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ARTICLE INFO ABSTRACT

Keywords: An exergoeconomic analysis of three configurations of Adiabatic Compressed Air Energy Storage systems: 3-
Compressed a%r energy storage stage, 5-stage and 7-stage at a constant pressure ratio of 2.42, and three 5-stage systems at pressure ratios of
Exergy analysis 2.42, 2.70 and 3.00 was conducted using the Specific Exergy Costing method. The exergetic costs, exergy

Exergoeconomic analysis
Thermomechanical energy storage
SPECO method

destruction cost rates, and exergy-based monetary costs were calculated. The results show that due to the
inherent exergy destruction in the expanders, the exergetic costs and the exergy-based monetary costs of elec-
tricity are the lowest at the first expanders, which operate at the highest pressure. The exergetic costs increase in
the subsequent expanders. The study also reveals that the average exergetic cost of electricity is almost constant
at 1.461 kWh/kWh for all configurations at a pressure ratio of 2.42. However, these costs increase for the 5-stage
systems, operating at higher pressure ratios to 1.507 kWh/kWh at a pressure ratio of 2.70 and 1.552 kWh/kWh at
a pressure ratio of 3.00. Similar trends are observed when analysing the exergy-based monetary costs. The
average exergy cost for all configurations at a pressure ratio of 2.42 is around $0.42/kWh but gradually increases
to $0.43/kWh for the 5-stage system at a pressure ratio of 3.00, assuming a purchase cost of electricity of $0.25/
kWh. The study concludes that exergy costs depend more on system design, particularly thermal management,
than on the final pressure of the system and that exergoeconomic analysis plays a crucial role in designing
efficient energy storage systems.

Nomenclature P pressure (Pa)
PR pressure ratio
c exergy-based monetary cost ($ Jlor$kwh™) T operating time (h)
c exergetic cost (J J 1 or kWh kWh™1) T temperature (K)
CAES Compressed Air Energy Storage VA capital cost ($)
CRF Capital Recovery Factor z capital cost rate ($ s hH
¢ cost rate ($ s71) Ypo1,Yon  exergy destruction ratio (type I or type II)
e specific exergy (J kg™1)
[F exergy (J) Subscripts and superscripts
E exergy flow rate (J s h
L interest rate 0 reference state
n number of years D destruction
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1. Introduction

The growing use of renewable energy sources increases the need for
energy storage. Among various energy storage technologies, thermo-
mechanical energy storage systems, particularly Compressed Air Energy
Storage (CAES), are receiving more attention.

Many aspects of CAES systems have been analysed or are still being
studied using different methods and approaches. Technical aspects, such
as the performance and efficiency of CAES, are typically investigated
using traditional thermodynamic analysis methods, including energy
and exergy analysis. The traditional energy analysis method primarily
focuses on the quantity of energy transferred into and out of the system,
whereas the exergy analysis method enables engineers to identify the
location and magnitude of irreversibilities within the components of
energy systems. However, although the application of both these
methods and additional optimisation can lead to more efficient designs,
the optimised systems are not necessarily economically feasible, as
economic aspects such as capital costs or operational costs are not
considered. To analyse energy conversion and storage systems using
traditional thermodynamic and economic methods, a new branch of
engineering, called thermoeconomics, was developed. Later, the term
“exergoeconomics” was proposed by Tsatsaronis to describe the com-
bination of exergy analysis and economics [1,2].

Exergoeconomic analysis is an important step in achieving the
optimal design of energy conversion systems. This analysis facilitates the
design of systems where the costs of products can be reduced, ensuring
both efficiency and economic viability. Furthermore, the exer-
goeconomic analysis method can evaluate the performance of each
system component, identifying the critical components that offer the
highest potential for system improvement. Therefore, obtaining a bal-
ance between thermodynamic and economic performance is signifi-
cantly important for the rational design of energy conversion systems
[3]. The use of cost accounting approaches, as part of exergoeconomic
analysis, allows for the calculation of exergy cost, offering a logical basis
for pricing.

Over the last three decades, various exergoeconomic analysis
methods have been used to analyse different energy conversion systems
[4], refrigeration systems with latent heat storage [5], district heating
systems with thermal energy storage [6], cogeneration system inte-
grated with solar thermal system and wind turbine [7], novel liquid air
energy storage coupled with an off-shore wind farm [8], solar-based
trigeneration system [9] and others. To facilitate more detailed anal-
ysis, advanced exergoeconomic methods have been developed later and
used to analyse various energy conversion systems, including cogene-
ration systems [10], complex combined cycle power plant with CO2
capture [11], gas engine heat pump [12], simple air refrigeration system
[13] and others. Collectively, these studies have demonstrated that
exergoeconomic analysis provides a comprehensive assessment of en-
ergy system performance, encompassing both efficiency and cost.

In recent years, exergoeconomic analysis has been increasingly
applied to analyse various energy storage systems, including Com-
pressed Air Energy Storage (CAES) and Liquid Air Energy Storage
(LAES) systems. Buffa et al. [14] studied a 7-stage compression and 6-
stage expansion Adiabatic Compressed Air Energy Storage (ACAES)
system, which was designed using commercially available compressors,
expanders, intercoolers, and reheaters. Water was used as the working
fluid to cool the compressed air after compression and to heat the air
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before expansion. The hot water was stored in thermal energy storage
tanks. An off-design performance analysis was conducted, an exer-
goeconomic evaluation was performed, and finally, the electricity costs
were calculated. The results showed that the exergy destruction varied
across all stages in the compressors, intercoolers, reheaters, and ex-
panders. The highest exergy destruction was observed in the compres-
sors during the charging stage, in the expanders during the discharging
stage, and in the compressor intercoolers. The electricity cost for each
expander varied between 65 and 76 €/MWh, with an average cost of
approximately 70 €/MWh. An overall exergy efficiency of 52 % was
achieved in the proposed system.

Bagdanavicius and Jenkins [15] investigated two CAES systems: one
with Thermal Energy Storage (TES) connected to a District Heating
Network (DHN) and one without TES. Both systems consisted of 4-stage
compression and 2-stage expansion processes. Natural gas was used to
preheat the air before expansion in both systems. The compressed air
was cooled using water in both systems. The results indicated that the
maximum exergy destruction occurred in the heat exchangers used to
cool the air during the charging phase. This was attributed to the sig-
nificant temperature difference between the hot compressed air and the
cooling water. The exergy cost of electricity was $0.1120/kWh, and the
exergy cost of heat was $0.2224/kWh for the CAES system with TES. For
the CAES system without TES, the exergy cost of electricity was
$0.1389/kWh. It was reported that the exergy efficiency of CAES with
TES increased from 50.1 % to 55.8 % compared to simple CAES systems.

An exergoeconomic analysis of a Combined Cooling, Heating and
Power (CCHP) plant integrated with a CAES system was conducted by
Yao et al. [16]. They examined the trade-off between the total exergy
efficiency and the specific cost of the final product using an evolutionary
multi-objective algorithm. An exergoeconomic analysis of an ideal
design case revealed important performance metrics and identified
critical limitations. The results indicated that decreasing the size of the
gas engine improved the exergy efficiency but increased the unit product
costs. However, the use of a trigeneration system significantly enhanced
the overall exergy efficiency of the system. It was concluded that the
investment costs of the main components of the CAES system, such as
compressors, heat exchangers, and storage tanks, were critical and
should be reduced to lower the product costs.

Nabat et al. [17] investigated a constant pressure CAES system. The
system was designed to increase the performance of energy storage by
minimising exergy destruction and enhancing production capacity and
energy storage density. Energy, exergy, economic, and exergoeconomic
analysis methods were applied, and an optimisation was performed to
find the most optimal solution. The results of the study showed that a
roundtrip efficiency of 68.28 % and an exergetic roundtrip efficiency of
66.01 % were achieved. A considerable amount of exergy destruction
was attributed to the high-temperature TES system. The economic
evaluation showed a construction cost of $27.68 million, with a pro-
jected profit of $40.02 million and a payback time of 5.11 years. The
total cost of the products and the levelized cost of electricity were esti-
mated to be $21.15/GJ and $190.40/MWh, respectively.

Alirahmi et al. [18] investigated a multigeneration system incorpo-
rating CAES to produce power, cooling, and potable water, using energy,
exergy, and exergoeconomic analysis and optimisation. The results
demonstrated that a round-trip exergy efficiency of 50.6 %, a cost rate of
322.8 $/h, and a CO2 emission index of 246 kg/MWh could be achieved
for the most optimal system. The authors concluded that the system
performance was affected by several parameters, including air storage
pressure, charging-to-discharging pressure ratio, and the gas turbine
inlet temperature. According to the authors, “the storage pressure had
the highest effect on the cost rate”, and the “charging-to-discharging
pressure ratio had the highest effect on the round-trip exergy efficiency”
[18].

In another study, Bushehri et al. [19] used energy, exergy, economic,
and exergoeconomic analyses to investigate a novel large-scale multi-
generation system comprising an Organic Rankine Cycle, and Reverse
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Osmosis integrated with CAES, for the production of potable water,
domestic hot water, and electricity. The findings showed that the round-
trip efficiency and exergetic round-trip efficiencies were 73.54 % and
55.01 %, respectively. A large portion of the incoming exergy was lost,
with 47.42 % of this exergy destruction occurring in the high-
temperature TES, highlighting its significant impact on the overall sys-
tem efficiency. Considering an initial investment of $7.24 million, the
system reached a payback time of 3.3 years and an estimated profit of
$24.54 million. The cost rates of the products were $729.02/h for
electricity, $117.80/h for freshwater, and $6.94/h for domestic hot
water.

Razmi and Janbaz [20] conducted an exergoeconomic analysis of a
cogeneration system composed of the Organic Rankine Cycle and an
absorption refrigeration cycle integrated with ACAES. The effects of
failure and the repair rates on the costs of electricity and chilled water
were analysed using the exergoeconomic analysis and the Markov
method. The authors reported that the cost of electricity varied between
$0.02945/kWh, assuming a purchase cost of electricity at $0.01/kWh,
and $0.1085/kWh, assuming a purchase cost of electricity at $0.06/
kWh. The cost of chilled water increased from $0.1189 per kWh to
$0.2159 per kWh due to the rising cost of electricity. The economic
analysis revealed that the payback time of the proposed system was
initially 2.9 years but increased to 3.01 years when availability con-
siderations were taken into account. It was found that the operating
periods of the system could significantly affect the payback time. The
shortest payback time of 2.95 years can be achieved for an operating
period of approximately 5 h (charging and discharging) per day.

Esmaeilion, Soltani [21] also studied a multigeneration system in-
tegrated with a CAES system for the production of electricity, cooling,
heating, potable water, hydrogen, and sodium hypochlorite. The anal-
ysis comprised three subsystems: a Combined Cooling, Heating and
Power (CCHP) unit, a desalination unit, and a CAES system. The results
of the study showed that the energy-based round-trip efficiency was
74.5 %, while the exergetic efficiency was 60.2 %. The annual outputs of
the system were 2.6 GWh of electricity, 0.4 GWh of cooling, 0.5 GWh of
heating, 410000 m® of hydrogen, 87400 m® of water, and 9.2 tons of
sodium hypochlorite. The exergetic efficiencies of separate subsystems
were 50.1 % for CAES, 27.2 % for CCHP, and 9.7 % for the desalination
unit. The total exergy destruction rate of the system was 1528 kW, with
CAES contributing 84.4 %, the desalination unit 3.7 %, and CCHP 11.9
%. It was also found that the levelised costs of the products were $0.045/
kWh for electricity, $2/m? for desalinated water, $0.18/kWh for cool-
ing, and $0.14/kWh for heating loads. They also highlighted challenges
associated with the proposed system, including high initial investment,
geographical constraints, and lower energy and exergy density
compared to liquid air energy storage systems.

Mazloum, Sayah and Nemer [22] carried out an optimisation of an
isobaric three-stage ACAES system with water-based TES using exer-
goeconomic analysis. The Specific Exergy Costing (SPECO) method was
used in this study to calculate the cost rates of each stream, and the
results were fed into the optimisation model. The results of the study
showed that a round trip efficiency of 55.1 % and an energy density of
11.9 kWh/m? could be achieved for the proposed ACAES. The analysis
also showed that the highest energy losses of 34 % were observed in the
rotating machinery and 9 % in the heat exchangers. The average elec-
tricity cost was determined to be 0.3166 €/kWh, based on the assump-
tion that the electricity purchase cost was 0.1114 €/kWh. Using the
exergoeconomic model combined with a genetic algorithm, an optimi-
sation was also conducted. The results of optimisation demonstrated
that a reduction of operational costs by 3.7 % and a decrease in in-
vestment costs by 5.6 % could be achieved while improving efficiency by
2.7 % due to the enhancement of the heat exchanger pinch point. A
sensitivity analysis revealed that the storage cycle required a minimum
capacity of 20 MW for optimal performance.

In the previously mentioned studies, the exergy and exergoeconomic
analysis methods were used to evaluate the operation of integrated or
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standalone CAES systems operating under specific conditions, with fixed
maximum storage pressure. However, to understand the effect of
maximum system storage pressure on CAES operation, a more detailed
investigation is needed. One of the first attempts to study the effect of
pressure on the costs of the Adiabatic Compressed Air Energy Storage
(ACAES) system components, such as compressors, turbines, and heat
exchangers, was conducted by Baniamerian et al. [22,23]. In these
studies, cost equations for the ACAES components were developed,
taking into account their operating pressures and conditions. To avoid
high air temperatures after the compression stage, a fixed pressure ratio
of 2.42 was chosen, and ACAES systems consisting of 1 to 7 compression
and expansion stages in the range of 10 to 350 bar were analysed. Using
the proposed cost equations, the specific costs, expressed in $ per kW of
installed power, were calculated. It was concluded that the costs of
compressors and expanders decreased when the storage pressure
increased; however, the cost of heat exchangers increased. Despite this
fact, it was found that the overall cost of all equipment was reduced at
higher storage pressure, resulting in lower ACAES cost at high pressure.

To better understand the formation process of the final product cost
and to evaluate the costs of exergy destruction in ACAES at different
storage pressures, an exergoeconomic analysis was conducted in this
study. The objectives of the study were:

- To investigate the effect of air storage pressure and different con-
figurations of ACAES systems on the operation of the systems com-
ponents, the cost rate of exergy destruction in different components,
and the cost formation process, using exergoeconomic analysis
methods.

- To demonstrate the additional capabilities and advantages of exer-
goeconomic analysis methods for evaluating energy storage and
energy conversion systems.

Similar 3-stage, 5-stage, and 7-stage ACAES systems, operating with
the same pressure ratio per stage, utilising water as a heat transfer fluid
for thermal energy storage, as in the study by Baniamerian et al. [22,23],
were analysed in this study. The Specific Exergy Costing (SPECO)
method [25] was used to conduct the exergoeconomic analysis. The
exergy destruction costs, exergetic costs and monetary costs of heat,
electricity and compressed air were calculated. The variations in exergy
costs depending on the change in pressure ratios for 5-stage ACAES
systems were also analysed.

2. Description of Adiabatic Compressed Air Energy storage
system

In this study, three variations of Adiabatic Compressed Air Energy
Storage (ACAES) systems: 3-stage, 5-stage, and 7-stage systems were
investigated. A schematic diagram of a typical 3-stage ACAES system is
shown in Fig. 1. The same design principles were applied for the 5-stage
and 7-stage ACAES systems.

The ACAES system (Fig. 1) operates in two phases: charging and
discharging. During the charging phase, air is compressed by compres-
sors 1, 3, and 5. After each compression stage, the air is cooled in heat
exchangers 2, 4, and 6 using water as heat transfer fluid. The heated
water is then pumped and stored in Thermal Energy Storage (TES). The
compressed air after the final compression stage is directed to the air
storage (AS) tank or an underground cavern.

During the discharging stage, the air is released from the storage,
preheated, and expanded in the turbines. Hot water from the TES is used
to preheat the air in heat exchangers 14, 16, and 18. The expanded hot
air then passes through expanders 15, 17, and 19 before being released
into the atmosphere after the final expansion stage.

In this study, several assumptions were made. To ensure that water
remained in the liquid phase, it was assumed that the TES operates with
water at a maximum of 90 °C, simplifying its design. The pressure ratio
for all compressors and expanders was set at 2.42 for the basic case,
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Fig. 1. Adiabatic Compressed Air Energy Storage system (1, 3, 5 — compressors; 2, 4, 6, 14, 16, 18 — heat exchangers; 15, 17, 19 — expanders; 9, 24 — water pumps).

similar to other studies [22,23]. The air storage pressure was kept
constant. While there are multiple ways to achieve this, due to the
constraints of the study, it was difficult to include all approaches, and
the system for maintaining pressure was not considered. Maintaining
constant pressure ensured a constant air temperature after the com-
pressors and consistent isentropic efficiency. Also, it was demonstrated
that the round-trip efficiency of such storage systems was higher
compared to isochoric ACAES [24]. To investigate the effect of pressure

ratio on the exergy costs, two additional cases at PR = 2.7 and 3 were
analysed for a 5-stage ACAES. The modelling parameters for all ACAES
systems analysed in this study are shown in Table 1.

3. Methodology

To analyse the ACAES systems, a steady-state thermodynamic anal-
ysis was first conducted. The systems were modelled, and energy and

Table 1

Modelling parameters of ACAES systems.
Parameter 3-stage 5-stage 7-stage
Charging phase
Pressure ratio 2.42 2.42 2.70 3.00 2.42
Air storage pressure (bar) 14.2 83.0 143 243 486
Isentropic efficiency of compressors 0.85 0.85 0.85 0.85 0.85
Polytropic efficiency of compressors 0.867 0.867 0.869 0.871 0.867
Air mass flow rate (kg/s) 10 10 10 10 10
Cooling water mass flow rate (kg/s) 10.2 17.1 19.5 21.9 23.9
Air temperature (°C):
- After compressors ~121 ~121 ~135 ~149 ~121
- After heat exchangers 22 22 22 22 22
Cooling water temperature (°C):
- Supply 20 20 20 20 20
- Return 920 90 920 920 920
Total electrical input power (kW) 3010 5021 5735 6444 7032
Heat output to TES (kW) 2990 5001 5715 6424 7012
Discharging phase
Isentropic efficiency of turbines 0.85 0.85 0.85 0.85 0.85
Polytropic efficiency of turbines 0.833 0.833 0.831 0.829 0.833
Air mass flow rate (kg/s) 10 10 10 10 10
Heating water temperature (°C):
- Supply 90 920 20 90 90
Total electrical output power (kW): 2062 3437 3806 4150 4812
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exergy values were determined using Cycle-Tempo software [25]. The
exergy values were calculated assuming the following reference state
parameters: Pp = 1 bar and Ty = 25 °C.

Performing exergy and exergoeconomic analysis, it is convenient to
define fuel and product streams for each component [26,27]. The fuel
stream is defined as the amount of exergy consumed by the component,
and the product stream represents the useful exergy output delivered by
the component. For example, in the case of a turbine, the fuel is the
exergy difference between the high pressure and temperature gas
entering the turbine and the lower pressure gas exiting it, while the
product is the exergy associated with the mechanical work produced by
the turbine. In this study, the fuel and product exergy streams were
identified and calculated for each component.

Using the concepts of fuel and product, and ignoring the exergy loss
associated with heat transfer to the surroundings, the exergy destruction
in component k, Ep, was calculated using the following equation:

Epx = Erx — Epx (€9)

Where [g is the exergy input (fuel) (kW), and Epy is the useful exergy
output (product) of the component (kW).

To assess the performance of the system components, the exergy
destruction ratio can be used as an indicator. In this study, two types of
exergy destruction ratios were calculated for each system component.
The exergy destruction ratio (type I), yp;, was determined using the
equation below [26]:

Epx

Yor = — (2)
7

Here [Ep is the exergy destruction rate in the component (kW), and o
is the total exergy rate supplied to the overall system (kW). This
parameter indicates how much exergy was destroyed in each component
of the system per 1 kW of exergy (electricity) transferred to the system
during the compression stage.

The exergy destruction ratio (type II), ypy, was calculated using the
following equation [26]:
Yo = FELJ( 3

[ED.tot

Here [ED‘wt is the total exergy destruction rate (kW) within the system.
This parameter indicates how much exergy was destroyed in each
component per 1 kW of exergy destroyed in the entire system.

To perform an exergoeconomic analysis, a commonly used method,
the Specific Exergy Costing (SPECO) method [27], was applied. Two
types of exergoeconomic analyses were conducted in this study. First, a
non-monetary exergoeconomic analysis, known as exergetic costing
analysis, was performed. Using this method, the exergetic costs of each
stream and the final products, expressed in kJ required / kJ produced or
kWh required / kWh produced, could be calculated. The exergetic cost
represents the amount of exergy required to produce a unit of output in a
system. It is the inverse of the exergy efficiency and is particularly useful
because it allows the observation of how the cost (non-monetary cost) of
exergy increases across different system components. To perform the
exergetic costing analysis, first, the exergy cost balance equations were
constructed for each system component:

>, (%E)k + (%B,)k => (ci[E-)k + (cq[Eq)k 4)

Here c;, c., Cy, and ¢, represent the average exergetic costs of exergy
streams at the inlet and at the exit, and the exergetic costs associated
with exergy transfer by work and heat (kJ/kJ or kWh/kWh). E;, Ee, By,
and [Eq denote the exergy flow rates at the inlet and at the exit, as well as
those associated with the exergy transfer by work and heat (kW).
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To complete the exergoeconomic analysis, in addition to developing
the main exergoeconomic balance equations, auxiliary equations should
be constructed because the number of exergy streams exceeds the
number of system components. In this study, auxiliary equations were
developed for certain components of the ACAES system using the SPECO
method [27]. Finally, to validate the model, the exergy balance equation
for the complete ACAES system was formulated:

5 (k) =3 () ©

The model was verified by ensuring that the balance equation (Eq. 5)
was satisfied.

To conduct an exergoeconomic analysis and to calculate monetary
exergy costs, the following assumptions were made:

- 10 % return on investment;

- 20-year investment repayment period;

- 3285 annual operating hours of ACAES;

- Operation and maintenance costs were not included;

- An electricity price of $0.25/kWh was used in this study.

Similar principles were applied to calculate the monetary exergy
costs as discussed above. First, the main exergoeconomic balance
equations were formulated for each component:

Ze (%E)k + (cw[Ew)k = Zi (ci[Ei>k + (cq[Eq>k +7 (6)

Here c,, c;, cw, ¢q represent the average exergy-based monetary costs of
exergy streams at the inlet and at the exit, as well as the exergy costs
associated with exergy transfer by work and heat ($/kJ or converted to
$/kWh); E;, ., Ey, [, are the exergy flow rates at the inlet and at the exit,
and the exergy streams associated with exergy transfer by work and heat
(kKW); Z is the cost rate associated with capital investment for compo-
nent k ($/s).

The cost rates associated with capital investment were calculated
using the following equation:

CRF

Iy = Zp———
k= ok e 3600

@)
Here Z represent the purchase cost of equipment ($), CRF is the Capital
Recovery Factor and 7 is annual operating hours.

The Capital Recovery Factor was calculated using the following
equation:

ie(1+i)

CRF = —— 4"
1+i)"—1

(®

Here i represent the rate of interest, n is the total number of years.
When performing exergoeconomic analysis, a crucial stage in this
process is calculating or estimating the capital cost of equipment. The
capital costs of the ACAES system components: compressors, turbines,
and heat exchangers, were calculated using the equations proposed in
the study by Baniamerian et al. [22,23]. To estimate the cost of air
storage, various sources were reviewed and analysed [28-31]. The
general consensus is that the cost of air storage caverns can range from
$40 to $100 per cubic meter. Therefore, an average cost of around $70/

Table 2
Capital costs of equipment of ACAES system.

Equipment 3-stage ACAES 5-stage ACAES 7-stage ACAES
Compressors, million $ 0.782 0.948 1.02
Heat Exchangers, million $ 0.391 0.881 2.19
Turbines, million $ 0.515 1.10 2.18
Air storage, million $ 2.00 2.00 2.00

Total, million $ 3.69 4.93 7.39
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m> was used in this study. The capital costs of the equipment are listed in
Table 2.

To complete the analysis, auxiliary equations were formulated using
the principles of the SPECO method. The final exergy costs of the
products were determined by solving a system of equations that con-
sisted of both the main and auxiliary eqs. A more detailed description of
the application of the SPECO method can be found elsewhere [32].

When the system of equations was solved, the cost flow rates C
associated with the corresponding exergy streams were calculated using
the following equations:

Cix = cixlix 9
Ce.k = Cek [Ee.k (10)

Here C‘i,k and C‘e,k are the cost rates at the inlet and at the outlet of the
component ($/s).

Using the fuel and product concept, the cost rates associated with fuel
stream Cr and the cost rates associated with the product stream Cp were
introduced, and the specific unit costs of fuel and product were calcu-
lated. The relationship between the specific exergy costs and the cost
rates could be described using equations:

Crx = crxlrk an
Crx = coxlrx 12)

Here C‘F‘k and prk are the cost rates of fuel and product streams of the
component ($/s); cpx and cpy are the specific unit costs of fuel and
product ($/kJ); Erk, Epy exergy flow rates of fuel and product streams
(kw).

To validate the model, the exergoeconomic balance equation for the
complete ACAES system was used:

D=2 Gt Y 13)

The model was verified by ensuring that the balance equation (Eq.
13) was satisfied.

As it is seen from the methodology description above, the exergetic
cost (expressed in kJ/kJ or kWh/kWh) and the exergy-based monetary
cost ($/kJ or $/kWh) have slightly different meanings, despite using
similar calculation methods. The exergetic cost represents the amount of
exergy required to produce a unit of exergy in a product, such as elec-
tricity, heating, or cooling. It is the inverse of exergy efficiency but
provides more detailed information about the cost formation process
within the energy conversion system. The exergy-based monetary cost
represents the monetary value of the exergy stream or product.

To get a better understanding of the cost formation process in the
ACAES, additional parameters — the exergy destruction cost rates for
each component — were calculated using the following equation:

CD.k = CF.kED,k 14

Here Cp is the exergy destruction cost rate ($/s) in the component k,
Epy is the exergy destruction rate (kW) for the component k and ¢ is
the specific unit exergy cost of fuel stream ($/kJ).

Finally, a relative cost difference, which indicates the change in the
cost of exergy, was calculated using the equation:

_ Cpk — Crk

Tk (15)

Crk

Here cpy and cpy are the specific unit costs of fuel and product ($/kJ).
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4. Results of exergoeconomic analysis of ACAES systems
4.1. Exergy and exergetic costing analysis

The results of the exergy analysis, particularly the exergy destruction
ratios for three different systems: 3-stage, 5-stage and 7-stage ACAES
operating at a pressure ratio of 2.42, are presented in Fig. 2. As explained
previously, the exergy destruction ratio type I (yp) shows how much
exergy is destroyed in a particular component of the ACAES system
compared to the amount of exergy transferred to the system. The exergy
destruction ratio type II (ypy) indicates the proportion of exergy
destroyed in a particular component compared to the total exergy
destroyed.

The graphs (Fig. 2) show that the compressors and expanders have
the highest exergy destruction ratios I and II. The exergy destruction
ratio I for both compressors and expanders vary between 0.037 and
0.040 for the 3-stage ACAES, between 0.022 and 0.024 for the 5-stage
ACAES, and between 0.016 and 0.017 for the 7-stage ACAES. These
results indicate that the exergy destruction in individual compression
and expansion devices reduces in the systems with more stages at the
same isentropic efficiency. However, because more devices are used, the
total amount of exergy destruction increases.

The exergy destruction ratio II in the compressors is around 0.134,
0.080, and 0.057 for the 3-stage, 5-stage, and 7-stage systems, respec-
tively. The exergy destruction ratio II in the expanders decreases from
approximately 0.147 for all expanders in the 3-stage ACAES to
approximately 0.088 in the 5-stage system and 0.062 in the 7-stage
system. The exergy destruction ratio II for heat exchangers on the
compression side is consistently and significantly higher than those on
the expansion (discharging) side for all systems. It changes from 0.047
for the 3-stage system to ~0.029 for the 5-stage systems and ~ 0.020 for
the 7-stage system. The exergy destruction in the heat exchangers on the
expansion side remains very low, at approximately 0.006 for the 3-stage
system, 0.0045 for the 5-stage system, and 0.003 for the 7-stage system.
This difference is due to the choice of temperature regime for the TES
system. The maximum temperature of cooling water is allowed to reach
90 °C, while the temperature of air for the basic case (PR = 2.42) can
reach 121 °C. During the discharging stage, it is assumed that the water
temperature is 90 °C and the air temperature before the expander rises to
86 °C. Due to a small pinch point, the exergy destruction in the heat
exchangers during the discharging stage is minimal.

In general, the exergy destruction ratios I and II decrease for all
components in 5- and 7-stage ACAES systems, although the overall
exergy destruction increases from 837 kW for the 3-stage system to
1399 kW for the 5-stage system (at PR = 2.42) and 1961 kW for the 7-
stage system.

A 5-stage ACAES at three different pressure ratios, 2.42, 2.70, and
3.00, were analysed to assess the change of exergy destruction ratio
depending on the pressure ratio. The exergy destruction ratio type I
values at different system components are shown in Fig. 3. The results
show that the exergy destruction ratio for compressors decreases from
approximately 0.022 to 0.021 as the pressure ratio increases. A very
small change in the exergy destruction ratio is observed for expanders,
where it remains almost constant at ~0.024. However, the exergy
destruction in the heat exchangers during the compression stage in-
creases from approximately 0.008 to around 0.014, and the exergy
destruction ratio in the heat exchangers on the discharging side remains
very low, at approximately 0.004, independently of the pressure ratio.
This significant change in the exergy destruction ratio in the heat ex-
changers on the compression side is due to the choice of the cooling
water temperature, which is limited to 90 °C, while the air temperature
after compression can reach 149 °C for a system at PR = 3.0. Due to the
larger temperature difference between the hot air and the cooler water, a
greater exergy destruction is obtained in the heat exchangers. Therefore,
although the exergy destruction ratio in compressors decreases, the total
exergy destruction increases from 1399 kW to 1662 kW and 1936 kW at



A. Bagdanavicius et al. Journal of Energy Storage 138 (2025) 118662

Exergy destruction ratio

Exergy destruction ratio | M Exergy destruction ratio Il

Exergy destruction ratio, kW/kW
o o o o o o
=} o o o o = [N
N & & ® B N B

o L - - -
& & & K & K F &
S S S S S S S
& & > > > >
o N N AS AS Q o
& & Q& & & O
& & S i < N
%3 2 L 53 QL
(/o@ & I <F Q«"”b Q“Q &
a)
Exergy destruction ratio
0.1
Exergy destruction ratio | M Exergy destruction ratio Il
0.09
= 0.08
=
E
= 0.07
g
E 0.06
e
2 0.05
°
g
+ 0.04
Q
o
> 0.03
=
Q
& 0.02
0.01
0
& & &
\'b 52 ‘&’b \,’b &2' \.’b X2’ \.’b <@ \.’b
N &xa (\’LL} 23 ‘\%a 8}'1 K\D‘H 7 (\(”‘j &)a
&2/ & O 6‘2' <d5, (\6@ < ) (\Q)Q/ %*(, (\be
& F L F L LF S
L% AR SINCS SRS R
Exergy destruction ratio
0.07
Exergy destruction ratio | M Exergy destruction ratio Il
0.06

Exergy destruction ratio, kW/kW
o o o I3 I3
o o o o o
o - N w H w
. ]
© —

2
> &
é“‘& S s
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Fig. 3. Exergy destruction ratio type I, yp, in 5-stage ACAES system at different pressure ratios (PR = 2.42, 2.70 and 3.00).

pressure ratios of 2.42, 2.70, and 3.00, respectively, due to the increased
exergy destruction in the heat exchangers. This observation emphasises
the importance of carefully selecting temperature regimes when inte-
grating TES and ACAES systems.

The results of the exergetic costing analysis of 3-, 5-, and 7-stage
ACAES systems are presented in Fig. 4. It is seen that the cost of

electricity in the first expander is consistently lower compared to other
expanders, ranging from approximately 1.35 to 1.37 kWh/kWh for all
ACAES systems. The exergetic cost increases in the following expanders.
In the 3-stage system, the exergetic cost rises from 1.37 to about 1.56
kWh/kWh. In the 5-stage ACAES, the cost increases from around 1.36 to
approximately 1.62 kWh/kWh in the last expander. In the 7-stage
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Fig. 4. Exergetic cost of electricity in 3-stage, 5-stage, and 7-stage ACAES (at PR = 2.42) at different expanders. The numbers on the X-axis represent the expander
number, starting from the highest-pressure expander (Expander 1, etc.). The horizontal solid line indicates the average exergetic cost for all systems.
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system, the cost increases from around 1.35 to about 1.66 kWh/kWh in
the last expander. This cost increase is associated with the additional
exergy destruction in subsequent expanders.

Even though the exergetic costs at different expanders vary, the
average exergetic cost remains nearly identical, indicating that, on
average, 1.46 kWh of exergy is required to generate 1 kWh of electricity,
regardless of the number of stages and the final pressure of the system.
This analysis demonstrates that the exergetic costs of products vary in
multistage ACAES systems; therefore, it can be applied to analyse other
multistage thermomechanical energy storage systems.

In Fig. 5, the exergetic costs of the 5-stage ACAES system at various
pressure ratios (2.42, 2.70, and 3.00) are presented. The figure shows
that the exergetic cost for the first expander varies between 1.36 kWh/
kWh and 1.38 kWh/kWh for all pressure ratios. As expected, the exer-
getic cost increases in subsequent expanders, reaching a maximum in the
final expander. The average exergetic cost of the 5-stage ACAES system
is approximately 1.46 kWh/kWh at a pressure ratio of 2.42, around 1.51
kWh/kWh at a pressure ratio of 2.7, and approximately 1.55 kWh/kWh
at a pressure ratio of 3. These results demonstrate that increasing the
pressure ratio affects the average exergetic cost differently from what is
observed when comparing the 3-, 5-, and 7-stage systems. This increase
is attributed to the rise in the exergy destruction ratio in the heat ex-
changers on the compression side, despite a decrease in the exergy
destruction ratio in compressors and expanders (Fig. 3). The reason for
that is the choice of temperature regime for the cooling process of
compressed air, as explained above.

4.2. Exergy-based monetary costing analysis

Another objective of this study was to conduct an exergy-based
monetary costing analysis and to calculate the cost of exergy destruc-
tion and the final cost of the products. The costs of exergy destruction
and the relative cost difference for 3-, 5-, and 7-stage ACAES are pre-
sented in Fig. 6. The results indicate that the cost of exergy destruction in
all compressors is approximately $0.008/s (~$29/h) for all ACAES
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systems. In the expanders, the cost of exergy destruction is higher than in
the compressors, increasing after each expansion stage. For the 3-stage
ACAES system, the exergy destruction cost in the turbines increases
from approximately $0.011/s (~$39/h) to $0.013/s (~$47/h) in the
last expander (Fig. 6a). Similar trends are observed in the 5-stage and 7-
stage systems, where the cost of exergy destruction in the compressors
remains constant at around 0.008 $/s. At the same time, in the ex-
panders, it increases from approximately $0.010/s (~$36/h) to $0.013/
s (~$47/h) (Fig. 6b and c).

The cost of exergy destruction in the heat exchangers remains rela-
tively low, at $0.003/s (~$11/h) on the charging side and even lower, at
$0.001/s (~$4/h), on the discharging side for all ACAES systems
(Fig. 6). These trends suggest that the compressors and expanders
contribute more significantly to the overall cost of exergy destruction, as
expected, due to their higher exergy destruction ratio compared to the
heat exchangers (see Fig. 2).

The relative cost difference for the compressors in the 3-stage ACAES
system decreases from approximately 0.19 in the first compressor to
0.15 in the last compressor, while for all expanders, it remains nearly
constant at around 0.20 (Fig. 6a). The relative cost difference for com-
pressors and expanders in the 5-stage and 7-stage ACAES systems fol-
lows a similar trend as in the 3-stage ACAES system. In the 5-stage
ACAES system, the relative cost difference for the compressors decreases
from approximately 0.19 to 0.14 (Fig. 6b), and in the 7-stage ACAES
system, it decreases from around 0.19 to 0.13 (Fig. 6¢). The relative cost
difference remains almost constant for the first three expanders, which
operate at higher pressure in both the 5-stage and 7-stage systems.
However, a slight increase in the relative cost difference can be observed
in the last few expanders, from 0.20 to 0.22 in the 5-stage ACAES system
and from 0.20 to 0.26 in the 7-stage ACAES. These results suggest that
the increase in product cost within the compressors and expanders is
relatively small, even though the cost of exergy destruction is higher
compared to that in the heat exchangers.

A significantly higher relative cost difference is observed for the heat
exchangers on the charging side for all three ACAES systems. The
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Fig. 5. Exergetic cost of electricity in three different 5-stage ACAES systems at a different pressure ratio (2.42, 2.70 and 3.00) and at different expanders. The
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relative cost difference remains almost constant for the heat exchangers
after the first three compression stages, at around 0.39 for all systems
(Fig. 6). For the 5-stage ACAES, this value increases to 0.42 for the
fourth heat exchanger and 0.51 for the fifth heat exchanger. For the 7-
stage ACAES, the relative cost difference for the heat exchangers in-
creases more significantly, from around 0.42 for the fourth heat
exchanger to 0.47 for the fifth, 0.58 for the sixth, and 0.83 for the sev-
enth heat exchanger. The primary reason for this change is the increased
capital costs associated with heat exchangers designed for high-pressure
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operations.

The relative cost difference for the heat exchangers on the dis-
charging side is less than that for those on the compression side. For the
3-stage ACAES, the relative cost difference for heat exchangers ranges
from 0.11 to 0.14. For the 5-stage ACAES, this indicator is the highest for
the first heat exchanger, which operates at the highest pressure and is
equal to 0.21. It decreases in subsequent heat exchangers, reaching a
minimum of 0.10 in the fourth heat exchanger. For the 7-stage ACAES,
the relative cost difference is the highest in the first heat exchanger at
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0.43 and gradually reduces to approximately 0.11 in the sixth heat
exchanger and 0.13 in the seventh.

Similar to the heat exchangers on the charging side, the main reason
for the high relative cost difference is the high capital cost of heat ex-
changers that operate at high pressures. The lower relative cost differ-
ence observed for the heat exchangers on the discharging side,
compared to those on the compression side, can be attributed to the
significantly lower exergy destruction ratio in these heat exchangers
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(Fig. 2). A lower exergy destruction ratio results in reduced exergy
destruction costs and, consequently, a lower relative cost difference.
This observation suggests that selecting an appropriate temperature
regime for cooling compressed air after compression and heating air
before expansion is a crucial step, and the system must be designed to
minimise exergy destruction in these components.

The exergy costs of electricity, heat, and air for the 3-stage, 5-stage,
and 7-stage ACAES systems are shown in Fig. 7. As seen from the graph,
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the electricity cost calculated at the first expander (Fig. 7a), which
operates at the highest pressure, is the lowest and increases in the
following expanders in all ACAES systems. This trend is consistent with
the results of the exergetic costing analysis (Fig. 4). The average elec-
tricity cost for the 3-stage system is approximately $0.4288/kWh. It
slightly decreases to $0.4164/kWh for the 5-stage ACAES and then in-
creases again to $0.4201/kWh for the 7-stage ACAES (Fig. 7b). This
observation is consistent with the exergetic costing analysis results,
which indicate that the average exergetic cost (expressed in kWh/kWh)
remains constant for the 3-stage, 5-stage, and 7-stage ACAES systems
(Fig. 4). The slight variations in exergy-based monetary costs ($/kWh)
are due to the differences in the capital costs of the system components.
Although the cost of exergy destruction may remain similar across the
different system configurations, the varying capital costs of the com-
ponents result in slight differences in the final monetary cost of
electricity.

The thermal energy stored in TES is not used externally but is utilised
only internally. However, it is still worthwhile to assess how the cost of
heat exergy changes. As shown in Fig. 7b, the exergy cost of heat in-
creases gradually from approximately $0.4099/kWh in the 3-stage sys-
tem to $0.4151/kWh in the 5-stage system and $0.4341/kWh in the 7-
stage system. A similar trend can be observed for the cost of air. The
cost of air is expressed in $/kg and depends on the amount of exergy
contained in 1 kg of compressed air. As expected, the cost of air increases
from $0.0198/kg to $0.0314/kg and $0.0429/kg in the 3-stage, 5-stage,
and 7-stage systems, respectively, due to the increase in the specific
exergy of the compressed air.

The exergy costs of electricity, heat, and air for the three different 5-
stage ACAES systems at varying pressure ratios are shown in Fig. 8. As
shown in the graph (Fig. 8a), the electricity cost calculated at the first
expander, which operates at the highest pressure, is the lowest and in-
creases in the subsequent expanders across all ACAES systems. The
average cost of electricity increases from $0.4164/kWh to $0.4230/kWh
and $0.4306/kWh in ACAES systems with PR = 2.42, 2.70, and 3.00,
respectively (Fig. 8b). It is clear that the electricity cost is higher in the
systems with higher pressure ratios, which is consistent with the trend
observed in the exergy costing analysis (see Fig. 5). The costs of heat
exergy and air also increase, as expected. The cost of heat exergy in-
creases from $0.4151/kWh to $0.4460/kWh and $0.4755/kWh in
ACAES systems with PR = 2.42, 2.70, and 3.00, respectively (Fig. 8b).
The cost of air increases from $0.0314/kg to $0.0348/kg and $0.0381/
kg in ACAES systems with PR = 2.42, 2.70, and 3.00, respectively.

When comparing different ACAES configurations, it is essential to
note that the final pressure of the systems does not necessarily result in
higher or lower exergy costs of electricity. For example, using the 7-
stage ACES, where the highest pressure of 486 bar (at PR = 2.42) is
reached, the exergy cost of electricity is $0.4201/kWh. For the 5-stage
ACAES, which reaches a maximum pressure of 143 bar (PR = 2.7) or
243 bar (PR = 3.0), the exergy costs are $0.4230/kWh and $0.4306/
kWh, respectively, and are higher compared to the 7-stage ACAES.

Similarly, the exergy cost of heat in the 7-stage ACAES system is also
lower ($0.4341/kWh) than that of the 5-stage system at larger pressure
ratios: $0.4460/kWh for PR = 2.70 and $0.4755/kWh for PR = 3.00.
The main reason for the cost difference is due to the isentropic effi-
ciencies of the turbomachinery and the design of the heating and cooling
processes. The larger temperature difference between hot compressed
air and cooling water results in higher exergy destruction costs in the
heat exchanger and, consequently, in higher exergy costs of products.

5. Conclusion

In this study, an exergy and exergoeconomic analysis of 3-stage, 5-
stage, and 7-stage ACAES systems, as well as three 5-stage ACAES con-
figurations operating at different pressure ratios was conducted. The
main objectives of the study were to analyse the exergy destruction
process in the system components, evaluate the costs of exergy
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destruction, and investigate the exergetic and exergy-based monetary
cost formation processes. The secondary objective was to demonstrate
the capabilities of exergoeconomic analysis methods for analysing en-
ergy storage systems. The Specific Exergy Costing (SPECO) method was
used to examine the exergy cost formation process and calculate the
final exergetic and exergy-based monetary costs of the products. The
main findings and observations are provided below.

1. The exergetic and exergy-based monetary costs of electricity are the
lowest at the first expander and increase at each following expander.
This is because the exergy destruction increases at each subsequent
expander and heat exchanger, resulting in a higher exergy cost as the
air expands in each stage.

2. The exergetic costing analysis reveals that for the chosen configu-
rations of ACAES systems, exergy destruction primarily occurs dur-
ing the compression and expansion processes and remains relatively
small in the heat exchangers on the expansion side for the 3-stage, 5-
stage, and 7-stage ACAES configurations (PR = 2.42). Similar trends
are observed for the 5-stage ACAES systems at different pressure
ratios. However, due to the increase of exergy destruction in the heat
exchangers on the compression side in the 5-stage ACAES systems at
higher pressure ratios (2.70 and 3.00), the final exergetic cost of
electricity increases, emphasising the importance of carefully
designing the thermal management system in ACAES systems.

3. The exergy-based monetary cost analysis reveals similar trends to
those observed in the exergetic cost analysis, although slight differ-
ences could be noticed. The exergy-based monetary costs of elec-
tricity for the 3-stage, 5-stage, and 7-stage ACAES configurations are
not constant and vary due to the different capital costs of the com-
ponents. Additionally, the exergy costs of electricity in the 5-stage
ACAES system at higher pressure ratios (2.70 and 3.00) are higher
compared to the 7-stage ACAES system at a pressure ratio of 2.42,
despite the final pressure of the system being significantly lower.
This indicates that the costs of the products depend more on the
system design, specifically the thermal management of the system,
than on the final pressure of the ACAES system.

The second important objective of the study was to demonstrate the
feasibility of the exergoeconomic analysis method for analysing energy
conversion and energy storage systems. The results demonstrate that
using the exergoeconomic analysis, more detailed information about the
costs of exergy destruction and the final costs of the products is obtained.
Therefore, the exergoeconomic analysis should receive more attention
when evaluating the performance of energy storage systems, as it fa-
cilitates more informed system design decisions.
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