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ABSTRACT

Seasonal meteorological variations significantly
degrade the off-design performance and exergy
efficiency of compressed air energy storage (CAES)
systems. To address this challenge, this study
investigates the dynamic charging process of a 10 MW
advanced adiabatic CAES (AA-CAES) system and
evaluates its impact on system-level storage
performance. A system-level dynamic simulation model
is developed in Modelica, capturing the nonlinear
coupling of thermal, volumetric, and rotational inertias.
The coupled response mechanism between inlet guide
vane (IGV) aerodynamic regulation and proportional-
integral-derivative (PID) control of the cooling water flow
is examined, revealing the dynamic evolution of exergy
efficiency under cross-seasonal operating conditions.
Results indicate that seasonal disturbances significantly
shift the system’s operating boundaries. While I1GV
regulation exhibits inherent mechanical delay and the
discharge pressure lags due to the heat exchanger’s
thermal capacitance, the cooling-water PID controller
robustly tracks the pinch-point temperature difference
under both winter and summer conditions,
demonstrating effective dynamic disturbance rejection.
During the sliding-pressure charging process, the
dynamic exergy efficiency varies nonlinearly. The
coordinated IGV—PID control strategy yields the greatest
efficiency improvement in the medium-pressure range,
effectively minimizing irreversible thermodynamic
losses. Notably, this efficiency gain exhibits marked
seasonal asymmetry, with a substantially larger
improvement in winter (1.51%) compared to summer
(0.34%). Furthermore, by thermodynamically balancing

inter-stage power consumption, the multi-stage
coordinated architecture restricts the cross-seasonal
variation in energy storage density to merely 2.6%,
demonstrating exceptional thermodynamic stability for
reliable grid integration.

Keywords: Compressed air energy storage, Seasonal
Performance Variations, Dynamic characteristics,
Operation optimization

NONMENCLATURE
Abbreviations
IGV Inlet Guide Vane
CAES Compressed Air Energy Storage
Effectiveness-Number of Transfer
e-NTU .
Units
PID Proportional-Integral-Derivative
DAE Differential-Algebraic Equation
Symbols
w Mechanical power
T Temperature
E Exergy
H Enthalpy
S Entropy
h Specific enthalpy
ED Energy density

1. INTRODUCTION

With the accelerating global transition towards low-
carbon energy systems, the intermittency and volatility
of renewable energy sources such as wind and solar
power pose challenges to the stability of power grids [1].
Among large-scale, long-duration energy storage
technologies, compressed air energy storage (CAES),
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owing to its advantages of high capacity, long lifecycle,
and low carbon emissions, is regarded as a key hub for
achieving grid peak shaving and valley filling as well as
smart energy dispatching [2]. For large-scale CAES
systems at the 10 MW class and above, the operational
efficiency and regulation flexibility of the compressor
unit directly determine the overall economics of the
energy storage cycle.

As a typical open thermodynamic cycle, the
compression process of a CAES system is highly
susceptible to strong interference from seasonal
meteorological conditions. Severe seasonal fluctuations
in ambient inlet air temperature and pressure not only
alter the density and mass flow rate of the intake air but
also cause a sharp increase in compressor specific power
consumption and sudden changes in discharge
temperature, forcing the system to operate away from
its rated design point for extended periods [3]. To date,
numerous studies have been conducted by researchers
worldwide on the impact of ambient temperature on
CAES system performance. Zhang et al. [4] investigated a
coupled CAES and coal-fired unit system and found that
increasing the inlet temperature from -20°C to 40°C
reduces the overall system efficiency by approximately
10%. Guo et al. [5] pointed out that for a supercritical
compressed air energy storage (SC-CAES) system, for
every 10 K rise in ambient temperature, the system
efficiency exhibits an approximately linear decreasing
trend, with a reduction of about 0.5% to 0.75%. Thus,
when performing performance analysis and optimization
design of CAES systems, it is necessary to clearly identify
the key performance indicators of concern and
comprehensively consider the coupling mechanisms of
temperature on various critical components.

In addressing the issue of energy efficiency
degradation under off-design conditions, aerodynamic
capacity regulation through means such as inlet guide
vanes [6] and speed adjustment [7] has gradually
become a common technical choice in the field of CAES
unit operation [8]. Nevertheless, aerodynamic regulation
is not an isolated physical process; the resulting changes
in flow rate and pressure ratio inevitably impose
significant unsteady thermodynamic impacts on
downstream components, which can easily induce surge
in the downstream compressor stages, severely
compromising the safe operation of the system. Existing
studies on the off-design performance of CAES systems
are mostly based on steady-state or quasi-steady-state
assumptions, and have not yet incorporated physical
inertias such as capacitance effects and thermal inertia
into the system-level analytical framework [9].

To this end, this paper first develops a dynamic
model of key components that accounts for the
nonlinear coupling of multiple inertias, including thermal
inertia, volumetric inertia, and rotational inertia. To
improve system efficiency and broaden the system's
operating range, control measures such as inlet guide
vane (IGV) regulation and Proportional-Integral-
Derivative (PID) control are introduced into the charging
process. On this basis, the dynamic response
characteristics of key system parameters under different
control modes are investigated. The findings can provide
theoretical support for the optimization of control
strategies and flexible dispatching operation of advanced
adiabatic compressed air energy storage (AA-CAES)
systems.

2. SYSTEM DESCRIPTION

The flow diagram of the AA-CAES system is
presented in Fig. 1. The system comprises compressors,
heat exchangers, and air storage tanks. During charging,
air is compressed to a high-temperature, high-pressure
state; cooling water flows through the heat exchangers,
absorbs the compression heat, and is then stored as hot
water in a hot water tank to preheat the air during
discharge; the cooled air is stored in a high-pressure air
storage tank. To enhance the system exergy efficiency,
IGV regulation is implemented in the first-stage
compressor. Meanwhile, to maintain heat exchange
effectiveness, the water-side mass flow rate is controlled
by a PID controller in the heat exchangers. During
discharge, the air pressure is reduced via a throttle valve
to stabilize the expander inlet pressure at 7 MPa, and a
reheater preheats the air from the storage tank.
Discharge terminates when the storage tank pressure
falls below 7 MPa.
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Fig. 1 Schematic diagram of the AA-CAES system

3. SYSTEM MODELING AND METHODS

To accurately simulate the transient response of the
multi-stage compression and intercooling process during
the charging stage of a 10 MW AA-CAES system, this
paper develops a high-fidelity, system-level dynamic
simulation model using the Modelica language. The



model incorporates an off-design compressor module
with an embedded IGV regulation submodel that
accounts for mechanical delay. A dynamic model of a
shell-and-tube  counter-flow heat exchanger s
established based on the effectiveness—NTU (e-NTU)
method, fully capturing the internal thermal capacitance
effect and the thermal inertia of the heat exchanger

Table. 1 System design parameters

Parameter Value or medium
Energy storage medium Dry air
Heat transfer medium Water
Heat transfer medium pressure 0.8
/ MPa
Compressor isentropic 86
efficiency / %
Heat exchanger terminal 5
temperature difference / °C
Design pressure of air storage 10
reservoir / MPa
Volume of air storage reservoir 13310
/m?
Charging power / MW 10

walls. The design parameters of the compression process
are listed in Table 1 [10].

To improve the numerical stability and repeatability
of solving the nonlinear differential-algebraic equations
(DAEs) while maintaining dynamic simulation accuracy,
the following key assumptions and boundary conditions
are adopted in the system modeling and thermodynamic
calculations:

(1) The working fluid (air) is treated as an ideal gas,
following the ideal gas equation of state.

(2) Considering that the hot water tank is heavily
insulated and the cold-water tank temperature is close
to the ambient temperature, the hot water tank, cold
water tank, and inter-stage water piping are assumed to
be perfectly insulated; heat dissipation to the
environment is therefore neglected.

(3) The power consumed by the circulating water
pump is negligible compared to the total power of the 10
MW-class multi-stage compressors; hence, it is omitted
from the system-level power consumption and energy
balance during charging.

(4) When evaluating dynamic exergy efficiency, the
instantaneous local ambient condition is taken as the
thermodynamic reference dead state. Accordingly, the
exergy of the air at the inlet of the first-stage compressor
is set to zero.

3.1 Power consumption input

The power input of a single-stage compressor
quantifies the actual energy consumed during operation
and is calculated as

VVC = mc (hout,c - hin,c) (1)
where W is the power input of the compressor,
m, is the air mass flow rate through the compressor,

h_ isthe air specific enthalpy at the compressor outlet,

out,c
and hin,c is the air specific enthalpy at the compressor

inlet.
The total power input of the multi-stage compressor
train is

I/Vz‘()tal = i VVC (2)

where W

o 1S the total compressor power input

and n is the number of stages.
3.2 Exergy efficiency

Exergy efficiency serves as a fundamental metric for
evaluating the multi-stage compression process
integrated with thermal energy recovery. The exergy
efficiency is formulated to comprehensively account for
both the flow exergy of the compressed air and the
thermal exergy stored in the hot water, as expressed by:
_ Eair + Eh

ot _water
/4

total

7. 3)

where 7, is the exergy efficiency of the

compression process, E . is the exergy stored in the

air

compressed air, and £, is the exergy stored in

ot _water

the hot water.
3.3 Energy density

Energy density is defined as the ratio of the total
work delivered by the multi-stage expanders during
discharge to the physical volume of the high-pressure air
storage vessel:

['war
ED=-—— - )

where ED denotes the system energy storage

density, W, is the instantaneous power output of the

expander, and V' is the volume of the air storage
reservoir.

4. RESULTS AND DISCUSSION

4.1 Influence analysis of seasonal meteorological
conditions on compressor operation



The CAES system draws air directly from the
atmosphere; therefore, ambient temperature and
atmospheric pressure constitute the most critical
boundary conditions for the system. The seasonal
ambient parameters are listed in Table 2. For instance,
the high temperature in summer significantly reduces air
density. Consequently, at the same volumetric flow rate,
the mass flow rate is lower than under other conditions,
markedly reducing the energy storage rate of the energy
system. According to the isentropic compression
relation, a higher ambient temperature increases the
specific work required to compress a unit mass of gas to
the target pressure. Additionally, the elevated
compressor inlet enthalpy in summer raises the
discharge temperature, thereby increasing the thermal
load on the downstream heat exchangers.

Table. 2 Seasonal environmental parameters

Ambient .
Ambient
Case temperat
R pressure, Pa
ure, °C
Casel  SPring weekly 15.82 99657.56
average
Casez Summerweekly .. 98807.68
average
Casez Autumnweekly ) o) 101673.45
average
Caseq  interweekly 1.34 100796.25
average

Owing to the perturbation of system boundary
conditions by seasonal variations, static parameter
settings alone cannot ensure high exergy efficiency and
safe operation under year-round off-design conditions.
Hence, a dynamic coordination mechanism between IGV
regulation and cooling-water PID control must be
introduced to accommodate off-design operation.

4.2 Dynamic regulation characteristics of IGV

To overcome the discontinuity of an ideal step input,
a high-fidelity IGV regulation model is built by cascading
a slew rate limiter with a first-order inertia block,
accurately capturing the mechanical hysteresis. As
shown in Fig. 2, under a step command from 0° to -7°,
the actual IGV position follows an S-shaped trajectory,
buffering sudden angular acceleration and reproducing
the physical inertia while ensuring DAE numerical
stability. Fig. 3 shows that the compressor mass flow rate
responds almost synchronously with the IGV position,
whereas the discharge pressure lags significantly. The
rapid mass flow response stems from the immediate
change in geometric flow area and angle of attack, while

the pressure lag originates from the volumetric inertia of
the downstream heat exchanger, requiring finite time for
mass redistribution to reach a new equilibrium.
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Fig. 4 Variation of the pinch point temperature
difference under PID control.

The resulting sharp decline in mass flow rate and
pressure-ratio variation cause severe fluctuations in
compressor discharge temperature. The hot airstream
thus undergoes intense transient heat transfer coupling
with the metal thermal capacitance, motivating a PID-
based strategy to track the pinch-point temperature
difference on the water side. A comparative study under
identical load-reduction disturbances in summer and
winter (Fig. 4) reveals that under PID closed-loop control
the system converges smoothly to the target setpoint in
both cases, yet the transient overshoot is larger in
winter. This is attributed to the higher winter air density,



which increases the inlet mass flow rate and the gas-side
convective heat transfer coefficient, making the heat
exchanger more sensitive to water-side flow variations.
The settling time remains approximately 140 s for both
scenarios.

4.3 Seasonal dynamic regulation characteristics

Throughout the sliding-pressure charging process of
the CAES system, the dynamic exergy efficiency exhibits
pronounced nonlinear behavior. Simulation results show
that the system exergy efficiency remains relatively low
during the initial low-pressure stage. At the start of
charging, when the storage pressure is 7 MPa, the
compressor back pressure is far below its design value of
10 MPa. This causes the downstream compressor stages
to operate at pressure ratios far from their design values,
resulting in extremely low isentropic efficiency.
Moreover, at the very beginning of charging, the metal
walls of the heat exchanger tubes and the cooling water
inside are still at low temperatures. As the high-
temperature compressed air enters, a very large
temperature difference develops for heat transfer. The
larger this temperature difference, the greater the
irreversible entropy generation from heat transfer,
leading to higher local exergy destruction. The exergy
destruction gradually decreases only as the tube walls
are heated and the temperature difference diminishes.
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Fig. 5 Exergy efficiency of the CAES system under
different seasons: (a) case 1; (b) case 2; (c) case 3; (d)
case 4.

As the storage pressure continues to rise, the
compressor operating conditions progressively improve,
and the system exergy efficiency steadily increases.
Further analysis of exergy destruction reveals that the
coordinated control strategy of IGV regulation and the
cooling-water PID controller yields the greatest exergy
efficiency improvement in the medium-pressure range.

Within this range, the multi-stage compression system is
no longer in the severely off-design state typical of the
low-pressure region, nor has it yet reached the surge
limit of the high-pressure region. At this stage, the large
thermal mass of the heat exchanger tubes has
transitioned from the initial low-temperature condition,
and the thermal load is well matched with the response
capability of the cooling-water PID controller.
Consequently, the irreversibilities from  both
compression and heat transfer are reduced
simultaneously, thereby maximizing the exergy
efficiency enhancement.

Further time-domain integration of the transient
response indicates that the improvement in dynamic
exergy efficiency achieved by the IGV-PID coordinated
control exhibits significant seasonal asymmetry.
Simulations reveal that during the transition period, the
increases in exergy efficiency rank from highest to lowest
as follows: winter (1.51%), autumn (0.94%), spring
(0.90%), and summer (0.34%).
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Fig. 6 Energy storage density of the CAES system.

This seasonal asymmetry arises from the differing
potential for mitigating irreversible exergy destruction in
each season. Under winter conditions, aerodynamic and
heat transfer irreversibilities are substantial, and the
coordinated control can effectively suppress exergy
destruction. In contrast, under high-temperature
summer conditions, the adjustable range is constrained
by mass flow and surge limits, leaving a smaller margin
for exergy efficiency improvement. As shown in Fig. 6,
the energy storage density varies only slightly across
seasons, with the highest value in winter and the lowest
in summer, yielding an annual variation of only 2.6%. This
excellent cross-seasonal thermodynamic stability has
important implications for grid dispatching. It ensures
that AA-CAES plants can deliver highly reliable peak-
shaving services with a levelized cost of energy that
remains stable throughout the vyear, irrespective of
extreme climatic fluctuations.



5. CONCLUSIONS

This study develops a multi-inertia dynamic model of
a 10 MW AA-CAES system to investigate the coupled IGV
regulation and cooling-water PID control under seasonal
meteorological variations. The main conclusions are:

(1) Seasonal fluctuations drive the compressor into
off-design  operation, resulting in high power
consumption in summer and elevated mass flow rate in
winter. Despite the mechanical lag of the IGV, the
cooling-water PID controller stably tracks the intercooler
pinch-point temperature difference, demonstrating
robust disturbance rejection under extreme weather
conditions.

(2) The dynamic exergy efficiency varies nonlinearly
during sliding-pressure  charging. The IGV-PID
coordinated control achieves the greatest exergy
efficiency improvement in the medium-pressure range,
where sufficient IGV regulation margin and optimal
matching of the heat exchanger thermal load effectively
minimize irreversibilities.

(3) The multi-stage coordinated architecture limits
the annual variation in energy storage density to only
2.6%, demonstrating excellent thermodynamic stability.
Moreover, the exergy efficiency improvement exhibits
seasonal asymmetry—being significantly greater in
winter than in summer—owing to seasonal differences in
the potential for mitigating exergy destruction.

This paper mainly analyzes the variable condition
adjustment of the energy storage process using dry air.
Future work will investigate wet compression effects
under high-humidity summer conditions and incorporate
the discharging process to evaluate the overall system
round-trip efficiency.
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