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1. Introduction

In the last decade, the share of renewable
energies in the energy system has increased
in many parts of the world. As many renew-
able energy sources fluctuate, like wind and
solar, a reliable energy supply requires a
high capacity for electricity storage.[1]

However, the established electricity storage
technologies with high storage capacities
have significant disadvantages: pumped-
storage hydroelectricity (PSH) and com-
pressed air energy storage (CAES) have
low predicted specific costs but are geo-
graphically limited.[2] As alternative to
PSH and CAES, large-scale battery-storage
systems are predicted to have higher specific
costs.[1] Additionally, battery-storage systems
need specific materials like lithium for their
production. Lithium is also needed for other
applications such as electric cars or electric
devices, leading to potential supply prob-
lems in the future without high recycling
rates.[3] In addition to the established storage

technologies, power-to-hydrogen-to-power (PtH2tP) and power-to-
methane-to-power (PtCH4tP) have a promising outlook in the
future, especially for long-term storage.[4] However, these technol-
ogies are not yet developed for large-scale electricity storage.

A promising alternative technology to store electricity is
pumped-thermal electricity storage (PTES).[5] PTES systems
use a heat pump (HP) to convert electric power into heat. The
heat is then sent to a thermal-storage system. The stored thermal
energy is reconverted into electric power using a heat engine
(HE). PTES systems offer geographical flexibility as they have
no geological restrictions.[6] Thereby, long electricity transport
can be avoided. Furthermore, for the construction of PTES sys-
tems only abundant materials, like steel, are used.

The literature distinguishes three main types of PTES systems
according to the HP and HE process used: Joule-based PTES
systems,[7,8] transcritical PTES systems,[9,10] and Rankine-based
PTES systems.[11–13] Joule-based PTES systems promise favor-
able round-trip efficiencies of around 70%.[7,8] However, these
high system efficiencies rely on high-efficiency compressors
and expanders such that Joule-based PTES systems have high
specific investment cost (SIC) of up to 6000 $ kW�1

el .
[14]

Transcritical PTES systems achieve round-trip efficiencies of
up to 65%[9] with comparably low SIC of up to 2500 $ kW�1

el .
[14]
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Higher shares of renewable energy increase the need for electricity storage.
A promising storage technology is Pumped-Thermal Electricity Storage (PTES): PTES
systems transform electricity into heat using a heat pump (HP) and reconvert the
heat into electricity using a heat engine. Since both HPs and heat engines require
working fluids, maximum performance requires the optimal combination of PTES
process and working fluids. Herein this work, the thermo-economic potential of an
Organic Rankine Cycle (ORC)-based PTES system is analyzed by simultaneously
designing both the PTES process and the working fluids used in the HP and the ORC.
To rigorously explore the molecular design space, the 1-stage Continuous-Molecular
Targeting - Computer-Aided Molecular Design method is employed. Detailed models
for costing and sizing of the equipment allow for a thermo-economic design of the
PTES. The computer-aided molecular design formulation integrates the working
fluids as degrees of freedom into the process optimization. For the investigated
ORC-based PTES system with an input power of 60MW, the optimal process and
working fluids minimize the specific investment cost to SIC ¼ 929 € kWh�1

out. The
analysis of cost drivers shows that with decreasing compressor cost, the investigated
ORC-based PTES system can become a competitive storage technology.
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However, transcritical PTES systems have low energy densities
resulting in larger systems.[14] Thus, transcritical PTES systems
are discussed for short-term storage with charge times below
10 h and discharge times below 5 h.[14] In contrast, Rankine-
based PTES systems have comparably high energy densities and
thus are discussed for charge and discharge times of up to 3 d.[14]

Rankine-based PTES systems can use a subcritical steam
Rankine cycle[11] or a subcritical Organic Rankine Cycle
(ORC)[12,13] as HE. Steam Rankine cycle-based PTES systems ben-
efit from existing know-how on conventional power plants. Even
more, existing conventional power plants could be converted for
use as HEs in steam Rankine cycle-based PTES systems.[15]

However, steam Rankine cycle-based PTES systems typically need
thermal-storage systems with temperature levels up to 400 °C,[14]

prohibiting the use of efficient vapor-compression HPs, which are
only commercially available for temperatures up to 165 °C.[16]

In contrast, ORC-based PTES systems can exploit the broad
experience with operating ORCs at temperatures up to
160 °C.[17] These systems can thus employ efficient, commer-
cially available vapor-compression HPs to provide heat for the
thermal-storage system. Additionally, ORC-based PTES systems
have a high round-trip efficiency of up to 70% for idealized cycles
and up to 55% for more realistic cycles shown by Roskosch and
Atakan.[18] Furthermore, the design study of Roskosch and
Atakan highlights that ORC-based PTES systems offer two
fundamental degrees of freedom: first, process degrees of free-
dom such as pressure levels or mass flow rates can be optimized
for the HP, the ORC, and the storage cycle. Second, the working
fluids have to be selected for the HP and the ORC as well as the
storage medium. Consequently, ORC-based PTES systems offer
a high flexibility to tailor the systems to given specifications.
Thus, in this work, we focus on ORC-based PTES systems.

A thermo-economically optimal ORC-based PTES system
requires an optimal combination of processes and working fluids
due to the strong interaction between processes and working fluids.
However, so far, the thermo-economic potential of ORC-based
PTES systems has only been analyzed for fixed, preselected working
fluids,[19] leading to suboptimal solutions if the preselection fails.

Optimal combinations of working fluids and processes can be
identified by integrating the molecule design into the process
design.[20] For this purpose, computer-aided molecular design
(CAMD) methods design molecular structures in silico. In
CAMD methods, molecules are typically represented based on
a discrete set of functional groups.[21] The design of molecules
based on a set of functional groups allows capturing a wide range
of molecular structures. However, the discrete molecular varia-
bles lead to a mixed-integer nonlinear programming (MINLP)
problem (see the review of Papadopoulos et al.[20] for further
information). A wide variety of solution methods have been
developed solving the MINLP of integrated CAMD problems,
for example, for working fluids in HPs,[22,23] and ORCs[24–32],
as well as for solvents in liquid–liquid extraction[33–35] and
absorption[36–42] and for reactions.[43,44] The integrated design
methods mainly differ in the selected thermodynamic model,
solution algorithm, or case study.[20,45]

In this work, we determine the thermo-economic potential of
ORC-based PTES systems. For this purpose, we use the 1-stage
Continuous-Molecular Targeting - Computer-Aided Molecular
Design (CoMT–CAMD) method,[26,27] developed by some of the

authors, to find an optimal combination of working fluids and pro-
cesses for ORC-based PTES systems. The 1-stage CoMT–CAMD
method enables the integrated thermo-economic design of mol-
ecules and processes based on a consistent thermodynamic
model with strong predictive power, the perturbed-chain statisti-
cal associating fluid theory (PC-SAFT) equation of state (EoS).[46]

The paper is structured as follows: In Section 2, the ORC-
based PTES system is described. Section 3 introduces 1-stage
CoMT–CAMD for ORC-based PTES systems, including models
for the process, equipment, and thermodynamics. The results of
the integrated design of ORC-based PTES systems are presented,
discussed, and compared to other electricity-storage technologies
in Section 4. Finally, the main conclusions are drawn in Section 5.

2. ORC-Based PTES System

A basic ORC-based PTES system consists of three cycles
(cf. Figure 1): an HP cycle, a thermal-storage cycle, and an ORC.
During high renewable electric power production, the HP con-
verts electrical energy into thermal energy, which is stored in a
thermal-storage cycle. The stored thermal energy is reconverted
using an ORC during low renewable electric power production.
The heat-storage system is connected to the hot sides of the HP
(condenser) and ORC (evaporator), as illustrated in Figure 1. In
addition, a cold-storage system could be connected to the cold
sides of theHP (evaporator) and ORC (condenser).[47] The studied
basic configuration represents one of the three types of PTES sys-
tems in addition to Joule-based and transcritical PTES systems.[14]

In the following, the three cycles of a basic ORC-based PTES
system with a heat-storage system are explained in detail: 1) In
the HP cycle, a compressor increases the pressure of the working
fluid vapor to the upper pressure level (1HP! 2HP). The com-
pressor is driven by an electric motor supplied by electrical
energy from the grid. After compression, the superheated work-
ing fluid is condensed in the condenser by transferring heat to
the thermal-storage cycle (2HP! 3HP). After the condenser, a
valve reduces the pressure of the liquid working fluid to the lower
pressure level (3HP! 4HP). To close the cycle, the working fluid
is evaporated in the evaporator using heat from the environment
(4HP! 1HP). In the HP cycle, the degrees of freedom in an inte-
grated design problem are the molecular structure of the working
fluid and process variables (e.g., the pressure levels, the degree of
subcooling in the condenser or the mass flow rate); 2) The
thermal-storage cycle can use various cycle configurations (e.g.,
sensible or latent heat storage) and storage media (e.g., water or
phase change materials). In this work, we focus on sensible heat
storage using pressurized liquid water as the storage medium
(cf. Figure 1) because this type of storage is environmentally
friendly and cost-effective[47]. In the first step of the sensible
heat-storage cycle, pressurized cold water from a cold-storage
tank is heated in the condenser of the HP (1St! 2St).
Subsequently, the hot water is stored in a hot-storage tank for
a certain period (2St! 3St). Afterward, the hot water from the
hot-storage tank is cooled in the ORC evaporator to evaporate
the ORC working fluid (3St! 4St). The cold water is then stored
in the cold-storage tank to close the thermal-storage cycle
(4St! 1St). The degrees of freedom in the thermal-storage cycle
are process variables like the mass flow rate to the hot- and
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the cold-storage tank, the temperature level in the hot- and the
cold-storage tank or the geometrical parameters of the storage
tanks; and 3) In the ORC, the pressure of the liquid working fluid
is increased to the upper pressure level by a pump
(1ORC! 2ORC). After the pump, the working fluid is evaporated
in the evaporator by the heat of the hot-storage medium
(2ORC! 3ORC). The evaporated working fluid is then expanded

in the turbine to generate mechanical power, which is
transferred to electrical power by a generator (3ORC! 4ORC).
To close the cycle, the expanded working fluid is condensed
in the condenser using the environment as the heat sink
(4ORC! 1ORC). In the ORC, the degrees of freedom of an inte-
grated design problem are similar to the HP: the molecular struc-
ture of the working fluid and process variables (e.g., the pressure
levels, the degree of superheating in the evaporator or the mass
flow rate).

In this work, the basic ORC-based PTES system configuration
is considered. In general, the cycle configuration of the three pri-
mary cycles is a further degree of freedom of the PTES system.[15]

For example, an additional heat exchanger for internal heat recov-
ery can improve the efficiency of the ORC.[48] However, at the
same time, the additional heat exchanger increases the invest-
ment costs and can thus be economically less efficient.[49] The
cycle configuration can be considered as a degree of freedom
of the integrated design problem by a superstructure-based
design in future work.[49]

3. Design of Basic ORC-Based PTES Systems
Using 1-Stage CoMT–CAMD

To identify thermo-economically optimal ORC-based PTES
systems, we optimize processes and working fluids in the inte-
grated design method 1-stage CoMT–CAMD.[26,27] The general
MINLP problem formulation of 1-stage CoMT–CAMD is given
for ORC-based PTES systems in Problem (1):

min
x, ys

HP=ORC

f x, θHP=ORC, κHP=ORC
� �

objective

s:t:
g1 x, θHP=ORC, κHP=ORC
� �

≤ 0
g2 x, θHP=ORC, κHP=ORC
� � ¼ 0

oequipment sizing for HP,
storage cycle and ORC

κHP=ORC ¼ kðx, θHP=ORC, ySHP=ORCÞ PC-SAFT transportð Þ
p1 x, θHP=ORC
� �

≤ 0
p2 x, θHP=ORC
� � ¼ 0

oprocess model for HP,
storage cycle and ORC

θHP=ORC ¼ h x, ySHP=ORC

� �
PC-SAFT equilibriumð Þ

F1 ⋅ ySHP=ORC ¼ d
F2 ⋅ ySHP=ORC ≤ d

oCAMD model for HP and
ORC working fluid

xlb ≤ x ≤ xub ∈ ℝn

ySlb,HP=ORC ≤ ySHP=ORC ≤ ySub,HP=ORC ∈ ℤl

(1)

In Problem (1), f is the objective function to be optimized. In
this work, we consider the SIC more specific (SICout) as the
thermo-economic objective function calculated as the total capital
investment (I0,tot) per electrical output capacity (Pout ⋅ tdischarge)

SICout ¼
I0, tot

Pout ⋅ tdischarge
(2)

This objective function captures the trade-off between invest-
ment and round-trip efficiency of the PTES system. Thereby, the

objective function enables comparing the results to storage tech-
nologies with different efficiencies (see Section 4.4). The advan-
tage of the SIC compared to other alternative economic objective
functions, like the net present value, is that no assumptions are
required regarding the location-dependent interest rate or elec-
tricity prices during charging and discharging. The SICout

depends on the process degrees of freedom x, both the equilib-
rium properties θHP and θORC and the transport properties κHP

and κORC of the working fluids in HP and ORC. The process
degrees of freedom x ¼ ðxHP, xSt, xORCÞT are composed of the

G/M

Grid

ORC
HP Cycle

Thermal storage cycle

Evaporator Condenser

Condenser Evaporator

Valve

Compressor

Turbine

PumpGenerator/Motor

Cold storage tank

Hot storage tank

Figure 1. Generic flow sheet of a basic Organic Rankine Cycle (ORC)-
based pumped-thermal electricity storage (PTES) system with heat stor-
age. The system includes an electric motor (M) to drive the heat pump
(HP), thermal storage (St), and an ORC driving a generator (G).
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degrees of freedom of the HP xHP (e.g., the degree of subcooling
in the condenser or the mass flow rate), storage cycle xSt (e.g., the
temperature level in the hot- and the cold-storage tank), and ORC
xORC (e.g., the degree of superheating in the evaporator or the
pressure levels). The equipment and process models consist
of inequality constraints g1 and p1 (e.g., turbine limitations or
limits of the minimal approach temperature) as well as equality
constraints g2 and p2 (e.g., heat-transfer correlations or energy
balances) (for details, see Sections 3.1 and 4.1). The equilibrium
properties θ and the transport properties κ of the ORC and HP
working fluids are calculated using the PC-SAFT equation of
state[46] as thermodynamic model (see Section 3.2 for details).
The working fluids of the ORC and HP are represented by
integer vectors ySORC and ySHP, respectively. The integer vectors
indicate the number of functional groups constituting the
molecular structure of the working fluids. The molecular struc-
tures are designed as degree of freedom of the optimization
using a CAMD formulation. The CAMD formulation ensures
structural feasibility of the molecular structures ySORC and
ySHP by equality constraints F1 and inequality constraints F2

(e.g., the octet rule).[50–52]

The integrated design problem is modeled using the gPROMS
ProcessBuilder v1.2.[53] To solve the integrated design problem
in Problem (1), we use the local solver OAERAP (Outer
Approximation Equality Relaxation Augmented Penalty) avail-
able in gPROMS ProcessBuilder v1.2. The OAERAP solver splits
the MINLP problem into a series of nonlinear program (NLP)
subproblems and mixed-integer linear program (MILP) master
problems. The first NLP relaxes the discrete degrees of freedom
in Problem (1) resulting from the integer values of the molecular
structures. Thus, the relaxation problem does not yield real
molecular structures. However, the result can be regarded as
hypothetical, optimal working fluids for HP and ORC, the
so-called target, representing a lower bound for the objective
function. Subsequentially, an optimal integer solution is identi-
fied using outer-approximation.[54] The result of the MINLP is an
optimal working fluid pair jointly with the corresponding optimal
process variables and equipment sizes for all cycles. To obtain a
ranking of the best working fluid pairs, the MINLP can be solved
repeatedly, prohibiting all already found solutions using integer-
cut constraints.[55] A ranking of the best working fluid pairs helps
to avoid local optima identified by the local solver and consider-
ing nonconventional fluid properties a posteriori, which are not
captured in the thermodynamic model.

In Section 3.1, the thermo-economic process and equipment
model is described in detail and the thermodynamic model is
introduced in Section 3.2.

3.1. Thermo-Economic Process and Equipment Model
of the PTES

In this work, we investigate the potential of a subcritical, basic
ORC-based PTES system for large-scale electricity storage using
a quasi-steady-state model. To obtain the total capital investment
I0, tot of the basic ORC-based PTES system, the equipment is
designed and the purchased-equipment cost I0,i is calculated
for each equipment i. The cost for construction, piping,
transport, control electronics, real estate, buildings, and planning

is considered by an additional factor of 3.4 to calculate the
total capital investment I0, tot of the basic ORC-based PTES
system[56]

I0, tot ¼ 3.4 ⋅
X

i∈I
I0,i (3)

For each cycle, mass and energy balances are implemented.
The turbomachinery is assumed to be adiabatic with constant
isentropic efficiencies. Two additional design constraints are
considered for the turbine to avoid highMach numbers and large
blade heights. For the turbine, a fluid-dependent cost correlation
is used to calculate the purchased-equipment cost.[57] In contrast,
fluid-independent cost correlations are used for the pump[58] and
the compressor,[59] calculating the purchased-equipment cost
from the power input. For the compressor, the used cost correla-
tion for radial compressors is limited to a power input of
30MW.[59] Thus, in case of an input power of the PTES higher
than 30MW, we consider several compressors with a maximal
compressor power of 30MW each. The purchased-equipment cost
of the generator is calculated from the power output of the
generator.[57] The purchased-equipment cost of the gearbox is cal-
culated from the purchased-equipment cost of the generator.[57]

The heat exchangers are modeled as counter-flow shell-and-
tube heat exchangers without pressure losses. The required heat
exchanger area is calculated using detailed heat-transfer correla-
tions for single-phase heat transfer,[60] flow boiling,[61] and film-
wise condensation.[62] The correlations for flow boiling and
filmwise condensation depend on the steam quality and thus
describe the local heat transfer. Therefore, we discretize the evap-
orators and condensers and calculate the heat exchanger area for
each discrete element using a mean steam quality. The discre-
tized areas are summed to calculate the total heat exchanger area.
The purchased-equipment costs of the heat exchangers are
calculated from the heat exchanger areas using a cost correlation
from Smith.[56] The valve in the HP cycle is assumed to be
adiabatic and its purchased-equipment cost is assumed to be neg-
ligible since the valve is a low-cost component.[10] The detailed
thermodynamic models of the HP and ORC process and models
for equipment sizing are given in Supporting Information SI A 1.
The calculation of the investment costs for the HP and ORC
equipment is provided in Supporting Information SI A 2.

As storage medium, we use liquid water, which is optionally
pressurized. The hot- and cold-storage tanks are assumed to be
adiabatic due to the short storage time in the investigated daily
storage case study. Pressure losses in the storage cycle are
neglected. The storage tanks are sized based on two norms,
DIN EN 13 455-3[63] and EN 14 015:2004.[64] Following the
norms, the storage tanks are sized depending on the storage
pressure, storage temperature, and mass of the storage medium
in the tanks. A foundation and thermal isolation are considered
for the tanks to justify the assumption of adiabatic storage tanks.
The purchased-equipment costs of the storage tanks are calcu-
lated using a detailed cost correlation from Jacob et al.[65]

The design of the storage tanks is explained in detail in
Supporting Information SI A 3.

An overview of all sizing models and cost correlations is given
in Table 1 and 2, respectively.
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3.2. Thermodynamic Model

Our method for the integrated thermo-economic design of pro-
cesses and working fluids uses the PC-SAFT[46] equation of state
(EoS) to calculate both equilibrium θ and transport properties κ of
the working fluids. In PC-SAFT, a molecule is modeled as per-
turbed chains of spherical segments, which are represented by
typically three to seven physically based pure component param-
eters z. In this work, we consider only nonassociative and non-
polar working fluids. Consequently, three pure component
parameters are sufficient to describe a working fluid: the seg-
ment number m and the segment diameter σ to represent the
geometry of the chains and the segment dispersion energy
ε=k to describe the van der Waals attraction.

To link PC-SAFT to the CAMD formulation, the pure compo-
nent parameters of PC-SAFT are calculated from the molecular
structure of the working fluids using the homosegmented group
contribution (GC) method of PC-SAFT.[67] In this method, the pure
component parameters z are calculated from the molecular struc-
ture of the working fluid yS using themixing rule of Vijande et al.[68]

m ¼
X

k∈K
nk ⋅mk (4)

m ⋅ σ3 ¼
X

k∈K
nk ⋅mk ⋅ σ3k (5)

m ⋅ ε=k ¼
X

k∈K
nk ⋅mk ⋅ ðε=kÞk (6)

where nk represents the number of functional groups of type k in
the molecular structure. These values constitute the molecular
structure vector yS:The parameters mk, σk, and ðε=kÞk indicate
the contributions of the functional group of type k to the pure com-
ponent parameters.

Since PC-SAFT is based on the residual Helmholtz energy, a
reference property is needed to calculate absolute thermody-
namic properties. In this work, the reference property is the heat
capacity of the ideal gas cigp . We calculate the heat capacity of the

ideal gas cigp from the molecular structure of the working fluids
ySORC=HP using Joback’s GC method.[69]

The transport properties κ are calculated from PC-SAFT using
the GC methods proposed by Lötgering-Lin and Gross[70] for vis-
cosities η and by Hopp and Gross[71] for thermal conductivities λ.
Both methods are based on Rosenfeld’s entropy scaling.[72,73]

In these methods, the transport properties are calculated as
product of a reduced and a reference transport property.
The reduced transport properties are calculated using univariate
functions of the residual entropy. The reference properties are
calculated based on the Chapman–Enskog viscosity and the
Chapman–Enskog thermal conductivity.

In this work, we consider the following set of functional
groups:�CH3,�CH2�,>CH�, and>C< for branched alkanes
and ¼CH2, ¼CH�, and >C¼ for branched alkenes. The set of
functional groups is limited since we require GC methods for
both the PC-SAFT parameters and the transport properties.
In particular, data on transport properties is scarce such that
the development of GC methods is restricted.[71] In this work,
we are further limited to nonpolar functional groups since the
polar interactions of PC-SAFT[74,75] are not implemented in
gPROMS ProcessBuilder v1.2. Moreover, the integrated design
problem in Problem (1) is challenging, limiting the number
of integer degrees of freedom to ensure a robust and reliable con-
vergence of the MINLP solver. In general, additional functional
groups can be easily integrated into the integrated designmethod
as soon as new functional groups are fitted to measurement data,
polar interactions of PC-SAFT are considered in gPROMS
ProcessBuilder or more powerful MINLP solvers are available.
Nevertheless, the molecular design space considered in this work
is reasonable since alkanes and alkenes are essential working flu-
ids for ORCs and HPs.

4. Results and Discussion

The 1-stage CoMT–CAMD method is used for the integrated
thermo-economic design of an ORC-based PTES system for
the case study presented in Section 4.1. The results of the inte-
grated design are discussed in Section 4.2. An uncertainty analy-
sis for the cost correlation of the main cost contributor is carried
out in Section 4.3. In Section 4.4, we compare the thermo-
economically optimal ORC-based PTES system with alternative
electricity storage technologies.

4.1. Case Study

As case study, we consider a large-scale PTES system for daily
storage based on Henchoz et al.[66] The constant power input

Table 1. Overview of the design approaches and the main features used in
this work.

Equipment Design approach Reference Features

Compressor Isentropic efficiency [66]

Heat exchanger

Single-phase heat transfer [60]

Evaporation [61] Discretized, iterative

Condensation [62] Discretized

Storage tank Detailed design method [63,64] Pressure-dependent

Pump Isentropic efficiency [66]

Turbine
Isentropic efficiency [66]

Design constraints [57] Fluid-dependent

Table 2. Overview of the cost correlations and their main input
parameter(s) used in this work.

Equipment Cost correlation from Input

Compressor Towler and Sinnott[59] Compressor power

Heat exchanger Smith[56] Heat exchanger area

Storage tanks Jacob et al.[65] Various parameters

Pump Turton et al.[58] Pump power

Turbine Astolfi et al.[57] Number of stages, size parameter

Generator Astolfi et al.[57] Turbine power output

Gearbox Astolfi et al.[57] Generator costs
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of Pel, in ¼ 60MW is available for up to 8 h (cf., Table 3), whereby
the charge time tcharge can be optimized between 1 and 8 h. The
constant discharge power Pel, out is a process degree of freedom.
The overall cycle time for charging and discharging ttot ¼
tcharge þ tdischarge is limited to 24 h as a constraint in the optimi-
zation to ensure a daily storage cycle. The total energy stored
during the charge time has to be discharged within the overall
cycle time, ensuring the PTES system’s cyclic operation. A typical
charge–discharge trajectory is shown in Figure 2 for an ORC-
based PTES system using propane in the ORC and isobutene
in the HP from the case study.

The minimal approach temperature in all heat exchangers is
set to 2 K since smaller values increase cost strongly, impacting
optimization stability. The inlet temperature of the cooling water
in the HP evaporator and ORC condenser is assumed to be
TCW, in ¼ 10 °C.[76]

It should be noted that the case study chosen in this work is just
one example of the broad application range of PTES systems,
which can strongly vary, for example, in power input, capacity,
or cycle time.[14] The SIC is expected to be substantially influenced

by the case study. Typically, a higher power input results in a larger
PTES systemwithmore electrical output capacity. Since the equip-
ment used in PTES systems follows the rules of economy of scale,
PTES systems with a higher power input are expected to result in
lower SIC per electrical output capacity. Longer overall cycle times
have been shown to reduce SIC per electrical output capacity.[14]

The impact of the case study specification on the identified optimal
working fluids should thus be analyzed in future work.

The degrees of freedom of the integrated design of the ORC-
based PTES system given in Problem (1) are the process variables
x as well as the molecular structure of the working fluids in the
ORC ySORC and in the HP ySHP. In the HP, we consider the fol-
lowing process variables as degrees of freedom: 1) the mass flow
rate of the HP working fluid m

:
HP; 2) the degree of subcooling at

the HP condenser outlet ΔT sc; 3) the degree of superheating at
the HP evaporator outlet ΔT sh,HP; and 4) the pressure level at the
outlet of the HP valve plow,HP.

These degrees of freedom are typical design parameters in a
thermodynamic model of an HP cycle.[77] In general, the upper
pressure level of the HP cycle can also be a process degree of
freedom. However, in our case study, we assume a fixed, prede-
fined power input of the compressor (cf., Section 4.1). In this
case, the upper pressure level of the HP cycle is not a degree
of freedom but calculated from the thermodynamic compressor
model.

In the thermal-storage cycle with the predefined storage
medium water (cf., Section 2), the process degrees of freedom
considered in this work are: 1) the mass flow rate to charge
the hot-storage tank m

:
charge; 2) the mass flow rate to discharge

the hot-storage tank m
:
discharge; 3) the charge time tcharge; 4) the

pressure in the storage cycle pstorage; 4) the temperature in the
cold-storage tank T storage, cold; and 5) the height-to-diameter ratio
of the storage tanks ðH=dÞtank, hot=cold.

The mass flow rates for charging and discharging as well as
the temperature in the cold-storage tank are chosen as degrees of
freedom to optimally link the thermal-storage cycle to the HP
cycle and the ORC. The charge time is a degree of freedom in
this work because the thermal-storage cycle is not modeled as

Table 3. Specifications of the ORC-based PTES system based on Henchoz
et al.[66]

Parameter Symbol Value

Compressor power input Pel, in 60 MW

Isentropic compressor efficiency ηC,is 0.88

Isentropic turbine efficiency ηT,is 0.9

Isentropic pump efficiency ηP,is 0.85

Min. absolute pressure (HP/ORC) pmin,HP=ORC 1 bar

Max. absolute pressure (HP/ORC) pmax,HP=ORC 60 bar

Min. absolute pressure (storage) pmin,storage 1 bar

Max. absolute pressure (storage) pmax,storage 5 bar

Max. charge time tmax, charge 8 h

Max. overall cycle time tmax, tot 24 h

Figure 2. The power input Pel, in, power output Pel, out, and the state of charge of the storage tanks exemplified for an ORC-based PTES system using
propane in the ORC and isobutene in the HP.

www.advancedsciencenews.com www.entechnol.de

Energy Technol. 2022, 10, 2200182 2200182 (6 of 12) © 2022 The Authors. Energy Technology published by Wiley-VCH GmbH

 21944296, 2022, 7, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ente.202200182 by Forschungszentrum

 Jülich G
m

bH
 R

esearch C
enter, W

iley O
nline L

ibrary on [11/11/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.entechnol.de


a closed cycle to improve convergence. Instead, the state at the
outlet of the cold-storage tank is related to the inlet of the HP
condenser by adding a constraint. The pressure in the
thermal-storage cycle is essential to ensure the liquid state of
the water. The height-to-diameter ratio of the storage tanks is
an important design parameter determining the size of the stor-
age tanks and the corresponding material cost (cf., Supporting
Information SI A 3).

In the ORC, we consider the following process variables as the
degrees of freedom: 1) the mass flow rate of the ORC working
fluid m

:
ORC; 2) the pressure level at the outlet of the ORC pump

phigh,ORC; 3) the power output of the ORC turbine PORC, out; 4) the
number of turbine stages nSt; and 5) the degree of superheating
at the ORC evaporator outlet ΔT sh,ORC.

These degrees of freedom are often used design parameters
for ORCs.[25–27] We choose the power output of the ORC turbine
as a degree of freedom instead of the commonly used pressure
level at the outlet of the ORC turbine due to convergence reasons.

In summary, Problem (1) has 15 continuous process degrees
of freedom, 40 binary degrees of freedom representing the work-
ing fluids, and 1 integer process degree of freedom.

4.2. Results of the Integrated Thermo-Economic Design of
ORC-Based PTES Systems

We perform the integrated, thermo-economic design considering
the SICout as the objective function (Equation (2)). Initially, the
relaxation problem is solved in 1-stage CoMT–CAMD. The result
of the relaxation problem is a hypothetical, optimal working fluid
pair of HP and ORC with SIC ¼ 914 € kWh�1

out and a round-trip
efficiency of η ¼ 37.2% (Table 4), where the round-trip efficiency
is defined as

η ¼ Pel, out ⋅ tdischarge
Pel, in ⋅ tcharge

(7)

The objective function value of this so-called target represents
a lower bound for the SIC. The best identified real working fluid
pair for the considered basic ORC-based PTES system is
propane for the ORC and isobutene for the HP with
SICout ¼ 929 € kWh�1

out and η ¼ 36.7% (Table 4).
Thus, the SIC of the best real working fluid pair is only 1.6%

higher than the SIC of the target showing the small room for
further improvement within the considered molecular design

space. However, it should be noted that the target value strongly
depends on the molecular design space. The consideration of fur-
ther molecule classes could reduce the cost of the considered
ORC-based PTES system.

A ranking of the top five real working fluid pairs is calculated
(see Table 4). The average computational time to find an optimal
working fluid pair is 24min. Consequently, a ranking of the top
five working fluid pairs is obtained in approximately 2 h. In the
top five, a C3 alkane or alkene is identified as working fluid for
the ORC and a C4 alkene for the HP. For the considered subcriti-
cal HP and ORC cycles, the critical temperature of the working
fluids is important. The C4 alkenes have higher critical temper-
atures than C3 alkanes/alkenes and, thus, enable higher temper-
ature levels in the HP. Since the HP cycle needs a higher
temperature level than the ORC to transfer heat to the storage
medium (cf. Figure 3), working fluids with higher critical
temperatures are preferred in the HP cycle. The temperature–
enthalpy diagram shows that both the HP compressors and
the ORC turbine potentially enter the two-phase region. Thus,
the potential formation of liquid droplets should be checked
in further studies.

However, 1-butene[13,19] and propene[19] are also discussed as
possible working fluids for the HP cycle and ORC for similar
ORC-based PTES systems in the literature. In these PTES sys-
tems, the same working fluid is considered for both the HP cycle
and the ORC. In the present work, the integrated design of the
ORC-based PTES system demonstrates that different working
fluids in the HP and the ORC can improve the thermo-economic
performance of the process.

In our top five, the SIC is correlated to the round-trip effi-
ciency η. However, the fourth-ranked working fluid pair pro-
pane/2-butene is an outlier to that correlation highlighting the
difference between a thermodynamic and thermo-economic
objective function. To further analyze this difference, an inte-
grated thermodynamic design is carried out using the round-trip
efficiency η as objective function for the same case study (see
Supporting Information SI B). The thermodynamic design leads
to similar top five working fluid pairs and the same optimal work-
ing fluid pair propane/isobutene as in the thermo-economic
design. The thermodynamic design improves the round-trip effi-
ciencies by approximately 5–6 percentage points for the top five
working fluid pairs compared to the thermo-economic design. At
the same time, the SIC is increased by up to 173% (for more
details, see Supporting Information SI B).

To further analyze the composition of the SICout, Figure 4
shows the cost distribution for the best working fluid pair in
the thermo-economic design.

The HP equipment is considerably more expensive (71% of
the total capital investment) than the ORC equipment (22%).
The storage cycle is the cheapest primary cycle and requires only
7% of the total capital investment. In the HP cycle, larger and
thus more expensive equipment is needed due to the high power
input (Pel, in ¼ 60MW) and the shorter charge time (8 h). In con-
trast, the ORC equipment is smaller due to a lower power output
of the ORC ðPel,out ¼ 11MWÞ and a longer discharge time (16 h)
reducing mass flows almost by half (see Table 5).

For the best working fluid pair propane/isobutene, a high
degree of subcooling (85 K) in the condenser of the HP is

Table 4. The target and the top 5 working fluid pairs for an ORC-based
PTES system identified by a thermo-economic optimization using
1-stage CoMT–CAMD, the specific investment cost (SICout) in € kWh�1

out

(objective function) and the round-trip efficiency η in %.

Ranking ORC working fluid HP working fluid SICout in € kWh�1
out η in %

– Target Target 914 37.2

1 Propane Isobutene 929 36.7

2 Propane 1-Butene 934 36.4

3 Propene Isobutene 952 34.5

4 Propane 2-Butene 952 38.0

5 Propene 1-Butene 957 34.3
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favorable. This high degree of subcooling results in better match-
ing temperature profiles of the HP working fluid and the sensible
storage medium (cf. Figure 3). Thereby, exergy losses are mini-
mized during heat transfer. In contrast, superheating after evap-
oration is not favorable for both the HP and the ORC due to the
small heat capacities of the working fluid vapors and the result-
ing small economic potential. The optimal hot-storage tempera-
ture is Thigh ¼ 130 °C and the optimal cold-storage temperature
is T low ¼ 43 °C. For these storage temperatures, the minimal
approach temperature of 2 K is reached (cf. Figure 3) leading
to an optimal match between the temperature profiles of the
HP working fluid in the condenser, the sensible storage
medium, and the ORC working fluid in the evaporator. The max-
imal charge time of 8 h (upper bound) is favorable because the
maximal amount of energy can be stored and reconverted.
Furthermore, except for the purchased-equipment cost of the
storage, most of the purchased-equipment cost I0,i depends on
the power input or output of the equipment. In particular, the

main cost contributor, the compressor (cf. Figure 4), has
purchased-equipment cost that is independent of the process
variables and working fluids in the investigated case study
(cf. Section 4.1) since a constant power input is assumed.
Consequently, the maximal charge time reduces SIC per electri-
cal output capacity due to a significantly higher electrical output
capacity and only slightly higher total capital investment.
Similarly, a maximal discharge time of 16 h, which is the upper
bound for a charge time of 8 h, is favorable because the mass flow
rate in the ORC is reduced, resulting in smaller and less expen-
sive ORC equipment. The optimal process variables for the best
working fluid pair propane/isobutene identified by a thermody-
namic optimization are shown and discussed in Supporting
Information SI B.

Figure 3. Temperature–enthalpy diagram for the thermo-economically optimal ORC-based PTES system using propane for the ORC and isobutene for the
heat pump.

Figure 4. Cost distribution of the total capital investment of the thermo-
economically optimal ORC-based-PTES system using propane in the ORC
and isobutene in the HP. Dark grey represents the HP costs, medium grey
the storage cycle costs, and light grey the ORC costs.

Table 5. Process variables for the thermo-economically optimal ORC-
based PTES system using propane in the ORC and isobutene in the
HP. Bold variables represent optimization degrees of freedom and the
asterisk marks variable values at their bound. For easier readability, we
rounded all values to two significant digits.

ORC Heat pump Storage

Working fluid: Propane Working fluid: Isobutene Storage medium: Water

Variable Value Unit Variable Value Unit Variable Value Unit

m
:

ORC 200 kg s�1 m
:

HP 380 kg s�1 m
:

charge 430 kg s�1

phigh,ORC 35 bar phigh,HP 33 bar m
:

discharge 220 kg s�1

plow,ORC 7.8 bar plow,HP 1.0 bar Tstorage, cold 43 °C

ΔTsh,ORC 0* K ΔTsh,HP 0* K Tstorage, hot 130 °C

ΔTsc 85 K pstorage 3.1 bar

tcharge 8* h

tdischarge 16* h

Qstorage 1300 MWh
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4.3. Uncertainty Analysis of the Compressor Cost Correlation

The compressors in the HP contribute most to the total capital
investment (cf. Section 4.2). Consequently, the compressor cost
is most important to reduce PTES system cost. Furthermore, an
accurate prediction of the compressor cost is essential to achieve
reliable results. In this work, we select two compressors with
30MW nominal power each because the cost correlation
used for the radial compressor is limited to 30MW (see
Section 3.1). Thus, we can expect benefits from dedicated larger
compressors. However, large-scale compressor systems are
rarely investigated in the literature and, consequently, no suitable
correlation was found for the purchased-equipment cost of
large-scale compressor systems. Thus, the cost correlation for
the compressor is expected to introduce the largest inaccuracies
to the model. Consequently, these inaccuracies are analyzed.

To quantify the uncertainties of the cost correlation for the
compressor, we compare the SIC considering two additional cost
correlations for the compressor. For this purpose, the integrated
design with 1-stage CoMT–CAMD is repeated using the cost cor-
relations for compressors of Seider et al.[78] and Henchoz et al.[66]

Both correlations calculate the purchased-equipment cost for
radial compressors from the power input I0,C ¼ f ðPel, inÞ.
As no upper limit for the range of applications is given in both
references, we chose the same limit as for the correlation of
Towler and Sinnott[59] (30MW) for a better comparison. As a
result, the SIC of the optimized PTES system varies from
542 € kWh�1

out for the compressor cost correlation from
Henchoz et al.[66] to 1215 € kWh�1

out for the compressor cost cor-
relation from Seider et al.[78] Compared to the previous result
calculated using the cost correlation from Towler and Sinnott,
the SIC deviates by�42% andþ31%, respectively. Thus, the cho-
sen compressor cost correlation has a high impact on the pre-
dicted SIC of PTES systems. The comparison underlines the
need for an accurate cost correlation for large-scale compressors.
More research is needed in the future to quantify the purchased-
equipment cost of large-scale compressors reliably. We use the
uncertainties of the compressor cost correlation for the following
comparison with alternative electricity-storage technologies.

4.4. Comparison of PTES Systems with Alternative Electricity-
Storage Technologies

To quantify the economic potential of ORC-based PTES systems,
we compare the PTES system to alternative electricity-storage
technologies. For this purpose, the results from Section 4.2
are compared to the SIC of other electricity storage technologies
with high storage capacities for today and 2030 (see Figure 5).
The data used to calculate the SIC of the technologies are taken
from the literature (Table 6).

The SIC for PSH is expected not to change from today to 2030
because the underlying cycles are based on established technol-
ogies and no major additional learning effects are expected.[81]

Thus, we assume the same SIC in 2030 as for today, which is
a conservative assumption. All costs are converted to SIC per
electrical output capacity in € kWh�1

out. For a better comparison,
we use the optimal ORC-based PTES system (cf. Section 4.2)
as a reference system in terms of power output (in kWel) and

electrical energy output capacity (in kWhout) of the storage sys-
tems. The assumptions and conversions are described in detail in
Supporting Information SI C. For the identified ORC-based
PTES system, the given range of the SIC is the range of the opti-
mization results using the three considered cost correlations for
the compressor purchased-equipment cost (cf. Section 4.3).

Please note that the SIC chosen for comparison is only one
potential economic performance indicator. To compare possible
business cases for storage technologies in detail, further eco-
nomic performance indicators should be considered, for exam-
ple, the net present value. The net present value would need
location-dependent assumptions regarding the interest rate and
electricity prices during charging and discharging. Thus, our
comparison based on the SIC depends less on location. The
SIC thus indicates a more general economic competitiveness.[82]

Figure 5. Comparison of the SIC in €kWh�1
out today (top) and in 2030 (bot-

tom) for the optimal ORC-based PTES systems using three cost correla-
tions for the compressor purchased-equipment cost[59,66,78] with pumped-
storage hydroelectricity (PSH), compressed air energy storage (CAES),
Li-ion batteries (Li-ion), power-to-hydrogen-to-power (PtH2tP), and
power-to-methane-to-power (PtCH4tP). An overview of the sources for
the SIC is given in Table 6. All costs are converted to SIC in €kWh�1

out using
the optimal ORC-based PTES system as a reference system in terms of
power output (in kWel) and electrical energy output capacity (in
kWhout) of the storage systems (see Supporting Information SI C for
details). The question mark indicates a possible trend for the costs of
ORC-based PTES systems until 2030, which is not captured in this work.
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For today, three main conclusions can be drawn for the inves-
tigated basic ORC-based PTES systems (Figure 5-top): 1) The
investigated ORC-based PTES systems are not economically
competitive compared to PSH or CAES. PSH and CAES have
a higher level of maturity today and are typically built with higher
charge/discharge power ratings than PTES systems.[14] However,
PSH and CAES are geographically limited; 2) The investigated
ORC-based PTES systems are not economically competitive com-
pared to PtH2tP and PtCH4tP technologies, which are, however,
so far not established for large-scale electricity storage; and
3) Today, the SICs of the investigated ORC-based PTES systems
are in the range of the SIC of Li-ion batteries (Li-ion), while PTES
systems only require abundant materials, like steel, for their pro-
duction. Furthermore, Li-ion batteries have a higher level of
maturity today but are typically built with lower charge/discharge
power ratings than PTES systems.[14]

Thus, as long as PtH2tP and PtCH4tP technologies are not
established for large-scale electricity storage, the investigated
basic ORC-based PTES system is an economical alternative elec-
tricity-storage technology with high-storage capacity for locations
where PSH or CAES is not feasible.

For 2030 (Figure 5-bottom), the main conclusions for the
investigated ORC-based PTES systems are as follows: 1) The
SIC of CAES is expected to slightly increase until 2030 because
an adiabatic CAES with additional heat storage is assumed to be
state of the art.[4] The additional heat-storage increases efficiency
and enables sector-coupling between the power and heat sectors.
However, at the same time, the predicted SIC is slightly
increased[4]; 2) The SIC of PtH2tP technologies is expected to
slightly decrease until 2030, while the SIC of PtCH4tP technolo-
gies is expected to stay nearly constant; and 3) The SIC of Li-ion
batteries is expected to significantly decrease in the next years.
Thus, Li-ion batteries may become economically competitive
to PtH2tP and PtCH4tP technologies, particularly considering
the high efficiency of Li-ion batteries of up to 95%.[4]

ORC-based PTES systems may also become less expensive for
several reasons: for example, the purchased-equipment cost of
large-scale compressors could decrease, more advanced cycle
configurations can be considered, or existing equipment of
old, shutdown fossil power plants, particularly coal-fired power
plants, can be used.[15] One reason to expect decreasing cost
of large-scale compressors is that large-scale HPs are likely to
become part of the future energy system.[83] In the future energy
system, large-scale HPs can be a thermodynamically efficient
alternative to carbon-intensive heating technologies, for example,
fossil-fueled boilers. Thus, more large-scale compressor systems

may be built in the future, increasing research and development
activities in this field and reducing costs. In addition, all types of
PTES systems are still in the development or research stage and
thus they are expected to experience significant improvements in
both efficiency and costs.[14]

Since the thermo-economic potential of ORC-based PTES sys-
tems has not been analyzed in detail in the literature, we compare
our results with two economic studies investigating transcritical
PTES systems: Morandin et al.[10] investigated complex cycle
structures with up to 7 hot-storage tanks, a cold-storage
cycle, and an optional additional ammonia cycle leading to
specific purchased-equipment investment cost (SICPE) of
275–376 € kWh�1

out. Henchoz et al.[66] analyzed a solar-enhanced
PTES system with cold- and hot-storage cycles leading to
SICPE of 261 € kWh�1

out. In these two studies, the SIC is signifi-
cantly lower than the SIC for the investigated basic ORC-based
PTES system. The main reason for the lower SIC is that solely the
purchased-equipment cost is considered for the calculation and
no additional correction factor is used to consider the cost for
construction, piping, transport, control electronics, real estate,
buildings, and planning (here: 3.4,[56] cf. Section 3.1).
Considering solely the purchased-equipment cost and the
compressor cost correlation from Henchoz et al.,[66] the
thermo-economically optimal system for our case study leads
to specific purchased-equipment investment cost of around
159 € kWh�1

out. Thus, the presented 1-stage CoMT–CAMD
method leads to a cost reduction of around 40% compared to
similar transcritical PTES systems from the literature underlin-
ing the potential of the method.

Noteworthy, only the adiabatic CAES and the PTES systems
can also be used to couple the heat and power sectors in the
future. For example, waste heat can be directly stored in the
thermal storage of the PTES or the heat can be used for heating
applications. Consequently, PTES systems have a broad applica-
tion range for heat and power. The broad application range and
the possibility of sector coupling could make PTES systems a
promising alternative large-scale storage technology in the future
despite the comparatively high SIC.

5. Conclusion

In this work, we analyze the thermo-economic potential of a basic
ORC-based PTES system by an integrated thermo-economic
design of processes and working fluids. For this purpose, we suc-
cessfully applied 1-stage CoMT–CAMD to design a basic PTES

Table 6. Overview of the sources for the specific investment cost of electricity-storage technologies with high-storage capacities for today and 2030.

Technology Reference for today Reference for 2030

Pumped-storage hydroelectricity (PSH) Jülch[4] Same as calculated for today

Compressed air energy storage (CAES) Jülch[4] Jülch[4]

Li-ion batteries (Li-ion) Upper bound: Jülch[4] Upper bound: Jülch[4]

Lower bound: Breyer et al.[79] Lower bound: Breyer et al.[79]

Power-to-hydrogen-to-power (PtH2tP) Technology Roadmap[80] Jülch[4]

Power-to-methane-to-power (PtCH4tP) Technology Roadmap[80] Jülch[4]
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system consisting of a large-scale HP, a thermal heat-storage
cycle, and an ORC. Within the integrated design, we simulta-
neously optimize the HP, storage system, and ORC processes,
and the working fluids of the HP and ORC. A consistent
thermodynamic model is used to calculate both equilibrium
and transport properties of the working fluids. Detailed models
for sizing of the equipment are considered allowing for
costing and thus considering a thermo-economic objective.
The result of the integrated design is the optimal working
fluid pair for HP and ORC and their corresponding optimal pro-
cesses and equipment sizes for the HP, storage system, and
ORC.

For the top five identified ORC-based PTES systems, C3 alka-
nes and alkenes are identified as promising working fluids for
the ORC and C4 alkenes for the HP minimizing the SIC. The
best working fluid pair is propane for the ORC and isobutene
for the HP with SIC ¼ 929 € kWh�1

out and a round-trip efficiency
of η ¼ 36.7%. The optimal working fluid pair shows a good
match of the temperature profiles between the sensible storage
medium and the working fluids during condensation in the HP
and evaporation in the ORC. Thereby, the exergy losses during
heat transfer are reduced.

The largest cost contribution is due to the HP compressor.
However, uncertainties in predicting the purchased-equipment
cost of large-scale compressors are high due to lack of data.
Two alternative cost correlations for the compressor change
the SIC of the optimized PTES systems by �42% and þ31%.
The result underlines the need for accurate cost correlations
for large-scale compressors to refine the analysis and obtain
more reliable results.

To quantify the economic potential of a basic ORC-based
PTES system, we compared our results to alternative electricity-
storage technologies. The comparison shows that the investi-
gated basic ORC-based PTES system is not economically
competitive to most state-of-the-art electricity storage technolo-
gies today. Solely Li-ion batteries have a similar cost range. In
2030, Li-ion batteries are expected to become significantly
cheaper.

However, for ORC-based PTES systems, substantial cost
reductions can also be expected in the future for several reasons:
first, large-scale HPs are likely to become part of the future
energy system, which could reduce the cost of large-scale com-
pressors. Second, more advanced cycle configurations than the
basic PTES could improve the efficiency of the PTES, for exam-
ple, using cold or latent heat storage. Thus, an analysis of differ-
ent flow sheets in a superstructure-based flow sheet design could
identify less expensive systems, as shown for ORCs by Schilling
et al.[49] Third, PTES systems have a broad application range with
a high potential for sector coupling, for example, by storing waste
heat or supplying a heat demand. Due to the expected high cost
reduction potential, PTES systems could become economically
competitive in the future.
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