
compressed in an electrically-driven compressor. Direct heat
transfer then occurs from the compressed and hot working fluid to
the storage material in the HR, such that thermal energy is stored in
the HR whilst the temperature of the working fluid reduces as it
flows through the HR. At the exit of the HR, the high-pressure, LT
working fluid is expanded, producing useful power and reducing
the temperature of the working fluid to its lowest value. Finally, the
working fluid flows through and cools down by direct heat transfer
to the cold storage material in the CR. Later, during the discharge
process, as shown in Fig. 1(b), cold working fluid at the exit from the
CR is first compressed and then flows through the HR where it is
heated by absorbing thermal energy. At the exit of the HR, the
expansion of the high-pressure, HT working fluid produces me-
chanical power, which is converted into electricity by an electrical
generator. Subsequently, the working fluid is cooled down by
transferring heat to the storage material in the CR. To keep the
temperature profile of the HR and CR between charge and
discharge processes similar, auxiliary heat exchangers are used to
reject/absorb heat to/from the environment. Moreover, a recuper-
ator can be added to (internally) heat and cool the working fluid
prior to the compressor and expander during the charge and
discharge processes.

A generalised reversible Joule-Brayton PTES system with LTSs is
shown in Fig. 2. Compared with the reversible Joule-Brayton PTES
system with STRs (shown earlier in Fig. 1), the difference here is
that the packed-bed thermal stores are replaced by gas-liquid heat
exchangers coupled to two liquid storage tanks (referred to here as
HT and LT tanks), thus indirect heat transfer occurs in each heat
exchanger between the liquid storage material and the working
fluid. One advantage of this design is that the pressures in the stores
are decoupled from those in the cycle itself, such that the LTSs can
operate at lower pressures. This design does not involve high-
pressure vessels, and hence the costs of the thermal stores can be
reduced. However, liquid storage materials have limited operating
temperature ranges compared with solid storage materials, and the
heat transfer performance between the liquid storage material and
the working fluid deteriorates. Therefore, a more detailed investi-
gation and comparison of the thermodynamic and economic per-
formance of the two distinct PTES systems is performed in this
work.

It has been suggested in Ref. [63] that transcritical cycles can be
designed to have a better thermal match the temperature profiles
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Fig. 1. Layout of generalised reversible Joule-Brayton PTES systems with STRs. HR/CR: hot/cold reservoir; COMP: compressor; EXP: expander; HX: heat exchanger.
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Fig. 2. Layout of generalised reversible Joule-Brayton PTES systems with LTSs. AHX: auxiliary heat exchanger; HHX/CHX: hot/cold heat exchanger.

through the stores. Therefore, a third potential system, which
comprises a reversible transcritical Rankine PTES system with LTSs,
is considered, as shown in Fig. 3. Compared with the Joule-Brayton
PTES system with LTSs, the compressor previously required for the
discharge cycle is replaced by a pump, which reduces the required
power consumption, the single-phase cold-side heat exchanger is
replaced by a heat exchanger with phase-change heat transfer,
namely an evaporator during charge process and a condenser
during discharge process, and the ambient environment is used as
the heat sink. Moreover, the operating pressures (up to 20.0 MPa)

are typically higher than those of reversible Joule-Brayton PTES
systems (~1.0 MPa).

2.2. Selection of storage media

There are three main categories of thermal energy storage:
sensible, latent, and chemical heat storage [104,105]. In this
investigation, sensible heat storage is focused, as sensible heat
storage is the most technically and commercially mature option,
with materials that are readily available, inexpensive, non-toxic,
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Fig. 3. Layout of generalised reversible transcritical Rankine PTES systems with LTSs.

non-flammable and with good thermal properties. Latent heat
storage is becoming more widely available and phase-change ma-
terials (PCMs) can be used as storage media in the systems of in-
terest, especially to store heat during the two-phase heat exchange
processes in the transcritical Rankine cycle (N.B.: cascaded tanks
can also be used to store heat along a temperature gradient),
including at high temperatures [106], but this is out of the scope of
the present work Similarly, thermochemical heat storage is in the
early stages of development and not considered here.

Packed-bed stores are a suitable option for STRs in PTES systems
due to their low cost, wide operating temperature ranges, large
specific surface areas (which results in small temperature differ-
ences during heat transfer), non-toxicity, long life and other prac-
tical advantages. Six potential solid storage materials have been
selected for the packed-bed STRs by consulting the relevant liter-
ature and are summarised in Table 2. The specific heat capacity of a
solid storage material is usually dependent on its temperature, such
that detailed correlations for this property are obtained from the
literature.

For the sensible liquid storage media used in LTSs, the investi-
gation focuses on the most commercially mature options for PTES
systems, as summarised in Table 3. For the HT zone (above 500 K),
three molten salts, specifically HITEC, HITEC XL and solar salt, are

considered due to their desirable characteristics at high tempera-
tures, low cost and low environmental effect compared with syn-
thetic oils [114]. For the IT zone (from ambient temperature to
~500 K), Therminol 66, Therminol VP-1, rapeseed oil and pressur-
ised water (0.5 MPa) are potential candidates. Although thermal
oils exhibit lower heat capacities than water, they remain in the
liquid phase at higher temperatures (up to 250 °C) at atmospheric/
low pressures [111], which is a remarkable advantage because this
allows higher-temperature operation whilst avoiding the need (and
costs associated with) for pressurisation and sealing. To increase
the roundtrip efficiency of the PTES system, the working temper-
ature of the cold energy storage material should be below ambient
temperature. In this paper, five different organic liquids, namely
butane, pentane, hexane, heptane and ethanol, are examined as
potential storage materials in this component because they enable
operating temperatures below 200 K. However, although these
fluids remain in the liquid state at a low vapour pressure (near or
below 0.1 MPa), they are also highly flammable and neurotoxic [52].
For all hot and cold storage materials, thermophysical properties
could not be directly obtained from the NIST database through
REFPROP 9.1 [115] (which is a limitation often found in the recent
literature focusing on the choice of storage materials), and correc-
tions are applied to the thermophysical properties dependent on

Table 2

Main characteristics of sensible heat solid storage materials used in packed beds [38,40,41,107—113].
Storage material Density Specific heat capacity cp, [J/(kg-K)] Thermal conductivity k, [W/(m-K)] Cost, [$/kg] References

p, [kg/m’]

Magnetite (Fe304) 5081 851 491 0.5 [40,107]
Quartzite (SiO) 2500 830 3.16 0.04 [107,108]
Alumina (Al,03) 3990 1167 11.1 1.5 [40,41]
Titanium oxide (TiO2) 4230 692 8.40 1.7 [38,40,109]
Hematite (Fe03) 5240 628 12.6 0.5 [40,110]
Basalt 2640 1231 1.50 0.12 [46,111,112]
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Table 3
Main characteristics of sensible heat liquid storage materials. The values of the thermophysical properties correspond to intermediate temperatures between Ty, and Tiax.
Storage material Tmin [K] Tmax [K] Density Specific heat capacity ¢, [J/(kg-K)] Thermal conductivity k, [W/(m-K)] Viscosity  Cost [$/kg] References
p, [kg/m?] u, [mPa-s]
HITEC 415 808 1637 1562 0.382 2.60 0.93 [114,116,117]
HITEC XL 403 823 1959 1432 0.519 419 1.43 [114,117]
Solar salt 533 873 1817 1517 0.525 1.57 0.5 [53,114]
Therminol 66 264 616 909 2072 0.109 1.20 1.0 [75,116]
Therminol VP-1 285 673 909 2066 0.113 0.371 3.96 [114,117,118]
Rapeseed oil 280 523 843 2383 0.195 7.59 0.8 [108]
Pressurised water 273 486 896 4355 0.679 0.155 0.001 [75]
Butane (C4Hy) 135 323 646 2139 0.136 0.328 1.0 [113,119]
Pentane (CsHyy) 144 366 663 2141 0.129 0.338 1.0 [54,113]
Hexane (CH4) 178 403 662 2240 0.123 0.323 1.0 [52,113]
Heptane (C;H;6) 183 437 700 2292 0.119 0.346 1.0 [113,120]
Ethanol (C,HgO) 159 398 802 2292 0.168 1.62 1.0 [113,119]
the temperature to ensure the accuracy of the calculations, as Table 4
detailed in supplementary Material A. The cost data for various Critical temperatures and pressures of selected working fluids [115].
liquid storage materials are obtained following Ref. [113]. Working fluid T [K] Pe; [MPa]
The detallgd working tem_pera}ture ranges of .all the said liquid Argon (Ar) 151 486
storage mater1a1§ are shown in Fig. .4. For reve.rsﬂ?le Joule-Brayton Nitrogen (N) 126 3.40
PTES systems with LTSs, the selection of HT liquid storage mate- Helium (He) 5.2 0.23
rial has a substantial effect on roundtrip efficiency. The lowest Air o 133 3.79
working temperatures of these materials are higher than the Carbon dioxide (CO,) 304 7.38
bient temperature, and a combination of HT and IT storage Ammonia (NH;) 406 14
ambr p , g Trifluoro iodomethane (R1311) 396 3.95

materials is a possible choice for hot energy storage due to the
overlap of their working temperatures. In this paper, different
combinations of hot storage materials are compared when opti-
mising the roundtrip efficiency. For the case of reversible tran-
scritical Rankine PTES systems with LTSs, only an IT storage
material is used. Based on the selected materials, the operating
thermodynamic parameters of the different PTES systems are
identified.

2.3. Working fluid selection

Following a comprehensive review of the literature, seven
working fluids highlighted as suitable for PTES cycles are identified:
argon, nitrogen, helium, air, carbon dioxide, ammonia and tri-
fluoroiodomethane. The critical temperatures and pressures of
these fluids obtained from NIST REFPROP 9.1 [115] are summarised
in Table 4. The critical temperatures of argon, nitrogen, helium and
air are much lower than the ambient temperature, such that these

T
Ethanol
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Rapeseed oil
Therminol VP-1 1 [ |

HITEC XL A : | |
1
|

Solar salt 4

Sensible heat liquid storage material

HITEC | |
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Working temperature [K]

0

Fig. 4. Working temperature of different sensible heat liquid storage materials.
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gases can readily be used in Joule-Brayton PTES systems. On the
other hand, the critical temperatures of carbon dioxide, ammonia,
and trifluoroiodomethane are slightly higher than the ambient
temperature, which makes these working fluids suitable for tran-
scritical Rankine PTES systems. The operating thermodynamic pa-
rameters of PTES systems depend considerably on the selected
working fluid, which consequently affects the thermodynamic and
economic performance of these systems. Therefore, in this paper,
parametric optimisation and performance comparisons of PTES
systems employing these working fluids are performed.

3. Modelling methodology
3.1. Main components

There are three main categories of components in PTES systems
(see Section 2.2): (i) mechanical machineries (compressors, ex-
panders/turbines, pumps), (ii) thermal storage units (packed-bed
reservoirs and liquid tanks), and (iii) heat exchangers (hot/cold/
auxiliary heat exchangers, gas heaters/coolers, evaporators/con-
densers and recuperators). Polytropic and isentropic efficiencies
are used to characterise the performance of compression/expan-
sion devices and pumps whilst the effectiveness-NTU (number of
transfer units) method is used to predict heat transfer rates in all
heat-exchange components. The fixed values of these thermody-
namic performance indicators are used to predict the overall PTES
technical performance (e.g., roundtrip efficiency). Their definitions
are detailed in this section.

3.1.1. Compressors and expanders in Joule-Brayton cycles

For reversible Joule-Brayton PTES systems, although
reciprocating-piston devices have a higher efficiency than turbo-
machinery and can reduce the total component and system costs,
the maximum power for a single reciprocating machine is limited
[22,28], and such devices are not available at present for large-scale
PTES systems. Hence, the paper focuses on the use of
turbomachines.
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Consistent with many other studies [27,30,31,46], polytropic
efficiency is used as the sole indicator to predict the thermody-
namic performance of compression and expansions devices. The
polytropic efficiency (p,) of a compression process is defined as
the ratio of the ideal work in a reversible isentropic process to the
work in an adiabatic process for each infinitesimally small step:

vdp
Toc="dn

For an expansion process, the polytropic efficiency (npe) is
defined as the ratio of the actual work in an adiabatic process to the
ideal work in an isentropic (and reversible) process for each
infinitesimally small step:

(1)

_ dh

- )

Mpe

In the Joule-Brayton cycle, the specific heat ratio v = ¢p/cy is used
for ideal gases, which is substituted into Egs. (1) and (2), and after
integration result in the following:

1,1
Tecout Peout\ 7 ™€
il e 3)
TcAin <Pc,in >
1.y
Te out _ Pe,out v (4)
Te,in Pe«,in

where Pcj, and Pcoye are the inflow and outflow pressures of the
compressor, respectively; Tcin and Te oyt are the inflow and outflow
temperatures of the compressor, respectively; Pein and Pe oy are the
inflow and outflow pressures of the expander, respectively; and
Tein and Teoye are the inflow and outflow temperatures of the
expander, respectively.
Moreover, pressure ratio mc = Pcout/Pcin and temperature ratio
¢ = Teout/Tein across the compressor, and pressure ratio me = Pe in/
Pe out and temperature ratio Ye = Te in/Te out across the expander, are
defined as follows:

=1,
T e

(5)
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.
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3.1.2. Machines in transcritical Rankine cycles

In transcritical Rankine cycles, the working fluid is near the two-
phase region and cannot be considered an ideal gas. Isentropic ef-
ficiencies are used for all machines. Assuming no heat losses to the
surroundings, isentropic efficiency can be defined for a compressor
and a pump as follows:

hc.is,out - hc,in

Nic= (7)

hcjout - hc,in
where hcin, hcour and heisour are the inflow specific enthalpy,
outflow specific enthalpy and outflow specific enthalpy, respec-
tively, which would occur in an isentropic process of a compressor
or pump.

For a turbine and an expander, isentropic efficiency can be
defined as follows:
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he,in - herut

Nte :h (8)

where hejn, heout and hejsout are the inflow specific enthalpy,
outflow specific enthalpy and outflow specific enthalpy,
respectively.

3.1.3. Packed-bed thermoclines and liquid tanks
For a packed-bed thermocline store, the volume of the reservoir
Vpack is calculated as follows:

V 2 =
ps(1 — evp)Cs

pack = (9)
where m is the mass flow rate of the working fluid; ¢, ¢ the specific
heat of the working fluid; ty the nominal charge time; ps the density
of the storage material; eyr the void fraction of the packed bed; and
Cs the average specific heat capacity of the storage material.

Stored energy in the reservoir Epack is given by the following:
Epack = ps(1 — eve)CsVpack(Th — T2) (10)
where T; and T, are the charge and discharge temperatures,
respectively.

For a liquid tank store, tank volume Vi,nx and stored energy Etank
are calculated by the following:

sty (11)

Vtank =
s

Etank = pszsvtank(Tl - TZ) (12)

where 1 is the mass flow rate of the storage liquid.

3.1.4. Heat exchangers

In PTES systems, the heat exchangers play an important role and
need to be carefully designed. Firstly, the e-NTU method is used for
the choice of thermodynamic parameters. Heat transfer effective-
ness e [121] is defined as follows:

_ 9
Qmax

(13)

&

where Q and Q4 are the actual and maximum possible heat
transfer rates, respectively.

Maximum possible heat transfer is defined as the maximum
value of heat transfer that could be attained if one of the fluids
undergoes a temperature change equal to the maximum temper-
ature difference present in the exchanger:
Qmax = (MC) i (Ths,in - Tcs,in) (14)
where m and c are the mass flow rate and the specific heat of the
working fluid, respectively. The fluid with the minimum values of
mc may be either the hot or the cold fluid, and T, and T i are the
inlet temperatures of the hot-side and cold-side fluids, respectively.

NTU stands for number of transfer units and is representative of
the heat exchanger size, defined as follows:

UA

UA

NTU = —_
(mc)min

(15)

Cmin

where U is the overall heat transfer coefficient, A is the heat transfer
area, and Cpj is the minimal heat capacity between hot and cold
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fluid. In addition, heat capacity ratio is defined as follows:

Cmin

Cmax

Cr (16)

The most commonly employed heat exchanger type is the shell-
and-tube heat exchanger, which is selected here as the heat transfer
device in all the considered PTES systems. For a counter-flow heat
exchanger, the heat transfer effectiveness is associated with Cg and
NTU as follows:

_ T—exp[-NTU(1 - )]
71 _Crexp] - NTU(1 — )]

TEMA standards are followed for the design of the shell-and-
tube heat exchangers [122]. The detailed design procedures for
structure parameters and several pressure losses are shown in the
study [123]. In this paper, the main corrections of heat transfer
coefficients of tube-side (ats) and shell-side (ass) for distinct heat
exchangers (single and two-phase regions) are presented in Sup-
plementary Material B. The overall heat transfer coefficient of a
heat exchanger is calculated as follows:

(17)

1
U= (18)
1 do do | 0w do 1
@ d TTed T 4 T T ag

where A, and d,, denote the wall heat conductivity and the thick-
ness, respectively; do, di and dp, are the outside, inside and mean
tube diameters, respectively; and rgi and rg are the fouling re-
sistances on the tube and shell sides, respectively.

3.2. Conditions, parameters and assumptions

To establish a specific basis for the comparison of the thermo-
dynamic and economic performance of the different PTES systems,
the (discharge) power capacities (50 MW) and discharge durations
(6 h) of all plants are fixed. These specific values are selected
because they are intermediate values between values found in
literature and are points of overlap for all of the described systems
[20,22,44,46,64,67,93,96,124,125]. Given that the discharge capac-
ity and storage duration of these plants will affect the relative
comparison between the performance of these systems, these re-
strictions are relaxed towards the end of this paper (e.g., see
Fig. 19); for further insight into the role of these parameters, the
interested reader is referred to Olympios et al. [23].

The design optimisation of the thermodynamic parameters of
the PTES systems is performed by selecting the roundtrip efficiency
as an objective function, using optimisation tools in MATLAB whilst
considering the limitations of the working temperatures of the
storage materials and manufacturing capabilities of the main
components in practical applications [126]. For the optimisation
procedure, the initial input parameters include: (i) for the revers-
ible Joule-Brayton PTES system: compressor and expander poly-
tropic efficiencies of 90% according to suggested design parameters
of a PTES system reported in the literature [27,46,54]; (ii) for the
transcritical Rankine PTES system: isentropic efficiencies are again
taken from the literature, with a value of 85% taken for the
compressor [41,70], 85% for the expander [63,69], 88% for the tur-
bine [41,89], and 80% for the pump [75,89]; (iii) for packed beds: a
void fraction of 0.4 and an equivalent spherical particle diameter of
0.02 m are considered, which agree with the study of McTigue et al.
[31]; (iv) for the heat exchangers: effectiveness is set to 0.95, which
is consistent with Ref. [76] and a heat capacity ratio of unity; and (v)
an ambient temperature of 25 °C (298 K) and inlet pressure to the
compressor of 1.05 bar.

A sequential quadratic programming algorithm, which is a
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highly reliable method for solving problems such as the one under
investigation here [93], is adopted in this work. Furthermore, in
order to prevent the solver from being trapped in local minimum
solutions (which may happen as the design problem is highly non-
linear), a multi-start strategy is adopted, starting from different
initial points that are randomly selected. Furthermore, the
following assumptions are made for the parametric optimisation of
the PTES systems:

(1) Heat leakage in the turbomachines is negligible due to their
high rotational speed;

(2) Pressure drops in all nominally isobaric components are
neglected;

(3) Heat losses to the surroundings in all components are
ignored;

(4) Working fluids used in the Joule-Brayton cycles are assumed
to be ideal gases;

(5) Thermodynamic calculations of all PTES systems are per-
formed at the design point for the charging and discharging
processes based on a full-charge-to-full-discharge cycle,
although actual performance may depend on the variable
operating conditions the energy storage will experience.

3.3. Performance indicators

Achieving high efficiencies along with low costs is vital for any
electricity storage technology to compete with more established,
mature technologies such as PHS and CAES. These indicators can be
optimised by adjusting a variety of design and operational pa-
rameters, which in several cases is not achievable in practice due to
trade-offs or conflicts. Here, the roundtrip efficiencies and capital
costs of different PTES variants are investigated and compared.
Firstly, these performance indicators are defined.

3.3.1. Roundtrip efficiency
Roundtrip efficiency y is defined as the net power output during
discharge divided by the net power input during charge:

whet mA.(W i — W A).lm
d dis e, dis c,dis) * tdis
—_dis __ x 100, [%] (19)
chg  Mepg* (Wc,chg — We chg | *Lehg

where m,g and ;s are the mass flow rates during the charge and
discharge processes, respectively; wc cng and we chg are the specific
work of the compressor and the expander used during charge,
respectively; we gis and wcgis are the specific work of the expander
and the compressor used during discharge, respectively; and tchg
and tgjs are the charge and discharge duration times, respectively.

To compare the work of the compression and expansion pro-
cesses of different PTES systems at identical roundtrip efficiencies, a
work ratio of the charge mode (wcng) is defined as the ratio of
specific compression work to specific expansion work during
charge, and a work ratio of the discharge mode (wqjs) is defined as
the ratio of specific expansion work to specific compression work
during discharge:

We chg
Wehg = (20)
e We,chg
o _ Wedis (21)
dis WC«,dlS
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3.3.2. Capital cost

The costing of emerging technologies is challenging and can
involve substantial uncertainties. Which costing method available
in the literature provides the most accurate estimation of the
related equipment costs is currently not known. Therefore, pre-
liminary cost estimation of PTES systems by using a variety of
costing methods is obtained in this analysis. This approach involves
obtaining a mean cost estimation from different methods, along
with associated uncertainty ranges.

The total capital cost (TCC) includes the costs associated with
the construction of a new plant or the modifications to an existing
chemical manufacturing plant and is used to evaluate the systems’
economic performance. Moreover, the power capital cost (PCC),
which is the TCC per unit of rated power output, $/kW, and the
energy capital cost (ECC), which is the TCC per unit of energy
storage capacity, $/kWh, are also both evaluated for different plant
designs, conditions and parameters.

The module costing technique is used to calculate the bare
module cost of each component. The cost is then modified by the
chemical engineering plant cost index to obtain the TCC of the
system [127]:

Cr=>Y Cgu* (%) (9]

where I, and I, are dimensionless numbers employed to adjust the
capital cost required to build a system based on inflation from a
past date ‘b’ to a later time ‘a’. The index was equal to 607.5 in 2019,
and values for other years are obtained from Chemical Engineering
Online [128] and reported in Supplementary Material C.

In this paper, four methods are used to calculate and compare
the bare module cost of each component, obtained from Turton
et al. [127], Seider et al. [129], Couper et al. [130] and Morandin
et al. [67]. Included are costs of compression and expansion ma-
chines, pumps, storage tanks, pressurised vessels, heat exchangers
and electrical generators, which are assumed to be the dominant
component costs. The resulting ‘total’ costs are not necessarily
intended to be accurate estimations of true final costs of these
plants because other costs (land, legal, etc.) are not considered, and
these additional costs are highly variable, regionally specific and
can change appreciably over time, such that including them leads
to larger uncertainties and a greater difficulty to perform like-for-
like comparisons of the various options under examination. A
detailed presentation of these methods is given in Supplementary
Material C. In the corresponding results (Section 4), the variability
of the cost methods for each PTES system reported here is indicated
by cost ranges (‘error bars’) in all plots, which correspond to either
the mean or the absolute deviation, as indicated.

(22)

4. Thermodynamic optimisation of PTES systems

In PTES systems, overall technical performance is closely asso-
ciated with a number of thermodynamic parameters. These pa-
rameters are mainly determined by the properties of the working
fluid, storage materials and conditions imposed by the processes
taking place in the main system components (compressors, ex-
panders, pumps, heat exchangers, and thermal reservoirs). There-
fore, in this section, the results from design optimisation based on
maximising system roundtrip efficiency as the thermodynamic
performance indicator of interest and performed based on plants
with a selected power capacity (50 MW) and discharge duration
(6 h) for the thermodynamically optimal PTES systems are pre-
sented, followed by evaluating the economic performance of these
systems in Section 5.
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4.1. Reversible Joule-Brayton PTES with STRs

For reversible Joule-Brayton PTES systems with STRs, thermo-
dynamic optimisation is performed by evaluating the performance
of different SCs, working fluids and storage materials. The initial
values, as well as the constraints (lower and upper bounds) of the
optimised parameters, which include the pressure ratios of the
charge and discharge processes, and working fluid temperatures at
the HR and CR outlets during charge, are given in Supplementary
Material D. The working fluid temperatures at the HR and CR
outlets during charge only need to be optimised when a recuper-
ator is considered in the system. The constraints used in this work
are as follows: (a) The maximum working temperature should be
below 850 K because this is the maximum operating temperature
of the steel that is envisioned for the construction of the compo-
nents. (b) The minimum temperature of the working fluid should
be above 123 K, according to the grid-scale demonstration dis-
cussed in Ref. [36]. (c) The inlet/outlet temperatures of the HRs and
CRs during charge are equal to those during discharge.

In the PTES systems shown in Fig. 1, the working fluid temper-
atures at the inlets of the compressor and expander during charge
are set to 298 K (ambient temperature), as ensured by the auxiliary
heat exchangers. When no recuperator is considered, the working
fluid temperatures at the outlets of the HRs and CRs during charge
are also set to 298 K. Moreover, auxiliary heat exchangers HX1 and
HX2 are used to reject heat and keep the working fluid tempera-
tures in the HRs and CRs stable during charge and discharge.
Although the heat exchangers are simply auxiliary devices, the
number of heat exchangers and the selected layout remarkably
affect the thermo-economic performance of the system. Therefore,
a detailed comparison of different PTES SCs with magnetite used as
the packed-bed material and argon as the working fluid accounting
for different heat exchanger layouts is performed. Corresponding T-
s diagrams of the different SCs considered in this section are shown
in Fig. 5, and the key thermodynamic performance indicators are
shown in Fig. 6.

The results in Fig. 6 show that for SC1, SC2, SC1r and SC2r, the
pressure ratios during charge are larger than those during
discharge, whereas the trends are reversed for SC3 and SC3r. In
addition, the work ratios during charge (2.94—3.22) are all larger
than those during discharge (1.53—2.43). More importantly, the
highest roundtrip efficiency (66.4%) is attained by SC1, which in-
volves utilising HX1 and HX2, but not a regenerator. If only HX1 is
used (SC2), the roundtrip efficiency is slightly lower than for SC1
but only marginally (66.2% for SC2 versus 66.4% for SC1), which is
within the uncertainty of the present modelling/prediction
methods. In SC3, which only involves HX2, and although the
pressure ratio during discharge is the maximum possible within
the operating limits, the maximum temperature of the working
fluid is still lower than 850 K, and the roundtrip efficiency is lower
than those of SC1 and SC2. This result suggests that, in the non-
recuperated Joule-Brayton PTES system with STRs, the inclusion
of HX1 is a key feature of the system if a high roundtrip efficiency is
required, and HX2 does not play a substantial role. If a recuperator
is added to SC1 (i.e. SC1r), the effect of this additional component
on roundtrip efficiency is negligible (66.4% for SC1 versus 66.3% for
SC1r), and the same results apply to SC2, for which the effect of
recuperation on roundtrip efficiency can also be neglected (66.2%
for SC2 versus 66.3% for SC2r). However, if a recuperator is added to
SC3 (i.e. SC3r), then the working fluid temperature reaches its
maximum possible value, and the roundtrip efficiency increases
remarkably from 52.3% to 63.6%, indicating that this component is
important in improving the roundtrip efficiency of this SC.

Based on the SC1 variant of PTES systems with STRs, the influ-
ence of the working fluid on the key thermodynamic performance
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Fig. 5. T-s diagrams of reversible Joule-Brayton PTES systems with argon as the working fluid and magnetite as the packed-bed material: (a) SC1 — both HX1 and HX2 are used, but
no recuperator; (b) SC2 — only HX1 is used; (c) SC3 — only HX2 is used; (d) SC1r — HX1, HX2 and a recuperator are used; (e) SC2r — HX1 and a recuperator are used; and (f) SC3r —

HX2 and a recuperator are used (see also Fig. 1).

indicators is shown in Fig. 7, where systems with helium as the
working fluid achieve the highest roundtrip efficiency (66.5%), and
those with argon have a similar roundtrip efficiency (66.4%) that is
within the uncertainty of the present predictions. However, when
nitrogen or air is the working fluids, the pressure ratio during
discharge reaches its maximum possible value within the operating
limits, but the roundtrip efficiency (57%—58%) is lower than when
using helium or argon.

The roundtrip efficiency and total reservoir volume of PTES
systems when using different packed-bed materials and helium as
the working fluid are summarised in Table 5. The results indicate
that the choice of solid storage material does not affect roundtrip
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efficiency but has a substantial influence on total reservoir volume.
This finding is not important from a thermodynamic perspective,
but can have space and cost implications.

In summary, the above results suggest that, if only the ther-
modynamic performance of these systems (i.e. here, their roundtrip
efficiency) is considered, the combination of PTES SC1 or SC2, and
helium or argon as the working fluid are the best choices for Joule-
Brayton PTES systems with STRs.

4.2. Reversible Joule-Brayton PTES with LTSs

Design optimisation of the thermodynamic performance of
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Fig. 6. Thermodynamic performance comparison of the six 50 MW Joule-Brayton PTES
system configurations with 6 h discharge duration, when using argon as the working
fluid and magnetite as the packed-bed material: (a) pressure ratio; (b) work ratio; and
(c) roundtrip efficiency, where SC1 — both HX1 and HX2 are used, but no recuperator;
SC2 — only HX1 is used; SC3 — only HX2 is used; SC1r — HX1, HX2 and a recuperator
are used; SC2r — HX1 and a recuperator are used; and SC3r — HX2 and a recuperator
are used (see also Figs. 1 and 5).

reversible Joule-Brayton PTES systems with LTSs is also performed,
by considering different SCs, working fluids and storage materials.
As described in Section 2.1, the combination of HT and IT liquid
storage materials would be a feasible method for hot energy stor-
age, but the working fluid temperatures at the inlets of IT and HT
liquid tanks need to be optimised. The initial values, lower and
upper bounds of 10 optimised parameters are summarised in
Supplementary Material D. The main constraints are as follows:
(a) The maximum working temperature should be lower than 850 K
because this is the maximum operating temperature of the steel
that is used in the construction of the components. (b) The oper-
ating temperatures of the hot and cold storage materials must be
limited within the feasible working temperature ranges, as re-
ported in Table 3. (¢) The inlet/outlet temperatures of the HT hot, IT
hot and cold liquid tanks during charge are equal to those during
discharge.

In the PTES system shown in Fig. 2, when no recuperator is
considered, the working fluid temperature at the compressor inlet
during charge is fixed at 298 K (ambient temperature). Moreover,
auxiliary heat exchangers AHX1 and AHX2 are used to reject heat
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and keep the working fluid temperatures at the inlet/outlet of hot
and cold liquid stores stable during charge and discharge. As with
the case of the Joule-Brayton PTES system with STRs, a detailed
comparison of different PTES SCs using solar salt, Therminol 66 and
pentane for storage materials and argon used as the working fluid,
accounting for different heat exchanger layouts, is performed. The
associated T-s diagrams and the thermodynamic performance of
system variants are shown in Fig. 8 and Fig. 9, respectively.

The work ratios during charge and discharge are all lower than
those in Joule-Brayton PTES with STRs for all SCs. Moreover, the
highest roundtrip efficiency (56.6%) is attained by SC3r, which
features a recuperator and AHX2. Amongst the non-recuperated
systems, the roundtrip efficiency is highest for SC1 and SC2, i.e.
when AHX1 and AHX2, or only AHX1 is used, respectively; the
latter being marginally lower. For SC3 (only AHX2 used), the
roundtrip efficiency is lower than SC1 and SC2 because the
maximum temperature is still lower than 850 K. This finding im-
plies that in the non-recuperated Joule-Brayton PTES system with
LTSs, similar to the case of STRs, the inclusion of AHX1 is important
for a high roundtrip efficiency. If a recuperator is added to SC1 (i.e.
SC1r), its effect on the system's roundtrip efficiency is negligible
(54.6% for SC1 versus 54.5% for SC1r), and the same conclusions are
drawn for SC2, for which the effect of recuperation on roundtrip
efficiency can also be neglected (53.7% for SC2 versus 54.4% for
SC2r). However, if a recuperator is added to SC3 (i.e. SC3r),
roundtrip efficiency increases considerably, from 38.3% to 56.6%,
which as with the case of STRs, indicates that the inclusion of this
component can improve the system's overall roundtrip efficiency.
Given the uncertainty of these predictions, SC1, SC2, SC1r, SC2r and
SC3r have similar efficiencies.

In the Joule-Brayton PTES system with LTSs, three heat ex-
changers transfer heat/cold between the working fluid and the
liquid storage materials, including an HT hot heat exchanger, an IT
hot heat exchanger and a cold heat exchanger. In this investigation,
different combinations of storage materials are used. The pinch
point temperature difference (PPTD), which is the minimum tem-
perature difference between heat exchanger fluids, of each heat
exchanger should be checked carefully because their thermody-
namic properties are all dependent on the working temperature. As
an example, the T-Q diagram of hot and cold heat exchangers
during charge and discharge is shown for the optimised Joule-
Brayton PTES system (based on SC1 and using argon as the work-
ing fluid and solar salt, Therminol 66 and pentane as the HT hot, IT
hot and cold storage materials, respectively) in Fig. 10.

This figure shows that for the HT hot heat exchanger, the
working temperature range of the HT storage material (solar salt) is
584—837 K during charge and discharge. The PPTDs of the HT hot
heat exchanger, which occur at the inlets of the HT storage material
during charge and discharge, are all equal to 13 K. For the IT hot
heat exchanger, the working temperature range of the IT storage
material (Therminol 66) is 331—584 K during charge and discharge.
The PPTDs of the IT hot heat exchanger, which occur at the inlet of
the IT storage material during charge and discharge, are all equal to
13 K. For the cold heat exchanger, the working temperature range of
the cold storage material (pentane) is 153—306 K during charge and
discharge. The PPTDs of the cold heat exchanger, which occur at the
inlet of the cold storage material during charge and discharge, are
all equal to 8 K.

Based on PTES SC1 using solar salt, Therminol 66 and pentane as
the storage materials, the influence of selecting different working
fluids on the systems’ thermodynamic performance is shown in
Fig. 11. The results show that for all the working fluids, the work
ratios during charge are higher than those during discharge, and
the work ratios of Joule-Brayton PTES systems with LTSs are lower
than those of Joule-Brayton PTES systems with STRs (shown in
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Table 5

Roundtrip efficiency and total reservoir volume of Joule-Brayton PTES systems based on SC1, when using helium as the working fluid and different packed-bed materials. Best

value is shown in bold.

Total reservoir volume [m>] (Roundtrip efficiency, x [%]) SC1 SC2 SC3 SCir SC2r SC3r

Magnetite 3537 (66.5) 3565 (66.0) 5163 (53.3) 3492 (66.5) 3492 (66.5) 4258 (64.2)
Alumina 3223 (66.5) 3248 (66.0) 4670 (53.3) 3185 (66.5) 3185 (66.5) 3919 (64.2)
Quartzite 6836 (66.5) 6890 (66.0) 9894 (53.3) 6732 (66.5) 6732 (66.5) 8396 (64.2)
Titanium oxide 4846 (66.5) 4884 (66.0) 7014 (53.3) 4772 (66.5) 4772 (66.5) 5952 (64.2)
Hematite 4310 (66.5) 4344 (66.0) 6239 (53.3) 4245 (66.5) 4245 (66.5) 5294 (64.2)
Basalt 6030 (66.5) 6078 (66.0) 8789 (53.3) 6038 (66.5) 6038 (66.5) 7032 (64.2)

Fig. 7). Moreover, the highest roundtrip efficiencies are 54.6% and
54.4% with argon and helium as the working fluid, respectively.
When using nitrogen or air as the working fluid, although the
pressure ratio reaches the maximum possible value, the roundtrip
efficiency is still lower than the systems that use argon or helium.

A comprehensive comparison of the roundtrip efficiency of
Joule-Brayton PTES systems with different combinations of storage
materials and argon used as the working fluid is shown in Table 6.
When using solar salt, Therminol 66 and butane as the storage
materials, the PTES system achieves the highest roundtrip effi-
ciency (55.3%), but other combinations of hot and cold stores have
similar thermodynamic performance (efficiency), e.g. other Ther-
minol or HITEC variants in the hot store and pentane in the cold
store. Given that the minimum working temperatures of heptane
and hexane are higher than those of the other cold storage
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materials (pentane, ethanol and butane), the roundtrip efficiency
associated with these two cold storage materials is remarkably
lower than those associated with the other options.

In summary, the best roundtrip efficiencies of Joule-Brayton
PTES systems with LTSs are associated with SC1, SC2, SC1r, SC2r
and SC3r and argon or helium as the working fluid, with efficiencies
in the range 54%—57%. A combination of solar salt + Therminol or
HITEC + Therminol as the hot storage materials and butane or
pentane as the cold storage material allows the highest roundtrip
efficiencies of within +1%.

4.3. Reversible transcritical Rankine PTES with LTSs

Similar to the two other PTES system variants, the optimisation
of the thermodynamic performance of reversible transcritical
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Fig. 8. T-s diagrams of reversible Joule-Brayton PTES systems with argon as the working fluid and solar salt, Therminol 66 and pentane as the storage materials: (a) SC1 — both
AHX1 and AHX2 are used, but no recuperator; (b) SC2 — only AHX1 is used; (c) SC3 — only AHX2 is used; (d) SC1r — AHX1, AHX2 and a recuperator are used; (e) SC2r — AHX1 and a
recuperator are used; and (f) SC3r — AHX2 and a recuperator are used (see also Fig. 2).

Rankine PTES systems with LTSs is performed by evaluating
different SCs (with and without recuperation), working fluids and
storage materials. The main constraints are as follows: (a) The
operating temperatures of the hot and cold storage materials must
be within their feasible working temperature ranges. (b) The inlet/
outlet temperatures of the hot and cold liquid tanks during charge
are equal to those during discharge. The initial values, lower and
upper bounds of the optimised parameters for three working fluids
are summarised in Supplementary Material D.

Cycle (T-s) diagrams of transcritical Rankine PTES systems using
CO; as the working fluid and Therminol 66 for the storage material
are shown in Fig. 12. For the PTES system without a recuperator,
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although the working fluid pressure at the compressor outlet
during charge reaches its upper limit, the working fluid tempera-
ture at the compressor outlet during charge is much lower than the
maximum working temperature of Therminol 66 due to the heat
transfer/thermal match between CO, and Therminol 66 in the gas
cooler (during charge) and the gas heater (during discharge),
whereas for the PTES system with a recuperator, the working fluid
temperature at the compressor outlet during charge and the tem-
perature of Therminol 66 reach their upper working temperature
limits.

The thermodynamic performance of transcritical Rankine PTES
systems using different storage materials is summarised in Table 7.
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Fig. 9. Thermodynamic parameter comparison of the six 50 MW Joule-Brayton PTES
system configurations with 6 h discharge duration, when using argon as the working
fluid and solar salt, Therminol 66 and pentane as the storage materials: (a) pressure
ratio; (b) work ratio; and (c) roundtrip efficiency, where SC1 — both AHX1 and AHX2
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— AHX1, AHX2 and a recuperator are used; SC2r — AHX1 and a recuperator are used;
and SC3r — AHX2 and a recuperator are used (see also Figs. 2 and 8).

For all four storage materials considered, without a recuperator, the
pressure at the outlet of the compressor during charge is higher
than that of the pump during discharge, whereas for systems with a
recuperator, the pressure at the outlet of the compressor during
charge is lower than that of the pump during discharge. Compared
with Joule-Brayton PTES systems with STRs and LTSs, transcritical
Rankine PTES systems with LTSs experience larger work ratios
during charge and discharge, especially when using a recuperator,
which has a positive effect on roundtrip efficiency. Moreover,
adding a recuperator increases the roundtrip efficiency of the
transcritical systems for all storage materials. Amongst the
considered storage materials, the system achieves the highest
roundtrip efficiency (68.0%) when using Therminol VP-1 and when
a recuperator is included. This value, and the system that it corre-
sponds to, is considered promising and worthy of further exami-
nation as it is marginally higher than the efficiencies of the best
subcritical PTES systems presented earlier in Sections 4.1 and 4.2.
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Ammonia (NHs3) is a potential choice as the working fluid of
transcritical Rankine PTES systems. However, its critical tempera-
ture and pressure are 406 K and 11.4 MPa, respectively, such that
pressurised water and rapeseed oil are excluded as storage mate-
rials in this case, due to limited working temperatures. Therefore,
only Therminol 66 and Therminol VP-1 are selected for the design
of these PTES systems.

Cycle (T-s) diagrams when using Therminol 66 as the storage
material and NH3 as the working fluid are shown in Fig. 13. Here,
the temperature of NHs at the outlet of the compressor, even
without a recuperator, is near its imposed operating limit, such that
the effect of adding a recuperator is expected to be limited. Table 8
shows that when using NH3 as the working fluid, the work ratios
during charge and discharge are larger than those with CO, as the
working fluid. Moreover, the system using Therminol VP-1 as the
storage material and including a recuperator achieves the highest
roundtrip efficiency (53.9%), but this is lower than the subcritical
PTES system efficiencies presented earlier in Sections 4.1 and 4.2.

Koen et al. [76] suggested that trifluoroiodomethane (R13I1) is a
promising working fluid for transcritical Rankine PTES systems
with LTSs. To select the best combination of working fluid and
storage materials, R13I1 is also included in this investigation and
corresponds to PTES systems designed to use three different stor-
age materials: Therminol 66, Therminol VP-1 and rapeseed oil. The
cycle (T-s) diagrams in Fig. 14 show that when using Therminol 66
as the storage material, the pressure at the outlet of the compressor
during charge is slightly higher than that of the pump during
discharge when the system does not include a recuperator, whereas
with a recuperator, the pressure at the outlet of the compressor
during charge is slightly lower than that of the pump during
discharge. Moreover, the thermodynamic performance of these
PTES systems with different storage materials is shown in Table 9.
When using Therminol VP-1 as the storage material and including a
recuperator, the system achieves the highest roundtrip efficiency
(63.5%), which is similar (only marginally lower) to the efficiencies
of the PTES systems with STRs presented earlier in Section 4.1 and
higher than the efficiencies of the PTES systems with LTSs pre-
sented in Section 4.2.

Based on the most promising hot-store material (i.e. Therminol
VP-1), the thermodynamic performance comparison of the tran-
scritical Rankine PTES systems with different working fluids per-
formed in this work is shown in Fig. 15. The results show that the
PTES system which uses CO, as the working fluid and includes a
recuperator achieves the highest roundtrip efficiency (68.0%). In
general, adding a recuperator has a remarkable positive effect on
the thermodynamic performance (here, roundtrip efficiency) of
these transcritical Rankine PTES systems, especially for systems
that use CO; as the working fluid.

Finally, the roundtrip efficiencies of the presently considered
PTES systems are compared with other TMES systems and large-
scale storage flow batteries and Li-ion batteries in Fig. 16 (see
Fig. 15). The results show that most TMES technologies, specifically,
CAES, LAES and PTES here, have overall efficiencies in the range
from 45% to 70% [23]. Substantial efficiency improvement is
promised by advanced CAES systems (60% for diabatic-CAES versus
70% for adiabatic-CAES), whereas standalone LAES systems show
(relatively) lower roundtrip efficiencies (approximately 50%).
Although compressed heat energy storage (CHEST) systems often
operate at lower maximum temperatures than Joule-Brayton PTES
systems, they show similar roundtrip efficiencies (about 65%).
Although PHS, VRB flow batteries and Li-ion batteries show slightly
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higher efficiencies (60%—90%) [23] than TMES systems, the effi-
ciency gap among these technologies is not substantial. The
roundtrip efficiencies of PTES systems in this paper are close to 70%,
and with technological improvements in key components, this
technology has a promising potential in relevant applications, i.e.
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grid-scale, medium/long-duration electricity storage with few
geographical constraints, low environmental impact and long life-
times, whilst providing additional advantages in providing thermal
energy along with electrical energy during discharge, and to be
integrated with other (e.g., solar or waste) heat or source. For a
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Table 6

Roundtrip efficiencies of 50 MW Joule-Brayton PTES systems based on SC1 with 6 h
discharge duration, and when using argon as the working fluid and different liquid
storage materials. Best value is shown in bold.

Roundtrip efficiency, x [%] Cold storage fluids

Hot storage materials Pentane Ethanol Butane Heptane Hexane
Solar salt + Therminol 66 54.6 50.6 55.3 443 46.0
HITEC + Therminol 66 53.7 50.5 54.2 42.4 44.2
HITEC XL + Therminol 66 53.9 50.5 54.5 424 44.2
Solar salt + Therminol VP-1 54.6 50.6 55.3 44.2 45.6
HITEC + Therminol VP-1 53.7 50.5 54.2 42.4 44.2
HITEC XL + Therminol VP-1 53.9 50.5 54.5 424 44.2
HITEC + Rapeseed oil 51.6 49.8 51.6 42.4 44.2
HITEC XL + Rapeseed oil 51.6 49.8 51.6 424 442

more detailed discussion and comparison of PTES and, by exten-
sion, TMES systems to PHS and other battery technologies the
interested reader is referred to the review by Olympios et al. [23].

5. Combined thermodynamic and economic performance
comparisons of PTES systems

Based on the optimal thermodynamic designs of the different
PTES systems in Sections 4.1—4.3, the economic performance of
eight PTES system design cases based on a pre-selected power ca-
pacity (50 MW) and discharge duration (6 h) are evaluated and
compared here. The results of the optimised Joule-Brayton PTES
systems with STRs in Section 4.1 indicate that the highest round-
trip efficiency is attained by configuration SC1 with helium as the
working fluid. Hence, this system is selected for further study and
referred to here as Case 1. In addition, a full capital cost analysis of
all SCs (shown in Table 10) reveals that configuration SC2 has a
roundtrip efficiency close to that of SC1 but the lowest TCC, PCC and
ECC; thus, this system is also selected to investigate the role of
different SCs and working fluids further. This PTES system is
referred to when using helium and nitrogen as the working fluids in
Cases 2 and 3, respectively. Finally, because the storage medium
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Fig. 12. T-s diagrams of reversible transcritical Rankine PTES systems with CO, as the working fluid and Therminol 66 (LTS) as the storage material: (a) without; and (b) with a

recuperator (see also Fig. 3).
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Table 7
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Thermodynamic performance of 50 MW transcritical Rankine PTES systems with 6 h discharge duration, when using CO; as the working fluid and different storage materials.

Best values are shown in bold.

Performance parameter Pressurised water

Therminol 66 Therminol VP-1 Rapeseed oil

Recuperator included No Yes No Yes No Yes No Yes
Pressure at compressor inlet during charge [MPa] 5.32 5.31 5.32 3.79 427 3.74 5.32 433
Pressure at compressor outlet during charge [MPa] 20.0 9.41 20.0 10.7 20.0 12.0 20.0 10.5
Pressure at pump inlet during discharge [MPa] 6.71 6.71 6.71 4.92 6.12 4.85 6.71 5.52
Pressure at pump outlet during discharge [MPa] 10.9 11.7 10.9 144 10.6 16.6 10.9 13.8
Work ratio, weng [—] 335 114 3.35 18.0 3.82 17.8 335 14.2
Work ratio, wgjs [—] 293 4.00 292 6.81 3.57 6.59 292 5.11
Roundtrip efficiency, x [%] 39.1 55.1 38.6 67.0 40.7 68.0 38.6 62.3
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Fig. 13. T-s diagrams of reversible transcritical Rankine PTES systems with NH; as the working fluid and Therminol 66 (LTS) as the storage material: (a) without; and (b) with a

recuperator (see also Fig. 3).
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recuperator (see also Fig. 3).

does not affect roundtrip efficiency, the storage material with the
smallest reservoir volume (alumina, according to Table 5) is
selected for Cases 1 to 3 as this has the lowest cost thermal
reservoirs.

For the Joule-Brayton PTES systems with LTSs, the results in
Section 4.2 show that systems based on SC1, SC2, SC1r, SC2r and
SC3r, which use argon as the working fluid and a combination of
solar salt, Therminol 66 and butane as the storage materials, have
(similar) high roundtrip efficiencies. However, a full capital analysis
of all SCs (shown in Table 11) reveals that SC1 has the lowest TCC,
PCC and ECC. Therefore, this system is taken as Case 4 for the
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thermo-economic investigation. Furthermore, to perform a wider
comparison of Joule-Brayton PTES systems with LTSs, Cases 5 and 6,
which involve helium and nitrogen as the working fluids, respec-
tively, are included in the analysis. Finally, for the transcritical
Rankine PTES systems with LTSs, the results in Section 4.3 indicate
that Therminol VP-1 is the best choice for the storage material.
Thus, Cases 7 (with CO; as the working fluid) and 8 (with NH3 as the
working fluid) are included in the analysis. All eight investigated
cases are summarised in Table 12.

Before proceeding to the economic results, the roundtrip effi-
ciencies of all eight PTES system cases considered in this section are
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Table 8

Thermodynamic performance of 50 MW transcritical Rankine PTES systems with 6 h
discharge duration, when using NHj as the working fluid and different storage
materials. Best values are shown in bold.

Performance parameter Therminol  Therminol
66 VP-1
Recuperator included No Yes No Yes
Pressure at compressor inlet during charge [MPa] 044 138 043 0.76
Pressure at compressor outlet during charge [MPa] 14.2 12.0 14,5 12.0
Pressure at pump inlet during discharge [MPa] 275 157 214 0.76
Pressure at pump outlet during discharge [MPa] 120 198 200 200
Work ratio, weng [—] 104 352 113 47.0
Work ratio, wgis [—] 141 111 147 153
Roundtrip efficiency, x [%] 422 464 537 539

summarised in Fig. 17, which shows that amongst all investigated
cases, the transcritical system achieves the highest roundtrip effi-
ciency (68.0% for Case 7). This result is higher than that of Morandin
et al. [67] and can be explained in terms of the maximum working
temperature of Therminol VP-1, which is higher than that of pres-
surised water. When using the same working fluid in Joule-Brayton
PTES systems with STRs and LTSs, the efficiencies of the former
(Cases 1 and 3) are higher than those of the latter (Cases 5 and 6),
with the highest value attained with helium in Case 1 (66.5%).
Joule-Brayton PTES systems with STRs or LTSs have the lowest ef-
ficiencies when using nitrogen as the working fluid (Cases 3 and 6).

Based on the optimal thermodynamic parameters obtained for
each case, the sizes of the main components (compressors, ex-
panders, pumps, storage tanks, pressurised vessels, heat ex-
changers and electrical generators) of the PTES systems are
identified using the methods described in Section 3.1. These pa-
rameters are then used to calculate the capital cost of the compo-
nents, and subsequently, the whole systems. A mean cost
estimation is employed for each component using four costing
methods (described in Section 3.3), along with associated uncer-
tainty ranges, as it is still unknown that which costing method
available in the literature provides the most accurate estimation.
Finally, an economic performance comparison of the investigated
thermodynamically optimal designs is performed and the results
are shown in Fig. 18.

The results show that Case 7 (transcritical cycle with a recu-
perator and using CO, as the working fluid) is associated with the
lowest TCC of 209 M$, whereas Case 6 (Joule-Brayton cycle with
LTSs and nitrogen as the working fluid) achieves the highest TCC,
equal to 409 MS$. Focusing on the Joule-Brayton PTES systems with
STRs (Cases 1 to 3), it shows that the TCC of SC2 is slightly lower
than that of SC1, which is attributed to the absence of an additional
heat exchanger. The TCC when using nitrogen as the working fluid
is higher than when using helium due to the higher cost of the HR,
which is attributed to the higher working pressure, as shown in
Case 3 in Fig. 18(b). Moreover, the main components of the TCC
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Fig. 15. Roundtrip efficiency comparison of 50 MW transcritical Rankine PTES systems
with 6 h discharge duration, when using different working fluids and Therminol VP-1
(LTS) as the storage material.
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Fig. 16. Comparison of roundtrip efficiency of the PTES systems with other TMES
systems and large-scale flow and Li-ion batteries. Data for technologies other than
PTES are from the review by Olympios et al. [23].

involve the HR (23%—37%), the compressor required for charge
(22%—29%) and the expander required for discharge (16%—22%).

Thermodynamic performance of 50 MW transcritical Rankine PTES systems with 6 h discharge duration, when using R1311 as the working fluid and different storage materials.

Best values are shown in bold.

Performance parameter

Therminol 66

Therminol VP-1 Rapeseed oil

Recuperator included No Yes No Yes No Yes

Pressures at the inlet of the compressor in charge [MPa] 0.39 0.28 0.23 0.27 0.41 0.27
Pressures at the outlet of the compressor in charge [MPa] 6.03 6.0 20.0 6.0 6.0 6.0

Pressures at the inlet of the pump in discharge [MPa] 1.29 0.33 0.92 0.32 143 0.32
Pressures at the outlet of the pump in discharge [MPa] 6.0 7.59 15.3 7.67 6.11 7.51
Work ratio, weng [—] 6.56 22.6 4.74 22.8 5.94 229
Work ratio, wgis [—] 4.50 7.03 333 6.98 4.23 7.06
Roundtrip efficiency, x [%] 394 63.4 399 63.5 373 62.6
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Table 10

Thermo-economic performance comparison of all Joule-Brayton PTES systems with
STRs when using helium as the working fluid and alumina as the packed-bed ma-
terial, where SC1 — both HX1 and HX2 are used, but no recuperator; SC2 — only HX1
is used; SC3 — only HX2 is used; SC1r — HX1, HX2 and a recuperator are used; SC2r —
HX1 and a recuperator are used; and SC3r — HX2 and a recuperator are used (see
also Figs. 1 and 5).

System configurations SC1 SC2 SC3 SClr SC2r SC3r
Roundtrip efficiency, x [%] 665 660 533 665 665 64.2
Total capital cost, TCC [M$] 250 245 410 254 254 302

Power capital cost, PCC [$/kW] 5000 4910 8200 5080 5080 6030
Energy capital cost, ECC [$/kWh] 833 818 1370 846 846 1010

Table 11

Thermo-economic performance comparison of all Joule-Brayton PTES systems with
LTSs when using argon as the working fluid and a combination of solar salt, Ther-
minol 66 and butane as the storage materials, where SC1 — both AHX1 and AHX2 are
used, but no recuperator; SC2 — only AHX1 is used; SC3 — only AHX2 is used; SC1r —
AHX1, AHX2 and a recuperator are used; SC2r — AHX1 and a recuperator are used;
and SC3r — AHX2 and a recuperator are used (see also Figs. 2 and 8).

System configurations SC1 SC2 SC3 SCir SC2r SC3r
Roundtrip efficiency, x [%] 553 537 388 557 557 56.6
Total capital cost, TCC [M$] 307 317 492 450 378 768

Power capital cost, PCC [$/kW] 6140 6340 9830 9000 7560 15400
Energy capital cost, ECC [$/kWh] 1020 1060 1640 1500 1260 2560

Comparing the Joule-Brayton PTES systems with STRs (Cases 1 and
3) to the PTES systems with LTSs (Cases 5 and 6) shows that the
latter systems are more expensive when using the same working
fluid. Furthermore, Fig. 18(b) shows that the main components that
contribute to the TCC of Joule-Brayton PTES systems with LTSs are
the compressor required for charge (30%—35%), the expander
required for discharge (17%—23%) and the heat exchangers (13%—
24%). For the transcritical Rankine PTES systems with LTSs (Cases 7
and 8), the heat exchangers are the most expensive components
due to the large heat transfer areas of the evaporator and
condenser, which account for 33%—41% of the TCC. However, the
TCCs of the transcritical Rankine PTES systems are all lower than
those of the Joule-Brayton PTES systems.

The PCCs and ECCs of three shortlisted PTES systems (Cases 2, 5
and 7) are compared in Fig. 19 over a wider range of discharge
durations (2—12 h) and power capacities (10—100 MW). These
three cases were selected because they have the lowest TCCs
compared with other PTES system cases, as shown in Fig. 18(a). For
a fixed power capacity of 50 MW, discharge duration has a positive
effect on the PCC and a negative effect on the ECC. Transcritical
Rankine PTES systems with LTSs (Case 7) have the lowest PCC and
ECC, the latter marginally so. When the discharge duration is
shorter than 8 h, the highest PCC and ECC are obtained for the
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Fig. 17. Thermodynamic performance comparison of 50 MW PTES system designs
under investigation with 6 h discharge duration. All cases (PTES system variants) are
defined in Table 12.

Joule-Brayton PTES system with LTSs (Case 5), whereas for higher
discharge durations (>8 h), the PCC and ECC of Joule-Brayton PTES
system with STRs (Case 2) surpass those of the system with LTSs
(Case 5). Within the investigated range of discharge durations, the
lowest PCC and ECC are 3790 $/kW (discharge duration is equal to
2 h) and 396 $/kWh (discharge duration is equal to 12 h), respec-
tively, which both correspond to the transcritical Rankine PTES
systems with LTSs (Case 7). Fig. 19(b)) shows the PCCs and ECCs of
the three shortlisted cases all decrease with the system power ca-
pacity. If the power capacity is high enough, the PCCs and ECCs of all
PTES systems no longer change appreciably with changes in the
power capacity.

In conclusion, the analysis shows that when sensible heat
storage media are selected, transcritical Rankine PTES systems us-
ing CO; as the working fluid and Therminol VP-1 as the storage
material appears as a promising choice when considering ther-
modynamic and economic performance. Predictably, a suitable
selection of discharge duration and power capacity makes PTES
systems more economically competitive against other large-scale
electricity storage technologies, such as CAES and PHS. Compari-
sons of PCCs and ECCs of these PTES systems with other TMES
systems as well as large-scale storage flow batteries and Li-ion
batteries are shown in Fig. 20, although these results do not
reflect the much longer lifetimes, e.g. Li-ion batteries. Bearing this
in mind, PHS and CAES are associated with the lowest ECC (<80
$/kWh)[23] but are more technologically and commercially mature
and available for larger-scale electricity storage; VRB flow batteries
and Li-ion batteries have good PCCs but suffer from high ECCs
compared with TMES systems (~600 $/kWh and ~2000 $/kWh,
respectively) [23]. Furthermore, the PCCs and ECCs of LAES, CHEST,

Description of eight PTES system cases used for thermo-economic performance evaluation.

Case Cycle Working fluid Storage type Storage material(s) Configuration®
Case 1 Joule-Brayton Helium Packed-bed Alumina SC1

Case 2 Joule-Brayton Helium Packed-bed Alumina SC2

Case 3 Joule-Brayton Nitrogen Packed-bed Alumina SC2

Case 4 Joule-Brayton Argon Liquid-tank Solar salt + Therminol 66 + Butane SC1

Case 5 Joule-Brayton Helium Liquid-tank Solar salt + Therminol 66 + Butane SC1

Case 6 Joule-Brayton Nitrogen Liquid-tank Solar salt + Therminol 66 + Butane SC2

Case 7 Transcritical Rankine CO, Liquid-tank Therminol VP-1 With recuperator
Case 8 Transcritical Rankine NH3 Liquid-tank Therminol VP-1 With recuperator

4 See Figs. 1-3, plus Figs. 5 and 8 and Figs. 12—14 for the definitions of all PTES system variant/configuration cases.
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and PTES systems are very close to one another (~3500 $/kW and
~400 $/kWh, respectively) [23]. PTES and LAES technologies are still
under development. The future uptake can affect costs through
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economies of scale, and the costs depend strongly on the intended
power capacity and discharge duration of the systems.
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6. Conclusions

Pumped-thermal electricity storage (PTES) is a medium-to
large-scale, longer-duration thermo-mechanical energy storage
technology that presents the advantages of few geographical con-
straints, low capital costs, long lifetimes and flexible power rating.
Therefore, it exhibits great potential as a key component of future
electric power systems. This paper focussed on presently available
sensible heat storage materials and analysed three distinct PTES
system variants: reversible Joule-Brayton PTES systems with solid
thermal reservoirs (STRs), reversible Joule-Brayton PTES systems
with liquid thermal stores (LTSs), and reversible transcritical
Rankine PTES systems with LTSs. Comprehensive investigations
and comparisons of thermodynamic and economic performance of
these systems were presented for a power rating of 50 MW and
discharge duration of 6 h.

Parametric design optimisation of each PTES system variant
considering different system configurations, working fluids and
storage media was initially performed from a thermodynamic
perspective. The results revealed that for Joule-Brayton PTES sys-
tems with STRs, the best thermodynamic performance (roundtrip
efficiency) were associated with system configurations with two
auxiliary heat exchangers or an auxiliary heat exchanger after the
expander in discharge, and helium or argon as the working fluid;
for Joule-Brayton PTES systems with LTSs, most of the system
configurations, with either argon or helium as the working fluid,
showed comparable best roundtrip efficiencies, with values in the
range 54—57%. A combination of solar salt + Therminol or
HITEC + Therminol as the hot storage material and butane or
pentane as the cold storage material allowed the highest roundtrip
effeminacies, to within +1%. Turning to the transcritical Rankine
PTES systems with LTSs, the highest roundtrip efficiency (68%) was
exhibited by systems which featured a recuperator and that
employed CO; as the working fluid, respectively. When using the
same working fluid in Joule-Brayton PTES systems, the roundtrip
efficiencies of systems that employed STRs were higher than those
of equivalent systems with LTSs.

Among all the investigated PTES systems, the predicted round-
trip efficiency reached a (highest) value of 68%, which was similar
to other TMES systems but slightly lower than large-scale PHS, VRB
flow batteries and Li-ion batteries. This needs to be carefully
considered as PTES systems offer added possibilities of providing
and/or utilising thermal energy along with electrical energy during
operation, when appropriately integrated with external sources
and sinks (e.g., solar or waste heat).

Based on the aforementioned optimal thermodynamic param-
eters, the sizes of the main components of the considered PTES
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systems were identified, and the corresponding capital costs were
evaluated using mean estimations from four different costing
methods to provide a unified costing framework. Based on these,
the economic performance of eight selected designs based on the
three types of PTES systems were analysed and compared. The
main observations were that transcritical Rankine PTES systems
that employ CO- as the working fluid, Therminol VP-1 as the stor-
age material and include a recuperator had the lowest total capital
cost (209 MS$) for the specific system specification (50 MW capacity
and 8 h discharge duration). Finally, the power and energy capital
costs of three optimised designs were compared for discharge
durations varying over a wider range, and the results demonstrated
that increasing the discharge duration has a positive effect on the
power capital cost and a negative effect on the energy capital cost.
Within the investigated range of discharge durations (2—12 h), the
lowest power and energy capital costs were 3790 $/kW (discharge
duration is equal to 2 h) and 396 $/kWh (discharge duration is equal
to 12 h), respectively, which both corresponded to the transcritical
Rankine PTES system with LTSs.

Compared with other TMES systems and large-scale PHS, VRB
flow batteries and Li-ion batteries, the power and energy capital
costs were very close to those of LAES and CHEST systems, lower
than VRB flow batteries and Li-ion batteries but higher than
commercially available, more mature technologies, such as CAES
and PHS. With technological improvements to the key components
of PTES systems, in can be expected that these systems will appear
as a promising solution for grid-scale, medium/long-duration
electricity storage with low environmental effects, lifetimes, and
with fewer geographical constraints than CAES that relies on un-
derground storage or PHS.

Overall, the transcritical Rankine PTES system using CO- as the
working fluid and Therminol VP-1 as the storage material appears
promising within the envelope of this investigation, when
considering both thermodynamic and economic performance. The
present paper provides detailed guidance for the design, optimi-
sation and further development of PTES technology, and will be of
interest to component manufacturers, technology developers, en-
ergy system operators, whole-energy system modellers and
policymakers.
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