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ARTICLE INFO ABSTRACT

Keywords: Adiabatic compressed air energy storage is a promising, in-development technology for storing renewable
Thermo-mechanical energy storage energy, for instance, from wind parks or photovoltaic installations. This work presents a multi-objective
Adiabatic compressed air energy storage thermoeconomic optimization analysis. It is based on a dynamic model of the plant’s thermodynamic

Radial packed-bed systems
Dynamical integrated model
Multi-objective optimization
Thermo-economic objective functions

performance, in which the dynamics of the thermal energy storage (packed-bed type) and the charge and
discharge processes of the air reservoir are solved in detail. A plant configuration, as determined from
previous work in our group, with a priori good round-trip efficiencies (around 0.76-0.78), is considered the
starting point. It encompasses two-stage compression and expansion trains, along with two radial packed-
beds (utilizing either sensible or phase-change materials) to capitalize on the cooling between compression
steps. In the developed optimization procedure, the levelized cost of storage (LCoS) and the total capital
expenditure (CAPEX) are taken as key performance indicators. The decision variables include, among others,
mass flows, thermal energy storage dimensions, maximum and minimum cavern pressures, and the symmetry
of the pressure ratios between compressors and turbines. The optimization procedure uses an NSGA-II genetic
algorithm. One of the main novelties of the work is that accurate dynamic simulations have been used to obtain
Pareto fronts. They are analyzed from different perspectives: the size, geometry, and materials of the packed-
beds; the type of compressor (axial or centrifugal); energetic factors such as input and output energy and power;
the maximum pressures in the cavern; and the mass flows in the charge and discharge processes. Values of
LCoS are calculated with precision using realistic input data, resulting in approximately 80 €/MWh for a plant
capable of storing 600 MWh (reference power of 200 MW for charge periods of 3 h) and electricity prices during
charge of 50 €/MWh. The specific parameters and configurations that lead to those LCoS levels are made
explicit. Furthermore, the influence of cavern costs, charging electricity prices, and idle time is analyzed in

detail.
1. Introduction the difficulty of matching electricity generated from renewable sources
with electricity demand [4,5].

Promoting energy storage (ES) is a key action in the European In an energy storage (ES) facility, energy is usually stored during
Union’s 2030 Climate and Energy Strategy. This strategy aims to low-demand periods and released during peak-demand hours at the
achieve a 40% reduction in greenhouse gas emissions relative to 1990 daily, weekly, or seasonal level. It is in this balance between contin-
levels. The Paris Agreement similarly targets a net-zero emissions uous supply and demand that ES systems play a fundamental role,
energy system by 2050 [1]. Furthermore, although fossil fuels remain improving the performance of the power grid by controlling frequency,
dominant, essential renewable energy sources are experiencing con- upgrading transmission line capacity, mitigating voltage fluctuations,

tinuous growth [2]. This growth could help achieve the Sustainable and enhancing power quality and reliability. In short, ES increases the

Development Goals adopted by the United Nations in 2015 [3]. It flexibility of how electricity is generated, delivered, and consumed,

could also address the problem associated with grid management due to thus making power networks more resilient, efficient, and cleaner [6].
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Nomenclature
ay Ratio surface to volume of tank (m™1) U Effective heat loss coefficient (W/(m? K))
a, Surface area of particles per unit volume (m~!) v Interstitial velocity (m/s)
Acwern  Internal area of the cavern (m?) 14 Total volume of cavern (m?)
AR Packed-bed aspect ratio (-) Greek letters
Cy Price of electricity for charge (€/MWh) a Convective heat transfer coefficient (W/(m? K))
¢ Specific heat capacity (J/(kg K)) Qopf Effective heat transfer coefficient (W/K)
D Diameter of bed (m) € Void fraction (-)
d, Diameter of bed particles (m) n Efficiency (-)
E Energy (J) Aig Specific latent heat of vaporization (J/kg)
h Specific enthalpy (J/kg) U Dynamic viscosity (Pa s)
H Packed-bed height (m) p Mass density (kg/m?)
K Thermal conductivity (W/(m K)) Subscripts
LR Layer ratio (-) 0 Nominal value
m Total mass in the cavern (kg) lcycle  One cycle
M Molecular mass of air (kg/mol) c Charge
MRed Reduced mass flow (-) d Discharge
n Reduced shaft speed (-) eff Effective
N Plant lifetime (years) f Fluid
Nu Nusselt number (-) in Input
p Pressure (Pa) max Maximum
P Power (W) min Minimum
0 Heat flow (W) out Output
r Radius (m) ref Reference
Tpe/pt Compressor/turbine pressure ratio (-) s Storage material
t Time (s) w Cavern wall
T Absolute temperature (K) o0 Ambient
T,/T, Cavern wall/ambient temperature (K)
Acronyms
AACAES Advanced Adiabatic-CAES LCoE/S  Levelized cost of electricity/storage
ACAES  Adiabatic-CAES LMTD Logarithmic mean temperature difference
AEY Annual energy yield LP Low pressure
A+C Axial + centrifugal LPC/LPT Low-pressure compressor/turbine
BOP Balance of plant LRC Lined-rock cavern
CAES Compressed air energy storage MILP Mixed-integer linear programming
CAPEX  Capital expenditure NSGA Non-dominated sorting genetic algorithm
C+C Centrifugal + centrifugal oM Operation and maintenance
CONT Contingency OPEX Operational expenditure
CRF Capital recovery factor ORC Organic Rankine cycle
EPC Engineering, procurement, and construction PB Packed-bed
FDM Finite difference method PCM Phase-change material
HE Heat exchanger PTES Pumped thermal energy storage
HP High pressure RTE Round-trip efficiency
HPC/HPT High-pressure compressor/turbine TES Thermal energy storage
HTF Heat transfer fluid TIT Turbine inlet temperature
KLD Kullback-Leibler divergence TRL Technology readiness level
KPI Key performance indicator

Large-scale ES systems are necessary to accommodate excess off-peak
energy generation and to deliver high power during peak load, allowing
power plants to operate at their highest efficiency while also providing
the required distribution and transmission flexibility. Thus, for long-
term storage, large-scale energy storage is the only available solution
to achieve appropriate grid management by integrating security and
balancing supply and demand [4,7,8].

Among long-term thermo-mechanical storage solutions, Adiabatic
Compressed Air Energy Storage (ACAES) remains one of the most
promising technologies for large-scale electricity storage with renew-
able energy sources [9]. In a conventional ACAES plant, atmospheric
air is compressed and stored under pressure, typically during periods
of low demand or valley prices, in geological or engineered reservoirs.

When electricity is needed, the pressurized air is reheated and ex-
panded through a turbine. This generally occurs during peak demand
periods and powers a generator to produce electricity without external
fuels.

The compression train employs inter-coolers and after-coolers to re-
duce the temperature of the compressed air, with this heat collected in
thermal energy storage (TES) units (for instance, packed-bed systems,
PB). During expansion, stored air is withdrawn and reheated using
the energy captured during compression. Therefore, ACAES technology
reduces pollutant emissions, enhances efficiency, and lowers thermal
stress on the storage enclosure. Optimizing these advantages demands
robust ACAES plant configurations and suitable heat storage materi-
als. Such measures support technological maturity relative to other
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large-scale energy storage systems. At the present, the technological-
readiness level (TRL) of ACAES is considered 4, comparable to the
Pumped Thermal Energy Storage (PTES) concept, but below other
thermo-mechanical storage systems, such as pumped hydro, diabatic
CAES, and liquid air energy storage (LAES) [9]. Several implemen-
tations of various ACAES plants are documented in [10-12]. King
et al. summarized in [13] several projects on CAES and the potential
underground storage capacity in India and UK.

Together with the HP-store and the turbomachinery, the third cru-
cial subsystem in an ACAES plant is the integrated thermal energy
storage. This integration eliminates the need for external heat exchang-
ers, which would otherwise cause additional energy and exergy losses.
Two main concepts exist in this regard. Sensible heat storage is based
on storing thermal energy by changing the temperature of the TES
material, either in solid or liquid phase [14]. Latent heat storage utilizes
the latent heat of phase-change materials (PCMs) during phase transi-
tions, primarily between solid and liquid states [15]. Hybrid systems
combining sensible and latent TES have also been surveyed [16]. An
advanced concept incorporates various PCM materials in multi-layered
or cascade packed-bed structures [17,18]. In all cases, the thermophys-
ical properties of the materials and the geometry of the packed-bed
play key roles in the overall performance of ACAES plants [19]. A pilot-
scale advanced ACAES plant using a combination of sensible and latent
TES was developed at ETH Ziirich [20,21]. A third, much less common
kind of TES material, is based on the thermochemical heat recuperation
concept [22,23]. Here, energy is derived from chemical bonds, often
through solid-gas reactions. The main advantage over sensible and
latent systems is higher energy density.

However, and beyond the traditional thermodynamic methods based
on energy and/or exergy analysis [23,24], the proposed purely ther-
modynamic designs for ACAES plants are not necessarily economically
feasible, as economic aspects such as capital and/or operational costs
are not considered. Techno-economic analysis plays a crucial role as
a further step toward designing systems with reduced costs, ensuring
both efficiency and economic viability. Additionally, these long-term
techno-economic methods enable the evaluation of each system com-
ponent’s performance and the identification of critical components with
the highest potential for system improvement in real grids with fluctu-
ating renewable energy inputs [4]. Several research works have been
devoted to the economic optimization of both isochoric and isobaric
ACAES plants, working alone or integrated with cooling, heating, and
power systems; see, for instance, Refs. [25-27].

In multi-objective optimization methods, several objectives are si-
multaneously optimized, and the best compromise among all of them
is found by means of the so-called Pareto front [28]. In the exer-
goeconomic ones, the key performance indicators (KPI) are functions
arising from the economic value of lost exergies and their minimiza-
tion [29-31]. In purely economic schemes, typical KPIs include capital
expenditure (CAPEX), levelized cost of storage (LCoS), and energy or
power capital costs [32-35]. The latter can be mono-objective. Their
aim is to minimize the costs of the bought electricity with Mixed-
Integer Linear Programming (MILP) techniques or to maximize the
difference between purchase and sales costs, i.e., the economic profit.
These mono-objective methods yield a single solution, rather than a
Pareto front. In [32] Mersch et al. presented an optimization that
accounts for a dynamic model of system operation with solid or liquid
thermal stores. They used round-trip efficiency or energy capital cost
as objective functions. The predicted energy/power capital costs and
round-trip efficiencies were compared with those of other large-scale
electrical energy storage technologies.

Comparing the expected LCoS of CAES or ACAES with other storage
technologies is challenging, and several differing estimations can be
found in the literature. Factors such as storage duration, number of cy-
cles per year, charging electricity costs, round-trip efficiency, financing
costs, site/geological particularities, and others make it uncertain to
provide confidence intervals. The following lines briefly enumerate the
conclusions of some studies.
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» Viswanathan et al. [36] give an interval 89-160 €/MWh for dia-
batic CAES plants between 100 and 1000 MW, natural gas-fired,
and 29 €/MWh electricity charging cost.

In a report for the US Energy Agency, Ahmed et al. [37] give
an indicative interval for ACAES plants between 134 and 535
€/MWHh, but it is highlighted that these numbers are very tech-
and site-dependent.

From their own simulations, O. Schmidt [38] estimates a median
LCoS value for CAES about 223 €/MWh.

Smallbone et al. present in [39] the comparison among several
energy storage technologies. For 100 MW/400 MWh plants with
365 cycles per year and assuming an electricity price of 30
€/MWh, their results give similar LCoS intervals for CAES and
ACAES: 120-150 €/MWh (see Figs. 5 and 6 in [39]). These
values for LCoS are higher than those for pumped hydro storage,
80-120 €/MWh. The foreseen values for pumped thermal energy
storage (PHES) have a wider LCoS interval, approximately from
80 to 150 €/MWh. Li-ion batteries are expected by 2030 to
have LCoS values between approximately 120-240 €/MWh and
H, technologies between 180 and 260 €/MWh in comparable
conditions.

In summary, low-end values (90-100 €/MWh) have to be taken
with caution because they assume very favorable conditions (high cycle
count, low charging cost, ideal site, etc.). High-end values, on the
contrary (130-530 €/MWh), can be considered as cautionary upper
bounds for less favorable conditions or early-stage ACAES.

A detailed analysis of several ACAES configurations by using a
fully thermodynamic dynamic model for each component and their
integration in an overall plant has been reported recently by us [40].
A symmetrically balanced arrangement with two compressors, two
expanders, and two intermediate packed-bed thermal storage (PB-TES)
systems was considered a good candidate for revealing general trends
and achieving high overall performance, as the absorbed/released heat
in the TES matches the cooling/heating processes after compression/ex-
pansion. The compression train was assumed to be formed by two
centrifugal low- and high-pressure compressors operating under oft-
design conditions, at least one always following the maximum effi-
ciency line by continually adjusting rotational speed and mass flow rate
to avoid back-pressure effects in the high-pressure store. The expansion
subsystem features a throttling valve to ensure a constant pressure
in the discharge and two axial turbines with fixed pressure ratios.
The PB-TES systems were simulated using recent designs based on
a radial-flow, high-temperature system with low pressure drop. This
work enabled full-time-dependent simulation of the effects of different
devices or arrangements on round-trip efficiency and exergy metrics.

The primary objective of this paper is to conduct a comprehen-
sive and optimized techno-economic assessment of an ACAES time-
dependent model [40], taking into account the technical and economic
characteristics of its components and the overall plant. The levelized
cost of storage (LCoS) and capital expenditure (CAPEX) are consid-
ered as KPIs. The multi-objective optimization process is performed
using an initial Monte Carlo procedure followed by a Non-Dominated
Sorting Genetic Algorithm II (NSGA-II) implemented from scratch in
Mathematica® to search for the Pareto optimal sets and the Pareto
front for several variables. The analysis of the high-pressure store, the
compression train, various TES materials, PBs size and geometry, and
the impact of electricity prices on charging is specifically considered.
The main novelties of this work could be briefly summarized as follows:

+ A fully dynamic model on a thermodynamically efficient ACAES
plant configuration is considered: the dynamics of the high-
pressure reservoir are coupled to those of the packed-beds to
realistically represent plant operation.

» The compression train, with two compressors in series, is ana-
lyzed in detail. It may include an axial and a centrifugal com-
pressor, or two centrifugal compressors.
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Fig. 1. Considered ACAES plant configuration. It is formed by two compressors in series (LPC and HPC) with packed-bed thermal storages at the exit of each one
(LP-PB and HP-PB), a high-pressure air reservoir (cavern), two turbines for the expansion train (HPT and LPT), and a heat exchanger for avoiding the degradation

of the thermocline of the low-pressure packed-bed.

+ In the dynamic model, the NSGA-II algorithm is utilized to gen-
erate Pareto fronts for LCoS and CAPEX trade-offs. The impact of
key parameters in the high-pressure reservoir, turbomachinery,
and packed-bed thermal storage is analyzed. Also, optimization
constraints and variable correlations are studied in depth.

A complete economic analysis for several design options is pre-
sented, including the type of materials for the packed-beds (sen-
sible or PCM); the costs of the cavern; charge, discharge, and
storage times; and the input electricity price.

The paper is structured as follows. Section 2 provides a summary
of the considered plant configuration and the arguments in favor of
such a choice. The main methodological schemes considered for the
modeling of plant subsystems and the thermo-economic framework are
exposed in Section 3. Section 4 is devoted to explaining the numerical
implementation and the validation of subsystems and the overall plant,
and to introducing the decision variables with their boundaries and
constraints for the multi-objective optimization process. In Section 5,
the main results of the work are presented and discussed in detail.
Finally, in Section 6, the most novel and relevant conclusions of the
analysis are presented.

2. Plant configuration

In a recent publication [40], a comprehensive dynamic computa-
tional model was applied to analyze several ACAES plant configurations
in depth. All configurations share a common element: a compression
train for the charge phase, consisting of two compressors in series,
and an expansion train, consisting of two turbines. Recent studies have
highlighted that such a configuration with two-stage compression and
expansion trains is a thermodynamically reasonable one for ACAES
plants [18,32]. The referred study [40] moreover considered layouts
with one or two packed-bed thermal storage units, each with axial or
radial symmetry. The thermodynamic analysis showed that the most
efficient configuration, in terms of round-trip efficiency (RTE), was
the one depicted in Fig. 1. As shown in the figure, a low-pressure
radial packed-bed (LP-PB) cools the air between the first and second
compressors. The stored heat is recovered during discharge between

the turbines. A second packed-bed (HP-PB), also radially symmetric,
extracts heat from the air before it enters the storage cavity. This stored
heat reheats air before the first turbine during discharge. A throttling
valve at the HP-PB exit maintains a constant inlet pressure to the high-
pressure turbine. In addition, a heat exchanger cools the working fluid
at the exit of the first high-pressure turbine before it enters the LP-
PB, thereby preventing thermocline degradation. In the design in [40],
this heat exchanger is also connected to a bottoming organic Rankine
cycle (ORC) to boost efficiency. However, for this optimization work,
the ORC is not considered to simplify the analysis and interpretation of
the operation variables.

It is also important to note that in [40] two kinds of compression
trains were considered: the most usual one in previous ACAES config-
urations (a mixed one with an axial low-pressure compressor followed
by a centrifugal high-pressure one) and a compression train formed
by two similar centrifugal compressors. Additionally, this work will
discuss both types of compression layouts. In the next section, the basic
methodological elements for modeling each subsystem conforming the
whole plant are presented.

3. Methodological elements
3.1. Plant subsystems

3.1.1. Turbomachinery

In general terms, axial compressors (machines that use rotating
airfoils to increase air pressure) are cheaper than centrifugal compres-
sors (machines that use a rotating impeller to increase air pressure by
changing the direction of airflow). However, axial compressors operate
within narrower mass flow and pressure ratio intervals. Thus, in most
CAES plants with compression trains containing two compressors in se-
ries, the first low-pressure compressor (LPC), which takes in air at near
atmospheric pressure, is selected as axial. The second, high-pressure
compressor (HPC), is centrifugal because it works at a variable (high)
outlet pressure as the air fills the storage cavity. This operation requires
a pressure ratio that varies widely. The combination of both types of
compressors rarely follows the line of maximum efficiency during the
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Fig. 2. Operational maps for the compressors during the charge phase: Reduced pressure ratios, r,./r,., against reduced mass flows, ritg,, for several rotational
speeds, n. (a) Configuration with two centrifugal compressors in series (C+C). (b) configuration with an axial LPC and a centrifugal HPC (A+C). Reduced variables

are defined as in [41].

20r

pt0

Design point

pt

Fig. 3. Operational maps for the turbines [41]. (a) Reduced pressure ratio,
isentropic efficiency, #,/n,, as a function of the reduced pressure ratio.

charging process. For this reason, the option of using two centrifugal
compressors in series is also analyzed in this work. This alternative
may require a larger initial investment in the plant, but operation can
be more efficient from the thermodynamic viewpoint. Therefore, it
appears challenging to compare both options from a thermo-economic
perspective.

The present model assumes that the pressure inside the isochoric
air storage cavity increases during charging (see the next subsection).
The evolution of the compression ratio varies the reduced mass with
the compressor’s rotational speed. Then, a trajectory in the operational
map (taken from [41]) is fixed according to efficiency requirements. For
the LPC, in the case that two centrifugal compressors are considered
(C+CQ), the peak-efficiency line is chosen (see Fig. 2(a)). And when a
mixed train, axial/centrifugal, is taken (A+C), the LPC trajectory is over
a constant rotational speed leading to the peak efficiency (Fig. 2(b)). In
any case, processes for LPC and HPC finish always at the design point
(see both panels in Fig. 2). At the end of the charge step, the outlet
pressure at the HPC should be slightly higher than in the cavern to
avoid back-pressure effects.

The turbines considered for the expansion/discharge step are axial.
During the expansion phase, the high-pressure turbine (HPT) receives
air from the outlet of the HP-PB, where the pressure decreases over time
(see Fig. 1). However, since the flow passes through the throttling valve
(considered isenthalpic for modeling purposes), the pressure at the HPT
inlet remains nearly constant. As a result, the inlet air to the HPT
has a decreasing temperature (turbine inlet temperature, TIT), but an
essentially constant pressure throughout the discharge. The mass flow
is therefore adjusted to operate the turbine close to its design point (see
Fig. 3). The second, low-pressure turbine (LPT), operates in a similar
manner. The air at its inlet (entering from the LP-PB) exhibits a time-
dependent (decreasing) temperature and an approximately constant

(®)

0.0 05 1.0 15
r/Ir

pt " ptO

20 25

7y /T po» @gainst reduced mass, rig,,, for different rotational speeds, 7. (b) Reduced

pressure. In this work, the operational maps for the axial turbines
developed in [41] were used through interpolation fitting.

3.1.2. High-pressure air reservoir

From a practical perspective, high-pressure air reservoirs for CAES
systems could be either man-made pressure vessels or geologic struc-
tures [42]. The latter can be underground caverns such as salt cavities,
confined aquifers, lined rock caverns (LRC), or depleted natural gas or
petroleum deposits. They may be considered built if they are disused
sites with basic impermeability, so they may not be too expensive.
But they can also be taken as unbuilt if they require more extensive
preparation. Built and unbuilt salt cavities and lined rock caverns will
be considered in this work from an economic viewpoint.

From the thermodynamic perspective, isochoric high-pressure air
storage is considered. It will be assumed that the varying mass of air
inside the reservoir always behaves as an ideal gas, with changing
pressure and temperature during charge and discharge processes. Air
properties are considered temperature- and pressure-dependent. The
cavern will not be considered adiabatic at any stage; a convective heat
exchange between the stored air and its surroundings will be taken into
account.

In the following paragraphs, the basic assumptions and differen-
tial equations arising from mass, and energy conservation, which are
used to solve the dynamics of the compressed air storage, are briefly
outlined. More details can be found in [40,43].

» Mass conservation: The time-dependent mass flow through cavity
inlet and outlet is denoted ri(t), and the subscripts ¢ and d stand
for charge and discharge periods. Thus,

€9)

m =, — ty.
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- Energy conservation can be separated in terms associated to
internal energy and enthalpy variations, and also to heat transfers
through the cavity walls. In a descriptive form:

internal energy variations
enthalpy incoming enthalpy outgoing

—
d(mu) s N
== = nh = tighgy
dt ¢in oul
heat transfer through the walls
——
- aambAcavern (T - Tw) . @

In this equation, A, is the internal area of the storage cavity,
and the air temperature therein at any time is 7'(¢). The convective
heat transfer coefficient between the cavern and its surroundings
is denoted as a,y. T,, is the temperature of the cavern walls
(that is, the ambient temperature). The specific internal energy
is denoted with u. The specific enthalpies of the inlet or outlet
fluid per unit mass, respectively, are A;, or Ayy.

Using the equation of state of an ideal gas and considering that
all processes are isochoric, energy conservation can be expressed
in a more practical form as:

mcp%—%(mc—md)—% Z—]; =t c)(Tin=T)=ttess (T =T, ), (3)
where M is air’s molar mass, c, air’s specific constant-pressure
heat, and R the ideal gas constant. For numerical implementation,
the convective heat transfer between the air in the cavity and
its surroundings is quantified by an effective coefficient, agy =
V(0.2356+0.0149|rir, — riny|*®), following [43], where V is the total
volume of the cavity.

This set of differential equations (for the mass of air inside the cavity
and its temperature) are solved in time with an implicit Euler’s method
for finite difference problems (details can be found in [40]):

dm _m' —m'! ar _ 7' -T1""!

n A dr At )
3.1.3. Packed-bed thermal energy storage

In the ACAES system studied, two packed-bed thermal energy stor-
age units are used to store heat: one between compressors (LP-PB)
and another after the second compressor (HP-PB), before the air enters
the storage cavity during the charge mode (see Fig. 1). In discharge
mode, this stored energy increases the inlet temperatures of both
turbines, allowing for more efficient power production and reduc-
ing low-temperature undesired effects. Packed-bed stores enable direct
thermal contact between the air working fluid and the heat-storing ma-
terial, thereby avoiding the high exergy losses associated with external
heat exchangers (HEXs) that use indirect contact. This direct contact is
closer to reversible conditions because both cooling and heating occur
in the same device. PB-TES are considered highly effective for heat
storage compared to HEX-TES systems [44,45].

Considering its geometrical symmetry, two types of PB systems can
be distinguished: axial or radial. The second ones, recently analyzed
by Trevisan et al. [46] numerically and experimentally, have the ad-
vantage (among other technical ones) of lower pressure decays. In the
standard cylindrical axial ones, the HTF flows along the axial direction
of the cylinder. Pressure drops are proportional to cylinder length.
Nevertheless, in radial PBs (see Fig. 4) for instance during the charge
step, the HTF enters through a central pipe and is radially distributed
across the particles in all directions. The HTF is collected after the
heat transfer to the solid particles by a perimetric annulus and then
conducted to the top of the tank. During discharge flow directions are
reversed. Therefore, pressure decays are not homogeneous; they are
larger closer to the cylinder axis, where the fluid velocity is higher.
If larger-sized particles are located in this region, with more interstitial
room for the fluid to flow among them, pressure decay is smaller. A
second layer of smaller particles (separated from the largest ones with
a fine wire mesh), or even more layers of decaying-sized particles, can
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Fig. 4. Schematic representation of the considered radial packed-bed thermal
storage system. The aspect ratio coefficient is defined as, AR =rq, —ry,/H.

be included near the cylinder walls. This provides a larger contact area,
which benefits heat transfer. McTigue and White [47] have also ana-
lyzed radial packed-beds for thermal storage applications, concluding
that they have similar efficiencies to the axial ones and are competitive
from a thermo-economic viewpoint. Radial packed-beds lead to steeper
thermoclines, which can induce more convective losses, but they favor
larger mass flows for higher charge and discharge speeds. This point is
especially interesting for ACAES systems.

Pressure drops for both types of PB units were explicitly calculated
in [40] for an ACAES configuration similar to that considered in this
work. For the low-pressure two-layer radial PB (LP R-PB), a decrease
in the pressure drop of 22.5% with respect to the axial geometry was
found at the end of the charge phase. A similar difference, favorable
to the radial configuration, was estimated for the discharge phase.
This decrease in the pressure drops for radial PBs directly impacts
ACAES round-trip efficiency (RTE). In Ref. [40](see Fig. 23), the RTE
for a configuration including a bottoming ORC between expansion
turbines reached 0.79 at the stationary state (after 30 cycles). In
consequence, a two-layer radial PB layout is considered in this work
for all computations.

A key parameter for defining the geometry of radial PBs is the layer
ratio, LR = (Fjayer — T'in)/(Fout — Tin) (se€ Fig. 4 for the notation). It will
be considered as an optimization variable in the following sections.

The dynamics of the radial PB units are solved by conforming a sys-
tem of differential equations arising from mass, energy, and momentum
conservation. These equations were thoroughly analyzed in previous
works [40,48], so a brief summary is provided next.

« Mass COnSerVatiOn:
dp
—mf +V(wp,) =0, )

In this equation and in the following ones, the subindex f stands
for fluid (in this work air) and s for solid. p, is the fluid density,
A the cross section of the PB cylinder, v = ri/(epA) is the fluid
velocity, and e the void fraction, that is considered the same for
the two layers provided that it is assumed that the volume of the
tank is much larger than that of the spherical particles.

+ Energy conservation:

oT aT JaT
s ! 10 Vi
€psC, ¢ <7 + U?) = Kf,eff;; <r7>+aas (TS - Tf)+Ua,J (Tw - Tf) s

©

a7, 19 a7
(1 - e)pse, <a_:> = Koot 5 <f a:) +aay (T; = Ty). ™

These equations, for the fluid and the solid, come from consider-
ing a continuous solid phase model [49] with the particularity of
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taking cylindrical coordinates: r refers to the radial distance. The
first term of both equations arise from enthalpies variations.
The convective heat transfer between the solid and the fluid
is quantified through a« = (K,.N,)/d, where: K, is the fluid
thermal conductivity, N, the Nusselt number, and d, the particles
diameter for each layer. The surface area of the solid per unit
volume is a; = 6(1 — ¢)/d,. The effective conductivities K
and K. measure thermal conduction in the fluid and the solid
respectively (in the radial direction).

The heat leak from the cylinder inner to its surroundings is com-
puted through an effective parameter U (second term of Eq. (6)).
ay, represents the ratio between the internal surface and the total
volume and T, the surroundings temperature. For a radial PB,
a, = 1/H, where H is the total cylinder length.

Mass and energy conservation equations are solved by means of
an implicit Euler’s method (details in [40,48]).

Momentum conservation can be introduced in the form of a
relationship for the pressure decay (in the radial direction in this
case). Ergun’s formula for monodispersed spherical particles and
uniform porosity, the Ergun’s formula is considered [50]:

-4 l1—ePH l—e)p
—ap _ 150Q_fu+ 1.75Q_f02, (8)
L €3 d‘% e d,

where 4 is the dynamic viscosity of the fluid. In a radial packed-
bed L = ryy — rin, and the cross-section A = 2zrH.

All the parameters required to solve this system of differential equations
and the pressure decay will be made explicit below.

3.1.4. Heat exchanger

A heat exchanger between the outlet of the first high-pressure
turbine and the low-pressure packed-bed (see Fig. 1) is used to decrease
the temperature of the air flowing inside the LP packed-bed (close to
ambient temperature) to prevent the degradation of the thermocline
in that packed-bed. From an energetic viewpoint, it would be more
interesting to couple a bottoming Rankine cycle capable of operating
at the HP turbine outlet temperature. This fact was analyzed in [40].
Although the configuration with a bottoming ORC increases the RTE
of the whole plant by a few points, for the optimization objectives of
this work, it was discarded for practical reasons: the complexity of the
entanglement among subsystem variables and the considerably higher
computation times. The exchange surface area of the heat exchanger is
calculated using the LMTD method.

3.2. Key thermo-economic indicators

The objective of this work is to perform a complete thermo-
economic optimization based on a plant layout that was previously
analyzed and pre-optimized in terms of energetic and exergetic cri-
teria [40]. The key performance indicators to be simultaneously con-
sidered are the capital expenditure (CAPEX) and the levelized cost of
storage (LCoS). The latter represents the minimum average price at
which the produced electricity should be sold for amortizing all expen-
ditures during the whole operation time of the plant, typically 30 years.
The LCoS is defined in terms of four key parameters: the CAPEX itself,
the capital recovery factor (CRF), the operational expenditure (OPEX),
and the annual energy yield (AEY). The latter is directly related to
the round-trip efficiency of the plant (RTE), RTE=E,,/E;, [33,51,
52]. Thus, the RTE could be considered as a supportive performance
indicator.

LCoS = (CAPEX -CRF + OPEX)/AEY. 9
The CAPEX can be expressed as:

CAPEX = Cland + (Csite + Cequipment + CBOP) I+ fCONT)(1 + fEPC)’ 10

where:
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Cland Tepresents the purchase cost of the land where the plant will
be built.

Cgite is the cost associated to the civil works required to make the
land usable for plant construction and operation.

* Cequipment 18 the cost of all the required (core technology) equip-
ment.

Cgop is the cost of the balance of the plant (all the components
that are necessary but not directly related to the basic plant tech-
nology, as electrical infrastructure, control and auxiliary systems,
etc.).

fcont is a contingency factor accounting for uncertainties, risks,
and unforeseen payments.

fepc is the factor that measures engineering, procurement, and
construction costs (design studies, system integration, quality
assurance, labor management, logistics, profit margin, risk pre-
mium, etc.).

Inflation is estimated with Marshall and Swift index [53]. Balance of
plant costs, Cgop, are considered as: Cpop = cpop * Pgross and Pyroes =
105 Poyt net- For the ACAES plant under consideration, equipment costs
can be split in the following way (see Fig. 1):

Cequipment = CLPC + CHPC + CLPT + CHPT + Ccavern + Cgenerator + CHP-PB

+ Crppe + Crg + Cpiping:- an

Correlations and sources for all these terms are explicit in Appendix
A.1. The cost of the throttling valve is disregarded.

A particularly difficult term to estimate in the ACAES plant is that
corresponding to the high-pressure cavity or cavern where air is stored.
Ceavern includes the costs of the site itself, preparation, and making it
airtight. Initial preparation costs may include geophysical exploration,
well drilling, salt cavern leaching, mattress gas injection, lining and
sealing, and surface infrastructure for control. Although lined rock
caverns are more expensive than, for instance, salt caverns, thermal
energy deposits do not require an extensive mechanical insulation
because they can be located inside the cavern to avoid large pressure
gradients. For instance, the construction cost for a 3-10° m? lined rock
cavern is about 106 mill. € (see data in [42] and the Appendix). The
construction cost for a salt cavern of the same volume is 32.5 mill. €.
Specific cost data are available in Appendix A.2 for the geologic sites
considered in this work: built or unbuilt LRC or salt caverns.

Different TES materials will be analyzed in this work, including
sensible and latent (PCM) materials. The Appendix contains a list (Table
A.9) with the physical properties and specific prices of the materials
that have been surveyed to estimate Cyp.pg and Cip_pp-

The capital recovery factor is calculated as:

CRF = M 12)
A+nN+1

where r is the real discount rate, calculated from the nominal discount,

d, and the interest rate, i: r = (1 + d)/(1 +i) — 1 with d = 7% and

i =2.5% (see [33] and references therein). The lifetime of the plant, N,

is assumed to be 30 years.

The OPEX includes all the operation and maintenance costs of the
plant. Particularly, three terms are considered [4,54]: a fixed costs
term, proportional to the nominal power output of the plant, a second
one proportional to the annual energy yield (AEY) or total energy out,
and another one associated to the price at which electricity is bought
during the charging periods.

OPEX = COM,fix : Pout,net + COM,prod -AEY + Cel : Echarging~ 13

The grid fees are not considered in the OPEX because they present a
great uncertainty depending on the regulations of each country, the
connection of the plant to the grid, the power levels, the operation of
the grid, and other factors.
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The annual electricity yield, AEY, and the total energy bought in a
year, Eparging, can be calculated as:

AEY = 36524 Eout,lcycle’ 14
tcharge + ldischarge + fidle
365 -24
Echarging = Ein,lcycle7 (15)

tcharge + tdischarge + fidle

where Eqyi1cycle aNd Ejpqcycle are the energy produced in each dis-
charge cycle and consumed for each charge cycle, respectively.

3.3. Optimization procedure

The multi-objective optimization process can be performed using
different methodologies. Initially, a Monte Carlo procedure was used,
but due to the large number of variables to optimize, it proved com-
putationally inefficient. To address numerical limitations, an NSGA-II
(Non-dominated Sorting Genetic Algorithm II) algorithm [28,55,56]
was implemented from scratch in Mathematica© with the aim of
obtaining the Pareto optimal sets and the Pareto frontier for several
variables and objective functions. It is considered one of the most
efficient methods among evolutionary methods for multi-objective opti-
mization. A flowchart of all the required steps is presented in the paper
by Li et al. [55], Fig. 4.

Very briefly, the first step is to generate a parent population. This
is accomplished using a Monte Carlo sorting method. Specifically,
2.500 individuals are considered and sorted according to two criteria:
rank (non-dominance) and crowding distance (the distance from an
individual to its two closest neighbors). This ensemble is stored as an
intermediate mating pool. In our case, these are 250 surviving indi-
viduals. Then, child populations are generated. This process includes
crossover (simulated binary crossover) and mutation operators (polyno-
mial mutation). It is necessary to verify that the new individuals belong
to the physical region and satisfy its corresponding constraints. This is
required because pseudo-random number generation could lead to un-
acceptable individuals. Subsequently, the parent population and their
descendants are mixed and sorted with non-dominance and crowding
criteria. Finally, the acceptable descendant population is stored.

The loop is then repeated until the Kullback-Leibler divergence or
entropy (KLD) becomes small, meaning that more iterations will have a
marginal impact on the search for new points. Details on the crowding
distance, crossover, mutation and the convergence of the algorithm are
included in Appendix B.

4. Validation and numerical implementation

In a previous publication [40], a detailed validation of all the
subsystems conforming to the elected layout for the ACAES plant
was presented. Thus, in this section, only a brief compilation is pre-
sented. For more details and graphical comparisons, refer to the cited
publication.

4.1. Reference data and validation

The Huntorf plant (1978), located near Bremen in northern Ger-
many, was the first commercial-scale CAES plant to come into opera-
tion [57]. Its original aim was to supply energy during periods of peak
demand in an electric grid where nuclear power played a central role.
Natural gas is burned to increase the temperature of the air at the outlet
of the cavern before entering the expansion train. It has been taken as a
reference for several research works on advanced CAES technology. It
develops a power of about 200 MW with a maximum discharge time of
3 h and utilizes two salt caverns with a total volume of around 3 x 10°
m3.

With reference to the validation of the model for the air storage
cavity, in Fig. 5, the simulated pressure and temperature for the air in a
cavern with the same characteristics as those of Huntorf are presented.
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The methodology followed was explained in Section 3.1.2. Particularly,
a discharge period of 16 h is presented. Differences between simulated
and experimental results are small (the largest difference is for tem-
perature, where difference reaches about 3°C). RMSE and MAPE errors
are shown in Fig. 5. The reported increase in temperature at the end of
discharge is achieved through the simulations; it results from the heat
transfer from the cavern walls to the remaining air mass.

For condensing a brief validation of the evolution of the thermo-
clines of the PB systems in charge and discharge, Fig. 6 displays the
evolution of the simulated thermoclines for a radial PB compared with
the calculations from Trevisan et al. [46]. Charge and discharge are
represented for the case of two layers with values of LR of 0.1 and 0.5
(see Section 3.1.3). In all cases, the dynamics of the temperatures inside
the PB reservoirs are well attained. A more extensive validation of the
model and the numerical methods used for simulating PBs dynamics
can be found in [40,48].

For a validation of the whole system, integrating all the main
components, the simulations from Sciacovelli et al. [58] were taken as
reference. These authors consider an ACAES plant composed of a com-
pression train with two compressors and intercooling between them,
an axial packed-bed storage between the high-pressure compressor and
the air cavern (see Fig. 1 in [58]). During discharge, the air exiting
the cavern is heated in the PB before entering the expansion train,
which consists of two turbines in series. Details on the dimensions of
the cavern and other numerical data can be found in [40,58]. The
most significant differences with our scheme, Fig. 1, are that in this
paper, two PBs are considered, and they are radial for limiting pressure
decays. Nevertheless, for validation purposes, the same scheme that
was considered by Sciacovelli et al. was also simulated. Fig. 7 displays
the evolution of three key variables for several charge-idle-discharge
cycles (10 h charge, 10 h idle, and 4 h discharge): the thermal energy
stored in the air cavern, the pressure inside, and the total power
consumed by the compression train and produced in the expansion
train during discharge. Figures show that differences are small. Also,
a comparison of the PBs efficiency and the RTE of the whole plant
is satisfactory (see Fig. 11 in [40]). For such a configuration, RTEs
reached values around 0.75 (with both simulations, those by Sciacovelli
et al. and the ones developed by our group) after stabilization during
20 cycles.

4.2. Multi-objective optimization: Decision variables and boundaries

In this subsection, the decision variables selected for optimization
are described in detail. The allowed intervals and constraints for these
variables are also outlined. The reference cavern volume is the afore-
mentioned Huntorf plant (V = 3x10° m?). For the economic evaluation,
in principle, an unbuilt salt cavern is taken as the initial case. The
reference storage energy, E gored> iS 600 MWh. Considering a reference
charging time, ., = 3 h, the charging power, P, is 200 MW.
The RTE of these kinds of plants is about 0.75 [40]. This means the
energy released in discharge, Eqgoreq> is @about 450 MWh. This energy
corresponds to a nominal power output, Py, of about 150 MW for
an identical discharge time, ., of 3 h. Huntorf’s original plant has a
considerably slower charging rate, resulting in lower charging power.
In this work, a faster charging rate is considered. This strategy focuses
on leveraging periods of low electricity prices to improve the plant’s
economic performance. The consequences will be discussed in the next
sections. A quicker charge requires more power for the compressor
train, which increases CAPEX. However, OPEX could be reduced by
limiting charging to short periods when input energy prices are low.

4.2.1. Decision variables

Once the reference values for energy and power are selected, the
next step is to choose which decision variables to optimize and the
region over which they may vary. The most relevant variables for plant
design are listed in Table 1. For clarity, note that the subindex ref
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Fig. 5. Contrast between the experimental results from the Huntorf CAES plant [57] and the simulations in this work for the pressure (a) and the temperature
(b) of the air in the cavern during a discharge process. The root mean square error (RMSE) and the mean absolute percentage error (MAPE) are shown for both

variables as a guide to visualize the kindness of the simulations.
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Fig. 6. Comparison of the thermoclines obtained for the radial PB with two coaxial layers in this work and the results from [46]. (a) Charge stage for LR = 0.1;
and (b) discharge for LR = 0.5. The solid material is commercial ceramic Denstone© 2000.

Table 1

Intervals considered for the selected decision variables in the optimization
process. Search range between 150-250 MW power and 2.25-3.75 h discharge
time are taken.

Variable Symbol Min. Max. Unit
Nominal mass flow (charge) i, 350 600 (kg/s)
Nominal mass flow (discharge) g 350 600 (kg/s)
TES dimensions Fout~Fin 7 35 (m)
Internal TES radius Fin 0 10 (m)
Layer ratio LR 0 1 -)
TES aspect ratio AR 0.25 5 =)
Initial cavern pressure Pinitial 30 90 (atm)
Maximum cavern pressure Prmax 40 75 (atm)
Minimum cavern pressure Pmin 55 90 (atm)
Pressure factor between compressors 8p, 0.5 2.0 =
Pressure factor between turbines &p, 0.5 2.0 -)

designates the reference Huntorf’s plant, while the subindex O refers
to the nominal value of each operation cycle. Variable values depend
on time relative to their nominal values.

Nominal mass flow in charge, ., is allowed to vary +25% of the
nominal reference value. rr,,, can be obtained from the following
equations:

E,

c,stored =

Pc,ref : tc,ref = mc,ref : tc,ref : Ahrefv

(16)

0.75 tire ref < ey < 1.25 1t pef, a7n

where 4h,,, refers to a reference specific enthalpy change in the
compression train. It is an initial estimation calculated as the difference
between the enthalpy at the exit of both compressors (), and the
enthalpy at ambient conditions (4,,,,). Temperature and pressure at the
exit are time-dependent, so for an initial estimation, the average charge
magnitudes are used (T, p,,)- Therefore, Ah,,; = (hypc(Tpu> Pous) =

ut >

Rm) + P pToes Bout) = Prams)- Thus, for charge, a reference mass flow
of 11 res = 475 kg/s is obtained. The same criterion is followed for esti-
mating the mass flow during discharge ri, o. In this case, Eq soreq CaNNOt
be calculated without solving system dynamics, so mass conservation
is assumed and 7 reffitc ref = 14 ref!ild ref-

The next variables to analyze are those associated with PBs dimen-
sions. The radial length of the PBs is ry,; — ri,. It is allowed to oscillate
in a wide interval. Ideally, PBs should store a large amount of thermal
energy, avoiding losses during thermocline degradation. LR values can
range from O to 1, and the PB parameter, AR = (rqy — riy)/H, varies
between 0.25 and 5. Constraints are detailed below.

Minimum and maximum pressures for the cavern are fixed between
40 and 90 atm. The minimum cavern pressure in the first cycle should
be smaller than that in the subsequent cycles for a good pre-charge
of the PBs. A parameter denoted ép, is introduced for controlling the
relationship between the pressure ratios of both compressors, LPC and
HPC, at the end of the charge stage. Considering that:

Pcavern/Pamb = p0,LPC * Tp0,H PC> (18)

In symmetrical conditions, rpg1pc = Fpo,apc = V/Peavern/Pamb (Which is
simply the geometric mean between rpg 1 p¢ and rpo ypc)- In general, for
non-symmetrical conditions, rpg1pc = V/Peavern/Pamb * 0P, and rpg ppc =
\/ T — 1/2

Pcavern/Pamb /6P Thus, 6p, = (rpO,LPC/rpO,HPC) 7,

For the expansion train, the procedure is similar.

Pyalve/ Pamb = ’po,HPT * 'p0,LPT- 19)

For identical pressure ratios in both turbines, rpoupr = rporer =

\/pvalve/pamb' And if they are different, Tpo,HPT = vaalve/pamb/‘spt
and rpo1pr = V/Pyaive/Pamb * 0Py~ Thus, 6p; = +/rpo Lpr/rpo wpr- Both

parameters are allowed to take values between 0.5 and 2. This is a
wide enough interval, aimed at avoiding physical inconsistencies.
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Equation

15atm < ppay = Pmin < 30atm

40atm < peyer < 90atm

Pmin = 10.0 < Pinitial < Prmin

0 thermal (R —r) = <30 Eipermal
Ta- €)pscy AT = 1o T AR T(1- €)ps¢, ATy

Fop>25m; 025<AR<2S5

TIT, — 120 °C < TIT(") < TIT,

Table 2
Physical restrictions for the decision variables.
Constraint Variable of influence
@™ Pressure
(2) Pressure
3) Initial cavern pressure
()] TES dimensions
%) Pressure drops (AR)
6) TIT
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Fig. 7. Comparison of the results from the simulations developed in this work
with those by Sciacovelli et al. [58] for several charge and discharge cycles. (a)
Total thermal energy stored in the cavern; (b) pressure, p; and (c) power in the
compression (with the sign changed for a better visualization) and expansion
processes, P.

4.2.2. Constraints
Table 2 summarizes the constraints affecting the decision variables.
They are numbered for an easier explanation.

« The first constraint (1) arises from the reference data for the en-
ergy stored in the cavern and the ideal gas law, because the stored

10

0.5

energy is associated to the change of the pressure in the cavern
during the charge process (supposed an approximately constant
temperature): for rir, of = 475 kg/s and t¢ yef = 3 h, E_storeq = 600
MWh, it should be ppay — Pmin = (e refleretRT)/(M V) 2 15 atm
(M denotes the molecular weight of air). For the upper limit of
the energy stored, it is considered E joreq = 1300 MWh, which is
equivalent to p..y — Pmin = 30 atm.

Constraint (2) comes from the required conditions for the cavern
itself. It should maintain a minimum pressure to avoid its col-
lapse. This is especially important for salt cavities. On the other
side, a maximum pressure has to be established. It depends on
the depth of the cavern and the geophysical properties of the
surrounding soil. As shown in Table 2, an interval from 40 to 90
atm is considered for the analysis in this work. This interval is for
steady state conditions in cavern. However, pre-charge, i.e., cycle
number one, allows a lower pressure in the cavern, pipital-
Constraint (3) is arbitrary and it is assumed from the necessity
to consider that during the pre-charge process, the minimum
pressure is lower than in stationary operation. The established
interval for the initial pressure is ppi, — 10 < pinitial < Pmin-
Constraint (4) arises from the size of the PBs. Their dimensions
can vary, but should be enough to store the energy from the air
mass flow during the charge process (for instance, for the HP-PB).
The total energy stored in the system can be expressed as the sum
of the energy in the PBs (thermal) and in the cavern: Eggeq =
2 Ethermal + Ecavern Where Egemal = My sty pc, fAT. This is the
energy that the fluid entering, for example, HP-PB, contributes
to the solid inside: the energy stored in the PB at the end of the
charging process. For discharge, the reasoning is similar. In terms
of the volume of each PB, V4, the void fraction, e, the properties
of the solid material on the PB, and an approximate efficiency
value, 7, (an approximate value 7, = 0.8 is assumed), the energy
stored in the solid can be expressed: Epg = (1 — €)p,c,, ;719 VppAT -
For radial PBs, the volume can be written as: Vpp = Hx(r2,, — rizn)
and H = (roy — Fin)/ AR. Thus, substituting:

2 2\ Tout ~ ’in Ethermal
- = . 20
(row = ") “4x = G2 s, ATy (20)

In order to allow a wide variation on PBs dimensions, the follow-
ing interval is considered:

0.5 Ethermal < EPB <3.0 Etherma1~ (21)
This interval can be rewritten as:

Ethermal (r2 _.2 ) Fout — Fin < Ethermal
(I —e)pge, ATngm — OU I/ AR = 7 (1 —e)pyc, ATnon

(22)

This is a constraint on the size of the PB systems.

Constraint (5) arises from restricting the pressure drops of the
PBs. In a previous paper, it was demonstrated that, in a configura-
tion similar to the one considered here, the pressure decay in the
HP-PB is crucial; therefore, for optimization purposes, it should
be limited. The limit is fixed at 1.5 atm; larger pressure decays
are avoided. This implies certain conditions for the aspect ratio
of the PB, AR, the internal diameter of the radial PB, r;,, and the
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Fig. 8. Flow diagram of the optimization procedure.

Table 3

Constraints to be checked for each operation cycle.
Bond number Variable of influence Equation
7) Energy 450 MWh < Eqy¢1cycle
) Pressure 15 atm < prax = Prin
© Temperature AT, 1t0m,1Es < 10 °C

diameter of the particles, d, The constraint (5) in Table 2 comes
from a previous numerical analysis on the pressure decays given
by Ergun’s formula, Eq. (8).

+ Constraint (6) comes from the operation of the turbines during
discharge. Their efficiency decreases significantly if the turbine
inlet temperature (TIT), which depends on the time because the
packed-bed temperature decreases, deviates from the nominal
value, TIT,. Differences below 120°C are not admitted.

Populations for optimization are generated by dynamically simu-
lating plant behavior; therefore, some care must be taken to discard
possible individual points that do not satisfy certain basic conditions.

11

Table 3 summarizes this checking. Energy and pressure checks (7)
and (8) are actually equivalent (total energy discharged in one cycle);
however, a double check is performed to ensure accuracy. Initial charge
pressure is p..,, final charge pressure is p. .., and final discharge
pressure is also p;,. Condition (9) is important to avoid energy losses
through the bottom of the PBs due to an underestimation of their
dimensions or to an overestimation of the initial pre-charge pressure.
Defining ATyot10m TEs = Thottom, TES — Tamb» this difference is limited to
10 °C.

For all simulated operation cycles, the idle time is fixed to two
hours. This time is key for evaluating the LCoS. In the next sections, an
analysis of this parameter will be done. Also, in all the results shown
in Section 5, except explicitly mentioned, the price of electricity during
the charge process is 50 €/MWh, that is an standard reference for
comparing different storage technologies in Europe [33].

4.3. Simulations structure and implementation

The flow diagram in Fig. 8 displays the main steps of the optimiza-
tion model’s structure. The two main steps are highlighted in yellow.
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Fig. 10. Pareto fronts obtained for the analyzed materials, including sensible materials as well as phase-change ones: adipic acid, solar salt, and pentaerythritol

(see text). Commercial ceramic corresponds to Denstone©2000 [59].

First, an initial population is generated using a Monte Carlo procedure.
Next, new populations are generated according to the NSGA-II algo-
rithm’s conditions until the Pareto front is obtained. The red panels
show the dynamical simulation of the ACAES plant. For each of these
simulations, the flow diagram from Fig. 5 in [40] is used. In any gen-
eration, the dynamics of the plant subsystems (charge and discharge)
are solved over several cycles until a stationary state is reached.

As an example of the evolution of the parent-offspring populations
to non-dominated final conditions, Fig. 9 shows, using a color code,
the representation of the objective functions LCoS and CAPEX. As
mentioned in Section 3.3, the Kullback-Leibler divergence method is
used to ensure stabilization of the Pareto front. It is observed that
approximately 150 evolutionary generations are sufficient to reach
convergence.

5. Results and discussion

In the next subsections, the Pareto fronts obtained from the opti-
mization process are analyzed in detail.
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5.1. Materials influence

Several materials have been analyzed for their potential as storage
media, focusing on both sensible and PCM materials (see Fig. 10). For
all simulations, a compression train with two centrifugal compressors
is considered; the influence of compressor type is analyzed in the next
subsection. Sensible materials evaluated include commercial ceramic
(Denstone©2000) [59], copper slags, alumina beds, steel slags, basalt,
magnetite, and quartzite (see Table A.9 in the appendix). These ma-
terials were selected based on availability, thermal properties, and
cost considerations. For all of them, LCoS values are approximately
75-90 €/MWh, while the CAPEX has a wider interval. Copper slags are
particularly notable due to their balance between high heat capacity
(p-c,) and cost efficiency. Steel slags, which are potentially valuable as
a metallurgical waste product, increase CAPEX but yield LCoS values
similar to those of other materials.

For PCMs, it is essential to verify that their degradation tempera-
ture exceeds the maximum temperatures reached during charging and
discharging. Latent materials analyzed are adipic acid [60,61] (solid—
liquid), solar salt (liquid-solid, 60% NaNO; +40% KNO,) [62-64], and
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Fig. 11. Pareto front for two options on
centrifugal compressors (C+C, red dots).

pentaerythritol (solid-solid). For solar adipic acid and pentaerythri-
tol [62], the Pareto fronts are shifted to the right and up. This indicates
a worse thermo-economic performance for ACAES applications under
the considered configurations (specially for adipic acid). Nevertheless,
solar salt leads to not too high CAPEX values.

5.2. Compression and expansion trains analysis

From now on, copper slags in the packed-bed TESs are assumed
for all the results presented. As discussed in Section 3.1.1, the most
common configuration of compressors in CAES or ACAES plants with
two-step compression is a low-pressure axial compressor with a fixed
pressure ratio. The second stage is a high-pressure centrifugal compres-
sor that works at a variable pressure ratio during the charge process
(option A+C). A less common combination uses two centrifugal com-
pressors operating along their best efficiency lines (option C+C). From
a thermodynamic viewpoint, as reflected in the round-trip efficiency,
the second option also appears reasonable, as shown in [40]. Therefore,
this study analyzes the economic differences between the two options.

Fig. 11 shows the Pareto fronts obtained using LCoS and CAPEX
as KPIs. Both Pareto fronts overlap, indicating that neither option is
clearly superior across all KPI intervals. Option A+C (blue points in the
figure) leads to a narrower LCoS interval (approximately between 79
and 87 €/MWh). In contrast, option C+C provides a wider interval for
possible optimal LCoS values (approximately 78-90 €/MWh). Optimal
values for CAPEX behave opposite: the configuration A+C leads to a
wider interval (93-120 mill. €) than C+C (94-116 mill. €).

One way to visualize the relationship between the round-trip effi-
ciencies and the optimized KPIs for the two options considered in the
compression train is to assign a color code to points on the Pareto fronts
based on the corresponding RTE. This is displayed in Fig. 12. The panel
at the left corresponds to the option centrifugal + centrifugal (C+C).
In this case, there is a wide range of RTEs at the front points, from
about 0.70 to 0.79. The other option, A+C, leads to a interval for the
corresponding RTEs between approximately 0.70 and 0.78. The crosses
in the panels indicate the points with the higher RTE values. This result
is in accordance with the previous estimations of RTEs for both options
in [40]. Thus, the configuration C+C is selected from now on due to its
high RTE and its greater dominance on the Pareto front compared to
A+C.

The parameter 6p, was defined in Section 4.2 to consider the
symmetry (6p, = 1) or lack of symmetry (6p, # 1) of the pressure
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the compression train: low-pressure axial compressor and high-pressure centrifugal one (A+C, blue dots) and both

ratios of the centrifugal compressors: 6p, = (rpo1pc /rpo,HPc)l/2~ As it
is seen in Fig. 13(a), the points of the Pareto front have values for ép,
between 0.55 and 1.1 approximately. For simplicity, p, = 1.1 would
correspond to a pressure ratio of the HPC (at the end of the charge
process) lower than that of the LPC, about 0.82 times lower, and at the
other extreme, 6p, = 0.55 would be associated with a pressure ratio of
the HPC 3.3 times larger than that of the LPC. The lowest CAPEX values
correspond to the symmetric case, and the highest to 6p, between 0.6
and 0.7, that is, an HPC with a pressure ratio three times that of the
LPC. The lowest LCoS values are found in the latter case. As observed
in the figure, low 6p, values are more frequent because they reduce
the maximum pressure of the PB-LP and, thus, its mechanical isolation
from pressure stresses and costs.

An analogous analysis is done for the turbines in Fig. 13(b). For
the expansion train, pressure ratios are referred to the pressure at the
throttling valve: 8p, = (rpo,pr/rpo,upr)'/?. In this case, the points of
the Pareto front always correspond to values of 6p, < 1. This indicates
that the HPT pressure ratio is larger than that of the LPT. The smallest
values of LCoS correspond to p, between 0.6 and 0.7. For these points,
the pressure ratio of the HPT is between 2.0 and 2.8 times that of the
LPT. This tendency in the turbines (rpoppr > rpo,Lpr) likely originates
from the similar behavior of the compressors. In compressors, rpg ypc >
rpo,Lpc- This is likely because the packed-beds charge and discharge at
equivalent pressures, making a more efficient use of the stored energy.

5.3. Analysis of Pareto fronts and decision variables

In this subsection, the Pareto fronts of LCoS vs CAPEX are presented
for radial packed-beds with copper slags inside, option C+C for the
compression train, and an unbuilt salt cavern. The objective is to
analyze some supporting performance indicators related to energetic
variables, charge and discharge times, cavern pressures, packed-bed
geometrical dimensions, and others.

5.3.1. Energetic indicators

Fig. 14 displays the points of the Pareto fronts classified in terms of
several energetic indicators. These include input and output energies
and powers. For example, the first row of panels in the figure shows the
composition of the points in terms of specific CAPEX (or energy/power
capital costs). This is given either per unit output energy in one cycle,
as in Fig. 14(a), or per unit power output, as in Fig. 14(b). Energy-
specific CAPEX (€/kWh) changes from approximately 240 (high LCoS



D. Pérez-Gallego et al.

95
(@)

90+ . i
= =
s =
3 3
W, 85 q w,
(%] . 1%
3 o
[&] (&)
] ‘ -

80} S il

Yooenax LA T SO
o o
75 , , , , , ,
90 95 100 105 110 115 120 125
CAPEX [mill. €]

Journal of Energy Storage 153 (2026) 121114

| CEEE——
95/ RTE
(b)
9ol 1 0.78
0.76
85| 1
. 074
s N
b XY
80 R R 1 8
somae o
cr cm [
072
757 Il Il Il Il Il Il -
%0 95 100 105 110 115 120 125 | 3
CAPEX [mill. €]
| —

Fig. 12. Pareto fronts for the considered compression trains displaying the RTE in each case: (a) option C+C and (b) option (A+C). The crosses indicate the

points with a higher RTE.

95

85- B

LCoS [€/MWh]

L.
AT

1056 110 115

CAPEX [mill. €]

95 100 120

% 8p, [

(b)

ccamameses

851 1 0.7

0.6

LCoS [€/MWh]

Se o

105 110 115 l

CAPEX [mill. €]

95 100 120 0.5

Fig. 13. Sensitivity of the Pareto front to the ratio between the pressure ratios of (a) compressors, 6p,, and (b) turbines, §p,. The configuration C+C is considered

for the compression train.

and low CAPEX) to 140 (low LCoS and high CAPEX). These values are
in agreement with those estimated by Mersch et al. [32]. Power-specific
CAPEX is in the interval 600-750 €/kW. In both figures, the evolution
is similar; specific CAPEX decreases to the bottom and the right (lower
LCoS, higher CAPEX and RTE). The crosses in the panels of the figure
indicate the minimum value of specific CAPEX.

The mid and bottom panels of Fig. 14 display the evolution of the
optimum configurations with input and output energies, Figs. 14(c)
and (d), and with input and output powers, Figs. 14(e) and (f). In all
cases, the evolution is similar: as LCoS decreases and CAPEX increases,
energies and powers increase. Input energies range from 500 to 1000
MWh, and output energies range from approximately 400 to 800 MWh.
Input powers range from 160 to 260 MW, corresponding to outputs
from 125 to 195 MW.

5.3.2. Charge/discharge times and mass flows

Figs. 15(a) and (b) shows the charge, ., and discharge times, ¢,,
of the optimum configurations of the Pareto front in the considered
ranges. Idle time is fixed to two hours always. In this case, there is no
simple linear evolution of colors in the figures; actually, there are leaps
showing that different combinations of 7, and ¢, within those intervals
(between 3 and 4.25 h for both stages) can lead to optimum values of
LCoS and CAPEX.

The points of the Pareto front (the set of optimal solutions bal-
ancing competing objectives) are analyzed in terms of the charge and
discharge mass flows in Figs. 15(c) and (d). For the charge phase, all the
considered intervals for 1, (the mass flow rate during charging) are ap-
proximately 350-500 kg/s. Lower CAPEX and higher LCoS are achieved
with lower mass flow, and conversely. Nevertheless, for discharge, the
covered mass flows, ri7; (the mass flow rate during discharging), are
within a narrower interval, from 350 to 440 kg/s. This is because axial
turbines are more expensive for higher mass flows, so the optimization
results in the smallest flows.
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5.3.3. Pressures in the high-pressure reservoir

The role played by the pressures of the air inside the cavern is
investigated through the plots in Fig. 16. The allowed intervals for
pressures and the corresponding constraints are those established in
Section 4.2. The Pareto front evolves similarly with the initial pressure
(pini)> as well as the minimum and maximum values (p;, and ppay)-
Lower LCoS values are obtained for high pressures. Conversely, larger
values are found for lower pressures. CAPEX changes in the opposite
way. High CAPEX is associated with high pressure values. Optimum
pressure values are spread throughout the considered intervals, which
are shown in the color code panels. Conversely, the pressure gradient
in the cavern (4pcayern, Fig. 16(d)) takes values in the bottom region.
The lowest CAPEX is observed for values around 16-18 atm, while the
lowest LCoS is found for values around 26 atm.

5.3.4. Packed-bed geometry

Some geometrical parameters of the two radial packed-beds, con-
sidered identical, are analyzed in Fig. 17. The intervals considered for
those parameters and the related constraints are detailed in Sec . 4.2.
The height of the packed-bed containers, H (Fig. 17(a)), decreases in
the Pareto front from the top left to the bottom right. The largest LCoS
is expected at the largest H values, around 8 m for the considered
configuration and numerical parameters. Oppositely, the lowest ones
are found for H about 6 m. The internal TES radius, r;,, admits different
values to get lower values of LCoS (leaps on the Pareto front shown
in Fig. 17(b)). The range of its values is 2.5-4.5 m. The thickness of
the two layers of solid, ry,; — ri, (Fig. 17(c)), is more probable in the
lower zone of the searched interval, between 10 and 12 m. Finally, the
layer ratio, LR = (Fiayer = Fin)/(rour — rin) (Fig. 17(d)), has small values
(between 0.025 and 0.15), indicating that the thickness of the outer
layer is considerably larger than that of the internal one in the optimum
configurations of the Pareto front. Some jumps are also observed in the
figure, indicating different options for selecting LR.
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5.4. Influence of the cavern type

A fundamental element in construction costs is the high-pressure air
reservoir or cavern. In this section, two salt cavern options are surveyed
(see Fig. 18): a preexisting (built) one (for instance, an abandoned
natural gas well) or a cavern specifically constructed (unbuilt) for the
plant (for instance, injecting water to form a cavern in a rock mantle
or salt deposit). Data and correlations for both cases are detailed in the
Appendix, Table A.8. As the figure illustrates, the values of LCoS and
CAPEX depend significantly on this element. For unbuilt caverns, the
largest LCoS reaches values about 90 €/MWh. This is reduced to 85
€/MWh for a preexisting cavern. With respect to CAPEX, a plant with
all the considered parameters (configuration, size, energy, and power
levels, etc.) and an unbuilt cavern requires at most 115 million €. And
this is reduced to roughly 75 million € with a preexisting reservoir.
The option of lined-rock caverns was also surveyed (see data in the
appendix, Table A.7), but it is disregarded because CAPEX results are
much higher.

5.5. Sensitivity to the electricity price during charge and the idle time
Up to this point, all the LCoS values shown in the Pareto fronts

have been obtained assuming a reference electricity price of 50 €/MWh
during the charge phase. To clarify the impact of electricity prices on
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LCoS, this subsection examines their influence on final LCoS values. Fig.
19 presents this sensitivity for an unbuilt cavern. As shown, LCoS values
decrease with lower electricity prices, reaching below 20 €/MWh in
the extreme (limit) case of free electricity. Conversely, higher purchase
prices, such as 100 €/MWh, result in LCoS values of around 140
€/MW. These results suggest that ACAES systems perform especially
well economically during periods of abundant renewable energy. Fur-
ther details, including interpolation functions for the expected Pareto
front curves of LCoS vs CAPEX, are provided in Appendix A.4.

With the aim of examining the significance of the LCoS values
obtained for the considered ACAES type of plant, an analysis of the
sensitivity of LCoS to idle time has been performed. Idle time does
not affect the dynamics of charge or discharge, but it determines the
total number of cycles per year and, thus, affects the LCoS. Larger
idle time leads to more inactivity periods in the plant and larger LCoS
values. This is clear from Egs. (14) and (15). The dependence of LCoS
with the idle time is presented in Fig. 20 where the reference plant
size data exposed in Section 4 were assumed (centrifugal compressors,
copper slags in the packed-beds, a price of electricity of 50 €/MWh, and
an unbuilt air deposit). In particular, the idle reference time reported
here (and in all previous results) was 2 h. This election corresponds
to a plant used for peak shaving. Another option is to consider larger
times for load shifting. This is why larger times are analyzed. As shown
in the figure, LCoS increases linearly with the idle time. Minimum
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Fig. 16. Influence of the initial pressure in the cavern: (a) the initial pressure in

and (d) the difference between them, 4p.,yern-

LCoS values for short storage periods are slightly below 80 €/MWHh,
but as idle time increases, LCoS rises. Just to have a reference, for
idle times around 24 h (load shifting), LCoS is predicted to amount
to about 100 €/MWh, and for 48 h (it is important to remark here
that packed-beds are capable of storing energy for periods of about
40 h without significant efficiency decrease), roughly 130 €/MWh.
This analysis should be considered preliminary; it is an open field
for future studies based on the methodology developed in this work.
A more thorough analysis should include the variability of electricity
prices across regions and possible operational strategies for charging,
discharging, and idle times.
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5.6. Subsystems CAPEX and costs example

Fig. 21 and Table 4 contain illustrative data for a particular ACAES
plant configuration. The results correspond to a point of the Pareto
front displayed in Fig. 14, particularly to the point giving the minimum
specific CAPEX relative to the output energy, CAPEX/E,, (see the
cross marked in Fig. 14(a)). Several considerations should be taken into
account before analyzing the results. Cost correlations for turbomachin-
ery are quite dissimilar in the literature (see tables in the Appendix).
Costs for compressors are taken for centrifugal ones: for instance, the
considered centrifugal LPC amounts to 13.21 mill. € and a comparable
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axial one about 7.8 mill. €, so different CAPEX would be obtained.
However, as explained earlier, this work considers a configuration with
two centrifugal compressors. Regarding turbine prices, it is essential
to note that they depend significantly on the TIT. In this case, a
combustion chamber is not required, and the temperatures reached are
not very high, so the price is reduced.

For an idle time of 2 h, an unbuilt cavern, and copper slags for the
TES materials, the total CAPEX (see Table 4) amounts to about 116.54
mill € and the OPEX for one-year operation considered, 45.75 mill€.
This leads to an LCoS of about 78 €/MWh (with a purchase price of
electricity of 50 €/MWh). As shown in Fig. 21, the cost of the cavern
is about 28% of the total CAPEX. The compression and expansion trains
account for about 34.3% of the total CAPEX, and the thermal storage
for about 9.5%. These percentages are very close to those estimated by
Tian et al. [27] for an ACAES plant of 300 MW (see Table 5 therein).
The main difference is that they estimate a lower percentage for the air
storage, 14.5% (for a 4.58x10° m? volume).
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Costs of plant components corresponding to the configuration giving the minimum value of
CAPEX/E,,, (cross marked in Fig. 14(a), see text for other details). The annual OPEX is also
shown. Annual energy yield (AEY) is 676.76 GWh. The column on the right shows the percentage
cost of the main plant subsystems in the total CAPEX.

Item Value (mill.€) Percentage over CAPEX (%)
LPC 13.21

HPC 18.06

HPT 5.15 Turbomachinery

LPT 3.54 34.29

High-pressure air storage 32.51 27.90

LP-PB 1.68 Thermal storage

HP-PB 9.35 9.46

Generator 1.62

Heat exchanger 0.035

Land+site 0.022 Land and other hardware
Piping 3.0 4.00

BOP 8.62 Other (financial)
Contingency+EPC 19.76 24.35

CAPEX 116.54 100.0

O&M fix (one year) 1.90

O&M var(one year) 0.90

Cost of electricity charge in one year 42.95

OPEX (one year) 45.75

LCoS 77.99 €/MWh

CAPEX [mill. €]

Fig. 21. Costs of plant components included in the CAPEX. Data correspond
to the configuration giving the minimum value of CAPEX/E,, (see the cross
marked in Fig. 14(a)).

6. Summary and main conclusions

As discussed in the Introduction, most thermo- or techno-economic
analyses of ACAES systems in the literature rely on models that make
coarse assumptions. These models are not fully dynamic across all
components. As a result, there is a wide range in the expected economic
indicators for this technology, such as LCoS. The global objective of this
work was to develop a sensitivity and optimization analysis based on
a detailed, realistic, and fully dynamic model for an ACAES plant con-
figuration. This configuration a priori has satisfactory thermodynamic
performance, as shown in previous studies [40].

This plant configuration features a compression train consisting
of two centrifugal compressors in series or a mixed axial/centrifugal
arrangement. Two packed-bed thermal energy storage systems store
thermal energy from the compressors’ outlets during the charge phase.
They are designed radially to minimize pressure losses and can contain
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either sensible or phase-change materials. During the charge step, com-
pressed air is stored in a reservoir, which can be an existing geological
formation, such as a salt cavern, or a reservoir prepared specifically
for the plant. The models for packed-beds and the air reservoir are
dynamic, so it is possible to track the evolution of both subsystems
over time and obtain precise values of the round-trip efficiency. In
the discharge phase, the air at the exit of the reservoir is heated by
the high-pressure packed-bed and then passes through a throttling
valve that approximately maintains the inlet pressure of the expansion
train. The latter consists of two axial turbines in series. Between them,
the working fluid is heated in the low-pressure packed-bed. A heat
exchanger is installed at the outlet of the first turbine to prevent
thermocline degradation in the low-pressure packed-bed. All plant sub-
systems and the overall system were validated against previous works.
The well-known Huntorf plant was considered for sizing a reference
plant.

The key performance indicators selected for the optimization pro-
cess are the levelized cost of storage and the capital expenditure. To
obtain the Pareto-optimal sets and the Pareto frontier, an adapted
genetic algorithm was used. Several physical parameters were taken
as decision variables; specifically, times and mass flows in charge and
discharge, PB dimensions and layer ratio, and the minimum and max-
imum pressures in the cavern were allowed to vary within reasonable
intervals. To ensure robustness, possible restrictions among variables
were carefully analyzed, along with the economic correlations and data
used in the calculations.

The values obtained for LCoS on the Pareto front for a base case
with two centrifugal compressors, copper slags in the packed-beds, a
reference stored energy of 600 MWh, an idle time of two hours, an
unbuilt cavern, and a reference price for electricity of 50 €/MWh, are
in the interval 75-90 MWh. This interval lies in the lower range of LCoS
estimations reported in the literature (see Introduction). CAPEX inter-
val in such conditions is between 94 and 120 mill.€ approximately.
Other significant conclusions of the work can be summarized as follows:

 The selection of the material for the PBs is more influential on
CAPEX than on LCoS. Sensible materials, specifically copper slags,
lead to the Pareto fronts with lower CAPEX values. Steel slags,
that may be interesting as a waste from the metallurgical industry,
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also may be interesting. Several PCMs were also checked and,
except for solar salt (which does not greatly increase LCoS or
CAPEX), led to higher CAPEX.

The configuration of the compression train is important. The C+C
configuration (two centrifugal compressors) achieves better LCoS
values but at a higher CAPEX than the A+C configuration (low-
pressure axial and high-pressure centrifugal compressors). Values
of RTEs in the scheme C+C are around 0.76-0.78 for the points in
the Pareto front. These efficiencies are in concordance with other
studies on ACAES systems.

Energy-specific CAPEX (€/kWh) is in the interval 140-240, and
power-specific CAPEX (€/kW) is in the interval 600-750. Despite
the fact that each considered configuration has design pecu-
liarities, these values are consistent with the results of several
previous works [25,27,36,37,39].

Charge and discharge times leading to optimum values of LCoS
and CAPEX are in the interval 3-4.25 h, with a fixed idle time of
2 h.

With respect to the pressures in the air reservoir, they lead
to optimal values of LCoS and CAPEX when the maximum is
between 55 and 85 atm, the minimum between 40 and 55, with
a difference of about 16-26 atm.

A significant difference in the values of LCoS and CAPEX was
found when comparing an unbuilt geologic air reservoir with a
built one (for instance, an existing salt cavern). While for the first
LCoS varies between 72 and 85 €/MWh (CAPEX between 60 and
75 mill.€), in the second it varies between 78 and 90 €/MWh
(CAPEX between 92 and 115 mill.€).

The sensitivity of LCoS values to the electricity price during the
charge period was also analyzed, with a reference price of 50
€/MWh. High prices (for instance, about 80 €/MWh) can push
LCoS to around 120 €/MWh. On the other hand, at very low
electricity prices, LCoS can decrease to 20-40 €/MWh. Specific
correlations are provided in Appendix. These results reinforce the
idea that ACAES systems can be highly compelling for storing
electricity from renewable PV or wind installations during high
production periods.

The behavior of LCoS with the idle time is almost linear.
Relative costs of subsystems in plant CAPEX have also been
estimated. The largest weight is for the compression and expan-
sion trains (about 35%). If the cavern is considered unbuilt, the
compression train’s costs can reach those of the air reservoir
(about 28%). The cost of turbines is smaller because they do
not operate at very high temperatures. There is a significant
difference in the costs of the thermal energy storage units: the
high-pressure packed-bed subsystem costs at least 4 times as much
as the low-pressure one (both cost about 9.5% of total CAPEX).
The proportion of subsystems in the CAPEX is also consistent with
previous analyses of similar ACAES configurations [27].

In brief, this work provides detailed and precise design guidelines
for the promising ACAES technology in the context of indispensable
large-scale, reliable, and economically affordable energy storage sys-
tems for sustainable energy production. A key future investigation
to assess the possible strength of this technology relative to other
alternatives is an environmental impact study, for instance, using a
life-cycle analysis (LCA) methodology.
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Appendix A. Thermo-economic data and correlations

A.1. Correlations for CAPEX calculations and costs

Table A.5 displays the correlations used to estimate plant’s CAPEX.
For axial compressors, f, is defined as:

Je=1/resc = Mpory)- 23
For axial turbines, fr, and f,, are defined as:
fT,turb =1+ 30‘025‘(TIT[K]_1600); fr = 1/('lref,t - nl)oly)' (24)

The calculation of costs correlations of the thermal energy storages
follows the procedure by Seider et al. [53]. fr s is always equal to
1 in this plant because temperatures are not too high (T < 560°C).

In Table A.6, all the reference parameters for costs are shown.

A.2. Air reservoir costs

Tables A.7 and A.8 contains the cost considered for the air reservoir,
either lined-rock cavern or salt cavern.

A.3. Packed-bed materials properties

Table A.9 presents key physical properties and prices of the eval-
uated materials. Some of them are sensible heat storage materials,
which store energy through a temperature change, while solar salt,
adipic acid, and pentaerythritol are phase-change materials (PCM) that
store energy through a phase-change. Although adipic acid is more
expensive, its higher energy density can reduce the size of the PBs
and associated construction costs. Analysis is presented in the Results
section.
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Table A.5
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Correlations used for calculating the CAPEX. Crgg = Cyp.pg + Crp.ps (see Egs. (10) and (11)). The
exponents c,exp and t,exp are taken as 0.7.

Component Correlation Refs.

Land and site Cland = Cland * Aland:  Cite = Csite * Asite [33,51]

Piping Cpiping = fpiping * Call,components cexp [33,51]

Axial compressor CLre = CoomplMfomset ( e ) Foret 1020, £ [33,51,52]

Centrifugal compressor Crpepupe = € 3PH0Bs(R/0T457) . o [53]

Axial turbine CLote = Courd ftomores (m:j;lf )"”" Foret 080 fo faurs [33,51,52]

Generator Coenerator = Caenret * Woen' [33,51]

HP- and LP-PBs Cres = Cmaterial * Ves + Crank+ [33,51]
Srmes - (CHT,ins * Viirins + CLtyins * ViTyins + Ctank * Vtank) ’

PBs’ tanks (pressure vessel) Crank = (FyCy +Cpp) - Crages [53]

Heat exchanger Cip = 2835 - (10.764 - Ayp)™* - Crages [53]

Table A.6 Table A.8
Economic data considered. The exchange $/€ applied was 1/0.86. Ceavern Of salt caverns for a volume: V' = 81.090 - 10° m® [42].
TES Salt cavern
High-T Low-T Tank Foundations Unbuilt [mill. €] Built [mill. €]
insulation insulation material Drill and casing cost 2.4 ~
CHTv‘“53 CLTJ“SB Ctank N Cf"““d?’;“’“s Wate, fuel, pumping equipment and labor 1.6 -
[€/m’] [e/m’] [€/m’] [€/m7] Mechanical integrity costs 1.0 1.0
4303 621 42693 1220 . .
Brine disposal cost 2.0 -
Compressor Cost of brine transport 1.8 -
Ref. cost Ref. mass flux Ref. r, Total (V =81.09 - 10° m?) 8.8 1.0
Ceomp Melow, e "p,ref Extrapolation (V =3 - 10° m3) 32,5 3.7
[€/(kg/9)] [kg/s] [-]
23.3 515 15
Turbine
Ref. cost Ref' mass flux Ref. r, A.4. Correlations for the form of the Pareto fronts in terms of CAPEX
Cturb mﬂow,ref n p.ref
[€/(kg/9)] [kg/s] [-]
10.4 460 15 . ) .
Correlations for the Pareto fronts in terms of the price of the
Other components . i . ) . .
G = purchased electricity. It is considered a compression train with two cen-
enerator ipin, . .
Counret 7 1_3_ & trifugal compressors and copper slags in the packed-beds. C (€/MWh)
gen,re piping . . . . . .
[kE€/MWO-3463] [-1 represents the price at which electricity is bought during charge and the
92 0.15 CAPEX (mill. €) is the total initial investment.
Other CAPEX costs
Land Site Contingency EPC + Unbuilt salt cavern.
Cland Csite Seont JSepc
[€/m?] [€/m?] [%] [%] LCoS [€/MWh] =708983 +7297.2 - CAPEX — 35.0956 - CAPEX?
2.1 8.4 7 13
OPEX + 0.0748906 - CAPEX® +89.0067 - C,
— . . . 2 .
O&M fix O&M variable BOP Electricity 249215 CAPEX - Cq +0.0235548 - CAPEX™ - Cy
Conm fix CoM.prod cpop Ca — 740804 x 107° . CAPEX? - Cy
[€/kW-yr] [€/MWh-yr] [€/kW] [€/MWh]
9.98-Craies 1.33 Cs 43-Cres 50 — 252460.0 - log(CAPEX).
(25)
Table A.7
Ceavern Of lined-rock caverns. Cavern’s volume: ¥ = 56.793 - 10> m® [42]. This correlation applies for: 92 < CAPEX < 116 (mill.€)
Lined-rock cavern 26)

Unbuilt [mill. €] Built [mill. €]

Mining costs

Waste rock disposal 1.2 -
Equipment 3.44 -
Supplies 4.3 -
Labor 6.6 -
Total 15.5 -
Commissioning costs

Total 4.5 4.5
Total (V =56.793 - 10° m?) 20 4.5
Extrapolation (V =3-10° m?) 106 23.8

20

0 < C,; <100 (€/MWh).
* Built salt cavern.
LCoS[€/MWh] =87016.2 + 1624.55 - CAPEX — 12.0018 - CAPEX?
+ 0.0393332- CAPEX?® +20.1168 - Cy
— 0.82821 - CAPEX - Cy +0.0121382 - CAPEX? - Cy
—5.94013x 107 . CAPEX? - Cy
— 36578.8 - log (CAPEX).

27)

Correlation valid for: 60 < CAPEX < 75 (mill.€)

(28)
0 < C, <100 (€/MWh).
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Table A.9
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Properties of sensible (top) and PCM (bottom) materials used in PBs. The costs associated to the transport of the materials are not
considered. All void fractions (¢) are equal to 0.39. Thermal emissivities are disregarded because of the temperatures considered.
For alumina beads: c,(T) = —0.0022 T? +3.064T + 65.5464 and K(T) = 0.0001 7> — 0.1773 T + 79.925, with temperatures in K.

Material Density Heat capacity Conductivity dyin/dp out Cimaterial
[kg/m?] [J/(kg K)] [W/(m K)] [cm] [€/kg]
Commercial ceramic [59] 2096 820 3.0 5/10 0.344
Alumina beads [65] 3550 ¢,(T) K(T) 5/10 0.30
Copper slags [46] 3600 1330 1.0 5/10 0.00
Steel slags [46] 3500 950 1.5 5/10 0.00
Magnetite [32] 5080 851 4.91 5/10 0.43
Quartzite [32] 2500 830 3.16 5/10 0.03
Basalt [32] 2640 1230 1.50 5/10 0.10
Adipic acid (PCM) [61,66] 1360 (solid) 1590 (solid) 0.15 5/10 8.6
1093 (liquid) 2260 (liquid)
Afusion = 273 - 10° J/kg
Trusion = 150-152 °C
Solar salt (PCM) [63,671] 1920 2300-1420 (solid-liquid) 0.24 5/10 0.645
Atusion = 2.50- 105 J/kg
Ttusion = 185.7 °C
Pentaerythritol (PCM) [62] 1161 2910-2980 (solid-solid) 0.387 5/10 2.32
Aphase = 1.09 - 10° J/kg
Topase = 227-230 °C
28001 CAF’EX
[ [mill. €]
2600} 115
= L
s 2400 I 110
s L
& 2200F

2000f
1800}

1600}

1400k o o . .

- 105

100

95

Fig. 22. Correlation between the energy stored in the PBs, Eyp, and the mass in the cavern, Am e, in terms

(see the particular conditions in the text).

A.5. Relationship between the mass in the cavern and the size of the thermal
storages

In order to investigate the correlation among the energy stored
in the PBs (Epg), the mass contained in the high-pressure reservoir
(Amayern), and the CAPEX, the following relations are considered. First,
the energy stored in both PB thermal storages can be expressed as:

Epp = 27(roye — rin) H(1 — €)pc, (AT p.pp + ATyp.pp), (29)

and the total mass of air in the cavern (considering the air as an ideal
gas) is:

Amcavern = (pl'l'laX - pmin)VCavemM/(RTcavern)’

where T ,yery is the mean temperature in the reservoir.

Thus, it is possible to calculate both quantities for the points in the
Pareto front and classify them in terms of the CAPEX. This is done
in Fig. 22. The material in the PBs is copper slags, the compression
train is formed by two centrifugal compressors, and the cavern is
considered unbuilt. The figure shows that the relationship between Epp
and Amgyerm iS approximately linear, and that CAPEX increases with
larger systems. Approximately, the fitting leads to:

(30)

Epp = —225.75 + 358.589 Amyyern» (31)

with Epg in MWh and Amg,yer, in mill. kg.

7
AMcayern [mill. kgl
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of the CAPEX for the points in the Pareto front

Appendix B. Multiobjective optimization

This Appendix presents the implementation of the NSGA II algo-

rithm.

1.

A set of initial variables: x',x2,...,x" in the decision space is
randomly obtained. These points are mapped to the functions f!
and f2 in the optimization space, which are the two main key
performance indicators used for the optimization. In this paper,
x!,x2, ..., x" are equal to the initial variables (see Table 1), while
f! and f? are equal to LCoS and CAPEX.

. Ordering by dominance: points in the optimization space are

sorted according to the concept of dominance, the non-dominated
points comprise front 1, and these points are subtracted. A new
non-dominated set of points forms a second front, and so on.

. Crowding distance: The crowding distance is calculated for each

point of each front. First, the points of each front are sorted,
and the extremal values (first and last) are assigned the value
infinity to maintain diversity and extend the front. The crowding
distance is calculated from the distance function
1 1 2 2
d = |fn+l _fn—ll + |fn+l _fn—ll
nT 1 2 2
fmax_fmin fmax_fmin

which is computed for each point in the decision space.

s (32)
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4. Binary tournament selection: with this function, only the most
valuable parents are selected to generate the offspring. It works
as follows: two random parents are selected, and they compete in
the front order. The winners comprise the front with less range.
If they are in the same front, the winner is the parent with the
greater crowding distance, which favors diversity. This step is
repeated twice until the winner population is twice the fixed
population (500 points). Each parent plays only 2 times in the
tournament.

5. Simulated binary crossover to obtain the offspring: Two off-
springs, h; and h,, in the decision space are obtained from the
two parents, p; and p,,

=X (= pp+ 1+ Pipy)

(33)

I— o1

hy =< (+pp +1A=Pp,).

2

where p; = x!,x2,...,x! is the set of initial variables for each
parent i = 1,2. And g is defined as follows using a random
number, u, with a value between 0 and 1,

If u<05— p=Qu/0+h

1 1/(n+1) (34)
Ifu>05—>ﬂ=<m> s

where 5 is any non-negative real number, typically chosen be-
tween 2 and 5. Note that the first definition of g, i.e., when
u < 0.5, is a contraction probability density-offspring decision
variables are between parents’ decision variables. The second
definition of # is an expansion probability density-offspring deci-
sion variables are out of the range between the parents’ decision
variables.
After h; and h, are obtained, a random number between 0
and 1 is generated. If this number is smaller than the mutation
probability m, = 0.15, a polynomial mutation is applied on one
offspring:

6. Polynomial mutation: A third offspring, #; with a mutation fac-
tor, 6k, is obtained using a random number, r, ranging between
Oand 1,

Ifr<05 - 8k=@n/@+D _1

(35)
Ifr>05—6k=1-@1-r)/or+h,

where 7, is the mutation distribution index, typical value of 5.
In this way,

hy = h2 + Ax - 5k, (36)

where Ax = x,,,, —X,;, Of the set h,. After that, &, , ; are checked
to fulfill the bounds and constraints.

7. Population update: The total population of the current gener-
ation, i.e., parents plus offsprings (p + h) are sorted by non-
dominated fronts in the optimization space. The fixed number of
offspring population (250 in this case) is selected from the first
fronts to ensure elitism; it may occur that the total population
belonging to the first Pareto fronts exceeds the predefined popu-
lation size (250). In this case, individuals from the last accepted
front are selected based on their crowding distance until the
population size of 250 individuals is reached. Individuals with
high crowding distance are selected, this ensures high variability
and diversity in the population. The cycle is repeated for the next
generation.

This iterative process continues until convergence is achieved,
which is assessed via the stabilization of the Kullback-Leibler diver-
gence (KLD). For each generation i, the round-trip efficiency (RTE) is
used to compute the probability distribution, P,(RTE). After multiple
iterations, this distribution converges to the true Pareto front. The
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Kullback-Leibler divergence between successive generations, i — 1 and
i, is computed as follows,

P,(RTE)
P_,(RTE) ) ’

and this is used to measure the relative information between gener-
ations and ultimately, to establish the convergence of the algorithm.
Once the KLD falls below a threshold, the distribution is considered
sufficiently close to the true Pareto front, and additional iterations
contribute only marginally to the identification of new points. In the
present analysis the relative entropy from generation 150 to 204 ex-
hibited decreasing values around 10~* with small fluctuations between
generations.

KLD = 2 P,(RTE), log < 37)

Data availability

Data will be made available on request.
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