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Abstract: Pumped thermal energy storage (PTES) is a promising long-duration energy storage
technology. Nevertheless, PTES shows intermediate round-trip efficiency (RTE—0.5 ÷ 0.7) and
significant CAPEX. sCO2 heat pumps and power cycles could reduce PTES CAPEX, particularly
via reversible and flexible machines. Furthermore, the possibility to exploit freely available heat
sources (such as waste heat and/or CSP inputs) could increase RTE, making the system capable of an
apparent RTE > 100% as well as reducing CAPEX, avoiding the need for two TES systems. This paper
analyses the potential valorization of industrial waste heat (WH) to enhance PTES thermodynamic
performance as well as increase industrial energy efficiency, valorizing different levels of WH sources
in the 100–400 ◦C temperature range. In fact, the use of additional heat, otherwise dumped into
ambient surroundings, may contribute to avoiding the need for a second TES, thus enhancing plant
competitiveness. Starting from an assessment of the most relevant industrial sectors to apply the
proposed solution (looking at available WH and electric flexibility needed), this paper analyses the
feasibility of a specific sCO2-based PTES case study, where the cycle is integrated into a cement
production plant with a WH temperature of around 350 ◦C. It is demonstrated that the CAPEX of the
proposed systems are still relevant and only a robust exploitation of the PTES in the ancillary service
market could attract industrial customers’ interest in sCO2 PTES.

Keywords: Carnot batteries; high-temperature heat pump; pumped thermal energy storage;
long-duration energy storage; sCO2 power cycles

1. Introduction

Recently, in April and May 2023, negative or zero hourly prices were registered in
most of the European electricity markets (with record high negative price in Denmark,
especially during the weekend) [1].

This negative pricing phenomenon is driven by two principal factors. (i) Increased
renewable (RES) plant generation such as wind, solar, or hydro produces a large quantity
of electricity that exceeds demand and cannot be stored for later use. In such cases,
producers may offer negative prices to incentivize wholesale consumers to take the surplus
electricity off the grid and avoid overloading the system. With nowhere for excess clean
energy supply to go, these resources are typically curtailed, which wastes clean energy,
cuts revenues for energy providers, and increases carbon emissions. (ii) Transmission
congestion: transmission lines are essentially tolled highways for electricity. When lines
are congested (e.g., to increase RES plant production), the toll increases. When there is too
much supply but not enough demand in a given region, the location marginal price (LMP),
which refers to market pricing at a given transaction point (or “node”) on the grid become
negative. This creates financial challenges to generators and transmission operators as
it means that they effectively have to pay customers to take their power. This can drive
LMP into negative territory for generators wishing to transmit the electricity they generate
across a congested transmission line.
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According to all these aspects, the development of large-scale long-duration (>8 h)
energy storage (LDES) technologies will play a crucial role in clean energy future [2] to
target weekly/seasonal energy storage and the shifting of RES production as well as to
provide the flexibility needed on the grid. For all above mentioned purposes, power-
to-heat-to-power solutions based on turbomachinery and thermal energy storages (also
known as Carnot batteries [3]) can be a promising long-duration energy storage (LDES)
technology offering large energy and power storage capacity, large storage cyclability, rapid
response time, no dependency on geographical location (as pumped hydro storage), and
durations from 6–12 h up to several weeks providing the flexibility needed for generators
and transmission operators [4].

Among Carnot batteries (CB), pumped thermal energy storage (PTES) [5] works by
turning electricity into heat using a large-scale heat pump (HP) which lifts up (“pump
the heat”) the temperature of heat stored in a “cold TES” into a “hot TES”; the latter is
constituted by solid material, molten salts, or phase change materials (PCM) depending on
the temperature [6]. When needed, heat is then turned back into electricity using a power
cycle based on a closed thermodynamic cycles. The need of different power cycles/TES
components and the relatively low round trip efficiency (RTE = 50–70% efficiency, compared
to 80–90% for lithium-ion batteries or 70–85% for pumped hydro storage) are the main
drawbacks of PTES. The need of a high temperature HP cycle as well as reduction in CAPEX
(e.g., via compact and reversible machines) has made sCO2 a promising operating fluid for
PTES [7].

The possibility to couple sCO2 HPs and power cycles for bulky energy storage in
Carnot batteries, while integrating external heat inputs (e.g., from Concentrated Solar
Power–CSP), was recently investigated. This could enable the possibility to increase PTES
RTE and reduce CAPEX (e.g., avoiding the need of “cold TES”), valorizing freely available
heat sources [8] and also enabling the possibility to offer a “second life” to existing CSP
plants which could be penalized on current electricity markets [9].

Another way to face the above-presented scenarios of low cost/negative prices could
be tackled via demand–response approaches, particularly leveraging industrial process
electrification which has apprehended wide interest [10], partly due to the promotion of
high temperature HP in industrial applications [11].

1.1. Research Novelty

Historically, sCO2 has been used as operating fluid in power cycles for several appli-
cations, first in nuclear reactors due to its high density and then in other fields like WH
recovery, CSP, etc.; sCO2 power cycles are used in several domains on different scales [12]:
it is important to note that the temperature and power range of certain already established
applications overlap with the aimed PTES operation ranges. Therefore, existing compo-
nents R and D (e.g., HEX or sCO2 turbomachinery) can be used for the P2H2P applications
as well, taking advantage of existing R and D experiences. In terms of sCO2 power cycle
applications for energy storage purposes, different experiences took place so far, gathering
industrial and academic interest but with few test experiences. The first group of studies
were conducted by Swiss researchers and ABB back in 2012 [13–15]. The study proposed
the idea of integrating heat pump and power cycles for large scale electricity storage. The
cycle utilized CO2 in the trans-critical state while using hot water and ice as the hot and
cold storage mediums, respectively. German researchers and General Electric [16,17] then
looked into the development of large scale sCO2-PTES integrated with the PV field. Tar-
geting the high efficiency of the storage, the study foresaw the use of the MS tank storing
heat at 560 ◦C (using “state of the art technology”) achieved using heat pump up to 480 ◦C
and EH between 480 ◦C to 560 ◦C, creating a system named AMSeS, which is particu-
larly effective for long-duration energy storage. The Korea institute of energy research
(KIER) [18] contributed significantly to the experimental research on turbine development
of the trans-critical and sCO2 power cycle. They developed a test bed investigation with
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radial and axial sCO2 turbines for small scale power outputs in kW reaching temperature
ranges of up to 500 ◦C.

Looking at RES and/or freely available heat integration to the storage system,
Jia et al. [19] modeled a TES unit that, instead of converting RES into pumped heat or
electric heat (EH), takes the heat directly from the CSP for charging the storage unit and
uses sCO2 as a discharge power cycle, thus already foreseeing “a support” from a “heat free
source” to make P2H2P cycles more effective. Similarly, NREL (US), along with University
of Cambridge (UK) [20], proposed an optimized sCO2-PTES integrated with CSP while
comparing the results with the ideal gas Brayton cycle for power generation purposes.
Results showed that sCO2 has higher work ratios than the ideal gases for comparable tem-
peratures thanks to high the volumetric density of sCO2, thus eventually leading to higher
round trip efficiencies and low irreversibility. PTES integration with CSP was modeled
with a ground thermal storage unit by KTH [21] while UPM [22] assessed that targeting an
LCOE of 0.116 €/kWh with 80% efficiency deems sCO2-PTES a strong candidate for future
energy storage solutions.

The possibility of exploiting sCO2 power cycles for WHR installations has been widely
analyzed [23], including different demonstration projects in the US [24] and EU [25]; at
the same time, different researchers are investigating a new role for industries as grid
flexibility actors exploiting their clean energy production and the electrification of their
processes [26,27] in both the US and EU.

To valorize industrial waste heat, store renewable energy, try to create a synergy
between the two, and try to make industries more grid flexible, for the first time the authors
of this paper investigated the possibility to develop industrial waste heat-driven PTES
with a high RTE potential and presented a techno-economic feasibility assessment of a
new technological concept in this paper, preliminarily presented in [28,29]. The goal of this
paper is therefore to sum up the results of these two papers, present the impact of different
operating parameters at the thermodynamic level (e.g., the minimum pressure and thermal
energy storage temperature), and understand the economic viability as well as the benefits
of the proposed first of its kind WH-driven PTES system in different industrial sectors.

1.2. Proposed Reference Case Study

To compare the performance of the proposed waste heat (WH)-driven power-to-
heat-to-power (P2H2P) system with an existing supercritical carbon dioxide (sCO2) plant
system for waste heat-to-power (WH2P) (CO2OLHEAT project [25]), the authors analyzed
a case study on a cement plant [30]. The selected cement plant has a daily capacity
of 5000 tons, with an exhaust flue gas flow rate of 300,000 Nm3/h at a temperature of
330 ◦C. Approximately one-third of the exhaust air, known as “quaternary air,” accounts
for 116,000 Nm3/h and can be utilized as a WH source, providing a maximum exploitable
power of around 10 MWth at 330 ◦C.

The objective of the study is to investigate a WH-driven P2H2P system where waste
heat serves as the heat source for a heat pump cycle and a storage unit acts as a sink. The
proposed model consists of (1) a high-temperature heat pump utilizing sCO2 to utilize
the available waste heat (charging cycle); (2) a molten-salt (MS) high-temperature thermal
energy storage (TES) system to store the heat produced by the heat pump (storage asset);
and (3) an sCO2 power cycle that generates power when needed by utilizing the heat stored
in the TES (discharging cycle).

1.3. Research Objectives

The study aims to achieve the following goals: (i) to present a new concept of WH-
driven PTES and investigate its industrial relevance looking at the WHR potential of
different industrial sectors (Section 2); (ii) to propose a methodological approach to evaluate
proposed WH-driven PTES systems via typical energy storage performance parameters
to be calculated in the most correct way (Section 3); (iii) to present a thermo-economic
modeling tool able to determine the operating conditions and design parameters for sCO2
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cycles considering the specific test case, while exploring different WH2P sCO2 layouts
(with or without a recuperator) (Section 4); (iv) to conduct a sensitivity analysis on sCO2
cycle operating conditions (temperature and pressure) and design parameters to maximize
the round trip efficiency (RTE) of the proposed PTES system also (Section 5); and (v) to
preliminary evaluate the proposed WH-driven PTES system from an economic point of
view (Section 6).

2. Industrial Sectors Assessment for Grid Flexibility

Waste heat recovery (WHR) is a consolidated approach targeting industrial energy
efficiency and decarbonization and it is already recognized as the best practice in many dif-
ferent industrial sectors [10,31], particularly to valorize high-temperature waste heat (WH).
Nevertheless, as shown in Table 1 related to the EU industrial sector, most of the discharged
WH during industrial processes (heat recovery from different heat sources varying sector
by sector—e.g., continuous exhaust gases WHR, exothermic reactor/cracker/furnace with
periodic operation WHR, and condensate streams WHR. . .) are qualified as low-grade heat
(i.e., <200 ◦C) which poses several technical challenges for its exploitation towards power
production or internal re-use and that opens the possibility to valorize it via high tempera-
ture heat pumps [32] with CO2 (in transcritical and supercritical status) as a working fluid
which is being sharply investigated for high-temperature HP applications [33].

Table 1. Industry thermal demand and estimated WH, by sector.
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Process heat
Lower bound

◦C 170 180 150 50 150 100 150 250 300 200

Process heat
Higher bound

◦C 900 600 800 200 1200 1500 1200 1250 900 1600

Reference plant
average heat demand MWh/day 667 2286 319 272 472 672 750 472 847 503

No. of EU
industries - 210 97 145 2600 341 263 245 1302 108 360

Waste heat
potential % 11.00 7.40 10.56 8.64 9.59 11.40 11.40 11.40 11.40 11.40

Waste heat average
temperature

◦C 150–400 150–400 150–400 65–150 300–700 300–700 250–600 250–600 300–500 300–700

Recoverable heat by
TES MWh/day 73 169 34 8 37 47 69 40 97 33

Process electrification
rate % 30 30 90 100 50 25–75 20 30 35 30

The electrification of industrial processes is gaining more and more interest in the
EU, mostly to make industries more resilient to the volatility of fuel prices as well as
to incentivize the self-exploitation of locally available clean energy production (like PV
rooftop, CHP, et) by the industrial process itself.

Industrial electrification can be achieved by two methods [34]: direct electrification
and indirect electrification. Direct electrification occurs by fully replacing fossil-driven
processes producing heat using electric boilers and HPs. Indirect electrification requires
the production of electricity-based carriers and fuels, also named e-fuels (e.g., hydrogen),
which then can be used in different processes, for example, for burning in boilers or similar.

It is relevant to highlight that promoting industrial clean energy self-production and
increasing process electrification would make industries more flexible, being able to offer
grid stability services via smart management of local electrified processes, local power
production, and the use of locally available storage.

The possibility of valorizing WH via an sCO2 HP for power-to-heat-to-power (P2H2P)
purposes has not been investigated so far. Three main facts should be considered: (1) there
are more and more fluctuating/non-predictable RES that un-stabilize the grid; (2) the
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self-generation of power via CHP and RES systems is becoming a best practice in different
industrial sectors; and (3) the electrification of the industrial sector is a relevant technologi-
cal option to reduce fossil fuel consumption in industry. On such a basis, the importance of
identifying solutions that could make industries grid flexibility actors, while enabling the
valorization and re-use of local WH, is clear. sCO2 could make this possible via WH P2H2P
solutions exploiting sCO2 HPs and power cycles. Based on previous thermo-economic
analysis of advanced sCO2 power cycles [35] and thermal energy storage for industries [36],
in this paper an innovative layout and concept is proposed, aiming at valorizing industrial
WH and achieving attractive round-trip efficiency (RTE).

Looking at Table 1 (built from the results of SO WHAT [37] and SCALER [38] EU
Funded projects and from [32,36,39]) and matching availability of waste heat and potential
electrification processes, it is therefore possible to identify the industrial sectors that could be
more suitable to host solutions encouraging both waste heat recovery and the Carnot battery
system proposed in this paper. For instance, industrial processes from food industries,
pulp and paper industries, chemicals production, and refineries could be relevant to be
integrated with WH-driven Carnot battery systems; nevertheless, the low temperature of
their WH source and the potential discontinuity of WH could pose technical challenges.

In order to evaluate the proposed storage solution in one of the most favorable sectors,
a cement production plant (with a continuous and constant temperature WH process
stream) has been considered as a case study in this paper.

3. Exergy Balance to Evaluate Thermally-Assisted PTES
3.1. RTE Conventional “Electrical” Definition

PTES performances are mostly evaluated in terms of electrical RTE (i.e., accounting
only for the electrical energy flows E or power P, both during discharge cycle DC and
charge cycle CC, and ∆t is the charging and discharging time.

RTEel =
EDC
ECC

=
PDC·∆tDC
PCC·∆tCC

=
PDC
PCC

(1)

In this study, the electrical round trip efficiency (RTE) can be determined based on the
total electrical power consumed and produced by the two cycles, rather than relying on
total electrical energy values. This approach is possible because the two cycles are designed
with the same storage capacity and, consequently, the same mass flow rate of the thermal
energy storage (TES) fluid.

Nevertheless, this value cannot represent the inherent efficiency of a power-to-heat-to-
power system if a freely available heat input (like solar or waste heat) is included in the
cycle, boosting the RTE.

In such a case, exergy can be considered as a consolidated framework for properly
accounting for additional energy inputs.

3.2. Exergy Balance of an Open System

For achieving a uniform comparison of RTE among conventional storages as well as
hybrid storages, an exergy-based method is proposed.

The most general formulation of the exergy content of a fluid is expressed by [40]:

Ex = Exkin + Expot + Exph + Exch =
.

mε =
.

m
(
εkin + εpot + εph + εch

)
(2)

where

Ex—total exergy flux [W]
ε—total specific exergy [J/kg]

εkin—= c2

2 , kinetic exergy [J/kg]
εpot—=gz, gravitational potential exergy [J/kg]
εph—=h − h0 − T0(s − s0), physical exergy [J/kg]
εch—chemical exergy (tabulated) [J/kg]
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It is well established that:

• Exergy is a property of state;
• Exergy is defined by (i) the system state and (ii) the dead state or ambient state (usually

indicated as “0”);
• Exergy, unlike energy, can be destroyed.

Considering the open system defined by the control volume represented in Figure 1,
the following exergy balance may be written at the steady-state (all energy and exergy
flows are positive when entering the system):

Exin + ExQ + ExW + Exout = I (3)

where

Exin—Exout—exergy fluxes associated to input/output mass flows [W]
ExQ—exergy fluxes associated to thermal fluxes [W]
ExW—exergy fluxes associated to work fluxes [W]
I—exergy destruction or irreversibility [W]
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So, when an external additional thermal source or fuel mass flow is provided, it should
be properly accounted for in the denominator of RTE through its exergy content. Therefore,
the exergy-based RTE formulation, applicable also to hybrid storage systems such as the
one considered in this paper, is:

RTEex =
∣∣∣ExW

out

∣∣∣/(ExW
in + ExQ

in + Exin) (4)

Notably, that only thermal inputs are considered in the above equation, excluding the
possibility of useful thermal outputs, which should be placed in the numerator.

3.3. RTE “Exergetic” Definition

RTEex from Equation (4) can be therefore used for PTES assessment with supplemen-
tary thermal input (i.e., accounting for electrical and thermal exergy flows). Considering
the actual power flows (P) and the actual waste heat flows (Q) at their entropy-average
temperature Tavg (indeed, an explicit logarithm temperature expression could be derived
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by the analytical integration of ExQ when specific heat can be considered constant), the
following expressions are used in this paper:

RTEex =
PDC

PCC + QWH ·
(

1− T0
Tavg

) (5)

Tavg =

∫ out
in Tds

sout − sin
∼=

hout − hin
sout − sin

; i f p ∼= const. (6)

To calculate the exergetic RTE, i.e., RTEex, the actual waste heat (WH) input to the
cycle must be considered. As the heat exchange does not occur at a constant temperature,
the corresponding entropy-averaged temperature is computed using Equation (6).

4. Material and Methods
4.1. Proposed Plant Layouts

Figure 2 illustrates the charging cycle which depicts the utilization of heat from the
waste heat (WH) source of the cement plant through a heat pump to raise its temperature.
The heat is subsequently stored in a commercial molten salt thermal energy storage (TES)
system, specifically using HITEC molten salt. The arrows on the heat exchangers indicate
the direction of heat transfer. Heat is extracted from the heat exchanger (WH HEX) and
transferred to the thermal energy storage heat exchanger (TES HEX) where it is stored in
the TES.
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During TES charging, the high-temperature effluents from the cement processes are
released into the ambient surroundings at significantly lower temperatures, namely in the
150–80 ◦C range, depending on the operating conditions of the heat pump, thus contributing
to process energy efficiency.

The charging cycle is followed by a discharging cycle. Figure 3 presents two different
configurations of the discharging cycle that will be examined to identify the most suitable
configurations for this case study. In Figure 3a, a simple sCO2 discharging cycle is depicted
where the heat stored in the thermal energy storage (TES) is utilized. The sCO2 working
fluid is compressed and heated up by the TES heat exchanger (TES HEX). It then enters
the sCO2 turbine where it expands and releases the remaining heat in the cooling HEX,
closing the cycle. Notably, the cooling HEX in the discharging process operates at a
significantly lower temperature than the waste heat (WH) temperature. Such a feature
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significantly reduces the work required by the compressor, even when employing the same
pressure ratios.
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Targeting discharging cycle efficiency maximization, a recuperated sCO2 cycle was
also considered and analyzed. Thanks to the recuperator, the heat is utilized immediately
after the compressor, resulting in improved efficiency of the discharging cycle. The con-
figurations of the discharging cycle were thoroughly examined to identify the optimal
performance in terms of the electrical round trip efficiency (RTE).

4.2. Thermodynamic Modeling

The modeling procedure used to define the thermodynamic operating parameters
of the cycles is presented in this section. Furthermore, the economic assumptions and
approach used for cycle components cost estimation are described.

4.2.1. Cycle Modeling Technique and Information Flow

TPG of the University of Genoa developed the WTEMP-EVO software, a component-
based in-house thermo-economic simulation tool, which has been properly upgraded to
perform the present study. It is developed in MATLAB®, integrating Coolprop [41] libraries
for fluid properties, and it can simulate energy systems (operating with different working
fluids, both open and closed cycles) assembled by the user, as detailed in [42]. The tool
analyses the thermodynamic behavior of each component using simple characteristic equa-
tions for mass and energy balances and pressure computation; some of them (compressor,
turbine, and HEX) are reported in the following.

pOut = pIn·βCompr (7)

pOut = pIn ∗ (1− ∆p%Loss) (8)

hOut = hIn + ηTurb·(hOut−isoentr − hIn) (9)

hOut = hIn +
(hOut−isoentr − hIn)

ηComp
(10)

εHEX =
QHEX

QHEX−max
(11)
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QHEX =
.

mcold ∗ (hOut−cold − hIn−cold) (12)

where

h are enthalpies [kJ/kg]
p are pressures [Pa]
Q are thermal flows [kW]
βCompr is compressor pressure ratio [-]
εHEX is heat exchanger effectiveness [-]
ηComp is compressor isentropic efficiency [-]
∆p%Loss is percentage pressure drop [-]

Among the cycle components, modeling an sCO2 heat exchanger is always a chal-
lenging process due to the continuous variation of sCO2 thermo-physical properties with
temperature and pressure [43,44]. In this study, the maximum heat that can be exchanged
by a heat exchanger (QHEX−max) is computed as the maximum amount of heat that can
be transferred, from the hot to the cold fluid, in a counterflow heat exchanger that has
an infinite area, thus leading to a temperature difference between the hot and cold fluid
which is equal to zero in a certain point. When the properties of fluids vary within the
heat exchanger (as with sCO2), an internal pinch point may occur (Figure 4), particularly
when a peak is observed in the specific heat capacity of the hot fluid. By employing the
proposed simulation tool, the calculation of the maximum heat enables the identification of
the temperature at which the internal pinch point could arise in an ideal counterflow heat
exchanger. In such a particular case, the heat value corresponding to this temperature is
then assigned as the maximum achievable heat.
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Figure 4. High temperature (TES HEX) heat exchanger thermal exchange behavior: (a) charging and
(b) discharging (example for TES temperature at 450 ◦C as analyzed in [28] and in Section 5.1).

After defining the operating points of the desired cycle layout, the corresponding
functions for the required components (such as turbomachinery, heat exchangers, etc.)
are called by the model to assemble the system. This process leads to the formation of a
system of nonlinear equations. Subsequently, certain variables are assigned values based on
assumptions, establishing the degrees of freedom for the layout. The system of equations is
then numerically solved until convergence is attained.

Upon completing the thermodynamic analysis of the cycle, it becomes feasible to
calculate the geometry and cost of the key components, as outlined in [42] and illustrated
in Figure 5.
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4.2.2. Thermodynamic Modeling Assumptions

Since the proposed PTES systems consist of two distinct and independent cycles, one
for charging and one for discharging (not considering reversible machines), the simulation
approach proposed by WTEMP-EVO distinctly separates the computation of the two cycles
which are connected by imposing the equivalence of the TES temperatures and the amount
of energy and mass stored in it.

In practice, the code initially computes the discharging cycle and utilizes the results
to initialize the computation of the charging cycle. Specifically, since the discharge layout
may involve a recuperated cycle, the minimum temperature of the TES depends on the
inlet temperature of the hot heat exchanger (HEX) in the discharging cycle, which, in turn,
relies on the effectiveness of the recuperator.

For this specific study, the modeling approach involved separates calculations of the
charging and discharging cycles. This was performed to conduct sensitivity analyses on
specific parameters identified as highly relevant for each cycle layout like minimum and
maximum pressures and the TES material temperature (highest temperature of the cycle).

Considering the available waste heat (WH) temperature, as presented in [29], different
commercial TES materials were studied in the range between 400 ◦C and 600 ◦C as the max-
imum temperature. Table 2 reports the main assumptions for the charging and discharging
cycles while Table 3 presents the properties of the TES materials investigated [29].
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Table 2. Thermodynamic modeling assumptions.

Assumptions Value UoM

TES max temperature Between 400 and 600 ◦C
Recuperator effectiveness 60; 80 %

Isentropic efficiency turbomachinery 80 %
Thermal losses of the TES 1 %

Electrical efficiency 98 %
Mechanical efficiency 98 %

Pressure loss in heat exchanger 2 %
Min ∆T heat exchangers 10 K

Compressor inlet temperature 35 ◦C
Ambient temperature T0 25 ◦C

Air temperature cooler exit 45 ◦C
Waste heat temperature 330 ◦C

Waste heat mass flow rate 38.6 kg/s

Table 3. TES Material properties [29].

TES Material Max TTES
[◦C]

Density
[kg/m3]

Specific Heat
[kJ/kgK]

Thermal
Conductivity

[W/mK]

Heat Transfer
Fluid

Min Temp.
[◦C] Cost

Syltherm 400 548 2.26 0.064 Oil −40 4 $/kg
Yara Salt 450 1913 1.43 0.52 Salt 220 1.5 $/kg
HitecXL 500 1877 1.43 0.52 Salt 220 1.6 $/kg
Solar salt 550 1740 1.54 0.5 Salt 250 1.3 $/kg

Concrete\air 600 1008 1.10 1.9 Air 25 30 k$/MWh
and 0.04 $/kg

The temperature and pressure levels for the discharging phase were carefully selected
to optimize the cycle performance. Subsequently, a corresponding charging cycle was
thoroughly examined and chosen. This was made possible by considering the complete
decoupling of the charging and discharging cycles, in contrast to a standalone PTES system,
owing to the integration with high-temperature waste heat (WH).

In the subsequent paragraphs, performance sensitivity analyses of both the charging
and discharging cycles are presented. The aim is to ensure the compatibility and alignment
between the two cycles, starting from the discharging phase. Chapter 6 presents specific
operating parameters’ (minimum and maximum pressures and TES material temperature:
the highest temperature of the cycle) impact on cycle performances.

4.3. Economic Modeling

In order to evaluate the CAPEX of the system, further than TES cost assumptions
previously presented and HEX cost functions as presented in [29], typical sCO2 power cycle
components (turbine–compressor–recuperator) cost functions were considered here [31],
entailing properly correcting them (particularly when studying “hot compressor” and
“cold turbines” in HP/CCs) according to the literature “correction factor” approach [45] in
order to take into account different materials used to manufacture components in operating
conditions that are different than usual ones. Cost functions presented in [46] were therefore
multiplied and divided by a correction factor of 2.035 and 1.764, respectively, to evaluate
compressor and turbine CAPEX considering different material/operating temperatures
when operating in HP CC. Cost of the compressor and turbine depends on the power
output. Heat exchanger costs are based on the UA. The UA value was calculated based
on counter flows for all the heat exchangers using the log mean temperature difference
(LMTD) method. The heat exchanger geometry discretized in 100 parts is solved through
the LMTD equation. According to the power requirements, internally geared centrifugal
compressors were used for both charging and discharging while axial turbines were used
in both cases.
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The CAPEX of the overall proposed PTES system is calculated as the sum of the
different components present in the plant layout.

5. Analysis of the Impact of Different Operating Parameters on WH-Driven PTES
Cycle Performances
5.1. Operating Pressure of Charging and Discharging Cycles

This sub-chapter presents a recap of the results already presented in [28]. In this case,
the above presented PTES cycle was studied starting from an analysis of the discharging
cycle with a maximum pressure limit of 250 bar and a TES with a temperature of 450 ◦C
(HITEC XL as the TES media). This value was determined by the authors based on their
previous study [35] considering technological factors to ensure manageable compression
ratios and the use of pressurized HEXs among other considerations. Additionally, in accor-
dance with the assumptions made, a maximum CO2 temperature of 440 ◦C and a typical
compressor inlet temperature of 35 ◦C were selected to ensure stable compressor operation.

The objective of the analysis was to identify the conditions that would maximize the
electrical round trip efficiency (RTE) by aligning the discharging cycle with the charging
cycle. The study showed that the recuperated discharging cycle maximizes efficiency with
the best results observed in the range of the 80 to 85 bar minimum pressure. While the cycle
efficiency increases with higher recuperator effectiveness, this parameter has a minimal
impact on the total power extracted from the TES source given a constant total mass.

To capture the behavior of the recuperated layout, two values of recuperator effective-
ness (60% and 80%) were analyzed. From these values, an optimal minimum pressure of
83 bar was selected (Figure 6), ensuring a maximum power output while also guaranteeing
proper compressor operation based on the authors’ previous experience [35]. This pressure
value falls within the aforementioned range.
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Figure 6. Total net power achievable by a recuperated cycle for a 1 kg/s mass flow rate of the molten
salts; the x-axis is the effectiveness of the recuperator.

During the charging phase, a common performance parameter to monitor is the
compressor outlet temperature and related cycle maximum pressure (compressor outlet).
While considering the values of other temperatures, only those equal to or higher than
460 ◦C were taken into account based on the initial assumptions related to the chosen MS
TES storage media. In the following Figures 7 and 8, the minimum temperature line is
depicted in red, separating the unacceptable values (above) from the valid values (below).
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The upper region, unacceptable, represents a zone with a pressure ratio that is too close to
1 or even lower, which is unrealistic.
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It is evident that the initial assumptions regarding temperature strongly impact the
behavior of the charging cycle heat pump, necessitating a sensitivity analysis with different
temperature values (as presented in Section 5.2). Furthermore, this behavior is closely tied
to the assumptions made about machinery efficiency which affects the performance of the
heat pump cycle.

Analyzing Figure 9 depicts the trend of HP net power consumption, it is notable
that the power values align closely with the temperature values, similar to the behavior
observed for COP. For instance, a temperature value near 460 ◦C (the lowest acceptable
sCO2 temperature) corresponds to a pressure ratio of approximately 2.6, resulting in a COP
ranging from 3.7 to 3.9.
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Figure 9. Net power absorbed in the charging cycle with a minimum temperature of the TES equal
to 222 ◦C, as calculated for a recuperated discharging cycle with recuperator effectiveness at 80%
(acceptable area is below the red line).

This observation is interesting for two reasons. Firstly, from a thermodynamic stand-
point, one might expect a higher pressure to be preferred, while a thermo-economic per-
spective favors lower pressures, particularly for the charging cycle. Secondly, operating at
lower pressures can amplify the influence of variations in the thermophysical properties of
sCO2, especially its specific heat near the critical point. This could potentially lead to the
heat exchangers encountering an internal pinch point at a temperature difference lower
than the assumed values at the extremes. Consequently, a more detailed analysis of the
heat exchangers would be required, potentially involving the introduction of multiple heat
exchanger and TES units that handle different mass flows. Such an approach would allow
better matching of the variation in CO2 heat capacity rate and mitigate the impact of the
specific heat variation.

All the previous analyses performed on the discharging and corresponding charging
cycles brought the identification of the optimal operating points for the higher RTE P2H2P
cycle (Figure 10). These operating points were determined based on the initial assumptions
presented in [28] and the goal of maximizing the apparent electrical RTE, without taking
into account the amount of waste heat (WH) that could be utilized.
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Figure 10. T-s diagrams for the proposed most effective P2H2P cycle assuming a recuperated
discharging cycle) recuperator effectiveness 80%) and TTES = 450 ◦C.

Table 4 displays the optimal operating parameters identified for the cycle presented in
Figure 10, including the minimum pressures and TES temperature values. It was found that
the optimal maximum pressure for both the charging and discharging phases is 250 bar,
which is the highest allowable pressure. Results showed in [28] confirm that integrating
waste heat (WH) into a PTES allows for achieving higher electrical RTE values compared to
a standalone PTES configuration, as expected. However, it should be noted that this comes
at the expense of utilizing the freely available heat source, and therefore, the exergetic
RTE provides a more comprehensive estimation of the overall energy utilization in the
process. Among the investigated solutions in [28], the highly recuperated configuration
demonstrates the highest exergetic RTE although its WH input utilization is relatively low

Table 4. Main thermodynamic features for the best operating conditions of a PTES cycle with a
recuperated discharging cycle with a TES material maximum temperature of 450 ◦C and recuperator
effectiveness of 80%.

CC pmin DC pmin TES Tmin
CC

COP
DC

Efficiency
DC Net
Power

CC Net
Power

RTE
(Electrical)

RTE
(Exergetic)

95.5 bar 83 bar 222 ◦C 3.24 22.9% 2.18 MW 2.98 MW 73.3% 38.8%

5.2. Impact of TES Temperature

Following the results gathered in [28] where the impact of TTES was identified as a
relevant factor not only as the maximum temperature of the charging/discharging cycle
but also as constraints for the identification of the operating pressure, in [29] the authors
analyzed the impact of TES on proposed PTES cycle performances.

The high pressure side of both the CC and DC are fixed at suitable values where the
commercially available heat exchangers can be exploited:; differently than studied in [28]
and presented in Section 5.1, high pressure sides higher than 250 bar were considered. This
was needed to account for the increasing maximum temperature of the TES: CC indeed
relies only on the pressure ratio; increasing the pressure ratio will increase the temperature
required to reach the maximum temperature value for a certain storage material. Therefore,
fixing the upper side pressure makes much more sense than fixing the lower side pressure
for the CC in order to not obtain too great a value of pressures on the high pressure side for
certain thermal storage materials.
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In the case of DC, the high pressure side as well as the low pressure side is fixed, which
is possible in this case because the recuperator as well as the storage temperature can be
set defining the recuperated amount of heat, thus acting on the recuperator effectiveness,
rather than on the pressure ratio. The lower temperatures of the TES attained through
modeling of the DC then sets the pressure ratios of the CC. The DC lower pressure at the
inlet of the compressor has been kept at 85 bar, as was found to be appropriate according to
the authors’ previous study [28] and as was reported in 5.1.

As CC and DC are independent in terms of operation, the high pressure side of the DC
(300 bar) has been purposely kept only slightly above the high pressure side (280 bar) of the
CC so to utilize the same heat exchanger during charging and discharging and save capital
cost. The cold compressor used in the DC uses much less power than the hot compressor
in the CC for similar pressure ratios. As a result of the independence of CC and DC cycles,
two benefits can be highlighted: (i) the CC turbine can expand far from the critical point,
having higher work values, and (ii) it is possible to increase the expansion ratio of the
discharging turbine, increasing the overall performance of the system.

The pressure ratio of the DC is 3.5 for all the cases of TES. The higher pressure is
fixed at 300 bar assuming the design technicalities whereas the lower pressure is fixed
at 85 bar which has been known to show the higher performances as mentioned before.
Figure 11 shows the pressure characteristics for different maximum temperatures reached
for respective TES showing the lower pressures as well as the pressure ratios.
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The lower pressure side of the CC varies from 1.86 to 6.75 for 400 to 600 ◦C, respectively.
The pressure ratios of the CCs for solar salt (550 ◦C) and concrete (600 ◦C) are too high
to be elaborated by a single compressor unit. Therefore, for practical purposes, multiple
compressors should be considered to reach these pressure ratios with intercooling to obtain
a better isentropic efficiency.

Although this study assumes a single compressor efficiency to evaluate all the cycles,
in a multiple compressor scenario the integrated isentropic efficiency of the two compressor
units would be less than the single compressor unit. Therefore, the required temperatures
of 550 ◦C and 600 ◦C may be reached for lower pressure ratios than as mentioned in
this study.

The pressure ratios for charging and discharging are more or less similar for HITEC
XL (500 ◦C): nevertheless, the DC is operates with a maximum pressure of 300 bar whereas
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CC operates with a maximum pressure of 280 bar. Even though the pressure ratios are
almost similar for this case and DC has to reach a higher pressure, the power intake by
the CC compressor is 16.1 MW while the DC cycle compressor takes only 4.1 MW (for
10 MW net power in charging and discharging) which is four times less than the CC one.
Even considering WH valorization in the CC, the compressor in the charging cycle has
to operate away from the critical point of CO2. Operating into the supercritical gaseous
region, the work of the compressor increases due to the diverging isobaric lines, whereas
near the critical point, the iso-baric lines are less diverging and as the DC compressor has
to operate near the critical point, it takes less power. The compressor power consumption
depends, therefore, not only on the pressure ratios but also on the operating pressures and
temperatures: the DC compressor operating temperature is significantly lower than CC,
which decreases the power consumption significantly for the former. This fact has been
exploited in this study by keeping the higher operating pressure of the DC (300 bar) greater
than the CC (280 bar) to obtain a larger expansion ratio at the expense of lower power
consumption. This is one advantage of using an independent charging and discharging
system. If different HOT HEX are being used for CC and DC, the difference between
high-pressure sides may be increased further to achieve even better performances.

Figure 12 shows the overall performance of the thermodynamic properties of the
systems which include the COP of CC and the thermal efficiency of DC and RTE (both
energetic and exergetic ones). Considering fixed pressure ratios for all analyzed TES
configurations, the efficiency of the DC largely depends on the turbine inlet conditions.
Therefore, due to fixed pressure ratios, as the turbine inlet temperature increases, the
efficiency of DC increases too: the trend for the efficiency can be observed as increasing
from 23% to 28.80% for 400 ◦C to 600 ◦C, respectively. As a result of the recuperator in
the DC, the CC has lower net power requirement. The recuperated heat increases the
temperature at which CO2 enters the HOT HEX in the DC while in CC such an unused
amount of heat can be employed in a low temperature turbine, thus increasing the net
power and consequently, COP. The COP also depends upon the temperature glide between
WH and TES. Therefore, COP decreases by 2.26 points for TES temperature variations from
400 ◦C to 600 ◦C. Looking at DC efficiency increasing values and CC COP decreasing values
with TES temperatures, it is relevant to highlight that the decline of the COP, however, is
much higher than the increment in the efficiency, thus penalizing RTE while increasing the
TES temperature. Therefore, for 400 ◦C, the value of RTE obtained is above 100% while for
the other TES materials, RTEs are below 100%, decreasing further for higher temperatures
following COP in a similar trend. The gap between the COP and RTE can be seen to
increase in Figure 12 as we move to the higher temperature of TES, which shows that
increasing TES temperatures does not compensate for the decrease in the power-to-heat
COP, eventually bringing RTE down for the higher temperatures. In order to have higher
RTE at high temperatures, it would be possible to increase COP using a recuperator in the
HP cycle too which is a possibility to be investigated in future studies.

The exergetic RTE seems to decrease while the TES temperature is increasing. However,
a such trend is rather negligible compared to the electrical RTE one, even if the reason
behind the exergetic RTE decreasing is similar to the electrical RTE one. From an exergetic
point of view, there is not so much difference if a lower TES temperature configuration
or a higher TES temperature configuration is promoted as the difference in the values
is only about two percent. From an exergetic point of view, it can make sense to utilize
higher-temperature TES storage and obtain higher DC efficiencies at the expense of almost
similar exergetic performances as compared to low-temperature TES.

Table 5 shows the thermal storage characteristics and sizing of all analyzed PTES
configurations. All the PTES are scaled based on the equal amount of power consumption
in CC and power production in DC which is 10 MW. For the fixed amount of time of
charging of 10 h, the amount of storage is determined for each case.
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Table 5. TES parameters/performances for different TES materials for PTES.

TES Material TTES
[◦C]

TES Capacity
[MWhth] Charging Time Discharging Time

Syltherm 400 447 10 10.33
Yara Salt 450 317 10 7.91
HitecXL 500 253 10 6.71
Solar salt 550 215 10 5.99

Concrete\air 600 190 10 5.50

For an equal amount of power consumption for each TES case, the mass flow of
CO2 in CC and DC decreases for the increasing temperature of storages which leads to
less needed energy storage capacity as we move towards the higher temperature TES.
By comparison, the required capacity is minimized by 57% for the concrete storage as
compared to the Syltherm which can lead to smaller capital costs. The discharging time
will change depending upon the RTE. As the RTE for 400 ◦C is higher, the DC for this
configuration can run for a longer time, such as 10 h and 20 min for 10 h of charging,
whereas the time of discharging becomes less and less for the higher temperature TES, with
concrete being able to discharge for 5 h and 30 min for a 10 h charge.

6. Preliminary Economic Investigations

Starting from values presented in Table 5, Table 6 shows the capital cost of the compo-
nents needed for the 10 MW scale system; all the values are in Million of USD (M$). The
costs are calculated using the cost functions described in Section 4.3: the CAPEX of the
overall proposed PTES system is calculated as the sum of the different components present
in the plant layout.

Although reversible machinery is being tested for lab scale PTES systems [47], large
scale reversible sCO2 machinery are not technologically ready yet for commercial scale
plants. Therefore, separate turbomachinery for charging and discharging are considered.
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Table 6. Capital cost estimations for 10 MW power scaling of the proposed WH-driven PTES system
with different TES materials.

Component Syltherm
(400 ◦C)

YaraSalt
(450 ◦C)

HitecXL
(500 ◦C)

Solarsalt
(550 ◦C)

Concrete\Air
(600 ◦C)

CC_Compressor 7.51 7.56 7.61 7.66 7.71
CC_Turbine 1.62 1.69 1.75 1.81 1.87

WH_HEX(WH-CO2) 2.64 1.86 1.43 1.16 0.97
WH_HEX(WH-TES) - - - - -

DC_Compressor 5.13 4.83 4.60 4.40 4.24
DC_Turbine 3.74 3.58 3.47 3.38 3.30

DC_Air_HEX 0.30 0.25 0.22 0.20 0.18
DC_Recuperator 1.11 0.88 0.74 0.63 0.56

HOT_HEX 9.06 7.24 6.46 6.01 5.65
Thermal Storage 13.54 6.52 6.25 4.10 10.39

Total CAPEX (M$) 44.65 34.43 32.54 29.35 34.88

Along with the costs of different PTES systems, the cost of the WH2P system has
also been mentioned for comparison. It is clearly visible that despite the absence of the
charging turbomachinery in the WH2P, the CAPEX calculated is much higher than all
the PTES configurations. The justification is that the comparison is being made for the
WH2P and WH+PTES for the same operating conditions of pressure and temperatures
using the temperature 330 ◦C of waste heat to attain a set power output of 10 MW for all
the configurations; the lower temperature configurations will require a larger mass flow
rates and larger machines.

As the temperature of storages becomes higher, the same amount of power can be
reached with a smaller mass flow rate in the machines. The scale of the mass flow rate
determines the size of the machinery. For a larger mass flow rate, the size of the machines
would be larger, thus bringing higher CAPEX. WH2P operates at the lowest temperature
of 330 ◦C among all the other configurations, thus requiring the highest mass flow rate to
guarantee a net power of 10 MW, leading to the highest CAPEX, even achieving values
that go beyond the PTES configurations. DC cycle turbomachinery and HEX of all the
configurations follow the same trend of cost reduction with higher temperatures as all the
configurations are operating on same operating pressures, but with lower mass flow rates,
while for CC turbomachinery there is a reverse trend not driven by mass flow rate reasons
in this case. Indeed, although the mass flow rate is also decreasing in the CCs for higher
temperature configurations, the pressure ratios in CC are different for each configuration,
thus leading to higher turbomachinery CAPEX despite a decrease in the mass flow rate.
The magnitude of the increase, however, is minimized by the counter effect that decreasing
mass flow has on the cost of turbomachinery.

The highest cost for all the components is of the TES heat exchanger. This is evident
in Figure 4 which shows the internal features of the heat exchanger for 450 ◦C TES. The
temperature difference between the hot side fluid and cold side fluid remain more or less 10
K for the whole duration of heat transfer, which tends to make the area of the heat exchanger
very large. This TES heat exchanger, referred to in Table 4 as TES HEX, is similar for the
charge and discharge cycle although, the pressures are not similar for charge and discharge
with 280 bar for CC and 300 bar for DC. The parameters of pressure and mass flow rate
are different whereas the temperature difference between the inlet and the outlet of TES
HEX are the same for the CC and the DC. Except for the storage, the highest component
cost for the PTES configuration is incurred by the 400 ◦C temperature configuration and
the lowest by the 600 ◦C configuration which goes to show that although the RTE is lower
for high-temperature configurations, the higher temperature configurations can be a better
choice when CAPEX is the priority.

In [29], a dispatchment study investigated the potential behavior of the proposed WH-
driven PTES system under fluctuating grid electricity prices. The charging and discharging
of the system depends on the cost of electricity and were optimized in the study on a
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profit-based objective function. The electricity dispatch analysis was performed on the
Syltherm (400 ◦C) case as it achieved the maximum round trip efficiency of around 103%
despite having higher CAPEX mostly due to the highest TES cost.

The electricity dispatch analysis was performed in different electric markets
with/without high electricity price volatility and with/without negative electricity prices
guaranteeing annual net revenues of around 3.135 M USD looking at Belgian electricity
market values of 2022 [48], where just around 35,000 EUR were related to the exploitation
(via the charging cycle) of negative electricity prices thus showing:

- an electricity market interest for the proposed system in different EU electricity market
(particularly those ones with weekly/monthly price volatility);

- sustainable PBP around 8 to 10 years for the proposed system.

7. Conclusions

This paper introduces an innovative concept of a high-efficiency waste heat-driven
sCO2 P2H2P energy storage system. The proposed solution has the potential to be ap-
plied in various industrial sectors, enable the valorization of local waste heat, and make
industries more grid-flexible while improving their overall efficiency and reducing capital
expenditures by utilizing waste heat instead of investing in cold thermal energy storage.

The paper focuses on the thermodynamic performance and preliminary economic
analysis of waste heat-driven sCO2 P2H2P cycle layouts under design conditions with a
specific case study on the cement industry. A sensitivity analysis was conducted to explore
the performance characteristics of the charging and discharging cycles that constitute a
PTES system, looking at the influence of limited operating pressures and the temperature of
the cycles. The performance evaluation is mainly based on the electrical RTE (accounting for
electrical energy flows) and the exergetic RTE (accounting for electrical and thermal exergy
flows). From the discussed results, the following main conclusions can be summarized:

(a) The use of a recuperated cycle in the discharging phase enables electrical RTE val-
ues exceeding 70%, which is higher than what can be achieved with PTES without
recuperation operating under similar conditions. Furthermore, a recuperated solution
achieves improved results with only a limited increase in the minimum temperature
of the thermal energy storage (TES), thus minimizing the required TES size. This
solution leverages the availability of waste heat recovery, potentially eliminating the
need for a low-temperature TES that is necessary for standalone PTES configurations,
thus allowing for cost savings. However, it is important to note that the exergetic
RTE analysis, which includes the contributions of both electrical power and exter-
nal thermal sources in terms of exergy flows, shows that even the best-performing
configurations analyzed in this study cannot achieve an RTEex higher than 39%;

(b) The independence of the CC and DC in terms of the components and turbomachinery
originating from the utilization of waste heat offers many benefits of different operat-
ing pressures in charging and discharging which in turn result in higher power gains.
Specifically, reducing the CC power input by allowing lower pressure operations than
the DC cycle and increasing CC turbine power output by being able to operate away
from the critical point;

(c) The integration of higher temperature TES material brings higher efficiency of the
PTES DC: nevertheless, such an increase does not compensate for the reduction in COP
of the charging HP cycle, thus lower temperature TES materials present higher RTE
(while comparing different higher temperatures of the cycles at the same maximum
pressure of the cycle);

(d) MS-based TES systems (450 ◦C to 550 ◦C) show lower CAPEX if compared to diather-
mic oil or concrete and satisfactory RTE (0.55 ÷ 0.7) if compared to other currently
investigated long-duration energy storage systems/CBs;

(e) The charging cycle is the most critical and relevant part (in terms of impact on the RTE)
of the proposed systems and, to ensure cost-effective systems, highly efficient HPs
and components (mainly ”hot sCO2 compressors”) are needed. This also highlights
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the need for further development of sCO2 high-temperature heat pumps which today
could reach up to 160–200 ◦C with good COP values;

(f) The proposed systems can ensure flexibility by the thermal energy storage units,
thus easily enabling a decouple energy/power rate that the system can provide to
ensure significant grid support, particularly with high RTE values, by being con-
tinuously charged and discharged along the day which is particularly attractive in
markets with high electricity price volatility and fluctuations as well as the presence
of negative prices.

By proposing a sCO2 Carnot batteries/power cycles sizing modeling tool as well as
dispatchment models, this study sets the ground for future sCO2 PTES techno-economic
investigations that can have different layouts, integration potentials, and available sources
from technical and energy market points of view. The proposed system and analysis could,
therefore, be applied to any type of industrial waste heat (and/or freely available heat
source like thermal RES).

For this purpose, one of the next aspects that is worthy of analysis is the impact of the
temperature and quality (in terms of time-dependency and variability) of the WH driving
the PTES system on its performances, thus better understanding which of the industrial
sectors presented in Section 2 could be more relevant to be investigated.
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Nomenclature

Abbreviations
CAPEX Capital Expenditure
CB Carnot Battery
CC Charging Cycle
CHP Combined Heat and Power
COP Coefficient of Performance
CSP Concentrating Solar Power
DC Discharging Cycle
E Energy
Ex Exergy
EU European Union
h Enthalpy
HEX Heat Exchanger
HP Heat Pump
LDES Long-Duration Energy Storage
LMTD Log Mean Temperature Difference
LMP Location Marginal Prices
MS Molten Salts
PCM Phase Change Material
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PTES Pumped Thermal Energy Storage
PV Photovoltaic
P2H2P Power-to-heat-to-power
Q Heat
RES Renewable Energy Sources
RTE Round Trip Efficiency
sCO2 Supercritical Carbon Dioxide
T Temperature
TES Thermal Energy Storage
US United States
WH Waste Heat
WHR Waste Heat Recovery
Subscripts
avg Average
cc/CC Charging Cycle
dc/DC Discharging Cycle
el Electric
HEX Heat exchanger
in Input
out Output
TES Thermal Energy Storage
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