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Abstract

This work presents the modeling of an adiabatic compressed air energy storage (ACAES) plant.
The system uses surplus electricity from the grid, typically during periods of high photovoltaic
generation or low market prices, to compress air through a compression train. The thermal energy
generated during compression is stored in packed-bed systems, while the compressed air is stored
in an isochoric cavern. An economic analysis of the ACAES system for the specific case of the
Spanish spot price market is conducted. This represents a realistic market framework, as
electricity prices fluctuate due to variations in renewable generation—particularly solar power—
and demand. Relatively few studies have investigated how this price variability affects the
economic performance of ACAES systems. The results obtained indicate dynamic payback
periods in the range of 9—15 years, suggesting a favorable economic outlook under current market
conditions.

Keywords: Compressed air, Energy storage, Radial packed-beds, Thermal energy storage, Spot
price market.

1. Introduction

Photovoltaic generation is widely established within modern electrical power systems.
Concentrated solar thermal technologies are comparatively less developed; however, they benefit
from the integration of inherent energy storage through molten salt systems. A key limitation of
photovoltaic power lies in the management of surplus electricity during periods of high
generation, particularly under peak solar irradiance. Various energy storage technologies have
been proposed to address this issue, with lithium-ion batteries emerging as one of the most
prominent options due to their high efficiency. Nevertheless, lithium is a relatively scarce
resource, which highlights the need to explore alternative storage solutions. In this context, the
present work investigates a compressed-air and thermal energy storage system operating in
adiabatic mode (ACAES). In ACAES plants, ambient air is compressed through a multi-stage
compression train and subsequently stored at high pressure in an underground cavern,
corresponding to the charging phase. When electricity demand increases, the stored compressed
air is released from the cavern and expanded through turbines to generate electrical power. During
the charging and discharging processes, the air must be cooled prior to cavern storage and
reheated before entering the turbines. In conventional systems, this thermal management can be
achieved through heat exchangers during the cooling stage and natural-gas combustion chambers
during reheating; such configurations are known as diabatic CAES systems. Alternatively, to
avoid the use of fossil fuels, thermal energy storage systems based on packed-bed technology can
be employed. In these systems, the heat extracted from the air during compression is stored in the
packed-bed medium and later recovered to reheat the air during discharge prior to turbine
expansion. Plants operating under this configuration are referred to as adiabatic CAES systems.
Despite their potential advantages, this technology remains largely unexplored. Currently, only
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two commercial compressed-air plants operate using combustion chambers, while no
commercial-scale adiabatic CAES facilities with integrated thermal storage have been
implemented [1]. Furthermore, only a limited number of studies have examined the dynamic
behavior of such plants, and assessments of their economic viability remain scarce. For these
reasons, this work addresses two primary objectives. The first is the development of a dynamic
model describing the integrated operation of all plant components. Based on this thermodynamic
framework, the second objective is to study the main economic indicators of the plant in a Spanish
spot price market context.

2. Methodology

2.1. Components

To model an ACAES system (see Fig. 1), its individual components must first be described
through dynamic models and subsequently integrated into a unified plant-level operational
framework. The packed-bed thermal storage units are represented using a one-dimensional two-
phase continuous model, with the governing equations solved using the implicit Euler numerical
method. The cavern is modeled following a similar approach, by formulating and solving the mass
and energy conservation equations. The turbomachinery is represented through operational
performance maps; further methodological details can be found in [2, 3].
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Figure 1. Schematic representation of the ACAES plant with a double packed-bed.

2.2. Economic metrics

This subsection presents several economic definitions used in this analysis, which considers
variable and realistic electricity price signals. The cash flow (CF) is employed as a primary
indicator and is defined as the difference between annual revenues and costs (OPEX),
representing the annual net profit:

FC, = AEY - Coen — OPEX, (1)

where the subscript ¢ refers to a complete annual period, AEY denotes the electrical energy sold
over one year during the discharge phase, and Ceysen is the electricity selling price. The dynamic
payback period (DPP) represents the time required to recover the initial investment (CAPEX)
while accounting for the time value of money through the discounting of cash flows:

ppp (_FCt _
DPF ((Hr)t) — CAPEX, 2)
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where r represents the real discount rate.

The net present value (NPV) quantifies the total economic value generated by the project,
expressed in euros. A project is considered economically viable if NPV > 0, reaches the break-
even point if NPV = 0, and is not profitable if NPV < 0.

FC;

— VN
VeV = X (G5

)— CAPEX, (3)

where N denotes the total operational lifetime of the plant, expressed in years.

The internal rate of return (IRR) is the discount rate for which the NPV becomes equal to zero. It
represents the percentage profitability of the project. The project is considered economically
viable if IRR > r. In this work, =4.4%.

N FCe _
t=1 ((1+1RR)t) CAPEX = 0. (4)

The return on investment (ROI) is defined as the ratio between the average annual net profit and
the initial investment. It is a straightforward indicator that does not account for either risk or the
time value of money.

(5)

The hourly variable electricity price in Spain is shown in Fig. 2, representing an annual hourly
average. For the period 2020-2025, the electricity purchase price averages around 68 €/ MWh,
while the selling price reaches approximately 110 €/ MWh. Between 2023 and 2025, the purchase
price decreases to about 44 €/ MWh, with the selling price remaining near 100 € MWh. By 2025,
the purchase price further drops to roughly 30 €/ MWh, while the selling price remains nearly
constant. A growing trend in the gap between purchase and selling prices is observed in recent
years, primarily driven by the increasing penetration of renewable energy sources. These sources
exhibit variable generation patterns, leading to significant daily fluctuations in electricity prices.
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Figure 2. Average hourly electricity price in the Spanish spot price market. Source: ESIOS, Red Eléctrica
Espaiiola (REE).
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3. Results

The results obtained from applying the selected plant configuration to the variable electricity price
are presented in Table 1. This table summarizes the main economic indicators for the spot market,
as previously defined. Different spot price scenarios in Spain are analyzed, including the annual
average for 2025, the 2023-2025 period, and the 2020-2025 period. For this specific case, a
complete daily cycle of charging, discharging, and idle operation over 24 hours is considered,
assuming one charge and one discharge per day. This mode of operation is typical for energy
storage systems designed for load-shifting applications.

Table 1. Key performance indicators for a variable spot price market. CAPEX = 116.54 million €

&

2020-2025 2023-2025 2025
Average annual revenue [million €] 33.22 30.06 30.24
Average annual cost [million €] 28.15 18.81 13.41
Average annual profit [million €] 5.07 11.25 16.83
DPP [years] >100 15 9
DPP [years]. If cavern is pre-built 29 9 6
NPV [million €] -32.34 69.74 161.69
IRR [%] 1.84 8.97 14.24
ROI [%] 4.37 9.70 14.51

4. Conclusions

In the context of a variable electricity price market, specifically for Spain, the plant can achieve
payback within 9 to 15 years, assuming a significant price differential between electricity
purchase and sale, as observed in the trends during 2023-2025. However, when the price gap is
smaller, the dynamic payback period increases substantially, as seen in the 2020-2025 period.
The average annual profit is around 11.25 million € for an initial investment of 116.54 million €,
and using the mean electricity sell price of 2023—-2025. The operational lifetime of the plant is
assumed to be 30 years.
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