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Abstract: To integrate large shares of renewable energy sources in electric grids, large-scale and
long-duration (4–8+ h) electric energy storage technologies must be used. A promising storage
technology of this kind is pumped thermal electricity storage based on Brayton cycles. The paper’s
novel contribution is in the techno-economic comparison of two alternative configurations of such
storage technology. Liquid-based and solid-based pumped thermal electricity storage were studied
and compared from the techno-economic point of view. The cost impacts of the operating fluid
(air, nitrogen, and argon), power rating, and nominal capacity was assessed. Air was the most
suitable operating fluid for both technologies, simplifying the plant management and achieving
cost reductions between 1% and 7% compared to argon, according to the considered configuration.
Despite a more complex layout and expensive thermal storage materials, liquid-based systems
resulted in being the cheapest, especially for large applications. This was due to the fact of their
lower operating pressures, which reduce the cost of turbomachines and containers for thermal energy
storage materials. The liquid-based systems achieved a cost per kWh that was 50% to 75% lower
than for the solid-based systems. Instead, the cost per kW benefited the solid-based systems up to
nominal power ratings of 50 MW, while, for larger power ratings, the power conversion apparatus of
liquid-based systems was again cheaper. This was due to the impact of the turbomachines on the
total cost. The machines can represent approximately 70% of the total cost for solid-based systems,
while, for liquid-based, approximately 31%. Since the cost of turbomachines scales poorly with the
size compared to other components, solid-based systems are less suitable for large applications.

Keywords: grid-scale energy storage; thermal exergy storage; liquid- and solid-based Pumped
Thermal Electricity Storage (PTES); techno-economic comparison; PTES multi-objective optimisation

1. Introduction
1.1. Framework of the Analysis

Power production accounts for more than 75% of total greenhouse gas emissions in the
European Union [1]. Therefore, increasing the production from renewable energy sources
(RESs) would help decarbonise European society and help meet the carbon neutrality
targets for 2030 and 2050 set by the European Commission [2]. However, RES development
should be pursued without compromising the electric grid stability and quality of service.
Therefore, electric energy storage (EES) is often considered an enabling technology for RES
integration, as it may decouple electric demand and production and provide stability to an
electric grid powered mainly through nondispatchable RESs [3]. In addition to grid stability,
the other objective for RES integration is to maintain energy costs that are affordable for
the largest share of the European population as possible. To do this, EES technologies must
be cheap and efficient to foster nondispatchable RES integration sustainably [4].

Many EES alternatives are available for different applications, defined by various
power and capacity ratings, but it is still unclear which technologies could emerge as the
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most cost-effective in the future [5]. Concerning long-duration applications (i.e., charg-
ing/discharging durations of 4–10+ h), today, more than 90% of the worldwide installed
capacity is represented by pumped hydro energy storage (PHES) [5]. However, in most
mature electric grids (e.g., EU, US, and Japan), new sites suited for PHES are unavailable,
and no new capacity can be installed [6]. Therefore, alternative EES must be developed if
the storage capacity deployed on the grids is to be increased.

Multiple technologies have been proposed to replace PHES, such as redox flow batter-
ies, compressed air energy storage (CAES), liquid air energy storage (LAES), and pumped
thermal electricity storage (PTES). Some authors refer to PTES, LAES, and other technolo-
gies storing electric energy as thermal exergy as Carnot batteries (CBs) [7].

None of the newly proposed technologies, not even PHES, represent an ideal op-
tion, which would have a low-cost per kW and kWh; a high roundtrip efficiency; be site
independent; environmentally and socially sustainable; and employ nontoxic, safe, and
environmentally friendly materials that are easy to source and dispose of when the plant is
decommissioned. Comparing different EESs to find the best candidate is not trivial, and
several simplifying assumptions are often required. From an economic perspective, a recent
study [8] compared several technologies and suggested that PTES, particularly the Brayton
cycle-based configurations, are promising because they combine decent roundtrip efficiency
with low capital investments. Low costs do not automatically translate into cost-effective
systems, as roundtrip efficiency and electric energy market costs also play a huge role.
However, they are beneficial, especially for grid-scale and long-duration systems and can
be further reduced with support schemes such as capacity remuneration markets, which
are becoming widespread in several countries [8]. In this regard, Brayton PTES (BPTES) is
well positioned, since it may achieve low costs per installed kWh thanks to using cheap
materials to store energy, making high capacity ratings achievable for promising costs.

Low cost per kWh is not the only positive feature of BPTES; its components (heat
exchangers, tanks, vessels, and turbomachines) are durable and reliable; they effortlessly
scale up in size, such that systems of hundreds of MW are realisable. Furthermore, BPTES
is geographically independent, as opposed to some alternatives, such as CAES and PHES;
it is expected to achieve higher efficiency comparable technologies, such as LAES; finally, it
employs environmentally friendly materials available in most countries, so it is not subject
to geopolitical issues. All these features are promising, but the economic analyses in the
literature suggest that most EES technologies, BPTES included, are still not financially
viable, especially for long-duration applications [9]. Therefore, focusing on the economic
analysis of BPTES is relevant for addressing a crucial problem, such as the EES costs, that
may hinder the RES development and power sector decarbonisation.

1.2. Research Gaps, Paper Activities, and Innovative Contributions

The paper used economic analysis to investigate the cost impact of different BPTES
configurations and design specifications, such as the materials to store energy and the
Brayton cycle operating fluid. Two systems, one based on liquid and one on solid materials,
were compared. The liquid-based configuration (LBPTES) was initially proposed in [10]
and recently studied also in [11,12], whereas the solid-based configuration (SBPTES) is the
one from [13] and also analysed in [14–16].

As for the operating fluids, argon is the most common option in simulation-based
studies. However, helium [15], nitrogen [10], or air [17] can be considered. Argon and
helium achieve higher temperatures for the same operating pressures, which benefits
roundtrip efficiency. However, the fluids have both a thermodynamic and an economic
impact since, by changing the fluid, the cycle mass flow rates and pressure ratios may vary,
impacting the cost of the turbomachines and other components.

In the paper, three operating fluids, argon, nitrogen, and air, were compared from the
roundtrip efficiency and economic points of view. While previous analyses focused on the
economic assessments of Brayton PTES, such as in [18] for LBPTES and in [19] for SBPTES,
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they usually include one single fluid. Instead, the present analysis compared three fluids,
providing helpful and novel design guidelines.

Furthermore, the paper systematically investigates the trade-off between roundtrip
efficiency and cost for PTES systems by proposing a multi-objective, optimised design of
the systems, when applicable. In particular, as it is clarified, according to the assumptions
of the paper, the multi-objective design was possible only for the LBPTES in which the
trade-off between the efficiency and cost originated from the use of heat exchangers (absent
in SBPTES), whose heat transfer area can be increased or reduced to privilege either
the roundtrip efficiency or the cost. For SBPTES, there was no such effect, and, in the
paper, a single objective optimised design is presented for each investigated configuration
in this case.

The economic analyses performed on the LBPTES and SBPTES were employed to
compare the two technologies and suggest the most cost-effective alternative. This is the
second, perhaps the most relevant, innovative contribution of the paper since, usually,
either SBPTES or LBPTES are considered in techno-economic analyses, and a unified cost
model for both has not been proposed in the literature so far. Despite this, it is relevant
to compare the two technologies from a comprehensive techno-economic standpoint, as
they are both promising and much studied, but they have significant differences alongside
their many similarities. The analysis not only calculates the specific cost per kW and kWh
of both technologies, which may be relevant for other techno-economic comparisons, but
also analyses the main cost drivers for the LBPTES and SBPTES. This allows the reader to
understand why the two technologies achieved different cost performances and provides
valuable suggestions for reducing the cost of each configuration, guiding future research
efforts towards impactful goals.

In conclusion, this study’s innovative contributions can be summarised as follows:

• The impact on the LBPTES and SBPTES performance and cost of three different
operating fluids (i.e., argon, nitrogen, and air) was assessed in order to select the most
cost-effective alternative;

• An economic comparison between the solid-based and liquid-based Brayton PTES
was performed to select the most cost-effective configuration, guide future research
and designs and understand the main cost drivers of the two technologies.

1.3. Organisation of the Material

The paper is structured as follows: Section 2 provides an overview of the LBPTES and
SBPTES, laying the foundation for the techno-economic comparison between the two tech-
nologies. Section 3 introduces the study methodology, and the optimised design method-
ology and the studied configurations are introduced here. At the same time, most of the
modelling details on the performance and cost calculation are reported in Appendices A–C.
Section 4 deals with the discussion of the results and the comparison between the studied
configurations. Finally, Section 5 reports the study’s concluding remarks.

2. Brayton PTES Operating Principle, Components, and Techno-Economic Analysis

This section introduces and compares the features of the SBPTES and LBPTES systems
simulated in the paper. The techno-economic impact of the specific characteristics of the
SBPTES and LBPTES are also discussed.

2.1. Solid- and Liquid-Based PTES Operating Principles and Configurations

Brayton PTES stores electric energy as thermal exergy, which means that, in the
charging phase, electric energy is converted into thermal exergy with a Brayton heat
pump; whereas, in the discharging phase, the thermal exergy is converted back into
power with a Brayton heat engine. The BPTES may use solid (SBPTES) or liquid media
(LBPTES) to store thermal exergy. Simplified schematics of both systems are reported in
Figures 1 and 2. LBPTES and SBPTES are often incorrectly categorised as power-to-heat-
to-power technologies, even though the authors believe that the most rational framework
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to analyse PTES performance is based on exergy. Assuming this standpoint helps avoid
some counterintuitive phenomena arising from a purely energy-based approach. For
example, in the charging phase, the Brayton heat pump uses electric energy to move some
heat from the cold to the hot reservoir. This creates a temperature difference between
the reservoirs that represents the potential to produce work (i.e., exergy) by moving the
heat backward, powering a thermal engine (the discharge cycle). However, even though
the cold reservoir net energy balance is negative, as it loses heat, it still can be said that
it is charged if we consider that it operates at temperatures lower than the environment,
which makes the thermal exergy and heat flow in opposite directions [20]. Thus, exergy is
charged inside when the heat is extracted from the cold reservoir at temperatures lower
than the environment.
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An LBPTES uses heat exchangers to transfer the heat between the cycle fluid and
the materials within the hot and cold reservoirs, or thermal exergy storage (TES). In the
literature, both internally regenerated and nonregenerated LBPTES have been proposed.
Nonregenerated layouts hardly achieve larger roundtrip efficiencies than 0.4 [11]. Much
better efficiencies are achieved with internal regeneration. In [18], the authors mapped the
roundtrip efficiencies for several combinations of machine efficiencies and heat exchanger
pressure losses, finding that values above 0.5 can be realistically achieved. Such numbers
align with the theoretical estimation performed in [10], which indicated 0.72 as a theoretical
maximum, given a realistic set of assumptions regarding machine efficiencies and system
operating temperature.
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Given the superior performance, internally regenerated BPTES should be considered
the standard layout. Section 2.2 and [10] report a more comprehensive analysis of the
internal regeneration impact. The regenerator is a gas–gas heat exchanger that transfers the
heat from the high- to the low-pressure branches of the system.

Even though the use of reversible machines has been proposed and theoretically
analysed in [21–23], standard BPTES configurations use separate systems for charging
and discharging. Therefore, two compressors, two turbines, and six heat exchangers were
considered for the LBPTES systems in Figure 1.

Turbomachines are the most advanced components in an LBPTES. They should be
characterized by large but not unrealistic isentropic efficiencies for the LBPTES to achieve
satisfactory efficiencies. In [18], it was shown that machine efficiencies over 0.9 are necessary
to achieve roundtrip efficiencies over 0.5. Higher values, up to 0.93 for the turbine and
0.91 for the compressor, can be achieved in high-end turbomachines. However, a custom
design would be required to match these values in PTES [21]. Given the usual LBPTES
operating mass flow rates, most authors agree that axial machines should be used. In [21], a
tentative design of the machines for an LBPTES is proposed, confirming that, even though
the operating fluid can be different from air, suitable machines can be designed without
major differences from standard turbomachinery applications.

As for the cycle fluids, argon [10], helium [15], nitrogen [10], or air [17] have been
considered for LBPTES. As previously stated, argon and helium theoretically benefit the
roundtrip efficiency, achieving higher temperatures for the same pressure rations. However,
different fluids also entail different circulating mass flow rates, which may significantly
impact the machine size and cost. In [18], nitrogen was used to compromise the heat
transfer properties and ease the compression and expansion by limiting the number of
compressor and turbine stages. Helium was not considered in the paper, while air, nitrogen,
and argon were investigated.

For the TES, molten nitrate salts are the standard choice, as they operate in a sim-
ilar range as an LBPTES. Furthermore, extensive experience with nitrate salts has been
accumulated, since they are extensively used in concentrated solar power production [21].
In addition to nitrate salts, chloride salts can achieve higher operating temperatures, up
to approximately 750 ◦C [18]. The resulting advantage is questionable, as demonstrated
in [18], where it was shown that using chloride or nitrate salts yields similar levelized costs
of storage, since the efficiency improvements are counterbalanced by the increase in the
cost because over 600 ◦C it is necessary to use nickel alloys for the heat exchangers and
turbomachines instead of stainless steel.

For the cold reservoir, liquid hydrocarbons or alcohols are usually proposed [24].
These materials remain liquid at low temperatures and atmospheric pressure, satisfying the
requirements of LBPTES, which operates at approximately −180 ◦C at the cold reservoir.
In [18,25], methanol was proposed for storing cold exergy at −180 ◦C. However, this liquid
is not only flammable but also toxic. Therefore, a hydrocarbon, such as hexane, could be a
safer option [10,21].

The paper investigated hexane and nitrate salts for the cold and hot TES, respectively.
Finally, to this date, there are no existing prototypes of an LBPTES, but advanced

feasibility studies have been performed by Malta Inc. [26], based in Cambridge, Mas-
sachusetts (MA) USA, which owns several patents regarding LBPTES technology and
control strategies [17,27], and an MW-scale facility should be realised soon [18].

For what concerns the SBPTES, the standard layout studied in many papers (e.g., [13])
is without internal regeneration, such as the one presented in Figure 2. In SBPTES, internal
regeneration is not beneficial, as explained in more detail in Section 2.2. Therefore, SBPTES
only uses two compressors and two turbines and has no heat exchangers. The heat transfer
between the cycle fluid and the hot and cold reservoirs is realised with direct contact
between the Brayton cycle fluid and the solid materials, and additional heat transfer
equipment is not needed.
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Several authors studied the SBPTES thermodynamic performance, finding that the
expected efficiencies were slightly lower than those of an LBPTES operating within the
same temperatures and with similar machine efficiencies [28]. In analogy with what was
found for LBPTES, the expected efficiencies were composed of between 0.5 and 0.6 for the
turbine and compressor isentropic efficiencies above 0.9 [29]. For what concerns SBPTES
turbines, most of the considerations reported above for LBPTES can be readily applied to
SBPTES, which is then oriented towards the use of axial machines and would economically
benefit from using reversible compressors and turbines. The calculation of the reversible
machines’ performance studied in [22,23] is focused on LBPTES. However, with minor
design adjustments, the same machines could be used in SBPTES. This suggests that
machine efficiencies well above 0.9 are realisable, at least in theory, which confirms that
roundtrip efficiencies up to 0.6 could be achieved with careful system design, as predicted
by several authors (e.g., [9,28,30]).

In most of the SBPTES layouts investigated in the literature, there was direct contact
between the Brayton cycle fluid and the solid materials in the thermal reservoirs. While
the impact of direct contact heat transfer on SBPTES performance is discussed in detail
in Section 2.2, here, it can be anticipated that this is conducted to promote the roundtrip
efficiency, reducing the thermodynamic losses on the heat exchangers (see Section 2.2),
and simplify the layout, reducing the system cost and complexity. However, as discussed
in Section 2.2, the direct contact between cycle fluid and solid materials may introduce
some control issues. Alternative layouts have been proposed to avoid these (e.g., [19]),
where two auxiliary gas loops mediate the heat transfer between the solid materials. In
this case, the solid materials exchange heat with secondary gas loops powered by auxiliary
fans, which transfer the heat to the cycle fluid with two gas–gas heat exchangers. This
layout modification reduces the SBPTES cost per kWh, as the thermal reservoirs operate at
atmospheric pressure. However, extensive gas–gas heat exchangers are required to reduce
the related exergy losses, which increases the cost per kW. Overall, the first effect prevails,
and the indirect layout costs up to 40% less than the direct one for very large (48 h) storage
durations. However, the indirect layout was characterised by a roundtrip efficiency approx-
imately 10% lower than standard SBPTES, which could make this alternative uneconomical.
Roundtrip efficiencies significantly lower than 0.5 could not be enough for the storage to be
profitable within a liberalised energy market, as suggested in [9], where various storage
technologies are investigated. For this reason, only the standard SBPTES direct layout was
analysed in the paper.

In SBPTES, the hot and cold reservoirs are based on solid materials (gravels or peb-
bles) arranged in packed beds [31]. The material has little impact on SBPTES roundtrip
efficiency while strongly affecting the storage capacity [32]. This suggests that the TES
material should be selected mainly based on technical and economic considerations. Since
packed bed applications go beyond BPTES applications, a considerable variety of materials
(rocks, sands, glasses, ceramics, masonry bricks, and solid oxides) have been theoretically
and experimentally studied [33]. From the results in [32,34], limestone seems to be the
material with the lowest cost per stored kWh for packed-bed applications. For this reason,
and considering that this material is ubiquitous, environmentally friendly, and nontoxic,
limestone was selected in the paper as the TES material in the SBPTES system.

As for the cycle operating fluids, the same considerations reported above for LBPTES
apply. Therefore, the same fluids considered for LBPTES were analysed in the paper
for SBPTES.

Figure 3 shows two examples of the LBPTES and SBPTES thermodynamic cycles.
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2.2. Techno-Economic Comparison of Liquid- and Solid-Based Brayton PTES

Even though LBPTES and SBPTES use similar equipment, using liquid or solid media
in the TES leads to different final layouts, as shown in Figures 1 and 2, where LBPTES is
internally regenerated while SBPTES is not. In LBPTES, internal regeneration is needed to
achieve acceptable roundtrip efficiencies [10], and while nonregenerated layouts may be
conceived [11], they are generally characterised by lower performance.

In [10], the authors explain that internal regeneration in LBPTES reduces the heat
transfer area of gas–liquid heat exchangers and the temperature range over which TES
media are required to operate and, therefore, remain liquid. This is relevant since the TES
materials experience wide temperature variations, making the selection challenging. In
this light, LBPTES requires materials that remain liquid at almost atmospheric pressure
from approximately 600 ◦C to ambient temperature. For comparison, nitrate salts (NaNO3
+ KNO3) solidify at approximately 220 ◦C. Therefore, internal regeneration reduces the hot
reservoir operating temperature range, making the material selection less challenging.

A further advantage of internal regeneration may be of an economic nature. It must
be remembered that, for internally regenerated Brayton cycles, the same efficiency may be
achieved for lower pressure ratios than nonregenerated cycles. This effect has little thermo-
dynamic impact but can lead to comparatively cheaper turbomachinery with fewer stages
and lower power ratings. Of course, the regenerators themselves represent an additional
expenditure; thus, the economic benefit of internal regeneration must be carefully evaluated.

In contrast to LBPTES, SBPTES uses solid materials arranged in packed beds in both
hot and cold reservoirs, allowing for direct contact between the cycle gas and the solids
(Figure 2), reducing the number of components (there are no heat exchangers) with potential
economic benefits. The lower number of components combined with the lower cost per
kg of the TES materials in SBPTES, compared to LBPTES [34], suggests that SBPTES may
easily achieve a lower capital cost per stored kWh than LBPTES. However, the final cost per
stored kWh is affected by the material heat capacity and, more importantly, the amount of
material actually used during charging and discharging compared to the available amount.
In LBPTES, TES materials are liquid and can be pumped. This allows for the use of a
two-tank arrangement in the hot and cold reservoirs, which, although more expensive
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than a single tank, enables operating at constant temperatures and complete access to the
available thermal capacity. Instead, in SBPTES, operating at constant temperatures and
using all of the available thermal capacity is challenging. This is because in the packed
beds it is difficult to physically separate the parts of material at different temperatures
and avoid internal heat transfer between those parts. When cyclically stable operating
conditions are reached, the internal conduction within the packed bed creates a thermocline
that spans the entirety of the bed and makes the outlet temperatures of the gas flowing
in the packed bed constantly vary during operation [35]. This negatively reflects on the
SBPTES turbomachines, constantly operating in the off-design [36] and the charging and
discharging power, which are not constant during operation [16]. In particular, in SBPTES,
the more the stored thermal exergy is exploited (i.e., the more profound the discharging),
the wider the deviations from the design temperature at the reservoir outlet, thus the lower
the discharging power compared to the nominal rating. This trade-off between the depth
of discharge and discharging rates influences the cost per kWh, which is not only related to
the amount of present material but also to the system utilisation pattern, a detail overlooked
in previous economic assessments.

The discussed effect is acknowledged, from thermodynamic and technical points of
view, in previous studies, such as in [35], which investigated the relationship between the
roundtrip efficiency and packed bed utilisation ratio, Rut (−), defined as the ratio between
the ideal and the actually exploitable capacity of TES. The authors found that there was
a trade-off between the SBPTES’s actual capacity and roundtrip efficiency, which can be
relaxed by oversizing the packed bed, with an obvious negative impact on the cost per
stored kWh. In addition to increasing the TES dimensions, more advanced strategies based
on packed-bed segmentation [37,38] and multiple packed beds [16] have been proposed.
The cited simulation-based studies suggest that these strategies are promising from a
thermodynamic standpoint, but their economic impact is currently uninvestigated.

To summarise, the factors that could privilege either LBPTES or SBPTES from an
economic point of view are:

• Different TES materials;
• Costly heat transfer equipment in LBPTES, which is absent in SBPTES;
• Internal regeneration that (i) increases the heat transfer equipment cost in LBPTES, but

(ii) it may lead to cheaper turbomachines in LBPTES than in SBPTES;
• Actual SBPTES capacity utilisation, which increases the SBPTES cost per stored kWh

compared to what is expected based on the material properties.

The combined impact of these issues is unclear and not extensively studied. Therefore,
a comprehensive economic comparison between LBPTES and SBPTES can help stakeholders
decide between the two technologies.

2.3. Other Elements Impacting the Comparison between Solid-a and Liquid-Based Systems

In addition to the economic aspects, other elements should be considered when
comparing SBPTES and LBPTES.

As for the thermodynamic performance, SBPTES has the clear advantage over LBPTES
of not using heat exchangers, which reduces the exergetic losses, as within the packed beds,
the contact area between the gas and the TES medium is extensive, allowing for reduced
temperature differences in the heat transfer.

Another aspect concerns the link between SBPTES operation and capacity, which may
introduce significant plant control drawbacks. In LBPTES, especially with two-tank TES,
active control of charging and discharging rates is simple, as the mass flow rates between
the tanks can be adjusted to maintain constant operating temperatures. A similar active
control is not possible in packed beds because the temperature distribution inside the solid
material cannot be directly controlled and varies according to the circulating gas mass flow
rates and charging/discharging duration [38]. However, a storage technology must be able
to deal with irregular operations reliably, as the purpose of storage in the grids is to be
flexible. This could not be the case for standard SBPTES, as suggested in [38], where it is
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described how operating with cycles of different durations may have a long-lasting impact
on the system’s performance and affects several subsequent cycles. This introduces a short-
term uncertainty on the future storage performance, which is detrimental to scheduling its
charging and discharging cycles and may reduce the storage profitability in energy markets.
As opposed to this, in LBPTES, the charging/discharging rate active control allows for
operating between the same temperatures with each cycle [28]. This way, each cycle is
decoupled from the others, and the storage plant can be more reliably operated, knowing
that, in the near future, its performance will be those expected.

Analogous to the economic comparison outlined above, it is clear that LBPTES and
SBPTES may have different pros and cons, and comparisons of the economic and thermo-
dynamic performance of the two alternatives are needed.

3. Methodology

This section reports the methodology for calculating the performance parameters
used for comparing LBPTES and SBPTES, i.e., roundtrip efficiency and cost. Most of the
modelling details and equations required to calculate these parameters can be found in
Appendices A and B, while the complete set of constraints of the LBPTES and SBPTES
design optimisation problem is provided in Appendix C.

3.1. Roundtrip Efficiency Calculation

The first parameter to compare SBPTES and LBPTES is the storage roundtrip efficiency,
εrt, defined as the ratio between the discharged and charged amounts of electric energy,
Ed and Ech, respectively. The charge and discharge processes are in a series. Therefore, εrt
may be written as the product of the charge and discharge exergy efficiencies, φch and φd,
respectively, as in Equation (1):

εrt =
Ed
Ech

= φch · φd (1)

where φch and φd are defined as in Equations (2) and (3), respectively:

φch =
Exhot + Excold

Ech
(2)

φd =
Ed

Exhot + Excold
(3)

where Exhot and Excold are the stored thermal exergy in the hot and cold reservoirs, respectively.
In Equation (1), εrt is calculated with the simplifying assumption that the losses related

to heat leakages and pressure drops have a negligible impact. In this way, TES exergy
efficiency can be considered to be unitary.

3.2. Brayton PTES Cost Calculation

For both LBPTES and SBPTES, the system cost is calculated as in Equation (4):

cost = ∑iCi ·
CEPCI2020

CEPCIi
· γ$→€ (4)

where Ci is the cost in USD of the i-th piece of equipment, converted into EUR with the
conversion factor γ$→€ = 1.14, and updated to 2020 with the Chemical Engineering Plant
Cost Index (CEPCI). Even though the latest available annual value for the CEPCI is related
to 2021 as of writing, the CEPCI of 2020 is used instead in the analysis to avoid considering
the full impact of the COVID-19 pandemic and current geopolitical unrest on the cost of
industrial equipment. In the analysis, CEPCI2020 = 596, while CEPCIi refers to the year of
publication of the i-th piece of equipment cost correlation.
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The cost correlations used for calculating Ci are reported in Appendix A. Furthermore,
the additional calculations required to assess the size of the components and other quantities
for the cost correlations in Appendix A are reported in Appendix B.

3.3. LBPTES and SBPTES Optimised Plant Design

In the analysis, both SBPTES and LBPTES systems are designed through an optimisa-
tion problem. Since both roundtrip efficiency and cost are considered, the design problem
has two objectives (i.e., it is a multi-objective problem), and the optimal trade-off between
the two (i.e., the Pareto front) is searched.

The multi-objective framework readily applies to LBPTES, in which the roundtrip
efficiency and the cost are affected oppositely by varying the heat transfer area in the heat
exchangers. Instead, for the SBPTES, a single configuration can be found once some design
parameters are set. No Pareto front can be constructed in this case as a single design exists.
This difference is because, in SBPTES, the heat transfer equipment is embedded in the
packed bed, whose cost is related only to the amount and volume of material and not to the
characteristics that would affect the heat transfer (e.g., rock shape and size). Consequently,
narrow temperature differences can be achieved without affecting the TES cost, and there
is no trade-off between the economic and thermodynamic performances.

Despite the fact that the multi-objective optimisation framework can only be applied
meaningfully to LBPTES, the mathematical model used to define the optimal system design
is very similar for LBPTES and SBPTES. For both technologies, the design optimisation
problem may be formally written as in Equation (5):

Maximise
x ∈ F ⊆ Rm

εrt(x) (5)

where x is the vector of optimisation variables; F is the feasible region, a subset of Rm

defined by the problem constraints; and m is the number of optimisation variables. By
referring to Figure 3, the elements of x are the charging and discharging cycle temperatures
(Txch and Txd) and pressure ratios (βch and βd) (Equation (6)):

x = {T1ch , T2ch , . . . , T1d , T2d, . . . , βch, βd } (6)

The feasible region, F, is defined through equations and inequalities different for
LBPTES and SBPTES. The complete set of equations and inequalities related to SBPTES and
LBPTES, necessary for resolving the problem in Equation (5), is reported in Appendix C.

The problem in Equation (5) has a single objective but can be cast as a multi-objective
one with an additional constraint besides those in Appendix C. This technique is the so-called
ε-constraint method, which is suited for finding the Pareto front in nonlinear and nonconvex
problems [39]. The further constraint to be added is the following one (Equation (7)):

cost(x) ≤ K (7)

where cost(·) is the PTES system total cost according to the problem optimisation variables
(Equation (4)), and K is a constant representing the maximum cost that the system should
achieve for that configuration.

If the optimisation problem in Equation (5) is solved several times, each time with a
different value of K in Equation (7), the Pareto front between the roundtrip efficiency and
system cost is explored [39]. As already stated, for LBPTES, the multi-objective design is a
meaningful approach, as there is a trade-off between the cost and performance controlled
by the temperature difference in the heat exchangers, whereas, for SBPTES, this does not
apply, since the heat transfer properties of the packed-bed are loosely related with the
internal heat transfer area. Therefore, for LBPTES, the ε-constraint method yields some
Pareto front points, whereas, for SBPTES, a unique configuration is found every time.
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The optimisation problem in Equation (5) is nonlinear and nonconvex, and it can be
solved with various techniques. In this paper, the sequential quadratic programming (SQP)
algorithm implemented in MATLAB [40] based on the algorithm in [41] was used.

3.4. LBPTES and SBPTES Operating Temperatures and Other Influential Parameters

The performance of LBPTES and SBPTES systems is affected by several parameters,
such as the isentropic efficiency of machines or the minimum pinch point of heat exchangers,
as specified in Table 1. Finally, the maximum and minimum operating temperatures of the
hot and cold reservoirs are imposed as the boundary conditions for all of the configurations
and are not optimised (Table 2). The different values for LBPTES and SBPTES are assumed
as in Table 2 based on the existing literature. This is because LBPTES and SBPTES can
operate at slightly different temperatures based on the media employed in the TES. In
particular, in the hot reservoir, LBPTES uses solar salts with operating temperatures limited
to approximately 500 ◦C to avoid the salt mixture decomposition and, in the cold reservoir,
hydrocarbons, whose minimum operating temperature is approximately −80 ◦C in order
to remain in a liquid state [10].

Table 1. Performance of turbomachines and heat exchangers. Pinch points (pp, in K) represent the
minimum value of the temperature difference that can be realised in the heat exchangers. Tmax,cmp in
◦C is the maximum allowed temperature at the compressor discharge.

Parameter ηis,cmp
(-)

ηis,tur
(-)

ηel
(-)

pphot
(K)

ppcold
(K)

ppreg
(K)

ppcool
(K)

Tmax,cmp
(◦C)

SBPTES 0.87 0.92 0.95 1 1 - 10 600
LBPTES 0.87 0.92 0.95 2 2 2 10 600

Table 2. Hot and cold reservoir operating temperatures. Data from [10].

Parameter Thot,1
(◦C)

Thot,2
(◦C)

Tcold,1
(◦C)

Tcold,2
(◦C)

SBPTES 590 optimised optimised −100
LBPTES 500 300 15 −80

3.5. Simulated Cases

While the roundtrip efficiency can be considered insensitive to the system size, this
is not valid for the cost, which scales favourably with the size of turbomachines and heat
exchangers. In the paper, the nominal power rating of the charging cycle (

.
Wnet,ch) ranges

from 25 to 100 MWe to investigate the impact of the system size on the cost of SBPTES
and LBPTES. For the sake of simplicity, the nominal power rating of the discharging cycle
(

.
Wnet,d) is equal to the charging one.

In addition to the power rating, which impacts the power conversion section costs, the
nominal charging durations, τch, in hours is used to decide the nominal storage capacity
in MWh, which affects the TES cost. The nominal charging durations of 4 and 8 h were
considered in the analysis, although most of the results are reported only for the 8 h
configuration for brevity.

Each case was simulated for three different cycle fluids: air, nitrogen and argon.
Finally, since the SBPTES cost significantly depends on the amount of capacity that

is actually available compared to the theoretical one, the values of the capacity utilisation
ratio, Rut, the ratio between actual and theoretical capacity [35], ranging from 0.2 to 0.8, was
considered (see Appendix B and Equations (A20) and (A21) for further details). Varying
Rut is a simplified approach to capture the impact of the different strategies that can be
used to exploit the packed-bed available capacity as much as possible. For simplicity, the
cost of the design modifications required for the packed bed to achieve any specified Rut
was neglected in the calculations.
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The simulated cases are summarised in Table 3.

Table 3. Simulated cases.

Parameter
.

Wnet,ch/d
(MW)

τch
(h) Fluid Rut

(-)

SBPTES 25–50–100 4–8 argon–nitrogen–air 0.4–0.6–0.8
LBPTES 25–50–100 4–8 argon–nitrogen–air -

4. Results and Discussion

This section reports the results of the simulations performed in the study. Two sets
of results are discussed. The first compares the different cycle fluids to select the best
alternative for LBPTES and SBPTES. The selected configurations are later used in the
technology comparison, the results of which are discussed in the second part of this section.

4.1. Brayton Cycle Fluid Selection

The first results deal with the Brayton cycle fluid selection for LBPTES and SBPTES
and are reported in Figure 4 (LBPTES) and Figure 5 (SBPTES).
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As far as the SBPTES is concerned, the results in Figure 4 convey three messages:

• The roundtrip efficiency is almost independent of the cycle fluid, as in all cases the
same maximum efficiencies can be achieved;

• Using nitrogen led to a systematically cheaper system than argon and air;
• However, the cost difference between the systems operating with nitrogen and air was

minimal and within the cost correlation error band, which can be as high as ±30% in
some cases [42].

The first bullet point is somewhat expected, as previous studies demonstrated that the
PTES theoretical roundtrip efficiency depends not on the operating fluid but only on the
operating temperatures [28]. A similar result was confirmed in the simulations, since the
system can adjust the operating pressure ratios to achieve the same temperatures with all
of the tested fluids, achieving similar roundtrip efficiencies.
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As for the second and third bullet points, although using pure nitrogen would lower
the system cost, compared to air and argon, the economic advantages over air seem
minimal. If air and nitrogen are practically equivalent from an economic perspective, other
effects should be factored into the cycle fluid selection. In particular, even though the
operating fluid cost is not explicitly considered in the cost model in Appendix A, air is
undoubtedly the cheapest option. Furthermore, its use would significantly simplify the
system operation and maintenance, as any leakage and external air infiltration would
entail almost no consequences. Finally, using air could simplify the design and sourcing
of turbomachines. This aspect may have a significant economic impact, especially on the
first PTES implementations, which may economically suffer from having to use purposely
designed turbomachines. This effect is not captured in the cost model, which assumes
the mass production of turbomachines and may have limited validity for first-of-a-kind
systems. For all of the listed reasons, it is clear that using air instead of nitrogen brings
numerous benefits that are challenging to quantify in a simulation but surely relevant once
the economic assessments suggest that the fluids are almost equivalent. Therefore, air was
used for the LBPTES systems in the rest of the paper.

Figure 4 shows the trade-off between the roundtrip efficiency and system cost. As a
result, increasing the efficiency from approximately 0.15 to 0.4 had a limited impact on the
cost. From efficiencies of approximately 0.4 to 0.58, any further efficiency increment could
be achieved only for a significant increment of the equipment cost, which may increase up to
approximately 50% of its initial value. Finally, the relatively limited efficiency improvement
from 0.58 to approximately 0.61 entailed a further cost increment of approximately 60%. In
total, the system cost would be more than doubled by increasing the roundtrip efficiency
from 0.4 to more than 0.6.

In conclusion, the results shown in Figure 4 suggest that roundtrip efficiencies equal
to and beyond 0.6 are not realistic for LBPTES: they might be technically feasible but almost
certainly not cost effective. Slightly lower values (ηrt ≈ 0.58) could be worth achieving from
an economic standpoint and should be considered to be representative of a more realistic
estimation of LBPTES performance.

As for SBPTES, the results in Figure 5 suggest that similar conclusions to those dis-
cussed for LBPTES can be applied. In this case, the multi-objective design was not mean-
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ingful, as explained in Section 3.3, and a single configuration resulted from the design
optimisation, as opposed to the Pareto fronts of LBPTES. Analogous to what was found for
LBPTES, in Figure 5, the cost difference between the cycle fluids was relatively small so
that air can be selected over nitrogen and argon without any significant penalty.

In addition to the direct economic implications reported in Figure 5, it is worth noting
that the positive effects previously discussed for LBPTES of using air over nitrogen and
argon were even more significant for SBPTES. In this case, a large gas volume was required
to fill the packed beds, and the system was more exposed to leakages and infiltrations.

In Figure 5, all of the reported cases were characterised by a similar roundtrip efficiency
(ηrt ≈ 0.58 for all the fluids), which was because, for SBPTES, analogous to LBPTES,
the efficiency depends mostly on the operating temperatures. For SBPTES, a roundtrip
efficiency ηrt ≈ 0.58 stemmed from the operating parameters listed in Section 3.4.

As a preliminary conclusion, the economic analysis discussed in this section suggests
that air and not argon, as often proposed in the literature (e.g., in [10,13]), should be used as
the Brayton cycle fluid in both LBPTES and SBPTES systems. This is because even though
cheaper alternatives are available (e.g., nitrogen), the cost difference with air would be so
small that the potentially increased plant complexity is not justified.

The cost difference between air, argon and nitrogen can be easily understood from
the results in Figure 6, where the cost break down for SBPTES is shown in panel (a) and
for LBPTES in panel (b). As a result, in both cases, the primary driver in the economic
comparison was the turbomachines’ cost, while the heat exchangers played a minor role
in LBPTES. As for the TES material and containers, these cost items were only marginally
affected by the cycle operating fluid.
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reservoir storage media; finally, TES tank comprises hot and cold reservoir containers. The results
are related to a case with

.
Wnet,ch = 50 MW, τch = 8 h and Rut = 0.8. For LBPTES, the results refer to a

configuration with ηrt ≈ 0.58.

As per the cost models presented in Appendix A, the machines’ cost is essentially
influenced by the pressure ratios and the mass flow rates, which vary with the Brayton
cycle operating fluids. In Table 4, the charging and discharging cycle operating conditions
are reported to support the discussion of the results in Figure 6. As can be noted, in addition
to the comparison between SBPTES and LBPTES, as detailed in Section 4.2, it resulted that
argon, compared to air and nitrogen, always operate with lower pressure ratios, which
tend to lower the machines’ cost, but with much larger mass flow rates, which has the
opposite effect. The mass flow rate cost impact prevails in this range of machine operating
conditions, making argon the least cost-effective solution despite the lower operating
pressures. The impact of the operating pressures can be seen in Figure 6a for SBPTES,
as they weakly influence the cost of the TES containers. A similar effect was not even
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visible for LBPTES, as the pressure impact on the heat exchanger cost was negligible in
this range of operating conditions. Of course, both of the results in Figure 6 and Table 4
confirm the slight difference in the cost between air and nitrogen in Figure 5, which reflects
the marginally different pressure ratios and mass flow rates that characterise the cycles
operating with the two fluids.

Table 4. Operating conditions of LBPTES and SBPTES systems for different operating fluids. The
results are related to the nominal power rating of 50 MW and a charging duration of 8 h. For LBPTES,
the results refer to a configuration with ηrt ≈ 0.58.

Technology Fluids
Charging Cycle Discharging Cycle

phigh/plow (-)
.

m (kg/s) phigh/plow (-)
.

m (kg/s)

SBPTES
Air 8.03 159.24 13.10 273.16

Argon 4.56 311.24 6.54 545.56
Nitrogen 8.07 154.86 13.17 267.30

LBPTES
Air 3.85 210.73 3.22 464.93

Argon 2.46 434.75 2.22 951.72
Nitrogen 3.80 206.27 3.21 452.52

4.2. Comparison between LBPTES and SBPTES

After the most suited operating fluid (i.e., air) has been selected for both LBPTES and
SBPTES, the two technologies can be compared.

In Figure 7, LBPTES and SBPTES systems operating with air are compared for three
nominal power inputs/outputs (25, 50 and 100 MW) and a nominal charge duration of 8
h. For the SBPTES, three values of Rut were considered, which had no impact on the cycle
efficiency but affected the cost.
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As a result, LBPTES systematically outperformed SBPTES not only concerning the
maximum achievable efficiency but also according to the system cost. It is interesting to
notice that SBPTES, under the design assumptions of Section 3.4, achieved a roundtrip
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efficiency ηrt ≈ 0.58, similar to that identified in Section 4.1 as the largest value of LBPTES
roundtrip efficiency, still potentially cost effective.

Therefore, the main result of Figure 7 is:

• LBPTES and SBPTES systems were practically equivalent, as far as the roundtrip
efficiency was concerned, and realistic (i.e., potentially cost effective) configurations
were considered instead of maximum efficiency ones;

The other observations stemming from Figure 7 are as follows:

• LBPTES can achieve the same roundtrip efficiency as the SBPTES for a lower cost, and
the cost gap between the technologies widens as the size of systems increases;

• Configurations with high capacity utilisation ratios (Rut ≥ 0.8) are mandatory to
make SBPTES competitive with LBPTES of similar sizes, which means that strategies
aimed at improving the packed-bed utilisation are likely to be the standard if SBPTES
becomes widespread.

It is worth noticing that while the techno-economic comparison here spanned from
25 to 100 MW, even lower charging/discharging rates can be envisioned for utilisations in
smart grids or behind-the-meter industrial applications. In this range (10–25 MW), SBPTES
could be more advantageous than LBPTES, especially for Rut ≥ 0.8. This may be relevant
for the widespread use of these technologies and traces a possible roadmap for deploying
the BPTES technology. In short, the first utility-scale pilots (e.g., demonstrators in a relevant
environment likely to have a charging/discharging rate lower than 25 MW) could be based
on SBPTES, while after the technology has been proven in the field, LBPTES could be used
for larger applications, such as stand-alone and grid-connected plants.

Finally, the third bullet point directly impacts the SBPTES design. Nonstandard packed
beds must be used to achieve Rut ≥ 0.8, such as partitioned [16] or segmented beds [37],
which would prevent undesired thermal front propagations in the bed, increasing the usable
bed capacity. As already pointed out, while the impact of such measures may increase
SBPTES’s competitiveness, the additional cost related to these capacity-enhancing measures
is unclear. Whatever the additional costs, the results shown in Figure 7 suggest that any
Rut increment can save millions on a large SBPTES plant by reducing the TES materials but
also the volume of pressurised vessels. In this regard, going back to Figure 5, it is possible
to see how increasing Rut from 0.4 to 0.8 can reduce the plant’s cost by approximately 20%,
which makes the bed segmentation and partition strategies very promising.

The results in Figure 7 are somewhat unexpected. Based only on the basic knowledge
of LBPTES and SBPTES, it would be easy to conclude that SBPTES should be cheaper than
LBPTES, given the absence of heat exchangers. However, Figure 7 suggests the opposite,
and to understand why, it is necessary to investigate the SBPTES cost composition in
more detail. This is shown in Figure 8, where the pieces of equipment were grouped to
distinguish the impact of different sections. The energy-related costs (i.e., materials, tanks
and vessels) were normalised for the stored energy in MWh (

.
Wnet,ch · τch), while the power-

related costs (i.e., machines, heat exchangers, motor and generators) were normalized with
the nominal charging/discharging ratings in MW.

From Figure 8, the following results can be found:

• LBPTES had a significantly lower cost per MWh than SBPTES. Even for Rut = 0.8, the
SBPTES cost per MWh was almost double the LBPTES;

• The heat exchangers did not significantly penalise LBPTES, which achieved costs
per MW similar to SBPTES. A clear cost advantage of SBPTES over LBPTES was
visible only for limited power ratings (

.
Wnet,ch = 25 MW), whereas for large plants

(
.

Wnet,ch ≥ 50 MW), LBPTES would be the cheapest alternative.
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are reported.

Figure 8 sheds some light on why SBPTES is not cheaper than LBPTES as expected,
based on its simpler layout and fewer components. The fundamental difference between
the two technologies is in the TES cost (EUR/kWh), which penalises the SBPTES, even
though it uses cheaper materials than LBPTES. This is because the TES cost accounts for
both materials and containers of hot and cold reservoirs, and while the firsts are cheaper
in SBPTES, even when Rut is considered, the seconds are pressurised in SBPTES, thus
much costlier, whereas LBPTES only employs cheaper atmospheric tanks. This originates
a substantial cost difference, as the final TES cost for LBPTES, considering materials and
containers, is approximately 50% of what resulted for SBPTES, according to the results in
Figure 9.

Lower values of Rut exacerbate the difference in cost per kWh. Figure 8a shows that
LBPTES may achieve a cost per kWh of approximately 50% of SBPTES only when Rut is
equal to or higher than 0.8. This means that, without introducing any measure to partition
the packed beds in SBPTES, which allows for increasing Rut, the SBPTES economic outlook
is very negative compared to LBPTES, and the resulting cost per kWh can be up to four
times higher.

As for the cost per MW (Figure 8b), it must be considered that it includes turboma-
chines and heat exchangers and, thus, if the SBPTES cost per MW is similar to the LBPTES,
despite not using heat exchangers, it means that turbomachines must be much costlier
in SBPTES than in LBPTES (as it will be discussed in detail for Figure 9). This effect can
be appreciated in the analysis thanks to the used machine cost models that account for
pressure ratios and mass flow rates, which vary significantly between LBPTES and SBPTES
(see Appendix A for more details on the machine cost models).
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comprises hot and cold reservoir containers. The results are related to a case with

.
Wnet,ch = 50 MW,

τch = 8 h and Rut = 0.8.

The cost breakdown in Figure 9 is related to a configuration with
.

Wnet,ch = 50 MW,
τch = 8 h, and for SBPTES, Rut = 0.8; this suggests that the summed cost of the heat exchang-
ers and machines was practically the same for LBPTES and SBPTES, which confirms the
results in Figure 8b, showing that the specific cost per kW was similar for SBPTES and
LBPTES for

.
Wnet,ch = 50 MW.

Based on the cost models in Appendix A and remembering that the plant nominal
charging/discharging rates are linear with the cycle mass flow rates

.
m, for the same

cycle temperatures (i.e., specific work), it can be understood that the cost of the heat
exchangers and turbomachinery scales differently with the plant size. The cost of the heat
exchangers, CHEX, does not scale linearly with the plant size or the cycle mass flow rate,
as it follows from CHEX ∝ (UA)n ∝

( .
m
)n, with n < 1 and UA being the heat exchanger

conductance in W/K (Equation (A6)). Instead, the cost of the turbomachines, Cturb/comp,
is linear with the plant nominal power rating and, thus, with

.
m, i.e., Cturb/comp ∝

.
m

(Equations (A1) and (A2)). Therefore, the relative impact of the machines on the total cost
per MW increases with the plant’s nominal power rating. This penalises SBPTES, for which
the machines represent the most significant cost share (Figure 9), as the plant size increases
and explains the trends observed in Figure 8b for the specific costs of the two technologies.
In summary, a linear dependency of the cost on the power rating, dictated by the relative
impact of the turbomachines, means that the SBPTES cost per kW in Figure 8b tends to
flatten, stabilising over a constant value. In contrast, for LBPTES, the cost per kW decreases
with the nominal rating, as it depends on both the turbomachinery and heat exchangers,
whose specific cost decreases with the plant charging and discharging rates.

An example of the different operating conditions between SBPTES and LBPTES can be
found in Table 5, where the operating mass flow rates and pressure ratios for the case with
50 MW, 8 h was reported. As a result, LBPTES generally has larger mass flow rates, which
increase the cost of the machines linearly but significantly lower pressure ratios β (-), which
are the main cost drivers, in relative terms, since the cost depends on β·ln(β) [43], which
grows faster than a linear relation. For this reason, SBPTES machines cost significantly
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more than LBPTES ones, which counterbalances the potential savings over LBPTES due to
the absence of heat exchangers.

Table 5. Operating conditions of LBPTES and SBPTES systems. The results are related to the nominal
power rating of 50 MW and a charging duration of 8 h.

Technology
Charging Cycle Discharging Cycle

phigh/plow (-)
.

m (kg/s) phigh/plow (-)
.

m (kg/s)

SBPTES 8.03 159.24 13.10 273.16
LBPTES 3.85 210.73 3.22 464.93

The previous considerations are valid for systems of any size but can be directly
verified for a specific case (

.
Wnet,ch = 50 MW, τch = 8 h, Rut = 0.8) in Figure 9. As expected,

the heat exchangers represented a major share of the LBPTES cost and were nearly absent
in SBPTES. However, the cost of the SBPTES machines was double the cost of the LBPTES
machines and balanced the heat exchanger absence.

As for the TES cost, SBPTES indeed uses inexpensive materials compared to LBPTES.
However, the material represents only a minor share of SBPTES cost per MWh, while
the vast majority is represented by the pressurised vessels. This resulted in being more
than three times costlier than the LBPTES atmospheric tanks, overcoming the economic
advantages of using cheap materials.

4.3. Policy Implications

This section provides a brief overview of the policy implications stemming from the
results in Sections 4.1 and 4.2.

From a policy point of view, for storage technology, not only is the cost important, but
also a set of additional features, including roundtrip efficiency, ramp rates, self-discharge
and reliability, that comes with the controllability and stability of power input and output,
and the use of critical raw materials. Based also on the discussion in Section 2.3, it is easy to
understand that SBPTES and LBPTES are similar in what concerns most of the noneconomic
features. In particular, the results in Section 4.2 show that they have comparable roundtrip
efficiencies. Furthermore, since similar pieces of equipment characterise the two systems,
they may achieve comparable ramp rates. In this regard, SBPTES do not use extensive
heat transfer equipment, which should enable the system to start up faster, especially after
long idle periods. For both technologies, start-up times between ten and twenty minutes
can be assumed based on what can be achieved by similar storage technologies such as
CAES [44,45] and LAES [46].

Even though SBPTES and LBPTES use different materials, these are safe and widely
available materials, unlikely to be subject to supply chain disruption, unlike critical
raw materials.

Both systems are reliable and controllable. Section 2.3 shows how the LBPTES may be
more straightforward to regulate, while the SBPTES may experience variation in power
input/outputs due to the packed-bed thermal behaviour. Advanced packed bed configura-
tions may allow the SBPTES to operate stably, solving this issue [16].

Since LBPTES and SBPTES are similar from several angles, the system cost becomes
the decisive factor in discerning the most suited for deployment on the energy grids. The
results in Section 4.2 indicate pretty clearly that LBPTES should be preferred for large-scale
applications, while SBPTES requires technological improvements (particularly regarding
the use of partitioned packed beds) to be comparable. Even in this case, a clear advantage
over LBPTES could be achieved only for small-scale applications (less than 25 MW) and
short durations.

Going beyond the comparison against solid-based systems, LBPTES can be compared
to different storage technologies aimed at similar scales and durations. This can be done
according to the data provided by a recent techno-economic assessment from the US
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Department of Energy (DOE) for CAES and PHES [45]. In the range of 100 MW and for
durations between 4 and 8 h, the PHES cost per kWh is approximately 70 EUR/kWh,
more than three times larger than the LBPTES costs in Figures 7 and 8a. Of course, the
DOE’s estimation includes a number of ancillary costs (such as installation, engineering
and insurance) not included in the present analysis. However, these costs usually amount
to no more than 50% of the bare equipment costs [18] (i.e., those in Figure 8a), which
makes LBPTES a viable alternative for long-duration applications. For what concerns the
cost per kW, the comparison with PHES was less favourable. PHES is characterised by a
cost of approximately 1060 EUR/kW, similar to what is reported in Figure 8b for LBPTES.
However, a factor between 1.1 and 1.5 should be multiplied by the numbers in Figure 8b,
making the LBPTES cost from approximately 1100 to 1500 EUR/kW and be less viable
than PHES.

Compared to CAES, the comparison was slightly worse: LBPTES may achieve a similar
cost per kW, which for CAES was approximately 1100 EUR/kW, but a much higher cost
per kWh, which was extremely low for CAES, approximately 3 EUR/kWh [45].

Even though LBPTES may achieve a slightly worse economic performance than CAES
and PHES, it is worth noting that it has some strategic advantages compared to both.
LBPTES has no geographical constraints, while the widespread availability of suitable sites
for CAES and PHES is often questioned [9]. Furthermore, compared to CAES, LBPTES does
not rely on fossil fuels, a significant advantage in promoting electric power decarbonisation.

In conclusion, given the considerations above and the results in Figure 8, it can be con-
cluded that LBPTES may compete with the leading storage technologies for large-scale and
long-duration applications, potentially surpassing them in those cases where favourable
geographical conditions are absent. This is relevant because it suggests that it is possible to
deploy large-scale storage for long-duration applications without geographical constraints
and with no sizeable economic penalisation compared to the more affirmed alternatives.

5. Conclusions

The cost and the roundtrip efficiency achievable by SBPTES and LBPTES systems were
calculated and compared in an analysis. For LBPTES, the system was designed through a
multi-objective optimisation which yielded the optimal trade-off (Pareto front) between
the cost and roundtrip efficiency. The same procedure could not be followed for SBPTES,
as explained in Section 3.3, for which a unique configuration could be found once some
operating parameters were fixed.

The techno-economic analysis led to the following conclusions:

• Air should be used as operating fluid in both LBPTES and SBPTES systems. The
nitrogen configurations were the cheapest, but the cost difference between this fluid
and air was approximately 1–2 percentage points for both SBPTES and LBPTES. With
such limited differences, there are no real economic advantages over air, which is
inexpensive and less prone to infiltration or leakages. Using argon led to costlier
systems. The cost difference between aragon and air was approximately 3% for
SBPTES, while it was between 4% and 7% for LBPTES. Therefore, argon should
be avoided;

• For roundtrip efficiencies up to up ηrt = 0.58, LBPTES was always cheaper than
SBPTES for any size over 25 MW/8 h. LBPTES can achieve higher efficiencies, up to
approximately 0.61, but any increment over 0.58 is most likely not cost effective: for a
5% efficiency increment, from 0.58 to 0.61, the cost would increase up to approximately
35%. The situation is the opposite for systems with smaller nominal power ratings
and charging durations, and SBPTES could be a cheaper alternative to LBPTES;

• SBPTES was costlier than LBPTES, despite using cheaper TES materials and fewer
components for two reasons:

• The materials represent only a minor share of the total cost, less than 1% in SBPTES and
approximately 7% in LBPTES. The cost of the containers always dominated the TES
cost, accounting for over 60% in LBPTES and 90% in SBPTES. In the case of SBPTES,
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pressurised vessels must be used instead of atmospheric tanks, which results in a
much higher cost;

• SBPTES operates with larger pressure ratios than LBPTES, which makes its turbo-
machines costlier. LBPTES is based on a recuperated cycle, which achieves the same
efficiency for a lower pressure ratio. Machines accounted for over 70% of total cost in
SBPTES and 31% in LBPTES;

• The cost difference between LBPTES and SBPTES increases with the nominal power
rating. This is because of the cost of machines are linear with the size, which im-
pacts more on SBPTES than on LBPTES. For large power ratings (over 50 MW), the
LBPTES cost per kW is lower than for SBPTES, since the cost of the heat exchangers,
representing more than 50% of the total, increases less than that of the machines.

In summary, the presented study suggests that LBPTES represents a cheaper and
more efficient alternative to SBPTES and should be preferred for large-scale applications
with a power rating in the tens of MW and beyond. For smaller applications (i.e., rated
power below 10 MW), SBPTES could be preferred. This is because the LBPTES significantly
benefits from an economy of scale at larger sizes. Instead, the heat exchangers’ specific cost
is particularly penalising at lower scales, leading to a very high cost per installed kW.
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Appendix A

This section reports the costing correlations used for the SBPTES and LBPTES systems.
SBPTES and LBPTES share the correlations used for turbomachines, motors, generators
and air coolers. For the turbine, the correlation from [43] is used (Equation (A1)):

Ctur = 1.051 · 266.3 · .
m

0.94− ηis
· β · ln(β) (A1)

where
.

m is the machine mass flow rate, ηis is the machine isentropic efficiency and β is
the machine pressure ratio. For the compressor, a similar correlation from [43] is used
(Equation (A2)):

Ccmp = fm · 1.051 · 39.5 · .
m

0.90− ηis
· β · ln(β) (A2)

The parameter fm was not presented in the original correlation, which was developed
for standard Brayton cycles. However, the compressor operating temperatures in SBPTES
are higher than standard ones, as the outlet temperature may achieve 500 to 600 ◦C in the
charging cycle. Therefore, suitable construction materials (i.e., stainless steel) must be used.
fm = 1 (carbon steel) for the discharging cycle, as the compressor operates in a standard
temperature range. Instead, fm = 2 (stainless steel) for the charging cycle, as stainless-steel
compressors cost two times that of carbon steel ones, as suggested in [47].
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For electric motors and generators, the following correlations [48] are used
(Equations (A3) and (A4)):

Cmot = 399, 400 ·
( .

Wmot

1e3

)0.61

(A3)

Cgen = 108, 900 ·
( .

Wgen

1e3

)0.55

(A4)

where
.

Wmot is the motor power input in kW, and
.

Wgen is the generator power output in kW.
Finally, for air coolers, the following correlation [48] is used (Equation (A5)):

Ccool = 32.88 · (UAcool)
0.75 (A5)

where UAcool is the cooler overall conductance in W/K.
The correlations in Equations (A1) and (A2) account for the pressure ratio and mass

flow rate impact, which allow for comparing different working fluids. Such correlations are
derived from actual gas turbine cost data [43] and are valid for temperature and pressure
ranges similar to those investigated here. See, for example, [49]. Although the correlations
could be considered outdated, they have been used in recent years, see [50–52], and were
considered valid for the present analysis. Finally, the correlations were used to compare
SBPTES and LBPTES on common ground. Therefore, the impact of any uncertainty upon
the predicted final cost is somehow mitigated because only relative values were considered.

Specific to LBPTES is the cost correlation used for the heat transfer equipment. For both
gas–liquid and gas–gas heat exchangers, the correlation in [48] was used (Equation (A6)),
which includes printed circuit heat exchangers (PCHEs), a technology suited for gas–liquid
heat transfer, also involving molten salts [53,54].

Chot/cold/reg = 49.45 ·
(

UAhot/cold/reg

)0.75
(A6)

where UAhot/cold/reg may represent the thermal conductance in W/K of the hot reservoir,
cold reservoir or regenerator heat exchanger.

For the TES cost, different materials and containers are considered for SBPTES and LBPTES.
For the SBPTES, pressurised vessels are used. The vessel cost correlation [55], which is

valid for horizontal vessels with a diameter of 4 m, is as follows (Equation (A7)):

Cvessel = fm · fp · (2436 · Lvessel + 5916) (A7)

where fm = 1 is for carbon steel (cold reservoir), and fm = 3 is for stainless steel (hot reservoir);
fp = 1.6 is for operating pressures lower than 10 bar (cold reservoir), and fp = 3.2 is for
operating pressures lower than 50 bar (hot reservoir); Lvessel is the vessel length, calculated
from the vessel volume Vvessel in m3 by assuming a diameter equal to 4 m.

For LBPTES, atmospheric tanks are used. The cost correlation is from [55]
(Equation (A8)):

Ctank = fm · (170.5 ·Vtank + 59, 560) (A8)

where fm = 1 is for stainless steel, and it is valid for both hot and cold reservoirs; Vtank is the
tank volume in m3.

Finally, for the TES materials, a constant cost per kg is assumed (Equation (A9)):

Cmat = γ ·Mmat (A9)

where γ is the specific cost per kg. γ = 0.61 $/kg for the Hexane (LBPTES cold reservoir) [10];
γ = 0.54 $/kg for the salor salts (LBPTES hot reservoir) [10,56]; finally, γ = 0.02 $/kg for the
limestone [34].
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Appendix B

Here the calculations required for evaluating the quantities in Equations (1)–(3) and
the cost model are reported.

The charging and discharging exergy efficiency in Equations (2) and (3) are calcu-
lated through the following equations. Equations (A10)–(A13) define the hot and cold
reservoir exergy contributions based on the Brayton cycles in Figure 3. For the LBPTES,
Equations (A10) and (A11) are used:

φch =
Exhot + Excold

Ech
=

.
mhot ·

[
hhot,2 − hhot,1 − T0 ·

(
shot,2 − shot,1

)]
+

.
mcold ·

[
hcold,2 − hcold,1 − T0 ·

(
scold,2 − scold,1

)]
.

mch ·
[
hch,1 − hch,2 −

(
hch,5 − hch,4

)]
/ηel

(A10)

φd =
Ed

Exhot + Excold
=

.
md ·

[
hd,1 − hd,2 −

(
hd,5 − hd,4

)]
· ηel

.
mhot ·

[
hhot,2 − hhot,1 − T0 ·

(
shot,2 − shot,1

)]
+

.
mcold ·

[
hcold,2 − hcold,1 − T0 ·

(
scold,2 − scold,1

)] (A11)

where
.

mhot,
.

mcold,
.

mch and
.

md are the mass flow rates in kg/s circulating in the hot and
cold reservoirs and in the charging and discharging cycles, respectively; T0 is the reference
(ambient) temperature in K; h(·) and s(·) are the fluid enthalpies (J/kg) and entropies
(J/kgK−1); finally, ηel is the motor/generator electromechanical efficiency. The mass flow
rates in Equations (A10) and (A11) can be easily calculated from the component energy
balance once a nominal power rating for input and output has been decided.

As for the SBPTES, Equations (A12) and (A13) hold:

φch =
Exhot + Excold

Ech
=

hch,1 − hch,4 − T0 · (sch,1 − sch,4) + hch,2 − hch,3 − T0 · (sch,2 − sch,3)

[hch,1 − hch,2 − (hch,4 − hch,3)]/ηel
(A12)

φd =
Ed

Exhot + Excold
=

hd,1 − hd,5 − T0 · (sd,1 − sd,5) + hd,2 − hd,3 − T0 · (sd,2 − sd,3)

[hd,1 − hd,2 − (hd,4 − hd,3)] · ηel
(A13)

Differently from LBPTES, in SBPTES, there are no exergetic losses due to the heat
transfer between TES material and the cycle operating fluid. In practice, minimal losses
are present due to the finite temperature differences in the packed bed. However, they are
assumed to be small compared to those occurring in the cycle and, therefore, neglected.

The relevant quantities for the LBPTES and SBPTES cost models are the heat exchanger
UA, required materials and the related TES volume.

For the i-th heat exchanger, UA is calculated as in Equation (A14):

UAi =

.
Qi

fi · LMTDi
(A14)

where Qi is the heat flow rate, fi is the correction compared to the ideal counterflow
arrangement and LMTDi is the mean log temperature difference. fi is equal to 0.8 for the air
cooler and equal to 0.95 for the other heat exchangers.

As for the mass of TES materials, for LBPTES, Mhot and Mcold in kg are calculated in
Equations (A15) and (A16):

Mhot =
.

mhot · τch =
.

mch ·
(hch,1 − hch,6)

(hhot,1 − hhot,2)
· τch (A15)

Mcold =
.

mcold · τch =
.

mch ·
(hch,3 − hch,4)

(hcold,1 − hcold,2)
· τch (A16)

For the SBPTES, Equations (A17) and (A18) are used:

Mhot,id =

.
Qhot

cphot ·
(
Tch,1 − Tch,4

) · τch =
.

mch ·
(
hch,1 − hch,4

)[
hch,1 − hch,2 −

(
hch,4 − hch,3

)] · 1
cphot ·

(
Tch,1 − Tch,4

) · τch (A17)
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Mcold,id =

.
Qcold

cpcold ·
(
Tch,2 − Tch,3

) · τch =
.

mch ·
(
hch,2 − hch,3

)[
hch,1 − hch,2 −

(
hch,4 − hch,3

)] · 1
cpcold ·

(
Tch,2 − Tch,3

) · τch (A18)

where cphot and cpcold are the average cp in J/kg between the hot and cold reservoir
extreme temperatures.

The masses calculated from Equations (A17) and (A18) are ideal values, valid if the
whole available material can be used. However, as explained in Section 2.2, a significant
share of SBPTES nominal capacity cannot be used if high roundtrip efficiency is desired [35].
Therefore, larger masses than those predicted in Equations (A17) and (A18) are required for
achieving the desired capacity. Investigating the actual trade-off between usable capacity
and roundtrip efficiency was beyond the scope of this paper, as many factors should be
considered, among which include the packed-bed material and granulometry as well as
the charging and discharging durations. In this paper, a simple utilisation ratio factor, Rut,
ranging from 0.4 to 0.8 [35], was considered to account for the unused capacity. Therefore,
Equations (A19) and (A20) must be used for SBPTES:

Mhot =
Mhot,id

Rut
(A19)

Mcold =
Mcold,id

Rut
(A20)

Finally, the TES volumes Vhot and Vcold are calculated from Mhot and Mcold. For the
LBPTES, Equation (A21) holds:

Vhot/cold =
Mhot/cold
ρhot/cold

(A21)

where ρhot/cold is the density in kg/m3 of hot and cold reservoir materials. As for the
SBPTES, Equation (A21) must be corrected to account for the packed-bed porosity as in
Equation (A22):

Vhot/cold =
Mhot/cold

ρhot/cold · (1− α)
(A22)

where α = 0.4 is the TES void ratio, i.e., the ratio between void volume and total packed
bed volume [35].

Appendix C

In this section, the constraints for the problem in Equation (5) are stated for the LBPTES
and SBPTES systems. In both cases, the constraint set encompasses all the constitutive equa-
tions needed to ensure that the optimisation problem yields a sound design from a physical
and engineering point of view. Such equations represent, directly or indirectly, mass and
energy balance on each component, adiabatic compression and expansion relations, and
minimum temperature difference in the heat exchangers.

For the LBPTES, the set of constraints is reported in Equations (A23)–(A41), for the
charging and discharging phase, respectively:

ηis,cmp = 1− (βch)
k−1

k
/1− Tch,1

Tch,2
(A23)

ηis,tur =
1− Tch,4

Tch,5
/1− (βch)

1−k
k (A24)

hch,2 − hch,3 = hch,6 − hch,5 (A25)

Tch,1 ≥ Thot,1 + pphot (A26)

Tch,6 ≥ Thot,2 + pphot (A27)

Tch,4 ≤ Tcold,2 − ppcold (A28)
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Tch,3 ≤ Tcold,1 − ppcold (A29)

Tch,6 ≥ Tch,2 + ppreg (A30)

Tch,5 ≥ Tch,3 + ppreg (A31)

Tch,1 ≤ Tmax,cmp (A32)

Equations (A23) and (A24) are the equations for adiabatic compression and expansion,
with ηis,cmp/tur being the compressor and turbine isentropic efficiency; Equation (A25) is
the heat balance on the charging cycle regenerator; Equations (A26)–(A31) enforce pinch
points (pphot/cold/reg) observance in the heat exchangers. As reported in Figures 1 and 2,
Thot/cold,1 and Thot/cold,2 represent the hot and cold reservoir operating temperatures. Finally,
Equation (A32) limits the compressor discharge temperature to a maximum value due to
technological limits. Modern aero-derivative turbine compressors may achieve a discharge
temperature around 600 ◦C, which should be considered the current technology limitation
for such components.

As for the discharging cycle:

ηis,cmp = 1− (βd)
k−1

k

/
1− Td,5

Td,4
(A33)

ηis,tur =
1− Td,2

Td,1
/1− (βd)

1−k
k (A34)

hd,2 − hd,3 = hd7 − hd,6 (A35)

Td,1 ≤ Thot,1 − pphot (A36)

Td,7 ≤ Thot,2 − pphot (A37)

Td,4 ≥ Tcold,2 + ppcold (A38)

Td,3 ≥ Tcold,1 + ppcold (A39)

Td,7 ≤ Td,2 − ppreg (A40)

Td,6 ≤ Td,3 − ppreg (A41)

Td,6 ≥ Tenv + ppcool (A42)

The previous equations have a similar meaning to the charging phase, except for
Equation (A42), which deals with the Air cooler minimum allowable temperature difference.

For the SBPTES, the constraint set is reported in Equations (A43)–(A54), for the charg-
ing and the discharging phases, respectively.

ηis,cmp = 1− (βch)
k−1

k /
1− Tch,1

Tch,2
(A43)

ηis,tur =
1− Tch,4

Tch,5
/1− (βch)

1−k
k (A44)

Tch,1 ≥ Thot,1 + pphot (A45)

Tch,3 ≤ Tcold,1 − ppcold (A46)

Tch,1 ≤ Tmax,cmp (A47)

Equations (A43)–(A47) have the same meaning as discussed for the LBPTES system.
As for the discharging phase:

ηis,cmp = 1− (βd)
k−1

k

/
1− Td,4

Td,3
(A48)
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ηis,tur =
1− Td,2

Td,1
/1− (βd)

1−k
k (A49)

Td,1 = Tch,1 − 2 · pphot (A50)

Td,2 = Tch,2 + 2 · pphot (A51)

Td,3 = Tch,3 + 2 · ppcold (A52)

Td,5 = Tch,4 − 2 · ppcold (A53)

Td,5 ≥ Tenv + ppcool (A54)

Equations (A48), (A49) and (A54) have a similar meaning to that discussed for the
charging phase. Differently from what ocurrs for the LBPTES, in SBPTES the gas tempera-
tures at the packed-bed inlet and outlet must be the same in the charging and discharging
cycles (Equations (A50)–(A53)), apart from a slight temperature difference needed for the
heat transfer. Such a constraint ensures that the system always operates between the same
design temperatures.
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