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Abstract:- This study introduces novel correlation models for compressed air energy storage, which incorporate
the authentic features between the Actual Air (AA) properties used. Furthermore, these proposed models examine
the thermodynamic characteristics employed in Isothermal processes. This paper additionally provides a
comprehensive coverage of both theoretical understanding and practical implementation of the idea. The found
correlations aid in the understanding of the core thermodynamic principles related to compressed air energy
storage (CAES). The primary objective of this study is to comprehensively understand the characteristics and
attributes of Actual Air (AA) through the establishment of a theoretical framework. Furthermore, it underscores
the significance of precise fluid property data in the computation and development of Compressed Air Energy
Storage (CAES) systems. This study aims to investigate the hypothesised correlations between the
physicochemical characteristics of air and the assessment of cycle efficiency in the Isothermal process.
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1. Introduction

Initially, the hydro-pneumatic energy storage system implemented the concept of isothermal compressed air
energy storage (I-CAES). The gas is compressed by means of a liquid in these devices. In the context of Closed-
cycle Hydro-Pneumatic Energy Storage (C-HyPES), the process involves the injection of a liquid into the storage
tank, resulting in a reduction of gas volume and subsequently an elevation in gas pressure as shown in Figure 2.
In order to meet the need for energy, the gas pressure is decreased by enabling the liquid to pass through the pump
turbine (P/T) in a reverse direction. In this configuration, the pump turbine operates as a turbine, driving the
generator [1]-[3]. One of the primary concerns associated with C-HyPES is its low energy density. As a result,
the absence of commercial iterations of these systems is evident, although ongoing laboratory-scale
experimentation is being conducted [3]-[5]. In order to address the limitations associated with C-HyPES, the O-
HyPES idea has been developed, which integrates the enhanced energy densities of air-air systems with the
benefits of utilising a liquid as the working medium. In an O-HyPES (Ocean Hybrid Power and Energy Storage)
system, the process involves the compression of air using a liquid piston prior to its entry into the Compressed
Air Storage (CAS) at elevated pressure, as shown in Figure 2.

This particular concept necessitates the presence of a minimum of two alternate cylinders, which can facilitate the
pumping of a liquid in and out. Additionally, a system of valves is required to enable a cyclic air supply and
release [3], [4], [6], [7]- The O-HyPES technology, in contrast to the closed cycle system, has demonstrated
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successful implementation at the laboratory scale [8]-[10]. Furthermore, it has experienced further advancements
to enable its utilisation as a utility-scale storage unit. The initial pilot plant, boasting a power capacity of 2 MW,
was constructed in Texas and has undergone testing since 2012 [11]-[14]. The power exchange during both the
charging and discharging processes is limited due to the heat exchange surface formed by the contact between the
liquid and gas phases. The efficiency of the process, which is no longer isothermal, exhibits a decline with higher
power levels due to the observed increase in temperature gradients. One potential method for addressing this
limitation is to introduce water into the compression chamber, creating a significant water surface area that
interacts with the gas [15]-[18]. This methodology facilitates the utilisation of traditional piston technology
through the attainment of an effective heat transfer mechanism. In order to effectively tolerate the presence of
water content, appropriate modifications must be made to the accompanying piston compressors/expanders. The
latest finding of this study, as stated in reference [19], [20], pertains to the compression of pre-mixed foam as a
means to enhance heat transmission. In order to lessen the amount of thermal energy wasted, a considerable
number of studies into novel approaches have focused on compressed air energy storage (CAES) devices. Recent
research by the authors of [21]-[24] suggests that by using an original design for the compressor and expander,
isothermal compressed air energy storage (I-CAES) cycles can be realised as shown in Figure 1 [25]-[27], this
structure makes it much easier to remove heat from the air during compression and then add it back in during
expansion.

Grid
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Heat exchanger Heat exchanger
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Thermal Store
Compress Expand

HP air
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Figure 1. Schematic diagram of I-CAES.
2. Closed-cycle Hydro-Pneumatic Energy Storage (C-HyPES),
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Figure 2. Schematic diagram of I-CAES C-HyPES
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C-HyPES consists of two stage modes, which are the charging and discharging modes. These procedures will be
performed through the PAT (Pump as Turbine). In this section, the entire system will be viewed as a couple of
the tanks been connected through the pipe, where one of them will be treated as the liquid inside the C-HyPES,
while the other will be treated as the outer tank. The type of the flowing mode (charging and discharging modes)
would governs the locations of the tanks as well as the direction of the flow between them. Various methods have
been employed in compressed air energy storage (CAES) systems to enhance heat transfer, such as the utilisation
of liquid droplets, liquid piston air compressors/expanders, porous inserts, and hollow spheres. These
methodologies have demonstrated efficacy. The construction of a perfect isothermal plant is highly improbable
due to the heat generated by gases during compression and the limited compressibility of liquids. Despite the
existence of several proposed alternatives, the realisation of such a plant remains doubtful. In the year 2013, a
study conducted by [28], [29]involved the development of a prototype for a 1.5 MW I-CAES system. During the
compression phase, heat absorption was achieved by spraying water onto the piston. In previous studies, scholars
[30]-[35]have successfully devised a liquid piston that emulates the configuration of reciprocating mechanisms,
aiming to enhance the reversibility of gas compression and expansion. This methodology does not examine studies
that employed conventional volumetric expanders for achieving isothermal or quasi-isothermal compression and
expansion [11], [36]-[40]. The given design of the liquid piston aims to optimise the surface area to volume ratio,
minimise heat loss, and achieve nearly isothermal operation within a gas chamber. The desired outcome can be
attained through the manipulation of gas within a chamber of fixed capacity, employing either compression or
expansion techniques, and incorporating a liquid column [41]-[44].

To enhance the isothermal performance of compressed air energy storage (CAES), the implementation of drop
spray injection heat transfer was incorporated alongside the liquid piston mechanism. The purpose of this action
was to enhance the system's efficiency. The user did not provide any text to rewrite. This endeavour was
undertaken with the intention of achieving the predetermined objectives. The integration of this method has been
observed to be efficacious in mitigating the air temperature and maintaining operational conditions in close
proximity to isothermal levels (76). The initial technology for wind turbines known as isothermal compressed air
energy storage (I-CAES) was developed by [45], [46]. This innovative approach incorporates liquid pistons and
employs isothermal refrigeration techniques. Furthermore, the authors in reference [78] employed a liquid piston-
based isothermal compressed air energy storage (I-CAES) system to carry out empirical investigations on porous
inserts. The apparatus utilised in the research has a compression-to-expansion ratio of 10:6. Furthermore, the
utilisation of a liquid piston in conjunction with the incorporation of a water spray or droplet has the potential to
enhance heat transfer. This alternative can be implemented as a substitute for the liquid piston. [47]-[49] have
developed an isothermal compressed air energy storage (I-CAES) system that exhibits rapid heat absorption and
emission capabilities throughout its charge and discharge processes. This approach utilises reciprocating
equipment to administer a concentrated mist spray. Previous studies have been conducted on reciprocating
machines, as well as other mechanical devices such as screws and scrolls [48], [50]-[53].

The research conducted by [82] encompassed the examination and development of a pumped hydro compressed
air energy storage system (PH-CAES). The findings of the experiment indicated that the PH-CAES system
demonstrated the capability to function at almost isothermal conditions. The polytrophic exponent of air was
determined to be 1.07 for power generation and 1.03 for energy storage. The values in question were discovered
as a result of rigorous research. Furthermore, the performance of the PH-CAES system exhibited a roundtrip
efficiency of 51%. Furthermore, the collective efficiencies of the many components within the system play a
crucial role in determining the total round-trip efficiency of the system. For example, PH-CAES exhibits an
efficiency of 63 percent, even when the hydro turbine producing units are operating at a high efficiency level of
90 percent. The utilisation of this approach in commercial applications is currently limited due to the inherent
challenges associated with its empirical validation [54]-[56]. There has been a proposal to utilise isothermal or
near-isothermal systems for the purpose of storing energy in compressed air and releasing energy from expanded
air, as mentioned in reference [57], [58]. The objective of this advice is to enhance the round-trip efficiency of the
CAES system while simultaneously reducing the associated costs. These strategies would entail the storage of
energy by compressing air while ensuring temperature stability.
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3. Novel Correlation Approach
3.1. Closed-cycle Hydro-Pneumatic Energy Storage (C-HyPES)
3.1.1. Charging Mode Process

During the charging process, the centrifugal pump will function in pump mode, whereby the fluid in motion will
be propelled vertically upwards, as seen in Figure 3.

Charging Mode

Casing

Figure 3. Charging mode of the centrifugal pump.

Head Loss Equation: Figure 4 depicts the schematic diagram representing the pair of tanks that were subjected
to the ambient environment. The flow mode of this system may be conceptualised as the transfer of fluid from the
lower tank to the upper tank. In order to facilitate this process, the system requires the use of a pump. It is assumed
that each surface of the liquid exposed inside the tanks is subjected to a specified external pressure.

P2

l .

Figure 4. Shows the schematic diagram of tanks connected with a pump

In accordance with the Bernoulli principle, the following is a description of the connection that exists between the
several shown parameters that are shown in Figure 4.

[%+%+ zlj—(%+%+zz] =-H,
@
Where
P, = External Pressure acting on the liquid’s surface within the lower tank.
P, = External Pressure acting on the liquid’s surface within the higher tank.
v; = Speed of the liquid’s surface within the lower tank.
v, = Speed of the liquid’s surface within the higher tank.
z, = Elevation of the liquid’s surface within the lower tank.
z, = Elevation of the liquid’s surface within the higher tank.

H,, = Hydraulic Power been gained by the Pump.
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The link between the velocities at both tanks is shown in Eq 2 based on the principle of continuity for an
incompressible fluid.

Q=Av, = Ay, )

Therefore, through the involvement of the continuity, the entire expression of the Bernoulli Equation can be
defined in terms of the flow-rates, which is given below:

P-P Q*(1 1
[_1 2)*‘(21_22)"'_(_2__2}:4_';)
Plt 20\A A @3)
Pump’s Head Equation: The head of the Pump for a given flow-rate is defined as the follows:
H 2
P —-1.245 —( Q J
H Pp(8eP) QP(BEP) (4)
Where H and Qggp denote for the head of the pump and the flow-rate at the best efficiency point, the point

PBEP
where the efficiency for given pump would perform at its maximum value.

3.1.2. Pump’s Efficiency Equation
The efficiency of a given Pump is defined as the following:
(A+BH,+CQH, +DQ’H, +EH " +EH, +FQH " +GQ’H /)
100 (5)

e =

Where

A =80 B =-0.9367 C=546x1073
D=-1514%x10"° E =5.802 % 1073 F=3.028x107°
G=8346x 1078

Input Pump’s Power Equation: Input Power is determined from the following expression:
H
Pp — ng P
U (6)

Dimensionless Numbers: The following expressions display some of the dimensionless numbers that were used
for the analysis of the flow throughout the charging mode within the centrifugal pump.

v n’D? )
¢= (nD?

(®)

Assuming that the dimensions (D) and the speed (n) within PAT is similar to that been used by [59]; by employing
the concept of the dimensional similarity, the operated flow-rate and the pump’s head throughout the pump will
be same as that been used by [59].

Therefore the expressions for the Head in Eq 4 and Efficiency in Eq 5 for the pump would still be same as that
been proposed by [59].
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3.1.3. Discharging Process

Throughout the discharging process, the centrifugal pump will be operated as a discharging mode, where the
flowing fluid will be pumped pump run in reverse as it illustrated in Figure 5.

Discharging Mode

,hﬁpener_ ‘—~w-;

Outlet

Casing

Figure 5. Discharging Mode of the centrifugal Pump.

Head Loss Equation: A diagram illustrates for the flowing fluid that takes place between the tanks, where the
turbine is positioned between them.
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Figure 6. Shows the schematic diagram of tanks connected with a turbine.

Principle of Bernoulli for the above-mentioned diagram is shown as the following, where the fluid would have
lost some energy due to the turbine:

[i+v—1+21]7[i+v—2+22j =H,
£9 29 r9 29 9)
H; = Head lost by the turbine.

Turbine’s Head: The head of the turbine for a given flow-rate is defined as follows:

2
Hy :1.0283[ Q J0.5468[Q]+0.5314

T(BEP) T(BEP) T(BEP)

(10)

For the Eq 10, both of Head Hyggpy and Flow-rate Qr(ggp) at the best Efficiency Point were obtained using the
following expressions:

1
HT(BEP) =H p(BEP) [Fj

p

1
QT(BEP) = Qp(BEP) (F\J

p

(11)

(12)

Where n,, denotes the maximum efficiency been performed by the Pump.
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Turbine’s Output power: The Output Power of the turbine was obtained using the following expression:
PT(BEP) = UT(BEP)ngT(BEP) HT(BEP) (13)

Where it is assumed that the efficiency of the Turbine at the best Efficiency Point would be taken to be same as
that of the Pump as proposed by Sharma [].

Th gep) = TTp(gep) (14)

The output power of the turbine for a given flow-rate is defined as follows:

3 2
i ——0.3092[Q] +2.l472[Q] +O.8865{ Q J+0.0452

T(BEP) T (BEP) T(BEP) T(BEP) (15)
The efficiency of the turbine is determined from the following expression:
_ PYQH,
=2 T
i (16)

3.2. Ocean Hybrid Power and Energy Storage (O-HyPES)

I~ X X

Air Alr

CAS

Figure 7. Schematic diagram of I-CAES O-HyPES
In this section, the behaviour of this system would simply divide into four stages, which is shown as follows:

Stage 1: When both of the left and right valves into the Compressed Air Storage are closed and the Pump is been
operating through this stage. This stage has used Eqs 1-5.

Stage 2: When the left valve into the Compressed Air Storage is open and the right valve is closed, while the
Pump is still operating. This stage has used Eqs 1-5.

Stage 3: When both of the left and right valves into the Compressed Air Storage are closed and the Turbine is
been operating through this stage. This stage has used Eqs 8-16.

Stage 4: When the left valve is closed and the right valve is into the Compressed Air Storage is open, while the
Turbine is still operating. This stage has used Eqs 8-16.

4. Results and Analysis for C-HyPES
4.1. Selected Variables for the C-HyPES

The following table illustrate the conditions that were used throughout the charging and discharging modes within
the C-HyPES.
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Table 1. Shows the conditions used for charging and discharging modes in the C-HyPES.

Operating Conditions

Temperature of air within C-HyPES /°C 20
Pressure of air within C-HyPES / atms 1
Mass of the stored air within C-HyPES / kg 0.2
Maximum Volume of the stored air within C-HyPES (from the datum) / m® 0.2
Maximum Height of the stored air within C-HyPES (from the datum) / m 0.67
Temperature of air at the outer tank / °C 20
Pressure of air at the outer tank / atms 1
Density of the Liquid / (kg/m?) 700
Flow-rate through Pump at (BEP) / ((m®)/h) 300
Head through Pump at (BEP) / (m) 50
Maximum Pump's efficiency 0.8
Maximum Turbine's efficiency 0.8
Cross-sectional Area of C-HyPES / m? 0.3
Cross-sectional Area of outer tank / m? 0.5

4.2. Resulted Variables of Charging Process

Pressure; Plot 1 seen in Figure 8 demonstrates the temporal fluctuation of Air Pressure. Based on the data shown
in the aforementioned table, it is evident that the air pressure exhibits a gradual rise over time. However, it is
noteworthy that the duration required for the pressure to reach a state of equilibrium is around 0.7 seconds.

Height of liquids’ surfaces; The plot 2 shown in Figure 8 illustrates the change of the liquid's surface in both
tanks when the air is compressed in relation to the datum. The rise in the height of the liquid's surface inside C-
HyPES may be attributed to the compression exerted on the liquid by the pump during the charging mode.
Conversely, the reduction in the liquid's surface level in the outer tank over time may be attributed to the
incompressible nature of the fluid used throughout the procedure.

Flow-rate; Plot 3 in Figure 8, illustrates the temporal changes in flow-rate throughout the compression process.
There is an observed trend of decreased flow-rate over time. This phenomenon may be linked to the decrease in
the pressure differential between the surfaces of the liquids and their disparity in height.

Velocity of Liquids’ Surfaces; Plot 4 in Figure 8 shows the decrease in flow rate over time led to a corresponding
decrease in the velocities at the surfaces of the liquids in both the C-HyPES and outside tank.

Pump’s Head; Plot 5 in Figure 8 depicts the fluctuation of the Pump's Head during the duration of the charging
mode procedure. In line with the aforementioned discussion on pressure, it is seen that the head of the pump
exhibits an increasing trend over time. Nevertheless, it is noteworthy that the duration required for the head to
reach a state of equilibrium, where no more alterations occur, is around 0.7 seconds.

Pump’s Efficiency; Plot 6 in Figure 8 illustrates the temporal fluctuation of the efficiency of the pump during
the compression process. There is an observed trend of decreased flow rate over time. The decrease in flow rate
over time during the charging mode is believed to be caused by the dependence of the pump's efficiency on both
the flow rate and the pump's head.

Pump’s Input power; Plot 7 in Figure 8 illustrates the temporal fluctuations in the input power of the Pump. The
observed trend indicates that the input power of the pump gradually rises until reaching its maximum at 0.2
seconds. This may be attributed to the dominance of the pump's head growth rate over the decline in flow rate, as
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well as the influence of the pump’s efficiency. When the duration exceeds 0.2 seconds, it has been observed that
the input power of the pump reduces. This reduction is believed to be caused by the combined influence of the
lowering flow rate and the pump's efficiency, which outweighs the impact of the growing pump head on the

pump's power.
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Figure 8. Shows 7 plots Resulted Variables of Charging Process

4.3. Resulted Variables of Discharging Process

Pressure; Plot 1, Figure 10 depicts the temporal changes in Air Pressure during the discharging operation. It has
been found that the air pressure gradually drops over time inside the C-HyPES system, eventually stabilising at
around 3.07 atmospheres after approximately 5.5 seconds. At this point, the air pressure within the C-HyPES
system ceases to change further.

Height of liquids’ surfaces; Plot 2, Figure 10 illustrates the alteration of the liquid's surface in both tanks during
the discharge mode in the C-HyPES system, relative to the reference point. As previously discussed in the
Charging mode section, it is important to note that the fluid used in this system is considered incompressible.
Consequently, any increase non the volume of liquid inside the outer tank will correspond to an equivalent
decrease in the volume of liquid within the C-HyPES.
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Flow-rate; The plot under consideration is Plot 3. The flow-rate fluctuation during the discharging mode with
respect to time is shown in Figure 10. As previously discussed in the charging section, the decrease in flow rates
may be attributed only to the decrease in the pressure difference between the surfaces of the liquids and the
decrease in their height difference.

Velocity at liquids’ Surfaces; Plot 4 in Figure 10 illustrates the changes in the surface velocities of the liquids
inside both tanks throughout the discharging mode. As previously stated in the charging mode section, the
decrease in flow rates resulted in a corresponding decrease in velocities at the surfaces of the liquids in both the
C-HyPES and outside tank, as seen in the accompanying graph.

Turbine’s Head; Plot 5, Figure 10, illustrates the temporal variation of the Turbine's Head in the discharge mode.
It has been observed that the turbine's elevation is gradually lowering over time until it hits a minimal value at
around 0.75 seconds. Subsequently, the elevation of the head pump starts, with a gradual reduction in its gradient
seen over time.

Turbine’s Output power; Plot 6 Figure 10 illustrates the temporal fluctuations in the output power of the turbine.
The power derived using equation (48) demonstrates notable accuracy for time intervals less than about 0.25
seconds and larger than 2.6 seconds. It is suggested that this equation is particularly suitable for lower flow rates
through the turbine. It has been observed that there is a discernible rise in the power output of the turbine beyond
a time interval of 2.6 seconds. This phenomenon may be attributed to the dominance of the turbine's head, which
supersedes the influence of flow rates on the power production during this specific period.

Turbine’s Efficiency; Plot 7, Figure 10 displays which represents the fluctuation of the Turbine's Efficiency in
the discharging mode over time. The increase in turbine efficiency, similar to the reasons mentioned for the Head's
Pump, has been observed for a duration exceeding 2.6 seconds. This suggests that the impact of the turbine's head
is more significant than the influence of flow rates on the output power during this time period.

4.4. Head’s Pump Impact Overall Cycle Efficiency at Best Efficiency Point (BEP)

Figure 9 depicts the relationship between the Overall Cycle Efficiency and the pump's Best Efficiency Point
(BEP) for various Pump Efficiencies. It has been observed that there is a positive correlation between the head's
pump (BEP) and the Overall Cycle Efficiency, indicating that an increase in BEP generally leads to an
improvement in efficiency. It has been observed that the values of the Overall Cycle Efficiency are higher when
the Pump's Efficiency is 0.85 compared to when it is 0.8.
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Figure 9. Overall Cycle Efficiency vs Pump's Head (BEP) for different Efficiencies.
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Figure 10. Shows 7 Plots of the Resulted Variables of Discharging Process
5. Results and Analysis for O-Hypes
5.1. Selected Variables throughout the process
Table 2. Shows the conditions used for charging and discharging modes in the O-HyPES.

Operating Conditions

Temperature of air within each of the cylinders throughout the process / °C 20
Initial mass of the stored air within each of left and right cylinders / kg 15
Maximum Volume of the stored air within O-HyPES (from the datum) / m3 0.9
Maximum Height of the stored air within O-HyPES (from the datum) / m 15
Density of the Liquid / (kg/m?) 700
Flow-rate through Pump at (BEP) / ((m®)/h) 140.58
Head through Pump at (BEP) / (m) 40
Maximum Pump's efficiency 0.8
Maximum Turbine's efficiency 0.8
Cross-sectional Area of each of left and right cylinders / m? 0.6
Initial Pressure within the Compressed Air storage / 1
Volume of Compressed Air Storage (CAS) / m® 0.6

5.2. Resulted Variables of Stage 1

Pressure; Plot 1, Figure 11 depicts the temporal fluctuation of Air Pressure. Based on the data shown in the
aforementioned table, it can be noticed that the air pressure experiences a rise over a time span of about 3.7
seconds, reaching a point beyond which no further increase is visible.

Height of liquids’ Surfaces; Plot 2 Figure 11 illustrates the changes in the liquid surface of each tank as a
consequence of air compression relative to the reference point. The increase in the height of the liquid's surface
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inside the left cylinder over time may be attributed to the pump's compression of the liquid during charging mode,
as explained in the C-HyPES section. Conversely, the decrease in the liquid's surface level on the right cylinder
suggests that the experimental method used an incompressible fluid.

Flow-rate; Plot 3 Figure 11 illustrates how the flow rate changed during the course of the compression in relation
to the passing of time. It can be seen that the flow rate tends to decrease with time, which results in a lowering of
the pressure difference between the surfaces of the liquids as well as their height difference.

Velocity at liquids’ Surfaces; Plot 4 Figure 11 shows the gradual drop in the flow rate over the course of time
resulted in a slowing of the velocities at the liquids' surfaces inside O-HyPES, as the accompanying graph
demonstrates.

Pump’s Head; Plot 5 Figure 11 illustrates how the Pump's Head has been changing over time while the charging
mode operation has been going on. In a manner similar to that which has been described for the pressure, the head
of the pump rises as the amount of time passes.

Pump’s Efficiency; Plot 6 Figure 11 illustrates the temporal fluctuation of the efficiency of the pump during the
compression process. The key moment for the value of the pump's efficiency occurs at around 0.5 seconds, as a
result of the combined effects of the falling flow rate and rising pump head over time. The efficiency then reached
its peak value of 0.8 after about 2 seconds, after which it began to decline.

Pump’s Input power; Plot 7 Figure 11 depicts the temporal fluctuation of the input power of the Pump. The
observed phenomenon indicates that the input power of the pump exhibits a growing trend till reaching its
maximum value at 1.5 seconds. This behaviour is attributed to the dominance of the pump's head growth rate over
the lowering flow-rate, as well as the efficiency of the pump. When the duration exceeds 1.5 seconds, it has been
observed that the input power of the pump reduces. This decrease is believed to be caused by the reduction in flow
rate, and the efficiency of the pump determines how the increase in pump head affects its power.
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Figure 11. Shows 7 Plots of Resulted Variables of Stage-1 of O-HyPES
5.3. Resulted Variables of Stage 2

Pressure; Plot 1 in Figure 12 is the graph that demonstrates the fluctuation of Air Pressure in relation to time.
The observation has shown a consistent decrease in the air pressure inside the initial cylinder (left) of O-HyPES
with time. This may be attributed to the mixing of air with the contents of the Compressor Air storage (CAS). The
observed phenomenon may be attributed to the increase in mass inside the Compressor Air storage (CAS). This
is caused by a decrease in the mass of air within the first cylinder (left) of O-HyPES before to entering the CAS,
leading to a subsequent fall in pressure.

Height of liquids’ surfaces; Plot 2 Figure 12 illustrates the alteration of the liquid's surface in both tanks when
the air is compressed in relation to the datum. The rise in the height of the liquid's surface inside the left cylinder
may be attributed to the compression exerted on the liquid by the pump during the charging mode, as previously
discussed in the C-HyPES section. Conversely, there is a reduction in the level of the liquid's surface in the right
cylinder, indicating that the fluid used in the process is of an incompressible nature.

Flow-rate; Plot 3 Figure 12 illustrates the temporal fluctuations in flow-rate during the compression phase,
particularly when the left valve is in an open state.

Velocity at liquids’ Surfaces; Plot 4 Figure 12, there is a declining tendency seen in the flow rate with time.
This may be attributed to a reduction in the pressure differential between the air in the first cylinder (left) of O-
HyPES and the Compressed Air Storage system.

Pump’s Head; Plot 5 Figure 12 illustrates the fluctuation of the Pump's Head during the charging mode operation
over time. In general, there is an upward trend in the head of the Pump over time. This indicates that the stored
fluid inside the O-HyPES system has accumulated energy for the pump.

Pump’s Efficiency; Plot 6 Figure 12 depicts the graphical representation of the efficiency of the pump as a
function of time. The data indicates that the efficiency of the pump remains rather stable over a duration of around
8 seconds.

Pump’s Input power; Plot 7 Figure 12 depicts how the Pump's input power changed over time. The fluctuation
in the pump's input power has been noted to be rather minor across the time span between 0.8 seconds. This
indicates that the head pump and its associated flow rate impacts on the efficiency of the pump do indeed work in
opposition to one another.
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Figure 12. Shows 7 Plots of Resulted Variables of Stage-2 of O-HyPES
5.4. Resulted Variables of Stage 3

Pressure; Plot 1 Figure 13. represents the variation of the Air Pressure within the second cylinder (right of O-
HyPES) with respect to the time throughout stage 3. It is observed that the pressure of the air increases over the
range of time until it becomes constant at about 1.8 seconds.

Height of liquids’ Surfaces; Plot 2 in Figure 13 shows the heights of the liquid surfaces tends to be constants
with respect to the time throughout the stage 3.

Flow-rate; Plot 3 Figure 13 shows the variation of the flow-rate throughout stage 3 with respect to the time is
displayed in Figure 92. The reasons for this behaviour are similar to that been mentioned within stage 1.

Velocity at liquids’ Surfaces; Plot 4 in Figure 13 shows the reduction of velocity of the liquid surfaces due to
the decline of the flow rate.

Turbine’s Head; Plot 5 Figure 13 displays the graph of the Turbine’s Head varies over time throughout stage 3.
It is been remarked that the turbine’s head is decreasing until it reaches to a minimum value, where its
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corresponding time is about 0.25 seconds. After that, the head pump starts to rise where its gradient tends to be

reduced with respect to the time.

Turbine’s Output power; Plot 6 Figure 13 shows the variation of the turbine’s output power over time. It is
illustrated in the graph that equation (48) is not valid for the range of the time that lies between 0.06 and 0.8
seconds, as the obtained calculated values were found to be negative within this range of the time. Then the output
power from the turbine would reach to its maximum value which occurs about the time of 1.0 seconds.

Turbine’s Efficiency; Plot 7 Figure 13 shows the Turbine’s Efficiency during the stage 3 in terms of the time.
The increase of the Turbine’s Efficiency has taken place for the range of time that is greater than 0.8 seconds,
corresponding to the actual extracted power from the turbine has within this range of the time.
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Figure 13. Shows 7 Plots of Resulted Variables of Stage-3 of O-HyPES
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5.5. Resulted Variables of Stage 4

Pressure; Plot 1 Figure 14 represents the graph of the Air Pressure within the second cylinder (right of O- HyPES)
with respect to the time throughout stage 4, while the air from the right of O- HyPES is injected into Compressed
Air Storage. Initially, it can be seen that the air pressure within the right of O- HyPES is increasing with respect
to the time, where it would reach a point of inflexion at a time of 6 seconds, from which the gradient tends to get
decreased till it reaches to constant value of about 3.7 MPa.

Flow-rate; Plot 3 Figure 14 shows the variation of the flow-rate throughout stage 4 with respect to the time is
displayed in. As the right valve is opened while the left valve is closed, the flow-rate of the flowing fluid tends to
get increased till it reaches to its maximum value that occurs at a time of about 6 seconds with a value of 0.0027
md/s. This can be attributed that the pressure difference between the air within the second cylinder (right) of O-
HyPES and Compressed Air Storage has been increased throughout this time. As for the range of the time where
the flow-rate tends to be decreasing over the time, it has been thought that the pressure difference Compressed
Aiir Storage would have decreased throughout this time.

Turbine’s Head; Plot 5 Figure 14 represents the graph of the Turbine’s Head varies over time throughout stage
4. Tt is been noticed that the turbine’s head is decreasing until it reaches to its minimum value, corresponding to
the time of about 6 seconds. Same reasons as been mentioned within the section of the flow-rate, where it is
thought the rise of the pressure difference between the air within the second cylinder (right) of O- HyPES and
Compressed Air Storage has taken place throughout this time. On the other-hand, the rise of the Turbine’s Head
for the time that is greater than 6 seconds, which can be interpreted that the decline of the pressure difference
between the air within the second cylinder (right) of O- HyPES and Compressed Air Storage has taken place
during this time.

Turbine’s Output power; Plot 6 Figure 14 represents the graph of the Turbine’s Output Power with respect to
the time throughout stage 4. It is remarked that an increase in the Turbine’s Output power has occurred over the
range of the time that lies between 0 and 4.93 seconds as the obtained values of the hydraulic power (based on the
flow-rate and turbine’s head) are greater than the values of the power been obtained from equation (48) throughout
this range. For the range of the time that takes place between 4.93 and 7.44 seconds, it was noticed that the values
of the power been obtained based on equation (48) are greater than the values of their corresponding hydraulic
power. For the range of the time that are greater than 7.44 seconds, it is attributed that the calculated hydraulic
power values dominate than the values of the power been obtained from equation (48) during this period.

Turbine’s Efficiency; Plot 7 Figure 14 display the variation of the Turbine’s Efficiency in terms of the time
within stage 4. Similar reasons to that been mentioned for the Turbine’s Output Power section, the calculated
values of the hydraulic power overcome that the calculated values based on equation (48) occur within the ranges
of times that are lower than 4.93 seconds and greater than 7.44 seconds. The range of the time where the calculated
values of the power using equation (48) are greater than the determined values of the hydraulic power takes place
between 4.93 and 7.44 seconds.
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Figure 14. Shows 7 Plots of Resulted Variables of Stage-4 of O-HyPES
6. Head’s Pump Impact on the Flow-rates at (BEP) for C-HyPES and O-HyPES

The following figure represents the variation of the flow-rates (BEP) with respect to the Head’s Pump (BEP) for
a given efficiency. It is observed that as the head’s pump (BEP), it is corresponding the flow-rates (BEP) is
decreased for a given efficiency. The following figure also displays that for the same range of the Head’s Pump,
the flow-rates (BEP) been obtained for the efficiency of 0.85 is higher compared to that been obtained for the
efficiency of 0.8.

—a— Maximum Pump's Efficiency = 0.8
—&— Maximum Pump's Efficiency = 0.85

w120 4

=}
=}

Pump's Head (B

40 60 80 100 120
Pump's Head (BEP)/m

Figure 15. Flow-rate (BEP) vs Pump's Head (BEP) for different Efficiencies of the Pump.
7. Conclusions

The current study effectively introduced a novel correlation model for compressed air energy storage (CAES) that
incorporates the utilisation of actual air properties. Furthermore, this study explored the thermodynamic properties
relevant to isothermal processes, providing a comprehensive reference for both theoretical understanding and
practical implementation of the subject matter. The suggested connections have contributed to the advancement
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of knowledge about the basic thermodynamic concepts that form the basis of Compressed Air Energy Storage
(CAES). This study additionally provided a theoretical foundation for comprehending the characteristics of Actual
Air (AA), emphasising the essentiality of accurate fluid property information in the calculation and advancement
of Compressed Air Energy Storage (CAES) methodologies. Moreover, this scholarly article presented a
theoretical framework that facilitates the comprehension of the distinctive attributes of Actual Air (AA). The
present research aims to examine the proposed associations between the physicochemical characteristics of air
and the evaluation of the cycle efficiency of an isothermal process.
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