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Abstract

This study presents the design and modeling of a first-of-its-kind experimental prototype
integrating a high-temperature air-based Concentrated Solar Power (CSP) receiver with
a diabatic Compressed Air Energy Storage (CAES) system. The prototype architecture
and operating modes are defined, and a detailed thermal model of an Open Volumetric
Air Receiver (OVAR) is developed and optimized, with emphasis on passive mass flow
regulation under non-uniform solar flux. At nominal conditions (800 °C), the receiver
achieves a predicted thermal efficiency of 81.6%. Transient simulations assess off-design
dynamic behavior under realistic conditions, showing sensitivity to solar fluctuations
and need for heliostat aiming strategies to reduce thermal non-uniformities and ensure
stable outlet temperatures. For the CAES subsystem, a techno-economic analysis identifies
high-pressure (300 bar) commercial gas cylinders as the most cost-effective aboveground
storage solution, while discharge simulations yield a required storage volume of 4.8 m3.
Finally, the complete piping and instrumentation diagram (P&ID) of the integrated system
is presented, defining the experimental configuration. Overall, this work establishes the
design basis for the future experimental demonstration of hybrid CAES-CSP operation for
dispatchable renewable power generation and supports subsequent control development
and scale-up analyses.

Keywords: concentrated solar power; compressed air energy storage; prototype; modeling;
experimental approach; small-scale energy storage

1. Introduction

The rapid growth in global electricity consumption, driven by economic development
and industrial activity, has heightened the urgency for sustainable power solutions. In
response, there has been a pronounced shift toward renewable energy generation to reduce
reliance on fossil fuels and lower greenhouse gas emissions [1]. However, large-scale
deployment of variable renewable energy sources, such as wind and solar, introduces
substantial operational challenges for electrical grids due to their intrinsic intermittency
and the resulting temporal mismatch between energy supply and demand. Integrating
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energy storage systems has therefore emerged as a fundamental strategy for stabilizing
power networks and enhancing renewable penetration [2].

Among the available energy storage technologies, Compressed Air Energy Storage
(CAES) has received considerable research and development interest owing to its high
operational reliability, long-duration storage capability, long service life, inherent pro-
vision of synchronous inertia, and overall economic viability [3,4]. CAES operates by
using surplus electrical energy to compress air, which is then stored in high-pressure
reservoirs during periods of low demand. When electricity demand increases, the stored
compressed air is released, heated, expanded through turbines, and converted back into
electrical energy.

CAES systems may be classified according to heat management strategy, storage mode,
and scale, including diabatic (D-CAES), adiabatic (A-CAES), and isothermal configurations;
isochoric or isobaric storage; and applications ranging from micro-CAES to utility-scale
plants [5,6]. Among these options, D-CAES remains attractive for hybridization because
external thermal input can be used to improve the expansion process and reduce fuel
dependence. [7].

Furthermore, the integration of CAES with Concentrated Solar Power (CSP) has
emerged as a promising option in regions with high solar resource availability, as CSP can
provide supplementary thermal energy at the turbine inlet [8-12]. In the CSP sector, solar
tower plants can also use air as heat transfer fluid, enabling operation at temperatures
exceeding 800 °C, which leads to higher conversion efficiencies compared to conventional
molten salt technologies, while also providing medium-temperature residual heat suitable
for the decarbonization of industrial process heat. In this context, the present study is
conducted within the framework of the Horizon Europe project “ASTERIx-CAESar” [13],
which develops a pioneering hybrid concept that integrates a D-CAES configuration with
solar-derived thermal input. The concept is based on an Open Volumetric Air Receiver
(OVAR) coupled with packed-bed Thermal Energy Storage (TES), enabling the combined
use of grid-stored electricity and dispatchable solar-driven electricity generation [14].

Open Volumetric Air Receiver technology has been widely studied through numerical
modeling and design optimization, including open- and closed-loop configurations and
ceramic or metallic absorber structures [15-17]. A key advantage of this concept lies in the
volumetric absorption of solar radiation, which enhances heat transfer within the receiver
and leads to higher thermal efficiencies compared to surface-based receiver designs [18]. As
in other high-temperature solar receivers, receiver efficiency is strongly dependent on the
operating temperature, since higher outlet temperatures increase thermal losses. However,
despite its potential for high thermal efficiency, experimental validation remains limited to
a small number of pilot or pre-demonstration projects, as summarized in Table 1 [19-21].

Table 1. Most relevant OVAR projects and expected specifications of the proposed prototype [15,22].

Name Year Material Tem?)lelilaettlxl;o o0 E fﬁcirle:?\g?:yic (%) (Il)((xﬁ; OVAR Type
SIREC 2001 Alloy 230 710 48 (experimental) 250 Wiremesh
SOLAIR 3000 2003 re-SiC 750 75 (experimental) 3000 Honeycomb
REFOS 1998-2009  Inconel 600 800 67 (experimental) 350 Wiremesh
CAPTure 2019 SiC 700 83 (theoretical) 300 Foam
iﬁii}?sf 2026 SiSiC 800 >80 500 Foam

Similarly, the optimal design of the CAES system still presents challenges because
storage pressure, turbomachinery performance, heat management, and operating strategy
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are strongly coupled. Therefore, several challenges remain from bringing CAES from
theory to practice [23]. Future developments are expected to focus on the design of compact
storage tanks with enhanced pressure tolerance, as well as compressors and expanders
capable of operating at high pressure ratios and high efficiency [6,24]. Even then, there are
some CAES facilities and projects worldwide, including micro-scale (<1 MW,), small-scale
(1-10 MW,) and large-scale (10-500 MW,) (see Table 2).

Table 2. State-of-the-art of CAES projects and expected specifications of the proposed prototype
[25-35].

. CAES Power Volume Reservoir
Scale Name Location Technology Capacity (m?) Type Status
Huntorf Germany D-CAES 290 MW, 310,000 Underground Operational
salt cavern
MclIntosh UsA D-CAES 110 MW, 570000 ~ Undersround - Operational recently
salt cavern refurbished
= Jintan Underground
s (Jiangsu) China A-CAES 60 MW, 220,000 8 Operational
P salt cavern
g)o Phase 1
5 Jintan Underground
— (Jiangsu) China A-CAES 2 x 350 MW, 1,200,000 & Announced
salt cavern
Phase 2
Zhangjiakou China A-CAES 100 MW, — Steel tanks Uncertain
. . . Aboveground
Silver City Australia A-CAES 200 MW, 250,000 hard rock Approved
Goderich Canada A-CAES 1.75 MW, 10,000 Repurposed Operational
salt cavern
Unused Testing /design
< ALACAES  Switzerland A-CAES 1 MW, 2500 mountain estng/desig
S tunnel complete
Tés Unused Testing/design
& RICAS2020 Austria A-CAES 5 MW, 2000 mountain S
complete
tunnel
Langfang China A-CAES 1.5 MW, 760 Steel tanks Uncertain
UFMG Brazil A-CAES 9 kWe 5 — Testing/design
complete
IMT France T-CAES 2 kWe 0.3 Gas cylinders Testing/ design
Atlantique complete
< UET Pakistan A-CAES 0.6 kW 05 Steel tank Testing/ design
g Peshawar complete
° Charging
§ Montreal Canada A-CAES 62 kW, 6 Gas cylinders testing/pending
integration of turbines
Beijing China A-CAES 430 kW, 100 Steel tanks Testing/design
complete
CAES-CSP Spain D-CAES 50 kWe 5 Gas cylinders Under construction
prototype

Although numerous studies have analyzed CSP and CAES from a theoretical stand-
point and proposed various system optimizations, experimental validation remains scarce.
In particular, no prototype has yet integrated both technologies into a single system. This
paper addresses that gap by presenting the design of a first-of-its-kind prototype that
couples air-based high-temperature CSP with CAES. The study provides a comprehensive
guide to the modeling, calculations, and design decisions underlying the development of
the prototype, providing a dynamic simulation of the main system components, which is
an improvement over the steady-state assumptions used in other reviewed studies. Con-
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sequently, the work is relevant not only for hybrid CAES-CSP systems but also for each
technology individually, offering designs for an optimized high-efficiency OVAR and an
innovative air reservoir suitable for small-scale CAES applications.

2. System Description

This section presents the prototype detailing its design and technical specifications
and operating modes. The system is currently being installed at CIEMAT-Plataforma Solar
de Almerfa, Spain. The prototype is an extended research prototype that was originally
implemented during the CAPTure Horizon 2020 project [36].

2.1. Previous Project CAPTure: Upgrading the Existing Prototype

The CAPTure project lasted from May 2015 to July 2020 and focused on an OVAR-
based CSP plant configuration that included a regenerative system—composed of two
chambers—coupling the high-temperature atmospheric air stream with the pressurized air
loop of the topping Brayton cycle. A 300 kWy, prototype was implemented, connecting the
solar receiver [22,37] with the regenerative heat exchange system and a small-scale Brayton
cycle. Figure 1a presents a three-dimensional view of the CAPTure validation prototype,
while Figure 1b shows the 45 m solar tower during on-sun testing, where the complete
prototype was installed at the top. Unfortunately, the turbine start-up was not achieved

during the CAPTure project due to several problems and limited testing time [36].

Figure 1. (a) CAPTure validation prototype 3-D view (CSP with regenerative HEX). (b) Solar tower at
CIEMAT-PSA with CAPTure OVAR during on-sun testing. Adapted from [13].

The ASTERIX-CAESar project is currently upgrading the existing prototype by incor-
porating a small-scale CAES unit to demonstrate the operation of the integrated CAES-CSP
concept. In particular, the CAPTure receiver is being enhanced, and the regenerative system
has been replaced with a conventional shell-and-tube heat exchanger. The CAPTure hot
air turbine has been downsized to a two-stage hot air expander, and the system at the top
of the tower was supplied with compressed air from the CAES unit installed at the base
of the tower. In addition, a reverse osmosis unit was pneumatically driven by the CAES
system; however, the detailed design of the desalination unit lies outside the scope of the
present study.

2.2. Layout and Operation Modes

Figure 2 shows a simplified schematic of the prototype, identifying the main sub-
systems and four operating modes. In the first mode “receiver only operation”, the solar
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a)

Hot Air
Turbine

receiver loop enables standalone testing of the OVAR at thermal powers of up to 500 kWy,,
with the hot air subsequently cooled by an air-water heat exchanger. In the “compressor
operation”, the subsystem is located at the ground level, where the compressor charges
the compressed air storage system. Furthermore, the “turbine warm-up” mode comprises
an auxiliary blower that drives hot air at ambient pressure through the turbine. Finally,
during “turbine operation”, compressed air from the CAES system is released, heated in a
200 kW, air-air heat exchanger using solar thermal energy, and expanded in the turbine.
The corresponding piping and instrumentation diagram (P&ID) of the prototype is included
in Section 5.
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Figure 2. Simplified prototype layout and operation modes. Adapted from [13].

Figure 3a presents a three-dimensional model of the CAES-CSP prototype to be in-
stalled at the top of the tower, including the OVAR, heat exchangers, and turbine, while

Figure 3b shows the components installed at the base of the tower, namely the air reservoir,
compressor, and desalination unit.

b)

Reverse Osmosis desalination

unit connected to CAES CAESmain valve

and pressure
regulator

\ ¥ High-pressure

Brackish 5 ] cylinder bundles

Air compressor
Compressed Air

Feed Piping

Figure 3. (a) 3-D model of the CAES-CSP prototype at the top of the tower and (b) 3-D model of the
CAES-CSP prototype at the bottom of the tower. Adapted from [13].
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3. Open Volumetric Air Receiver
3.1. Description and Modeling

The OVAR concept is designed as a modular system, composed of multiple identical
modules stacked on top of each other, consisting of a ceramic foam absorber—made of
porous Silicon-Infiltrated Silicon Carbide (SiSiC)—and a ceramic cup, manufactured from a
novel lightweight composite material, which holds the absorber in place and guides the
airflow [37]. In contrast to the CAPTure project, in which modules of 14 cm x 14 cm were
installed, a larger optimal module size has been defined to reduce costs while maintaining
adequate mechanical stress resistance. Consequently, in the present prototype, the receiver
area of 0.69 m? is divided into 16 modules of 24.65 cm x 17.5 cm (see Figure 4). This
study investigates the optimization of a passive mass flow regulation technique designed
to enhance thermal efficiency. In CSP plants, heliostat pointing strategies that minimize
spillage lead to non-uniform solar flux distributions across the receiver. This non-uniformity
penalizes overall efficiency, as modules in the peripheral regions receive lower flux and,
for similar mass flow rate, exhibit lower outlet temperatures. Furthermore, because air
viscosity increases with temperature, the hotter central regions experience higher flow
resistance. This leads to a reduction in mass flow through the hottest modules, further
increasing their temperature and exacerbating the thermal gradient [38]. To mitigate this
effect and achieve a more uniform outlet temperature distribution, the mass flow rate in
the peripheral modules must be restricted. To this end, this study analyzes a passive mass
flow control strategy based on the proportional reduction in the outlet orifice diameter of
individual modules, thereby increasing their pressure drop and promoting a more balanced
temperature distribution. By reducing the mass flow rate through the lower-flux peripheral
modules, the orifices increase their air temperature rise, allowing their outlet temperatures

to remain closer to the receiver outlet temperature setpoint.

Figure 4. (a) 500 kWy, receiver design composed of 16 modules, each measuring 24.65 cm x 17.5 cm.
(b) Rear view of one unassembled module consisting of a ceramic foam absorber and one cup.
(c) Photograph of ceramic foam absorbers awaiting installation in the receiver front frame.

This analysis is based on a one-dimensional Modelica model using a local thermal
non-equilibrium approach, which accounts for the exponential attenuation of solar flux
within the foam. The thermal model of a single module had been previously validated
against experimental data. The comparison between numerical and experimental air outlet
temperatures yielded an RMSE of 16.9 °C, corresponding to a normalized RMSE of 2.2%.
Further details on the validation procedure are available in the literature [21,37]. The model
was subsequently extended to discretize the receiver area into the 16 individual modules,
thereby accounting for non-uniform solar flux distributions. Based on a mesh sensitivity
analysis, the foam and cup domains have been discretized axially into 15 and five nodes,
respectively. The mass flow rate through each module, i, is determined as a function of
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its corresponding pressure drop. Within this framework, the total receiver mass flow rate,
Myec, is calculated as the sum of the individual module contributions, 71, ;:

16
mrec - Z mm,i (1)
i=1

Since the modules are arranged in parallel, they share a common pressure drop, APy;:
APy = AProgm,i + APyp; Vi=1,..., 16 (2)

where APfygy,; is the pressure drop across the ceramic foam section of cup i, obtained
by summing the contributions of the 15 discretized axial nodes j [39]. Each node has a
thickness tf,,,j. The pressure drop is calculated from viscous and inertial terms, which
depend on the foam pore diameter d, porosity ¢, dynamic viscosity y; j, density p; ;, and
superficial velocity v; ; at node j:

15 —5.739
1039 — 1002¢ 0.5138¢ .
APfoam,i = ):<( 7 )ﬂi,jvi,j t g Pi,jvzz,j) troam,j Vi=1,...,16 (3)
j=1

The term AP, ; represents the pressure drop associated with the cup geometry:

1

Apcup,i = Kiipm,iv Vi=1,...,16 (4)

2 .
m,i

where K; is the dimensionless pressure loss coefficient associated with the outlet ori-

. . R Thm'i
fice geometry of cup i, and v,,; = i A

(foam outlet) cross-section, A;;,. Therefore, the pressure-loss coefficient, K; was treated

is the flow velocity evaluated at the cup inlet

as geometry-dependent for each fixed orifice, while the effects of operating conditions
were accounted for through the air properties and dynamic pressure in the pressure drop
calculation. Finally, the global receiver pressure drop, AP, includes additional resistance
from the receiver box, APy,,, calculated in CAPTure project with Computational Fluid
Dynamics (CFD) simulations:

APyyy = 9.8573 + 21.4511ityec + 1730.87i1 %, (5)

APrec = APy + APy (6)

Additionally, the thermal model was integrated with a Proportional-Integral-Derivative
controller (PID) controller to adjust the overall mass flow rate to obtain a receiver outlet
temperature of 800 °C in each simulation.

To accurately characterize the pressure losses associated with the cup geometry, CFD
simulations were carried out using Ansys Fluent 2024 R1. The pressure drop coefficient,
K;, was evaluated for orifice diameters ranging from 35 mm to 122 mm, corresponding to
the external cup opening. The simulations employed the shear stress transport (SST) k — w
turbulence model and were performed under varying operating conditions, including
inlet velocities between 1 and 3 m/s and temperatures from 400 to 800 °C. For each
configuration, three simulations were conducted, yielding a maximum deviation of 2% in
the calculated K; values, confirming the assumption of a constant pressure drop coefficient
within the investigated range. This deviation has a negligible influence on the results.
Figure 5 compares the velocity field distributions for 35 mm and 100 mm orifice diameters,
highlighting the effect of orifice size at an inlet velocity of 1.5 m/s and a temperature of the
air of 800 °C. Figure 6 shows the variation in the pressure drop coefficient, K;, as a function
of the orifice diameter.
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Figure 5. Velocity field distributions for 35 mm and 100 mm orifice diameters, showing how orifice
size modifies the flow pattern and outlet acceleration within the cup geometry, shown in the vertical

symmetry plane.

3000
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1500

-factor, K; (-)

X 1000 °

500 ®

0 4 ° ° ® ®

40 60 80 100 120
Orifice diameter (mm)

Figure 6. Pressure drop coefficient, K;, as a function of the cup orifice diameter obtained from CFD
simulations.

Finally, the optimization is conducted to maximize the thermal energy efficiency of
the overall receiver, #ye:

ch . mrec(hrec,out - hrec,in)
Irec Y28 Ly iAm

@)

Nrec =

where ch is the useful thermal power absorbed by the fluid, I is the total incident
radiative power on the receiver, ltyec oyt and hy, i, are the specific enthalpies of the fluid at
the receiver outlet and inlet, respectively, and I,,, ; is the local radiative heat flux incident on
cup i.

3.2. Optimization for Non-Homogeneous Solar Flux

Flux measurements obtained during the CAPTure project at PSA in June 2020 were
used to construct a representative symmetric solar flux map with elevated flux levels. A
Gaussian distribution was then assumed to reproduce the corresponding spatially non-
uniform flux profile incident on the receiver surface, consistent with the steady-state
nominal conditions expected during the experimental campaign.

Figure 7a illustrates the reference (base-case) solar flux distribution, while Figure 7b
presents the discretized flux values, I, ;, assigned to each cup, with a total solar flux of
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Irec = 625.7 kW. For the specific base-case configuration considered, four distinct flux input
levels can be identified among the cups, allowing the corresponding outlet orifice sizes to
be optimized: @4, @p, D¢, while @p is fixed at the maximum outlet diameter of 122 mm.
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Figure 7. (a) Symmetric representative solar flux map on receiver, derived from CAPTure measure-
ments and (b) corresponding discretized flux distribution applied to individual receiver cups.

A parametric analysis was conducted to evaluate all feasible configurations con-
strained by the discretized cup orifice diameters shown in Figure 6 and satisfying the
condition @4 < @¢ < Dp < Dp. For clarity, Figure 8 shows only the high-performing
subset of configurations, defined here as those achieving receiver thermal efficiencies above
77%. The results are grouped in three diagrams according to the values of @4,95,9c,
respectively; therefore, each diagram represents the same subset of configurations but
ordered by a different orifice diameter. The maximum thermal efficiency is obtained for
Qp = 600p = 80,0c = 70 and @p = 122 mm. Under this configuration, a thermal
efficiency of 81.6% is achieved, representing a predicted improvement of 7.7% over the
simulated baseline case obtained without the passive mass flow rate regulation technique
(rec = 75.8%).
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Figure 8. Parametric study to obtain the maximum receiver thermal efficiency achieved for discrete
orifice diameters across configurations @ 4, Dp and @c.

Table 3 presents the thermal performance of each cup within the optimum configura-
tion. The deviation of the module outlet temperature relative to the overall receiver target
temperature of 800 °C is only 4.9%, confirming a high degree of thermal uniformity among
all cups. The pressure drop across the modules is AP, = 0.70 kPa, with a total pressure
drop of AP, = 1.38 kPa when the downstream box is included.
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Table 3. Simulated performance of optimum configuration receiver at the base-case solar flux

conditions.
Outlet Incident Mass Flow Outlet Thermal Pressure Pressure

Module Orifice, Power Rate, 11,,, ; Temperature Efficiency, Drop Foam, Drop Cup,

@ (mm) (kW) (kg/s) O Hrec (%0) APfogm,i (Pa) AP, ; (Pa)
Al1-A4-A13-Al6 60 31.7 0.033 765.4 81.5 4414 263.6
B2-B3-B14-B15 80 415 0.039 833.5 81.3 591.3 113.6
C5-C8-C9-C12 70 36.4 0.038 760.6 82.2 519.7 185.3
D6-D7-D10-D11 122 46.8 0.044 833.3 81.9 681.8 23.1

3.3. Transient Operation

Once the receiver configuration is optimized, the dynamic model has been employed
to simulate transient operating performance using a different set of measured operating
conditions from the same June 2020 CAPTure campaign. They do not represent the final
optimized aiming strategy of the new prototype, which will be defined to reproduce the
design flux distribution as closely as possible. This approach enables the assessment of the
system under realistic off-design operating scenarios, which are representative of actual
solar field variability. In this way, the model is not limited to design point evaluation,
but is used to assess operational robustness, thermal response, and control performance
under dynamic conditions. This distinction between design and operational conditions
is essential in solar-driven systems, where continuous deviations from nominal operation
are expected.

Figure 9 shows the variation in the incident flux on each module. It can be ob-
served that the heliostat aiming strategy on that case exhibited an asymmetric distribution
shifted toward the left-side modules, with significant flux differences among cups of the
same type.

— B2
— 83

— B15

Flux (kW/m?)
Flux (kW/m?)
S

10 " 12 13 14 15 16 17 10 " 12 13 14 15 16 17
Time (h) Time (h)

— s
—c8
600 co 600 b0
— c12

Flux (kW/m?)
Flux (kW/m?)

10 " 12 13 14 15 16 17 10 " 12 13 14 15 16 17
Time (h) Time (h)

Figure 9. Transient operating conditions. Evolution of incident solar flux across individual modules.

Figure 10 shows the outlet temperature of each module. During start-up, a proper
temperature increase is observed, followed by fluctuating thermal behavior throughout
the day, associated with transient solar input and heliostat aiming conditions. During
operation, temperatures range from 388 °C to 1248 °C, with significant differences among
the A-type and C-type modules due to variations in the incident solar flux. The maximum
values remain below, but close to the allowable material limits (~1350 °C) of the modules.
These results highlight the importance of an adequate heliostat aiming strategy to reduce
thermal non-uniformities and to maintain operating conditions close to design values.
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Additionally, they underscore the importance of module outlet temperature monitoring for
preventing receiver overheating during solar transients.
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Figure 10. Transient operating conditions. Evolution of outlet temperature across individual modules.

Finally, Figure 11 summarizes the performance of the overall receiver, including
the total incident flux, mass flow rate, and outlet receiver temperature. The maximum
incident power, 366 kW, remains below the prototype design point but corresponds more
closely to the turbine operating mode, thus representing the off-design conditions expected
during the entire experimental campaign. The mass flow rate is adjusted, with controlled
thermal inertia, to regulate the outlet temperature within 795-855 °C. The thermal efficiency
remains in the range of 64.9-75.3%. These results reflect the system response under reduced
solar input and non-ideal operating conditions. The model proves to be a useful tool
for operating the prototype during the upcoming experimental campaign, supporting
operational planning and control strategy definition under transient irradiance conditions.
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Figure 11. Transient operating conditions. Evolution of overall receiver performance: total solar flux,
mass flow rate, and outlet temperature.
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4. Air Reservoir
4.1. Aboveground Storage Solutions

Regarding CAES, for small-scale and micro-scale systems, air is typically stored in
aboveground reservoirs. Previous studies on micro-scale CAES prototypes report storage
pressures ranging from 7 to 350 bar, reservoir volumes between 0.25 and 750 m?, and
discharge durations from 0.8 to 15 h [6]. Based on these values, the present prototype is
designed to deliver a nominal discharge mass flow rate of 0.3 kg/s, corresponding to an
electrical output of 50 kW, and a discharge duration exceeding 75 min. This results in a
total discharged air mass of approximately 1350 kg.

Aboveground air storage systems are available in a wide range of configurations
depending on the application requirements. The most common solutions include custom-

designed large steel pressure vessels [30,31,35], arrays of high-pressure pipelines assembled
on skids, and interconnected bundles of industrial high-pressure gas cylinders [32,34,40]
(see Figure 12).

Figure 12. Comparison of aboveground air storage solutions for small-scale CAES: (a) steel pressure
vessel (165 bar, 8.2 m3), (b) skid-mounted pipelines (165 bar, 8.2 m?), (c) and bundles of high-pressure
gas cylinders (300 bar, only one bundle of 0.6 m3).

To identify the most suitable option, several quotations were requested from manufac-
turers of pressure vessels and suppliers of standard high-pressure gas cylinders. Increasing
the maximum storage pressure reduces the required storage volume but leads to thicker
vessel walls. Therefore, an optimal pressure level exists for custom-designed steel pressure
vessels. In addition, pressure vessels are subject to strict regulatory requirements in many
countries and must comply with certification and inspection procedures established by
authorized bodies, as well as safety standards such as ASME or PED [41].

Figure 13 summarizes the commercial quotations received as a function of maximum
pressure. Although increasing the storage pressure reduces the required reservoir volume,
pressure vessel manufacturers proposed maximum operating pressures in the range of
150165 bar as a feasible solution in terms of structural thickness and manufacturability,
corresponding to storage volumes of approximately 8-9 m3. In contrast, commercial gas
cylinders allow storage pressures of up to 200-300 bar while maintaining relatively low
costs. These cylinders typically have a volume of 50 L and can be supplied in bundled con-
figurations, interconnected through small-diameter high-pressure piping, which accounts
for approximately 5% of the total cost. The configuration of 300 bar represents the most
cost-effective solution and was therefore selected for the prototype scale.

Therefore, for micro-scale CAES systems, modular high-pressure gas cylinders are the
preferred solution due to their low cost, mass production advantages, and simple intercon-
nection. However, as storage requirements grow toward medium-scale plants, multiplying
small vessels quickly becomes impractical due to space, installation, and balance-of-plant
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constraints. Consequently, alternative storage solutions, such as repurposed infrastructure
or underground storage, become more relevant at larger scales, where techno-economic
performance must be carefully reassessed.
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Figure 13. Commercial quotations (USD 2025) for air storage options for the prototype, showing the
relationship between maximum operating pressure and cost for different technologies.

4.2. Modeling and Discharging Simulation

This section presents a more detailed analysis of the air reservoir discharge process,
which is essential for accurately predicting the evolution of temperature and pressure.
These variables are key parameters for determining the actual operating duration and
conditions of the prototype. Pressure regulation during discharge is governed by the
Joule-Thomson effect, resulting in a significant temperature drop due to air expansion.

To capture these dynamics, the discharging process was modeled in Modelica, sim-
ulating the transient energy and heat balances of the air reservoir. As reported in the
literature [14,40], assuming ideal gas behavior introduces error, as it slightly underestimates
the rates of temperature and pressure decrease during the discharge process. Therefore,
real gas properties for dry air were employed, obtained from the LibHuAir library [42].
The energy balance within the reservoir also accounts for convective heat transfer at the
cylinder walls, both internal and external, using experimentally determined heat transfer
coefficients of hg,p, in = 25.42 W/ m2K and heonv, ext = 247 W/ m2K [34]. Heat transfer
by radiation is considered negligible [34], and, due to the large surface area, the initial
temperature of the air reservoir is assumed equal to the ambient temperature. The outlet
pressure downstream of the regulator/throttling valve is set to 10 bar.

Figure 14 illustrates the temporal evolution of pressure and temperature during the
discharging process for ambient temperatures of 20, 30, and 40 °C. The simulation results
indicate a total storage volume of 4.8 m® required to discharge the reservoir from 300 bar
down to the minimum pressure of 20 bar over the required duration of more than 75 min.
The final design consists of eight bundles of twelve 50 L cylinders each (see Figure 15).

For initial ambient temperatures of 20 and 30 °C, it is observed that the regulator outlet
temperature reaches significantly low values during expansion. Although the air filter
of the compressor ensures nearly dry air, these temperature drops may still promote ice
formation at the throttle valve, potentially leading to flow obstruction [40]. To mitigate this
risk, thermal management strategies may be required, such as immersing the gas cylinders
in a temperature-controlled water bath or applying industrial heating blankets to the valve
assembly in order to prevent icing and ensure stable operation.
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Figure 14. Modeled discharging operation of the air reservoir: temperature and pressure profiles as a
function of ambient temperature.

Figure 15. Bundles of high-pressure gas cylinders awaiting interconnection in the prototype CAES
system. Some bundles are partially hidden from view.

5. Other Components Selection and P&ID

In addition to the main prototype components—namely the OVAR and the air
reservoir—the prototype incorporates several key components that have been carefully
selected to meet operational requirements. The air-air heat exchanger, which replaces the
regenerative heat exchanger (HEX) of the CAPTure prototype, is a 200 kWy, shell-and-tube
unit constructed of AISI 309, with a heat exchange area of 56 m?2.

The CAES charging process is performed using a standard industrial piston-type air
compressor, Bauer PE 120-7.5-VE (BAUER KOMPRESSOREN Ibérica, S.L., Sant Esteve
Sesrovires, Spain), selected for its compactness, low cost, simple design, and widespread
industrial use, despite its relatively low efficiency and power capacity [6]. The compressor
provides a limited volumetric flow of 15.6 m3/h. To ensure dry air for CAES charging, the
compressor is equipped with a refrigeration dryer, Bauer B-KOOL 680 (BAUER KOMPRES-
SOREN Ibérica, S.L., Sant Esteve Sesrovires, Spain) and an additional air filter.

Discharge is controlled through a dome pressure regulator HORNUNG G 1 1/2”
(Iberfluid Instruments S.A., L'Hospitalet de Llobregat, Spain), which reduces the reservoir
pressure to an intermediate level. A secondary pressure reducer SAMSON Type 41-23
(SAMSON S.A.U., Rubf, Spain) further adjusts the pressure to the turbine inlet conditions.
This two-stage regulation ensures stable operation and appropriate matching of turbine
inlet requirements. The exact pressure drop and response time will depend on the operating
point and will be quantified during commissioning. Pressure sensors will be installed
upstream and downstream of the regulators and at the turbine inlet to monitor operation.
The hot air turbine is a bespoke design, based on a modified small-scale Brayton cycle

https:/ /doi.org/10.3390/app16136633


https://doi.org/10.3390/app16136633

Appl. Sci. 2026, 16, 6633 15 0f 19

using radial turbomachinery from repurposed truck turbocharger components. The first
expansion stage corresponds to the turbocharger, with the outlet air from the compressor
stage simply vented to the environment. This configuration provides an economical
approach for demonstrating air expansion at small scale.

Piping is equipped with several axial expansion joints to accommodate thermal ex-
pansion. Pipe diameters were designed according to recommended flow rates for com-
pressed air pipelines [41] and high-pressure hose specifications, limiting the velocity to
25 m/s. This limit is locally exceeded in some sections toward the end of the discharge
period; however, this does not affect operation given the short-term experimental nature of
the prototype.

Figure 16 presents the piping and instrumentation diagram (P&ID). An extensive
instrumentation layout is implemented across the facility to assess system behavior and
control performance. Approximately 40 sensors are distributed throughout the installation
to monitor key operating variables, including pressure, temperature, and mass flow rates.

— T (me} Turbine
(Tio1) D T compressor/
Y | o m 1 bar, 800°C, P preheat air
(120) @103) (700°C turbine operation) Turbine [ intake
1 | S5 04kgs exhaust I
‘:> Solar

- m  650°C, - i8]
Receiver 9 <J'127) 0.3kgls e Al i ,1
= 3bar [[77] HotAr Turbine yrfier
50 KW, Conmor )
Rl (€l ompr. (132

=

(TIJS%D | mz@ Coour:g

2 exhaust
HEX Q’lf’?) ‘T'——,\J

(ﬁ,é) water out (TIAZG)
- _ [ a 33] 4 Pressure relief valve [19]
Flow meter 6:",3) @-,25) (i29) - (Gparmax)
cooling water o/ \ & A4bar, T
: 20°C ~Hi o
Cooling 1 {/"} \ Auxiliary air
water in P — 14 _ Onloff preheat H:lo»;ze{’
—{TI24) — Zy t val \ ) for turbine
Blower (o) Ny ) @3?) Prog crevtvale \ J/ preheating
air outlet (‘_,, 7 Bypass valve < Bypass L

- 3] X receiver 8] alve 131Y Flow control valve to adjust
40 6@ s oy o Yurbine 24\ 100.3 kg's discharge flow
\ — operation _[10] operation r

Flow meter w,] /7 [20] Pressure reducing valve to adjust
receiver \ / 3 return temperature U == toturbine inlet pressure
N Y d between 50 and 180 °C
e

~ \ Flow meter
OVAR, HEXs and
Emergency valve for blower 7 turbine turbine at top level
temperature protection 10-12b: N of tower
- ar, I i
s Pio) (45 m height)
Low pressure (10 — 12 bar) air piping [21]
from CAES to top of the tower (45 m height)
diameter DN65 - PN16 [
= T-junction for desalination Desalination unit
Pressure relief valve (15 bar max)[31] 3}}+4 unit connection (DN10 hose) (separate P&ID)
—(ma3)
N7 —, standard industrial pressure reducer

@ \ 122 (300 bar to 10-12 bar)
29] high pressure (300 bar) discharging/ charging header DN25 & .
\

,x\}:l Di shut-off
P I ¥ 30| valve (on/off)
(m3a)
<& — high pressure (300 bar) charging line
|24 (DN flexible hose) connected to line 29

\ 4
|28 /\ Charging shut-off valve (on/off)

23] cylinder bundle 1

Bal Manual main shut-off valve Auxiliary shut-off valve 55
[26] X (opened during operating period) (always closed)

Industrial air compressor

S ~ c ® piston type, 3 stages
a 2 E 2 6.5 kWel
g g g 15 m3/h nominal flow
3 3 2 | 4 days charging aprox.
5 % £ refrigeration dryer and filter dryer included
£ £ £ P
Ambient air intake
CAES CAES CAES CAES CAES CAES
cylinder || || cylinder || || cylinder || || cylinder cylinder || || cylinder
et et N o N o
o o - - - o Air reservoir,
Commercial cylinder bundle of 12 industrial 300 bar cylinders (50 I) compressor
according to ISO 10961:2019(en) Gas cylinders — Cylinder bundles and desalination

unit at floor level

Figure 16. Piping and instrumentation diagram (P&ID) of the prototype, showing components
located at both the top and base of the solar tower. Adapted from [13].
6. Conclusions

This study presents the design and modeling of an experimental prototype combining
an air-based high-temperature CSP receiver integrated with a CAES system. The main
findings are summarized as follows:
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e A complete system architecture is developed and described, including operating
modes, control strategies, and component-level integration of the main CSP and
CAES subsystems.

e  The solar receiver was designed using a modular discretization approach, combining
thermal modeling and pressure drop estimation to optimize passive mass flow regula-
tion. Under design conditions of 500 kWy, and 800 °C outlet temperature, simulations
resulted in a thermal efficiency of 81.6%, corresponding to a 7.7% improvement relative
to the predicted non-regulated baseline case.

e  Transient simulations of the OVAR under experimentally derived off-design conditions
demonstrate the capability of the model to reproduce system-level thermal behav-
ior, including mass flow redistribution and outlet temperature control. The results
highlight the sensitivity of system performance to solar flux distribution and flow
regulation, providing relevant insights for experimental operation, heliostat aiming
and control strategy development.

e A techno-economic comparison of aboveground storage options identifies high-
pressure (300 bar) gas cylinders as the most cost-effective solution. Discharge simula-
tions indicate a required storage volume of 4.8 m3.

e  The integrated design, including auxiliary components and instrumentation defined
through the P&ID, provides a robust experimental framework for system monitoring
and control during operation.

Future work will focus on experimental validation at CIEMAT-Plataforma Solar de
Almeria under real solar-driven conditions. This campaign will assess prototype operation
at Technology Readiness Level (TRL) 6-7, validate the dynamic models, evaluate scalability,
and support future techno-economic studies of larger CAES-CSP systems.
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Abbreviations

The following abbreviations are used in this manuscript:

CAES Compressed Air Energy Storage
CSP Concentrated Solar Power

OVAR Open Volumetric Air Receiver

P&ID piping and instrumentation diagram
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D-CAES Diabatic Compressed Air Energy Storage
A-CAES Adjiabatic Compressed Air Energy Storage
T-CAES Trigenerative Compressed Air Energy Storage
TES Thermal Energy Storage

PID Proportional-Integral-Derivative controller
SiSiC Silicon-Infiltrated Silicon Carbide

CFD Computational Fluid Dynamics

SST shear stress transport

ASME American Society of Mechanical Engineers
PED Pressure Equipment Directive

HEX heat exchanger

TRL Technology Readiness Level
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