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INTRODUCTION

Recently, the negative impact of greenhouse gas emis-
sions on the environment and energy security has led to the
need to increase the share of renewable energy in the global
energy mix [1,2]. Due to the intermittent nature of renew-
able resources especially solar and wind energies, the inte-
gration of these technologies leads to a significant imbalance
between energy production and consumption. Therefore, the
power grid stability would be perturbed [3,4]. Energy storage
is the most important way to solve this problem and ensure a
continuous and stable energy balance, especially for off-grid
systems [5,6]. Braff et al. [7] show that climate mitigation by
integrating variable renewable energy with an energy stor-
age system depends on many factors, especially the cost of
storage for different technologies. Nowadays, there are many
technologies for storing energy in different forms. The most
widely used technology in the world is pumped hydroelec-
tric storage, which has a high capacity. However, future
development is limited by site selection, although there are
many facilities that use the ocean as a lower reservoir [8].
After that, we found that the most preferred technology by
scientists and engineers, especially for small plants, is bat-
tery, because it has fast response times and high efficiency
compared to other technologies. On the other hand, the use
of batteries is limited by their high cost [9], lifetime, and
power to energy ratio [10]. Xing et al. [11] classified differ-
ent types of batteries according to their performance scale:
Lead-acid batteries range from 1MW-1.4 MWh to 36 MW
-24 MWHh, sodium-sulphur batteries range from 1 MW -7
MWh to 34 MW -245 MWh, and lithium-ion batteries range
from 6 MW -10 MWh to 32 MW -8 MWh. After that, com-
pressed air energy storage (CAES) technology has proved
its large-scale utility among all these storage technologies
[12]. CAES is a relatively mature energy storage technology
that stores electrical energy in the form of high-pressure air
and converts it into electrical energy when energy demand
is higher than energy generation. It is characterized by high
reliability, low energy storage cost, and low greenhouse gas
emissions compared to other storage systems [13]. The
combination of CAES with solar or wind power plants is a
promising solution to the problem of intermittency renew-
able energy sources [14,15]. Today, there are two plants in the
world using this technology for energy storage, the first one
is called Huntorf (Germany, 321 MWel) and the second one
is McIntosh (USA, 100 MWel) [16].

The first CAES generation is the diabatic or conven-
tional compressed air energy storage system (D-CAES). In
this system, air is compressed by compressors when energy
demand is less than energy production, however a signifi-
cant amount of thermal energy is released into the atmo-
sphere. Conversely, the stored compressed air is fed into the
turbines to regenerate power when demand is higher than
production. This process requires an additional fuel to burn
the compressed air stored in tanks or salt caverns before it
is fed into the turbines. The heat losses during the charging

process in addition to the fuel burned prior to the discharg-
ing process result in a significant reduction in overall effi-
ciency to around 45-50% in addition to greenhouse-gas
emissions. Subsequently, the D-CAES system was devel-
oped, made even more efficient by adding thermal energy
storage (TES) system before entering a tank or salt cavern.
This new device has the task of capturing the heat loss gen-
erated by the compressors and reusing it to burn fuel before
the discharge process. This system is called advanced adi-
abatic CAES (AA-CAES). The improvements made have
reduced greenhouse gas emissions and increased the over-
all efficiency of the system to 65-75%.

Liquid air energy storage LAES is a new concept of
compressed air storage in which air is stored in the form
of a liquid at cryogenic temperatures [17]. The process of
the LAES system is the same as for the other derivatives.
Except that the liquid air is stored in containers at near
atmospheric pressure. During the discharge phase, the
required energy is recovered by pumping, evaporating and
expanding a liquid air stream through a series of turbines in
an energy recovery unit (PRU) [18].

Kosowski et al. [19] designed a system consisting of an
existing industrial plant using a CAES system as an energy
and heat source for a system capacity of 30 MW. The study
includes an analysis of technical and economic parame-
ters to investigate the feasibility of the project. Some of the
parameters were studied under three different scenarios; in
the best scenario, the internal rate of return (IRR) achieved
a value of 14.2% with a payback period of 10 years.

Matos et al [20] studied several business models for
CAES systems. The analysis included two business models
with Monte Carlo simulation (MCS). The first for energy
storage of energy from renewable sources and the second
for energy arbitrage.

Sadeghi [21] implemented a hybrid power system
consisting of PV panels, CAES system, batteries, thermal
energy storage, gas turbine, and molten carbonate fuel cells.
The power plant is designed to meet the energy needs of
500 households in Iran. The peak load reaches 500 kW. The
study includes the impact of various parameters on the lev-
elized cost of energy (LCOE).

Cheekatamarla et al. [22] analyzed a storage system
based on isothermal-CAES. The studied system is designed
to supply energy to residential and commercial buildings.
In the work, the influence of different parameters on the
main performance and cost was studied.

The system studied in the paper by Bennett et al. [23] is
an offshore isothermal CAES, and its efficiency and cost were
analyzed. The site studied is located on the Atlantic coast of
the United States near Virginia. The system capacity ranges
from 10 to 390 MW. The results show that the system is capa-
ble of increasing the yield from 0.031$/kW h to 0.048$/kW h.

In this article, a brief introduction to the technology of
compressed air energy storage and its derivatives is given.
Followed by a description of the hybrid system studied
and its operation. Finally, in the last part of this article, the
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results of the energy profile and the influence of the storage
temperature, ambient temperature, and pressure ratio on
the system performance are analyzed.

This work introduces an alternative solution to address
the high energy demand of water treatment plants. Previous
articles have explored the use of energy storage in vari-
ous types of facilities. The present article investigates the
feasibility of integrating a photovoltaic power plant and
a Compressed Air Energy Storage (CAES) system with
a water treatment station. The study encompasses both
technical and economic aspects. The novelty of this arti-
cle lies in the examination of atmospheric conditions and
their impact on the system’s performance, particularly the
ambient temperature. The results demonstrate significant
changes in global efficiency as this parameter increases.

METHOD

Assumptions & Model Description

The pressure drop in the Volume storage is around 20%.
The compressor and turbine isotropic efficiency are
respectively, 0.85 and 0.87%.

The Thermal energy storage (TES) system efficiency
supposed to be perfect.

Table 1. Power consumption by pump

Pump Pump Power [kW]
Well Pump 15
Low-Pressure Pump 15
Booster 5.5
Wash pump 11
High-Pressure Pump 75
Treated Water Pump 15
Others 3.5
Photovoltaic panels Air

Compressor

Turbin

TES

1
1
el
1
1
1
1
:

Compressed air
storage

The compressed air is stored in an underground cavern
with a depth of 400 meters.

Our hybrid system consists of three parts: A water treat-
ment plant, power generation facilities, and a storage sys-
tem. The water treatment plant consists of several pumps
that operate either independently or interdependently. The
working hours of each pump are different, and the daily
consumption profile is shown in Figure 1. Figure 2 illustrate
the principle working of system during the different stages:
production, storage and consumption. Table 1 describes the
detailed consumption of each pump.

The methodology adopted in the present paper involves
sourcing all data from existing literature and new data
obtained from different sources such as the data on the
annual capacity factor and data on the available space able
to store compressed air.

daily consumption profile
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Figure 2. System principle working scheme.
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Figure 3. Model algorithm.

The well pump fills the first tank, which contains the
untreated water. After the low-pressure pump, the water
flows to the sand filter and the cartridge filter. In parallel, a
wash pump and booster clean the sand filter as soon as the
low-pressure pump is turned off. Once, the treated water
leaves the second filter, a high-pressure pump sends it to
reverse osmosis. In this step, the water pressure is very high,
reaching 60 bar. After that, the treated water of the intended
quality fills another tank via a pump for treated water, and
the untreated or rejected water is returned to the reverse
0smosis.

The power generation facilities may be solar or wind,
and the power capacity must be designed according to the
consumption profile. The peak consumption is about 118
kWh, therefore the power plant capacity is 140 kW (includ-
ing all power losses). The working principle of the system
is shown in Figure 3. The working principle can be divided
into three states: First, when the produced energy is equal
to or higher than the required energy, in this case no power
grid is needed and the extra energy that is not used is stored.

The second case, when the production cannot cover the
demand, the energy gap is covered by the storage system.
The last case, when the sum of produced and stored energy
cannot cover the demand, in this case the energy drawn
from the grid to feed the load.

The principle operation of compressed air energy stor-
age technology is based on 3 phases: Charging, storing and
finally discharging. During the charging process, ambient
air is compressed to high pressure by multistage compres-
sors and, in the second stage, stored in a closed volume.
When the stored energy is needed, the discharging process
takes place, where this energy is converted into mechani-
cal energy via multistage turbines [24]. The performance

of this technology depends on several factors, such as the
individual efficiency of each component, the ambient tem-
perature, the pressure and temperatures of the stored air,
the overall efficiency of the storage system is given in equa-
tion 1 [25]:

TOK*ﬂturb*ﬂcomp
Ts
1, (1)
Ts

Ncags =

Where K is a function of pressure and T is the ambi-
ent temperature. 1), and n comp aT€ successively compressor
efficiency and turbine efficiency. T, is the storage tempera-
ture. During the compression phase, the compressor work
can be calculated using the following equations: For an
ideal gas,

PV =nR,T (2)
where P is the gas pressure, Pa; V is the volume of the

gas m3 ; n is the mass of the gas, kg; Rg is ideal gas constant,
J/(kg.°K); and T is a the gas temperature, °K.

I/Vcomp = mair,incp (TZ - Tl) (3)
_ =Ty
Meags = 7, (4)

For an isotropic compression: PV? = Constant. By using
equation 2, the relationship between air pressure and tem-
perature is deduced. Thus, P'?T? = Constant. Therefore,
the isentropic temperature at the outlet of the compressor
becomes:

' Pa =2
T, = Tl(P_l) 14 (5)

y-1
Y

T, = Ti(mc) (6)

Where 7, is the compressor pressure ratio.
Therefore, the final expression of the efficiency can be
given by the following equation:

y—1
_Ti@) v -T
ncomp_ : T,—Tq ! (7)

Thus, the temperatures at the outlet of the compressor
is given by:

y-1
T, ="y, (8)

NcAES
Figures 4 and 5 represent the evolution of the outlet
temperatures of the compressor as function of ambient
temperature and compressor pressure ratio. The tempera-
ture at the outlet of the compressor is crucial for various
parameters, particularly the temperature and pressure at
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E 200 / Where v,;, and p,;, are respectively, volume flow and
3 density of air in m*/s and kg/m®. Since the gas density is
proportional to the pressure, the following equation is used
300 to calculate the evolution of density when the outlet com-
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Figure 5. Effect of pressure ratio on the outlet temperature.

the volume storage, the turbine’s inlet, and the power and
energy output of the system. Consequently, it is essential
to investigate the impact of ambient temperature and com-
pressor pressure ratio on this parameter.

Figure 6 depicts the linear relationship between both
temperatures as illustrated by Equation 8. It can be observed
from Figure 7 that there is a significant increase in the outlet
temperature of compression as the pressure ratio increases,
compared to the increase observed with the rise in ambient
temperature.

Energysto‘red = VVcomp tch

)

pressor pressure changes.

P, =P, + pgir (12)

Thus, using the relationship between density and pres-
sure, the following equation is derived.

_ PPy

Pair = gh (13)
Therefore,
Mair,ingh
Vair = ;;_l;ll (14)

It can be concluded that the air storage volume can be
computed by multiplying the volume flow by the charging
time.

Veags = 3600vy;, (15)



1582

J Ther Eng, Vol. 10, No. 6, pp. 1577-1589, November, 2024

Myiringh
Veass = 3600 irindl
2 1

(16)

Using the assumption of pressure drop: P3 = 0.8P2,
Therefore: P3 =0.8 7, P,
using equation 23 we obtain for n = 1

P3V
Ty = =22 (17)

T3 — 0.8 HCTI:;VCAES (18)

By applying the mass flow conservation law, the mass
air flow exiting the storage volume and entering the turbine
is obtained by the following equation:

T;

Mair,out = T Myir,in

(19)

hourly irradiation profile

In the last phase of storage, the power output of the tur-
bine can be obtained using the same method as the com-
pressor work. Thus, it can be expressed by the following
equation:

k-1
X k=1
Wrurbine = Mair,out’lCAES ETB (ﬂtk - 1) (20)
Therefore, it is deduced that the system efficiency.
_ Wrurbinetdisch
Msystem Energystored (21)

Solar energy is the energy obtained from the conver-
sion of solar radiation into thermal or electrical energy by
solar panels [26]. Solar energy represents one of the clean-
est technologies and is also an available energy source. The
energy production of solar panels depends on several param-
eters, such as the material used to manufacture the panels,
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orientation, tilt angles, and installation area. The energy out-
put is given by equation 22. The hourly and daily irradiance
profiles are shown in Figures 6 and 7. The data used in this
paper was taken from the PVWATTS platform [27].

E=nPV*G*A*PR*NH (22)

Where: 7,y is the Solar Panel Efficiency [%], G is the
Solar Irradiance [kWh/(m?-day)], A is the Panel Area [m?],
PR is the Performance Ratio [-], and NH is the average
number of sunlight hours per day.

RESULTS AND DISCUSSION

This section would cover two areas of analysis. The tech-
nical side, in which technical behavior is examined. The
economic part deals with the benefits of implementing this
project. In the first part, we analyze the results of the sim-
ulation performed with MATLAB software. The results

were obtained according to the algorithm cited in Figure
3. Figures 8 shows the energy profile including generation,
consumption and storage of the hybrid system. The hourly
profile provides more details about the energy profile and
is clearer compared to the daily profile. Based on the daily
profile, the amount of the possible energy that can be stored
cannot be determined, especially in the case of solar energy,
because the hours of solar radiation are very limited, so they
can cover the entire demand of the day. Therefore, the energy
storage amount is always next to the production and the stor-
age energy cannot be calculated from the daily profile.

The daily profile is clearer to understand compared to
the hourly profile. But without the hourly data, our results
cannot be accurate. Figures 9 and 10 show, successively, the
daily profile of the system coupled with solar panels with
and without the storage option. From both figures, it can
be seen that the energy production is highest in the mid-
dle of the year when the solar radiation is higher, especially

hourly consumption profile
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Figure 8. Hourly energy profile of the installation.
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Daily energy profile with storage
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Figure 10. Daily energy profile of the installation with storage.

in summer. Since the production can supply the daily load
and the load requires less electricity than the production
at certain hours, the storage option is used to stabilize the
energy balance and reduce the need for electricity grid
usage. Therefore, the role of the CAES system is to reduce
the dependence on the power grid.

In order to select the technology of storage among oth-
ers there are many keys that can be used. The levelized cost
of storage represents an important key to selecting suitable,
profitable, and efficient technology [28]. The mathematical
expression of LCOS is given in equation 23 [29].
1t(O&M+Fuel);

a+nlt

1t(Annual Energy Produced) 1c AES
X1 a+nlt

CAPEX+y}
LCOS =

(23)

The economic part of this work is shown in the levelized
cost of storage and grid dependence as a function of storage
temperatures. Figure 11 show that the energy drawn from
the grid decreases when the temperature of the air storage

X10° yearly grid energy profile

increases, because the ratio of ambient temperature and
storage temperature directly affects the overall efficiency
of the storage system, which means that the system losses
are lower and therefore the energy drawn from the grid is
reduced. Figure 12 shows the evolution of the levelized cost
of storage as a function of storage temperatures. It can be
seen that the average LCOS decreases as the CAES storage
temperature increases. The lifetime of the CAES system
is 25 years and the discount rate is 10% [12]. The average
LCOS values decrease from about 0.2 to 0.175$/kWh when
the storage temperature increases from 300°C to 800°C. In
Figure 12, it can be observed that the LCOS decreases by
0.025$/kWh for a temperature increase of 500°C. Therefore,
storing compressed air at high temperatures would increase
the performance of the global storage system and decrease
the energy storage prices. In addition, the turbine blades
remain in operation longer. The LCOS of CAES system
values obtained are competitive compared to the ones of
Battery technology.
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Figure 11. The influence of storage temperature on the energy profile.
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Levelized cost of storage (LCOS) as function of Storage temperature
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Figure 12. The influence of storage temperature on the LCOS.

Ambient Temperature Effect

In this section, the effect of ambient temperature is
studied on different system parameters, including air mass
flow at the inlet and outlet of the storage volume, the vol-
ume of storage that the underground cavern can accommo-
date based on the extra energy produced by the PV solar
plant and compressed as air through compression. Finally,
the power output of the system and the overall efficiency
are examined. The working parameters of compressor pres-
sure and turbine pressure ratios are 3 and 0.5, respectively.
These parameters are selected after several simulations
because they yield the best output results. The results of the
simulations are obtained using data provided by an anony-
mous company, data from solar and wind websites, and the
equations cited in the method section.

1e6 Pi_c=3 && Pi_t=0.5
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Ambient Temperature [°K]

315 320

Figure 13. Effect of ambient temperature on the inlet air
mass flow.

It can be observed from Figure 13 that the air flow in
decreases by 8.6103 kg/year for each 5 K° of increase in
ambient temperature.

Conversely, the air mass flow out increases by 36 kg/
year with an increase of 1 K° in ambient temperature. This
indicates that ambient temperature has a more significant
impact on the air flow at the inlet of the cavern compared
to the impact at its outlet (Figure 14).

The volume of storage should follow the same evolution
as the inlet air flow mass according to equation 16, as illus-
trated in Figure 15.

The energy output of the turbine should follow the evo-
lution of the air mass flow output, and Figure 16 demon-
strates that evolution.

Figure 17 presents the evolution of storage efficiency
as a function of ambient temperature. It can be concluded
that installing the CAES system in hot places has a positive
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Figure 14. Effect of ambient temperature on the inlet air
mass flow.
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impact on the global efficiency, with the system gaining
around 4% when the temperature increases from 25°C to
47°C. However, the highest temperature also has a negative
effect on other parameters, such as the air flow mass at the
inlet of the storage volume.

Compressor Pressure Ratio Effect

In this section, the effect of the compressor pressure
ratio is investigated on the same system parameters studied
before. The working parameters of ambient temperature
and turbine pressure ratio are 300°K and 0.5, respectively.

These parameters are selected after several simulations
because they yield the best output results.

Figures 18 and 19 illustrate that the mass air flow at the
inlet and outlet of the storage volume follows a similar evo-

lution. This similarity arises because both air flow masses
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Figure 17. Effect of ambient temperature on the system effi-
ciency.
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are influenced by the temperature ratio (%), and the pres-
sure ratio affects the two temperatures in the same
manner.

Figure 20 illustrates the evolution of air volume. The
decrease in storage volume can be justified by its propor-
tionality to the air mass flow at the inlet. Therefore, the
volume of air stored must follow the same evolution as the
inlet and outlet mass flow.

There is a significant decrease in the energy output of
the turbine once the compressor pressure ratio reaches 5,
as illustrated in Figure 21. Figure 22 shows the evolution of
storage efficiency as a function of pressure ratio. It can be
concluded that working with a high-pressure ratio lowers
the CAES system efficiency.
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Figure 20. Effect of pressure ratio on the volume storage.
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Figure 21. Effect of pressure ratio on the output turbine
power.
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Figure 22. Effect of pressure ratio on the system efficiency.

CONCLUSION

This paper investigates the feasibility analysis of a hybrid
system consisting of PV panels as the energy source, a water
treatment plant as the load, and a compressed air energy
storage as the storage system. The impact of air temperature
storage on the levelized cost of storage and energy sourced
from the grid was analyzed. The analysis also included
the daily and hourly energy profile of the hybrid system
and provides a comparison between the system with and
without energy storage system according to the algorithm
model mentioned in the method section. The analysis of
other parameters that affect the performance of the hybrid
system, such as the air storage temperature, pressure ratio
and ambient temperature. The comparison of solar energy
with wind energy as energy sources would provide an over-
view of which technology could reduce the levelized cost of
energy or storage. Ultimately, the development of thermal
storage systems could improve the efficiency of compressed
air energy storage technology.

NOMENCLATURE

K Function of pressure, -

T, The ambient temperature, K°
Neurb Compressor efficiency, %

Neomp  Lurbine efficiency, %

T, The storage temperature, K°

P The gas pressure, Pa

\Y% The volume of the gas, m’

n The mass of the gas, kg

R, The ideal gas constant, J/(kg.K)
T The gas temperature, K°

I, The compressor pressure ratio, -
Heaps  System efficiency, %

Weomp ~ Compressor work, W

W, Turbine work, W
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Vir Air volume flow, m?/s

Pair Density of air, kg/m?

Hpy The Solar Panel Efficiency, %

G The Solar Irradiance, kWh/(m*-day)
A The Panel Area, m>

PR The Performance Ratio, -

NH The average number of sunlight hours per day,
sunlight hours/day

O&M  Operation and maintenance cost, $/kWh

CAPEX Capital cost, $
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