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A B S T R A C T

For more efficient, reliable, and stable energy provision, energy storage plays a key role in the transition
towards renewable energy sources. Compressed air energy storage (CAES) has been recognized as one of the
most promising technology due to its high energy capacity, flexibility, scalability, long lifespan, maintainability,
economical, and environmental viability. These potentials can be further improved by hybridizing CAES
systems with thermal energy storage system. However, to realize the potentials of hybrid CAES systems, a
control strategy is essential to manage the energy flow between the system components. Therefore, in this
work, a novel energy management strategy is proposed to control a hybrid CAES system for a prototype of a
partially floating photovoltaic plant (PFPV). The proposed control strategy is based on the rule-based approach
and a mathematical model is presented to evaluate the system performance. The results indicate that, for an
average hourly profile of the 5 kW PFPV platform through the year, a system round-trip efficiency of 34.1%
can be obtained while the cycle and exergy efficiencies are 37.7% and 41%, respectively. Higher efficiency
can be obtained by controlling the compressors operational range and rated power. Therefore, future work
includes experimental work for results validation and optimization.
1. Introduction

With more than 80% of the global primary energy consumption is
provided from fossil fuels, a sustainable and renewable energy tran-
sition is attracting widespread interest recently [1,2]. This interest is
motivated by the continuously increasing economic growth, energy
demand, environmental degradation, and the associated climate change
threats. Therefore, many countries including Egypt have been triggered
to increase the share of renewable energy in their energy mix for more
secure, diverse and sustainable energy supply with lower greenhouse
gas emissions [3]. For instance, a roadmap has been set by the Egyptian
government, Egypt’s Vision 2030, for the sustainable development and
improving the share of renewable energy to 30% of the national energy
mix by 2030 [4].

With a high solar energy abundance of 74 billion MWh∕year, Egypt
is considered as one of the most favorable environments for solar en-
ergy applications [5]. Among the variety of solar systems, photovoltaic
(PV) systems are recognized as the most commonly utilized technology
for power generation from solar energy [6]. This can be explained by
the fact that PV systems are reliable, sustainable, modular, flexible,
have quiet operation and long lifetime [7]. Therefore, numerous solar
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energy production projects in Egypt are operating or under construction
deploying PV systems. The Egyptian government’s efforts include large-
scale solar PV projects (e.g. Benban solar park) as well as research and
development projects to improve the performance of PV systems and
overcome their challenges such as the working temperature rise of the
PV panels, the high demand of open land area, and the intermittent
fluctuated PV power supply.

For a sustainable and renewable green electricity supply to the
rural areas around the Egyptian North Lakes, a novel partially floating
PV (PFPV) concept has been proposed in [8]. In this concept, the
PV modules are in a continuous and direct contact with the water
body as shown in Fig. 1 which offers an efficient and costless passive
cooling for the PV system. By controlling the ratio between the PV
module submerged area (Asubmerged) and the total PV surface area
(APV), the PV system’s operating temperature can be reduced which
improves its performance and increases its output power [9]. Also, the
proposed PFPV concept alleviates the looming land scarcity issue by
implementing the PV system on the available water bodies such as
lakes.
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Abbreviations

A-CAES Adiabatic compressed air energy storage
CAES Compressed air energy storage
CE Cycle efficiency
D-CAES Diabatic compressed air energy storage
EMS Energy management strategy
ESS Energy storage system
EXE Exergy efficiency
HP High pressure
I-CAES Isothermal compressed air energy storage
ID Identity
LP Low pressure
PFPV Partially floating photovoltaic
PID Proportional–integral–derivative
PV Photovoltaic
RB Rule-Based
RTE Round-trip efficiency
SC-CAES Supercritical compressed air energy storage
STIFA Science, technology and innovation

funding authority
TES Thermal energy storage
UK United Kingdom
Nomenclature

APV Photovoltaic total area
Asubmerged Photovoltaic submerged area
𝐶𝑃 Specific heat capacity
m Mass
�̇� Mass flow rate
P Pressure
PC1 First compressor power
PC1max First compressor maximum power
PC1min First compressor minimum power
PC2 Second compressor power
PC2max Second compressor maximum power
PC2min Second compressor minimum power
Pexp Expander power
PH Heater power
PLo Required load power
PPV Photovoltaic power
𝑄𝑎𝑖𝑟 Heat addition to air
𝑄ℎ Heater absorbed heat
𝑄𝑤𝑎𝑡𝑒𝑟 Heat addition to water
R Air gas constant
T Temperature
𝑇cv Compressed air reservoir temperature
𝑇f, actual, comp Compressed air actual final temperature
𝑇f, actual, exp Expanded air actual final temperature
V Volume of compressed air tanks
�̇�actual, comp Compressor actual power consumption
�̇�actual, exp Expander actual power generation

In order to overcome the solar PV intermittent supply, an energy
storage system (ESS) can be used to store any excess energy during
he day and use it later at night. Also, using an ESS not only solves
he PV intermittency issue, but also improves the PV systems overall
fficiency, reliability, stability, and their environmental and economic

10,11]. Among the available energy storage technologies
erformance [ c

2 
𝑊𝑜𝑣 Compressed air contained energy
𝛽 Power distribution ratio
𝜀 Heat exchanger effectiveness
𝜂ℎ Heater electric efficiency
𝜂isen, comp Compressor isentropic efficiency
𝜂isen, exp Expander isentropic efficiency
𝛾 Air specific heat ratio
𝛥𝐸𝑐 𝑣 Air reservoir energy change
𝛥𝑇 Temperature difference
Subscript

cold Cold fluid
f Final
hot Hot fluid
i Initial
in Inlet
out Outlet

for floating PV plants, compressed air energy storage (CAES) is one
of the most promising systems [12]. This is due to the fact that CAES
ystems are reliable, flexible and durable systems with high energy den-
ity, power rating and long lifespan and discharge time compared with
ther energy storage technologies as can be observed in Fig. 2. More-
ver, CAES systems have lower environmental impacts, require less

maintenance, and can operate even in harsh environment conditions.
These systems are also scalable from large scale to small and micro-
scale systems which are portable and adaptable with grid-connected or
stand-alone applications [12–14].

Due to these advantages, CAES systems have widely been inves-
tigated for the integration into renewable energy systems. For solar
power applications, a techno-economic analysis has been performed
in [17] for a CAES system integrated with a solar heliostat system
nd a desalination unit for the production of power and potable water
howing a round trip efficiency of 48.7% and a payback period of only
.65 year. In another study on solar heliostat systems, a higher round
rip efficiency of 58.7% was reported in [18] by hybridizing the CAES

system with a hydrogen storage system through recovering the waste
heat of the solar unit to produce hydrogen. Also, CAES technology has
been proposed for the integration with wind farms [19], hybrid wind
and solar farms [20], hybrid solar and geothermal system [21], tidal
turbine farms [22], and wave energy system [23]. Moreover, CAES
echnology can be combined with other renewable and alternative

power systems such as biomass and biogas power systems [24,25],
nuclear power plants [26], and fuel cell systems [27] which supports
he high penetration of renewable energy. Furthermore, for emissions
eduction, CAES has been proposed for carbon capture, utilization, and
torage systems [28].

In CAES systems, surplus electric energy is converted into com-
ressed air which is stored to be used later for electricity production

by expanding the compressed air in a turbine generator [29]. According
o the way of dealing with the heat generated during air compression,
AES systems can be classified into conventional diabatic, adiabatic,
nd isothermal systems [13]. In diabatic systems, the heat generated

during air compression is wasted by cooling and an external energy
source is utilized to heat the compressed air prior to the expansion
process. This external heat source is normally provided by fossil fuels
which reduces the energy efficiency and environmental performance
of conventional diabatic CAES (D-CAES) systems [30]. On the other
hand, adiabatic CAES (A-CAES) systems recover the heat generated
during air compression and store it in a thermal energy storage (TES)
ystem for heating the compressed air later during the discharge pro-
ess. Consequently, adiabatic systems have higher efficiency and lower
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Fig. 1. Schematic diagram of the novel PFPV concept [8].
Fig. 2. Power rating and discharge time of different energy storage technologies [15,16].
emissions than diabatic systems. Meanwhile, isothermal CAES (I-CAES)
systems have the lowest heat generation during air compression and air
is stored near ambient temperature which reduces the required thermo-
dynamic work and heat losses and improves the system efficiency [30].
However, adiabatic and isothermal CAES systems are more complex,
difficult to achieve, and are not economically viable [30–32]. Also,
there is no pilot or commercial plants that have been commissioned
of A-CAES and I-CAES systems that have attained the expected perfor-
mance and efficiency [30,33]. This is due to the fact that A-CAES and
I-CAES systems require specialized machines and the available off-the-
shelf equipment reduce the attainable performance and efficiency [13,
33].

Therefore, for the proposed novel PFPV plant in [8], a hybrid D-
CAES system is proposed for the solar energy storage. The D-CAES
concept is selected due to the maturity of its technology, the equipment
availability, the successful demonstration of D-CAES systems in realistic
conditions over several decades, and D-CAES systems have lower in-
vestment costs than A-CAES and I-CAES systems [30,32]. However, in
3 
order to overcome the disadvantages of D-CAES systems, a TES system
is used to hybridize the D-CAES system for heating up the compressed
air before its expansion in the turbine. The TES system utilizes a portion
of the available solar power including the low-grade power which is
not sufficient to operate the compressors of the CAES system. As a
result, the proposed hybrid D-CAES has higher efficiency, fossil fuel
independence, clean operation, and simple operation [34]. Also, in
order to further improve the system’s energy efficiency and reliability
and overcome the solar energy intermittency issue, a multiple com-
pressor system is used for the charging process in the CAES system.
Accordingly, due to the presence of the CAES system with multiple
compressors and the TES system together, an energy management
strategy (EMS) is essential for the system operation and control.

The operating strategies and control of CAES systems have been pre-
viously discussed in the literature. The developed control strategy can
deal with the CAES system on the system-scale, subsystem-scale, or on
the components-scale. A simulation software tool has been developed
for the modeling and control of A-CAES systems on the components,
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subsystem, and the whole system level [31]. On the CAES system-
scale, several control strategies have been developed for the economic
optimization of CAES operation taking into consideration the electricity
market prices [35,36]. Also, an EMS is required to deal with the
ntermittency nature of renewable energies and ascertain the economic
easibility of CAES as well. For example, a control strategy has been
eveloped in [37] for a low-temperature A-CAES system integrated

with wind power to ensure a stable power supply to the grid while
maximizing the operation profitability. A control strategy has been also
developed in [38] to minimize the associated costs of a microgrid with

ind turbines, diesel generators, and an A-CAES system. Moreover,
or a small-scale CAES system integrated with solar energy units and

diesel generator, an EMS is proposed in [39] using linear programming
or minimum operational cost, power loss, and emissions of the sys-
em. In [40], a control strategy with an objective of minimizing the

daily operating cost of a hybrid power plant with a mini-CAES sys-
tem, PV panels, and wind turbines has been developed using dynamic
rogramming.

On the subsystem-scale control of CAES systems, an operating strat-
gy can be developed to control a subsystem of the CAES system.
or instance, the control of the discharge stage of CAES systems has
een explored in several studies for better power tracking in grid
pplications. In [41], a feasible strategy to control the discharge stage

of a grid-connected advanced A-CAES system has been proposed using
a PID (Proportional–Integral–Derivative) controller. A state-space set-
point control strategy is proposed in [42] to control the discharging
rocess of a grid-scale advanced A-CAES system. In this strategy the

power tracking is formulated as differential algebraic equations to
control the turbine inlet pressure, air mass flow rate, and the fluid
mass flow rate of the heat exchanger. Moreover, the performance of an
advanced A-CAES tri-generative system can be improved by controlling
the expanders’ expansion ratio as investigated in [43]. The researchers
in this study investigated the system discharge characteristics under
different operating modes which improved the cycle efficiency from
9.32% to 40.55%. The same researchers reported a cycle efficiency
f 48.31% in [44] for the same advanced A-CAES tri-generative system

by controlling the operating pressure of the system compressors and
expanders.

Some authors have also suggested a component-level control of
CAES systems. For example, various control strategies have been pro-
posed to adjust the expander inlet pressure to achieve the require
power output [45]. For a tri-generative CAES system, a strategy has
een proposed to independently control the turbine inlet pressure, air

mass flow rate, or temperature while keeping the other two parameters
constant [46]. A control strategy has been developed in [47] to control
the compressor pressure, the water mass flow rate, and the flow rate of
cryopump in a supercritical CAES (SC-CAES) system. A PID controller
has been used in this control strategy for quicker load equilibrium with
smaller load overshoot. Also, due to their simplicity, PID controllers
have been proposed for the control of the compressor inlet guide
vanes, air reservoir main valve, and circulating water pump in a CAES
system with thermal storage [34]. Moreover, the control of the valves
etween the compressors and turbines has been proposed in [48] for
n advanced A-CAES to change the series-parallel connection modes.
onsequently, controlling the total pressure ratio of the compression
nd expansion processes can result in higher system efficiency.

From the above, it can be noticed that controlling CAES systems
operation is a crucial issue for economic, environmental, and energy
efficiency aspects. However, previous studies have almost exclusively
focused on advanced CAES systems which includes A-CAES, advanced

-CAES, SC-CAES, and tri-generative CAES systems. Therefore, the
objectives of this study include:

• Introduce a novel high-level supervisory control method for a
hybrid CAES system which is proposed for the partially floating
PV (PFPV) plant developed in [8] for electricity generation in
4 
Table 1
Principal particulars of the pilot-scale PFPV floating platform.

Parameter Value

Length 8.6 m
Breadth 8.6 m
Depth 1.3 m
Draft 0.6 to 0.92 m
Weight 7 tons

rural areas around the Egyptian North Lakes. This strategy follows
the deterministic Rule-Based approach to ensure a simple, robust,
safe, and efficient operation of the hybrid CAES system while
fulfilling the load requirements. This CAES system is diabatic
and hybridized with a TES system for better performance and
efficiency.

• Model the hybrid D-CAES-TES system and the proposed control
strategy mathematically. The developed model is then validated,
and implemented in MATLAB/Simulink environment to investi-
gate the performance of the proposed system and control strategy.
The performed study considers an average daily PV power profile
for a year as well as a daily PV power profile per month.

• Perform a sensitivity analysis of the compressors’ operational
range as well as a sensitivity analysis of the compressors’ rated
power to investigate their impacts on the proposed hybrid CAES
system performance and efficiency. The sensitivity analysis also
includes varying the efficiency of the proposed CAES system’s
main components to have an indication of the system off-design
performance.

• Investigate the environmental and economic benefits of the pro-
posed hybrid CAES system compared with the conventional CAES
system.

The rest of paper is organized as follow; Section 2 describes the
developed PFPV prototype and the hybrid D-CAES. Section 3 intro-
duces the proposed energy management strategy for the energy storage
system. Section 4 illustrates the mathematical model of the hybrid

-CAES and control strategy while Section 5 presents the simulation
implementation of these systems in MATLAB/Simulink with validation.
Section 6 shows the simulation results and discussion. Finally, Section 7
presents the conclusions and future work.

2. System description

Towards a sustainable electric power generation for the rural coastal
areas of Egypt, floating solar PV systems offer great potentials. The
performance and potentials of a new concept of a floating PV system
has been evaluated in [9]. In this concept, the PV system is partially
submerged in the water for continuous and costless cooling and clean-
ing of the PV system as shown in Fig. 3. For the field-testing of this
concept, a 10 × 10 m water basin with a depth of 1 m has been built
or the testing at the campus of Port Said University, the Faculty of
ngineering as shown in Fig. 4. According to the basin dimensions and

the PV panel layout design, a 5 k W PFPV prototype model has been
developed and introduced in [8].

The 5 k W pilot-scale system for this project was designed with
a semisubmersible platform type as shown in Fig. 5. This is due to
their stability, large deck area and payload capacity, cost-effectiveness,
mobility, flexibility in the horizontal plane, and their limited sensitivity
to the working water depth and mooring lines layout. Semisubmersible
platforms are also scalable which allows the tailoring of the PV system
capacity to meet the desired power output by selecting the suitable
design and deck area of the platform. The main particulars of this plat-
form are shown in Table 1. On top of this platform, 13 polycrystalline
PV panels are mounted in 4 rows arrangement with a sufficient row
spacing to avoid the adjacent PV modules shadowing.
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Fig. 3. Proposed partially submerged photovoltaic system.

Fig. 4. The partially submerged photovoltaic prototype platform in the water basin deployed at the campus of Port Said University, Egypt.

Fig. 5. Assembly and construction of the pilot-scale PFPV floating platform.
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Fig. 6. Proposed hybrid energy storage system.
Fig. 7. Hourly profile of the PV power output of the 5 k W floating platform at Lake Bardawil, North Sinai, Egypt.
In order to address the PV power intermittency issue and provide
a stable electricity supply throughout the day, a hybrid energy storage
system is proposed as shown in Fig. 6. The main components of the
system include compressors, heat exchanger, expander, air receivers, a
water tank with an electric heater, and a generator.

Due to the variability of the 5 k W PV plant power production
between winter and summer as shown in Fig. 7, multiple small variable
speed air compressors are used in this project instead of a single
compressor. As a result, less power is required for the compression
start-up with better utilization of the available solar power as shown
in Fig. 8. Moreover, compared with a single compressor operation, the
proposed system has higher degree of operational flexibility, availabil-
ity, reliability, and fault tolerance. Therefore, according to the available
power from the proposed solar PFPV plant, two off-the-shelf industrial
piston compressors with 1.5 k W rated power are selected.

Excess electricity from the PV system is used to compress air in
the air storage system which consists of four uncompensated air steel
tanks at the corners of the floating platform. Each tank has a constant
volume of about 2 m3 and an operating pressure of up to 30 bar.
6 
Prior to air storage, the hot compressed air is cooled down in the heat
exchanger. Whenever the generated PV electricity is lower or higher
than the required power by the air compressors, it is proposed to store
this electricity in the form of heat in a TES. In this project, a hot
water tank is used which is one of the most common heat storage
technologies [49]. An electric resistance water heater is used to heat
the water in the tank. Water is selected as a storage media because it
is available, environmentally friendly, cheap, has a high heat capacity,
and easy to store in insulated steel tanks [49]. The hot water tank is
also integrated with a heat exchanger to raise the temperature of the
compressed air prior to its expansion. Hence, the hot water tank in this
system acts as a heat exchanger as well as a TES which stores part of the
available PV electricity. As a result, there is no need for burning fossil
fuels which improves the system efficiency and eliminates emissions.
Then, during air discharge process, the compressed air is released and
heated through the hot water tank before its expansion in the expander
to regenerate electricity using the generator.

In order to manage the proposed ESS and properly split the available
PV power between the load demands and the different components of
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Fig. 8. Multiple compressors operation compared to single compressor operation.
the ESS, a suitable energy management strategy is required. This strat-
egy controls the dynamic performance of the system and its components
which influences the system’s efficiency, feasibility, safe operation, and
lifetime. In the following section, the developed EMS is described.

3. Energy management strategy

The proposed EMS in this project is based on the deterministic
Rule-Based (RB) approach which is a high level supervisory control
system. The RB approach is selected due to its simplicity, effectiveness,
robustness, flexibility, and strong real-time performance [50,51]. This
approach utilizes the human expertise, intuition, heuristics, and math-
ematical models to generate a set of predetermined rules which control
the operation of the system components. These rules are interpretable
and can be tuned for better performance of different operational sce-
narios with low computational burdens. Therefore, this approach is
suitable for real-time controllers.

The main objectives of the developed strategy include fulfilling the
load requirements at all time, splitting the available power efficiently
between different components of the system, and reducing any power
loss by utilizing even the low-grade PV power to improve the overall
efficiency of the system. Moreover, the EMS objectives include ensuring
the safe operation of the system components without exceeding their
allowable operational limits. Consequently, the proposed strategy is
developed based on the load requirements, the available PV power, the
size and number of the CAES system’s different components.

As shown in Fig. 9, the available PV power PPV is always compared
with the required load PLo. If the PPV is lower than the PLo, the
PV system cannot satisfy the load alone and the controller decides
the required power from the expander Pexp. When the PV system is
capable of satisfying the PLo, the surplus PV power is compared with
the minimum power limit of the compressor. If the PPV is lower than
the PLo plus the minimum power of the first compressor PC1min, the
PV system supplies the load and the surplus PV power is stored in the
TES system through the heater PH. Meanwhile, the two compressors
and the expander are not working. If the PPV is higher than the PLo
plus the minimum power of the first compressor PC1min, the PV system
supplies the load and operates the first compressor to compress air
in the tank. Meanwhile, the second compressors, the heater, and the
expander are not working. When the surplus PV power exceeds the
maximum power of the first compressor PC1max, the surplus power
is compared with the minimum power required to operate the two
compressors (PC1min+PC2min). If the surplus PV power is not sufficient
to operate the two compressors at their minimum power, this surplus
PV power operates the first compressor at the maximum power and
the remaining power is stored in the TES system. If the surplus PV
power is higher than the minimum power required to operate both
compressors, the heater is shutdown and the PV power is split between
the two compressors after satisfying the required load. When the PV
system operates with maximum power, the two compressors operate at
their maximum power and the remaining power is stored in the TES
system after satisfying the required load.
7 
4. Mathematical model

To store any excess PV power in the form of compressed air, the
air pressure is increased from the atmospheric pressure to the storage
pressure using compressors. Assuming steady state conditions and an
ideal gas behavior of the air with constant mass flow rate and negligible
potential and kinetic energy of the air, the actual power consumption
of the compressor �̇�actual, comp can be determined as follow [52,53]:

�̇�actual, comp = �̇�
𝛾 𝑅 𝑇𝑖

(𝛾 − 1) 𝜂isen, comp

[(𝑃𝑓

𝑃𝑖

)
𝛾−1
𝛾

− 1
]

(1)

where �̇� is the air mass flow rate, 𝛾 is the air specific heat ratio, 𝑅 is
the air gas constant, 𝑇𝑖 and 𝑃𝑖 are the initial temperature and pressure
of the air, respectively, 𝑃𝑓 is the final air pressure, and 𝜂isen, comp is the
isentropic efficiency of the compressor. The actual final temperature
of air after compression 𝑇f, actual, comp is calculated by Mozayeni et al.
[52]:

𝑇f, actual, comp = 𝑇i

[

1 + 1
𝜂isen, comp

(

(𝑃𝑓

𝑃𝑖

)
𝛾−1
𝛾

− 1
)

]

(2)

After compressing the air, a heat exchanger is used to cool the
compressed air which increases its density. This heat exchanger utilizes
the water body around the floating PV platform for cooling down
the high-temperature compressed air. The effectiveness of the heat
exchange process can be evaluated by 𝜀 as follows [53,54]:

𝜀 =
(�̇� 𝐶𝑃 𝛥𝑇 )cold or hot

(�̇� 𝐶𝑃 )min (𝑇hot, in − 𝑇cold, in)
(3)

where (�̇� 𝐶𝑃 )min is the smaller of thermal capacity between the hot
water and cold air streams. Since the heat capacity rate of the hot
compressed air is smaller than the cold water, Eq. (3) can be rewritten
as follows [53]:

𝜀 =
𝑇air, in − 𝑇air, out
𝑇air, in − 𝑇wat er, in

(4)

The compressed air is then stored in the platform corner tanks which
are uncompensated and have a constant volume of 𝑉 . The air pressure
𝑃 change rate during charging and discharging can be calculated as
follow [40]:
𝑑 𝑃
𝑑 𝑡 =

𝛾 𝑅
𝑉

(�̇�in 𝑇in − �̇�out 𝑇cv) (5)

where �̇�in and 𝑇in are the mass flow rate and temperature of the inlet
air to the compressed air storage tank from the compressors while �̇�out
is the outlet air mass flow rate to the expander from the compressed
air storage tank. The temperature change rate of the compressed air
reservoir 𝑇cv can also be calculated as follows [52]:
𝑑 𝑇cv
𝑑 𝑡 = 1

𝑚

(

�̇�in 𝑇in 𝛾 +
[

(1 − 𝛾)�̇�out − �̇�in

]

𝑇cv

)

(6)

where it is assumed that there is no heat exchange between the com-
pressed air reservoir and the surrounding environment [48].
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Fig. 9. Proposed rule-based EMS algorithm for the developed PFPV prototype.
The energy contained in the compressed air 𝑊𝑜𝑣 can be calculated
as a function of the air storage tank volume 𝑉 and the pressure inside
and outside the tank 𝑃𝑖𝑛 and 𝑃𝑜𝑢𝑡, respectively, as follows [55]:

𝑊𝑜𝑣 =
𝛾

𝛾 − 1 𝑉 𝑃𝑖𝑛

[

1 −
(

𝑃𝑜𝑢𝑡
𝑃𝑖𝑛

)
𝛾−1
𝛾
]

(7)

In order to satisfy the required users electrical load, the compressed
air energy can be extracted again by expanding the pressurized air
through an expander and connect an electric generator to the expander
shaft. The actual power generation from the expander �̇�actual, exp can
be calculated as follows [52,53]:

�̇�actual, exp = 𝜂isen, exp �̇�
𝛾 𝑅 𝑇𝑖
𝛾 − 1

[

1 −
(𝑃𝑓

𝑃𝑖

)
𝛾−1
𝛾
]

(8)

where 𝜂isen, exp is the isentropic efficiency of the expander. The ac-
tual final temperature of air after expansion 𝑇f, actual, exp can also be
calculated by Wang et al. [53]:

𝑇f, actual, exp = 𝑇i

[

1 − 𝜂isen, exp

(

1 −
(𝑃𝑓

𝑃𝑖

)
𝛾−1
𝛾
)

]

(9)

Prior to the expansion process and in order to heat the air before
the expander, the compressed air passes through the TES system acting
as a heat exchanger. The heat exchanger effectiveness in Eq. (3) can be
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calculated as follows because the thermal capacity rate of air is smaller
than the hot water thermal capacity [53,54].

𝜀 =
𝑇air, out − 𝑇air, in
𝑇wat er, in − 𝑇air, in

(10)

Then, by using the energy conservation law and neglecting any
heat losses to the environment or pressure drop in the heat exchanger,
the energy balance between the hot and cold fluids can be made to
calculate the final temperature of water and the outlet temperature of
the air as follows [54]:

𝑚wat er 𝐶P, water (𝑇wat er, in − 𝑇wat er, out ) = 𝑚air 𝐶P, air (𝑇air, out − 𝑇air, in) (11)

The water in the TES is heated by an electric resistance heating
system which converts part of the PV power into heat. The water
temperature increase can be determined as a function of the absorbed
heat 𝑄ℎ as follows [56]:

𝑄ℎ = 𝑚wat er 𝐶P, water (𝑇wat er, out − 𝑇wat er, in) (12)

where 𝑚wat er and 𝐶P, water are the water mass and specific heat at
constant pressure, respectively. The required power by the heater 𝑃𝐻
to supply 𝑄ℎ can be calculated as a function of the electric heater
efficiency 𝜂ℎ as follows [56]:
𝑃𝐻 = 𝑄ℎ∕𝜂ℎ (13)
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Fig. 10. Representation of the developed mathematical model of the proposed ESS in Simulink/MATLAB environment with the main inputs and outputs.
As explained earlier, part of the heat addition to water by the
electric heater 𝑄ℎ is used to heat the air before expansion 𝑄𝑎𝑖𝑟. Another
part of 𝑄ℎ remains in the water 𝑄𝑤𝑎𝑡𝑒𝑟 which results in an increase in
the water temperature inside the water tank. Therefore, 𝑄ℎ is the sum
of 𝑄𝑎𝑖𝑟 and 𝑄𝑤𝑎𝑡𝑒𝑟.

In addition to fulfilling the load requirements, the developed control
strategy distributes the available PV power between the CAES and TES
systems as explained in the previous section. The power distribution
ratio 𝛽 can be defined as the ratio between the compression energy to
the total input energy of compression and heat as follows [57]:

𝛽 =
∫ �̇�actual, comp

∫ �̇�actual, comp + ∫ 𝑃𝐻
(14)

In order to evaluate the performance of the proposed ESS and con-
trol strategy, different performance indices can be used which include
the cycle efficiency (CE) that can be defined as the ratio between the
expansion energy and the compression energy as follows [44]:

𝐶 𝐸 =
∫ �̇�actual, exp

∫ �̇�actual, comp
(15)

The round-trip efficiency (RTE) of the system can also be used
to evaluate the system performance which is the ratio between the
expansion energy and the total energy consumption of the compressor
and the heat addition by the heater to the air 𝑄𝑎𝑖𝑟 as follows [57]:

𝑅𝑇 𝐸 =
∫ �̇�actual, exp

∫ �̇�actual, comp + ∫ 𝑄𝑎𝑖𝑟
(16)

In order to include the exergy changes in the air reservoir and the
water tank, an exergy efficiency (EXE) can be defined as follows [34,
46]:

𝐸 𝑋 𝐸 =
∫ �̇�actual, exp +𝑄𝑤𝑎𝑡𝑒𝑟

∫ �̇�actual, comp + ∫ 𝑄𝑎𝑖𝑟 + 𝛥𝐸𝑐 𝑣
(17)

where 𝛥𝐸𝑐 𝑣 denotes the energy change in the air reservoir which can
be calculated according to Eq. (7) as a function of the initial and final
pressures of the air reservoir.

5. Simulation implementation & validation

In order to study and evaluate their performance, the developed
mathematical model of the proposed hybrid energy storage system
illustrated in Fig. 6 as well as the control strategy are implemented
in Simulink/MATLAB environment. As shown in Fig. 10, according to
the load requirements and the available PV power, the EMS subsystem
splits the available power between the compressors and the heater. In
case of the available PV power is less than the required electrical load,
the EMS subsystem requires power from the expander. The compressors
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subsystem receives the available power from the EMS subsystem and
calculates the air mass flow rate according to Eq. (1) which is com-
pressed and stored in the air reservoir. Before entering the air reservoir,
the compressed air is cooled in the heat exchanger and the compressed
air temperature after this cooling is calculated according to Eq. (4) in
the heat exchanger subsystem. The air mass flow rate into and out of
the air reservoir are balanced with the air temperature to calculate the
compressed air pressure and temperature according to Eqs. (5) and (6)
in the air reservoir subsystem. The required air mass flow rate by the
expander subsystem according to Eq. (8) is heated before its expansion
in the water tank and the air temperature is calculated in the water
tank subsystem as shown in Fig. 10.

After implementing the mathematical model of the ESS in Simulink/
MATLAB environment, the Huntorf CAES power plant is used as a case
study for validation. The Huntorf plant was the first commercial D-
CAES plant in the world commissioned in 1978 with a 290 MW output
power and it was upgraded to 321 MW in 2006. The main components
of this plant include a low-pressure (LP) compressor, a high-pressure
(HP) compressor with 3 intercoolers, generator/motor, air cavern, LP
and HP turbines [58]. For the retrofitted Huntorf plant, the simulated
thermodynamical conditions of each components of the plant has been
on-design assessed as explained in [59]. This on-design assessment
has been used to calculate the power consumption and output of the
retrofitted Huntorf plant’s components. This data is used to validate
the compressors and expander subsystems of the developed Simulink
model in this study.

Table 2 provides the on-design operating conditions & parameters of
the retrofitted Huntorf plant’s components which are used as inputs to
the developed Simulink model to validate the results of the compressors
and expander subsystems. This data has been adapted from Jafarizadeh
et al. [59].

As shown in Table 3, with an error of lower than 5%, there is a good
agreement between the simulation results of the developed simulator
in this study and the on-design calculations of the power consumption
and output of the retrofitted Huntorf plant’s components in [59]. In the
following section, the developed Simulink model is used to evaluate the
performance of the proposed ESS and control strategy.

6. Results

In this section, the performance of the proposed hybrid CAES-TES
system in Fig. 6 integrating the control strategy in Fig. 9 is evaluated
in terms of operational energy efficiency. The basic design parameters
used for the simulations and their values are detailed in Table 4.
Regarding the floating PV power plant, the system size is 5 k W with
a PV tilt angle of 25◦ facing south as recommended for the application
site which is Lake Bardawil, North Sinai, Egypt.
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Fig. 11. Required load and the average hourly profile of the PV power output of the 5 k W floating platform at Lake Bardawil, North Sinai, Egypt.
Table 2
Operating conditions & parameters of the retrofitted Huntorf plant [59].

Parameter On-design thermodynamic
conditions

Compression air flow rate 108 kg/s
LP compressor isentropic efficiency 80%
LP compressor inlet pressure 101.325 kPa
LP compressor outlet pressure 540 kPa
LP compressor inlet temperature 15 ◦C
HP compressor isentropic efficiency 75%
HP compressor stage1 inlet pressure 535 kPa
HP compressor stage1 outlet pressure 1524 kPa
HP compressor stage1 inlet temperature 40 ◦C
HP compressor stage2 inlet pressure 1519 kPa
HP compressor stage2 outlet pressure 3025 kPa
HP compressor stage2 inlet temperature 59 ◦C
HP compressor stage3 inlet pressure 3020 kPa
HP compressor stage3 outlet pressure 5840 kPa
HP compressor stage3 inlet temperature 55 ◦C
Expansion air flow rate 432 kg/s
HP & LP turbine isentropic efficiency 86%
HP turbine inlet pressure 4200 kPa
HP turbine outlet pressure 1267 kPa
HP turbine inlet temperature 490 ◦C
LP turbine inlet pressure 1262 kPa
LP turbine outlet pressure 122 kPa
LP turbine inlet temperature 945 ◦C

6.1. Average daily PV profile

In order to study the performance of the proposed ESS and control
strategy, an average hourly PV power output of the 5 k W plant is
used. The average PV power profile shown in Fig. 11 is calculated for
all months over a typical year according to Global Solar Atlas for the
selected site [62]. For this analysis, the supplied local load has a daily
energy demand of 9.6 k Wh which is assumed to be flat during the day
as shown in Fig. 11.

As shown in Fig. 12, the dynamic performance of the ESS is con-
trolled according to the developed EMS. In the early morning hours
when there is no or little solar power, the EMS imports the required
load power from the electric generator as shown in Fig. 12(d). This
electricity is produced by expanding the compressed air in an ex-
pander which reduces the air pressure in the air reservoir as shown
in Fig. 12(e). Prior to the air expansion, the compressed air passes
through the water electric heater tank to be heated which reduces the
water temperature as shown in Fig. 12(f). Then, as the PV electricity
generation increases, the load demand is supplied by the PV system
and the required electricity from the electric generator decreases (4:00
to 6:00 a.m.) or stop which causes the air pressure to be constant
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between 6:00 to 8:00 a.m. During this time, the surplus electricity is
not sufficient to operate the compressor. Therefore, the EMS operate the
water electric heater to store the surplus PV power which increases the
water temperature as shown in Fig. 12(f). When the surplus PV power
exceeds the minimum required power to operate the first compressor
(around 8:00 a.m.), the EMS stops the electric heater and operates the
compressor until it reaches its maximum power as shown in Fig. 12(a).
From 8:00 to 10:00 a.m., the surplus PV electricity is only sufficient to
operate one compressor. Therefore, the EMS stores any excess power
above the maximum power limit of the compressor in the TES system.
When the PV system reaches the maximum generation value, the sur-
plus electricity is sufficient to operate both compressors and the second
compressor starts to work as shown in Fig. 12(b). Accordingly, the air
pressure increases in the air reservoir. In the afternoon, the surplus PV
power starts to decrease and the EMS operates one compressor plus
the heater, or the compressor only, or the heater only according to the
available PV power. By the evening, the generator starts to work again
to supply the load demand.

For the studied hourly profile of the PV power and required load in
Fig. 11, the EMS fulfills the required load and splits the surplus PV
between the CAES and TES systems with a power distribution ratio
𝛽 of 80.5%. The consumed compressor energy is 13.9 k Wh while the
absorbed heat energy by the TES is about 3.4 k Wh. A part of this
absorbed heat of 1.4 k Wh is used to heat the air before its expansion
while 1.6 k Wh is absorbed by the water in the tank which raises its
temperature as shown in Fig. 12(f). During the discharge, an energy
of 5.24 k Wh is produced from the expander which results in a cycle
efficiency of 37.7%. By taking into consideration the added heat to
air during expansion, the round-trip efficiency of the system is 34.1%.
However, by taking into account the heat added to the exergy changes
in the air reservoir and the water tank, the exergy efficiency is 41%.

6.2. Daily PV profile per month

For the selected application site, the daily average production of
the 5 k W floating PV system can be obtained per month from the
Global Solar Atlas [62]. As shown in Fig. 13, due to the PV power
fluctuation over the year, the load requirement from the PV system
varies from month to month. During summer months (May, June, July,
and August), the daily required load is 13.2 k Wh. While in spring and
autumn months, the daily required load varies between 7.8 to 12 k Wh.
In winter months (January and December), the required load is 6 k Wh
when the PV system has a low electricity production.

The daily PV available energy and load requirement for each month
shown in Fig. 13 as well as the data in Table 4 have been used as inputs
to the Simulink model of the proposed ESS to evaluate its performance.
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Table 3
Comparison of the on-design calculations and simulation results for the retrofitted Huntorf plant [59].

Parameter On-design calculations Simulation results Error (%)

LP compressor output power 24.01 MW 23.94 MW 0.29
HP compressor1 output power 15.81 MW 15.78 MW 0.19
HP compressor2 output power 10.45 MW 10.45 MW 0
HP compressor3 output power 9.823 MW 9.837 MW 1.18
HP turbine output power 84 MW 82.56 MW 1.74
LP turbine output power 231.28 MW 221.4 MW 4.46
Fig. 12. Simulation results of the proposed ESS system and control strategy based on an average daily PV profile.
According to the proposed control strategy, the available PV power
is split between the required load and the energy storage system’s
components as shown in Table 5. The ratio of power distribution
11 
between the CAES and TES systems 𝛽 fluctuates between 83% to
86% most of the year except for the winter months of November,
December, January and February. This is due to the fact that the PV
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Fig. 13. Daily PV energy production of the 5 k W PV floating platform and load requirement per month.
Table 4
Design parameters of the proposed hybrid CAES-TES system.

Parameter Value

Air specific heat ratio 1.4
Air gas constant 0.287 kJ/kg K
Inlet air temperature to compressors 21 ◦C
Inlet air pressure to compressors 1.013 bar
Outlet air pressure of compressors 30 bar
Compressors isentropic efficiency 87.5% [60]
Compressors rated power 1500 Watt
Compressors operational limits 80% to 100%
Expander isentropic efficiency 92.5% [60]
Air reservoirs volume 8 m3

Air reservoirs operating pressure up to 30 bar
Air reservoirs initial temperature 21 ◦C
Air specific heat 1 kJ/kg K
Water tank volume 50 liter
Water initial temperature in the heater tank 45 ◦C
Water inlet temperature to the heat exchanger 25 ◦C
Water specific heat 4.2 kJ/kg K
Heat exchanger efficiency 90% [53]
Electric heater efficiency 90% [61]

system output decreases in winter which is not sufficient to operate the
two compressors of the CAES system. Therefore, the EMS stores more
energy in the TES system which reduces the power distribution ratio 𝛽.

Fig. 14 compares the daily performance of the proposed ESS and
control strategy in two typical days in summer (June) and winter
(December). As mentioned earlier, less PV power is available in winter
making it insufficient to power the second compressor of the CAES
system as shown in Fig. 14(b). As a result, higher energy percentage
is supplied to the heater as shown in Fig. 14(c) which increases the
water temperature in the water tank in winter compared to summer as
shown in Fig. 14(f). On the other hand, more PV power is available
in summer and the ESS can fulfill higher load as shown in Fig. 14(d).
Also, more power is available for the compressors which will work
more in summer than winter as can be seen in Figs. 14(a) and 14(b).
Consequently, higher air pressure can be reached as shown in Fig. 14(e)
which does not exceed the safety limits of the system.

These results suggest that the proposed system in this work can be
used for power and heat supply especially in winter. This is because
higher percentage of the available PV power is stored as heat in the
water tank in winter. Consequently, higher efficiency can be attained
by the proposed system by supplying heat and power.

Regarding the efficiency of the proposed system, it is significantly
affected by the power distribution ratio between the CAES and TES
systems 𝛽. As shown in Fig. 15, at lower 𝛽 values, higher system
efficiency can be obtained. This is due to the fact that lower energy
percentage is stored in the CAES system at lower 𝛽 values which
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reduces the compression losses and increases the system efficiency. The
system higher efficiency in winter months of November, December, and
January is also associated with the low load requirements and power
consumption of the compressors and expander as can be seen in Fig. 13
and Table 5.

As illustrated by Fig. 15, the system’s cycle efficiency fluctuates
between 38% and 45% except for winter months when CE is about
65% in December. The round trip efficiency of the system also varies
from about 33% to 40% except for December when an RTE of 53% can
be achieved. Regarding the exergy efficiency, it ranges from 33% to
48% between February and November with a highest EXE of 64% in
January.

Table 6 compares the efficiency of the proposed hybrid CAES system
in this study to similar systems in terms of size or configuration. Com-
pared with small and micro-scale CAES systems, results show that the
proposed system has superior performance in terms of efficiency. The
results also show that the proposed system has comparable efficiency
with advanced CAES system such as A-CAES and advanced A-CAES or
hybrid TES-CAES of larger scale as shown in Table 6.

6.3. Sensitivity analysis

6.3.1. Compressor operational range
To this point, the reported performance results of the ESS are based

on an operational range of the variable speed compressor from 80%
to 100% as shown in Table 4. With a maximum power of 100%,
a variable speed compressor can operate with a minimum power of
up to 20%. However, for more efficient operation, higher reliability,
and less overheating, the compressor loading is around 80% as rec-
ommended by the manufacturers. In order to study the sensitivity of
the system performance to the compressor loading operational limits,
different minimum power values of the compressor are used by the
proposed control strategy for the simulation of the proposed hybrid ESS
considering the average PV power profile as shown in Fig. 11.

As shown in Fig. 16, the compressor minimum loading threshold
affects the power distribution ratio between the CAES and TES sig-
nificantly. By lowering the compressor minimum loading threshold to
75%, more PV power will be utilized by the compressors according to
the control EMS as shown in Figs. 16(a) and 16(b). This is mainly due
to the fact that the compressors will have more operational time by
lowering their minimum loading threshold. For example, the second
compressor operates for about 4 h when the compressor minimum
loading threshold is 75% compared to 2 operational hours when the
compressor minimum loading threshold is 85% as shown in Fig. 16(b).
As a result, higher air pressure can be obtained in the air reservoir when
the compressor minimum loading threshold is 75% as can be seen in
Fig. 16(e).
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Table 5
Daily energy consumption of the proposed energy storage system’s components and power distribution ratio for each month.

Month Compression TES energy 𝛽(%) Expander 𝑄𝑎𝑖𝑟 𝑄𝑤𝑎𝑡𝑒𝑟 𝛥𝐸𝑐 𝑣
energy (kWh) (kWh) energy (kWh) (kWh) (kWh) (kWh)

January 6.85 4.19 62.0 3.68 1.29 2.48 1.49
February 12.30 3.31 78.8 4.63 1.27 1.71 1.08
March 15.26 2.98 83.7 6.11 1.75 0.93 2.05
April 16.40 3.07 84.2 5.83 1.49 1.27 1.28
May 16.31 3.12 83.9 6.95 2.23 0.58 3.06
June 17.44 3.01 85.3 6.83 1.95 0.76 2.35
July 17.23 3.05 85.0 6.89 2.05 0.69 2.61
August 17.47 2.91 85.7 7.09 2.16 0.46 2.98
September 17.12 2.77 86.1 6.67 1.83 0.67 2.23
October 14.30 2.93 83.0 6.40 2.03 0.60 2.84
November 9.50 3.53 72.9 4.83 1.64 1.53 2.08
December 5.81 3.25 64.1 3.77 1.33 1.60 1.96
Fig. 14. Simulation results of the proposed ESS system and control strategy daily performance for the months of June and December.
13 
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Fig. 15. Monthly power distribution ratio and efficiency of the proposed hybrid CAES system.
Table 6
Comparative analysis of efficiency with previous studies.

Reference System Power Efficiency

Current study Hybrid TES-CAES <1 kW 33–53%
[63] CAES <1 kW 23–36%
[64] Tri-generative CAES 2 kW 15.6%
[56] A-CAES 3.2 kW 13–25%
[65] Advanced A-CAES 23.5 kW 33.7%
[66] Hybrid TES-CAES 500 kW 22.6%
[67] Hybrid TES-CAES 100 MW 24.5–57.5%
[32] Hybrid TES-CAES 100 MW 53%
On the other hand, by increasing the compressor minimum loading
threshold, the compressors will have less time to operate and the
available PV power will be utilized by the electric heater according
to the control EMS. Accordingly, as shown in Fig. 16(c), more power
is consumed by the electric heater when the compressor minimum
loading threshold is 85% which increases the water temperature inside
the water tank as shown in Fig. 16(f). For both conditions, the system
delivers the same required load as shown in Fig. 16(d). These results
suggest that the compressor minimum loading threshold can be con-
trolled according to the load requirement of electric power or heat or
both power and heat in a cogeneration system.

Regarding the power distribution ratio and efficiency of the pro-
posed system, by increasing the compressor minimum loading thresh-
old, less power is utilized by the compressors which reduces 𝛽 as
shown in Fig. 17. As discussed earlier, more system efficiency can be
obtained at lower 𝛽 values. However, by increasing the compressor
minimum loading threshold, more power is utilized by the TES system
and less power is available for the compressors. Consequently, the
water temperature may exceed the maximum allowed temperature and
more compressed air will be withdrawn for the air reservoir by the end
of the daily cycle.

As shown in Fig. 17, by increasing the compressors’ minimum
loading thresholds from 75% to 85%, the CE, RTE, and EXE can be
improved by 4.8%, 3%, and 9.5%, respectively, by considering the
average PV power profile as shown in Fig. 11.

6.3.2. Compressor rated power
As explained in Section 2, due to the solar energy variability, two

variable speed compressors with a rated power of 1.5 k W are selected
instead of a single compressor. In order to investigate the impact of this
parameter on the performance of the hybrid D-CAES system, different
compressor rated powers with a minimum loading threshold of 80%
have been used by the proposed control strategy for the simulation
considering the average PV power profile in Fig. 11.

As shown in Figs. 18(a) and 18(b), by increasing the compressors
rated power, both compressors will have less running time considering
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the same PV power profile. Consequently, less air pressure will be
obtained by the end of the day as shown in Fig. 18(e). Also, by
increasing the compressors rated power, the proposed control strategy
will store more energy in the TES system by the heater as shown in
Fig. 18(c) which results in a rise in the water temperature in the tank
as can be observed in Fig. 18(f).

Moreover, as shown in Fig. 19, by increasing the compressors rated
power, lower 𝛽 values and higher efficiency of the system can be
obtained because less power will be utilized by the compressors which
reduces the system losses. However, at lower 𝛽 values, the reliance on
the TES system is increased. Therefore, more water storage size will be
required to allocate the increased amount of stored energy in the TES
system. Otherwise, the proposed CAES system can be used to supply
heat and power which utilizes the TES energy without increasing its
size and improves the system overall efficiency.

As shown in Fig. 19, by increasing the compressors’ rated powers
from 1.4 k W to 1.6 k W, the CE, RTE, and EXE can be improved by
3.4%, 2.1%, and 6.8%, respectively, by considering the average PV
power profile as shown in Fig. 11.

It should be noted that the reported efficiency results are based
on the developed mathematical model and the made simplifications
and assumptions. However, experimental work is the next step after
completing the PFPV prototype build up to evaluate the hybrid CAES
system, the proposed control strategy, and validate the mathematical
model. Also, the effect of the power distribution ratio 𝛽 on the system
performance is noticeable as can be seen in Figs. 17 and 19. Therefore,
future work should focus on optimizing the value of 𝛽 and studying the
possibility of supplying heat or recovering the heat and cold generated
during the compressed air compression and expansion in a cogeneration
or trigeneration system.

6.3.3. Efficiency of the compressor, expander & electric heater
Due to the variability of solar energy and environmental conditions

or changes in the required loads, the components of CAES systems can
operate under off-design conditions which affects their performance
and the system’s efficiency. Therefore, in order to have an indication
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Fig. 16. Simulation results of the proposed ESS system and control strategy based on an average daily PV profile.
about the off-design performance of the system, a sensitivity analysis
is performed to investigate the effect of the efficiency of the CEAS
system’s main components which include the compressor, expander and
electric heater.

Since the required load, PV power profile, and the compressors’
rated power and operational range are the same for different scenarios,
the power flow between the system components is the same according
to the developed control EMS. As a result, the power distribution ratio 𝛽
and the system’s CE are the same for different values of the efficiency of
the compressors, expander, and the electric heater as shown in Figs. 20
to 22.

As shown in Fig. 20, the system’s EXE improves at higher isen-
tropic efficiency of the compressor. This is due to the fact that higher
stored energy and air pressure can be achieved in the air reservoir
at higher compressor’s isentropic efficiency. Consequently, the CAES
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system has less energy change in the air reservoir and higher EXE
according to Eq. (17). Also, the system’s RTE slightly improves at higher
compressor’s isentropic efficiency. This is because higher compressor’s
isentropic efficiency will result in higher air mass flow rate and less
compression heat which has a marginal effect on the temperature
change rate of the compressed air reservoir and consequently the heat
addition by the heater to the air.

The effect of the expander’s isentropic efficiency on the system
performance can be also observed in Fig. 21. The results show that
the RTE and EXE of the CAES system increases at higher expander’s
isentropic efficiency. This is because the higher the expander isentropic
efficiency, the less mass flow of the expander is required. As a result,
less heat addition by the heater to the expander air mass flow rate and
higher heat addition by the heater to the water which improves the
system’s RTE and EXE.
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Fig. 17. System power distribution ratio and efficiency at different thresholds of the compressor minimum loading.
Table 7
Input parameters for the environmental & economic benefits analysis
[46,68].

Parameter Value

Natural gas calorific value 35 MJ/N m3

Natural gas price 0.6 $/N m3

Burner efficiency 90%
CO2 emissions factor 55 kg/GJ

Fig. 22 shows the effect of the electric heater efficiency on the
system performance. As the electric heater efficiency increases, the heat
absorbed by the water in the water tank as well as the heat addition by
the heater to the air increases. As a result, the system’s EXE increases
due to the increase in the water temperature inside the water tank
and the system’ RTE slightly decrease because more thermal energy is
absorbed by the air during expansion.

6.4. Environmental & economic benefits

Compared with a conventional CAES system, the proposed system
eliminates the need for burning fuel, typically natural gas, to raise
the air temperature before the expansion process. Consequently, the
proposed hybrid CAES system can save a fuel consumption of 126.4
m3 of natural gas per year which is equivalent to the energy added
to the TES and air before expansion considering the average daily PV
profile in Section 6.1. Also, this fuel consumption could result in a CO2
emissions of about 243.4 k g per year according to the data in Table 7.

This fuel saving will also result in an economic benefit by reducing
the system operational cost by 27690 $/year of fuel cost. Moreover,
the proposed novel PFPV concept has resulted in higher power pro-
duction compared with the land-based PV system. The output power
improvement can reach 20.76% according to the PV panels submer-
gence ratio as reported in [9]. Accordingly, the CO2 emissions and cost
of electricity generated by the PFPV plant is lowered. Furthermore, a
water tank with electric heater for the proposed hybrid CAES system is
much cheaper than a combustion chamber for the conventional diabatic
CAES system which further reduces the associated costs of the system.
Therefore, a more detailed economic investigation is required for the
novel PFPV concept integrated with the proposed hybrid CAES system
to evaluate the economic feasibility and viability of the system with
different submergence ratio of the PFPV system.

7. Conclusions

Towards a real energy transition to renewable energy sources, en-
ergy storage systems have a crucial role to play. In this study, a hybrid
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diabatic CAES-TES storage system has been proposed for a partially
floating PV system to provide the rural areas around the Egyptian north
lakes with electricity. Also, a novel deterministic rule-based EMS has
been developed in this study to efficiently manage the power flow
between the storage system different components. In order to investi-
gate the energy storage system and EMS performance, a mathematical
model has been developed in the MATLAB/Simulink environment and
validated with the on-design operating conditions and parameters of
the retrofitted Huntorf plant. The main conclusions of this paper can
be summarized as follows:

• Simulation results show that the proposed novel EMS effectively
fulfills the required load and manages the power split between
different components of the ESS. For an average hourly profile of
the PV power output of the 5 k W floating platform throughout
the year, a system round-trip efficiency of 34.1% can be obtained
while the cycle and exergy efficiencies are 37.7% and 41%,
respectively.

• For an average hourly profile of the PV power output for each
month, the RTE, CE, EXE of the proposed ESS fluctuate between
33% to 40%, 38% to 45%, and 33% to 48% between February
and October, respectively. The highest system efficiency has been
observed in January and December with values of 53%, 65%, and
64% for the system’s RTE, CE, and EXE, respectively.

• Compared to conventional CAES systems, the proposed hybrid
CAES system has an annual fuel saving of 126.4 m3 of natural gas.
Consequently, a CO2 emissions saving of about 243.4 k g per year
can be achieved. This fuel saving will also result in an economic
benefit by reducing the system operational cost by 27690 $/year
of fuel cost.

• The performed sensitivity analyses show that the selected com-
pressors rated power and minimum loading threshold affect the
system’s performance and efficiency considerably. It has been
shown that by increasing the selected compressors’ rated power
and minimum loading threshold, less power would be utilized
by the CAES and more power would be utilized by the TES.
Consequently, lower compression losses can be achieved which
improves the ESS exergy and energy efficiencies. However, larger
size of the TES system would be required to accommodate the
available energy.

• The sensitivity analyses also show that the system’s energy and
exergy efficiency can be considerably affected by the components
efficiency which can decrease under off-design and partial load
operation conditions.
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Fig. 18. Simulation results of the proposed ESS system and control strategy based on an average daily PV profile.
7.1. Further work

Future work includes the completion of the PFPV prototype plant
build up and starting the experimental work. This includes the mount-
ing and orienting the PV panels on the floating platform, the built-up
of the hybrid CAES system, hardware and software setup of installing
the sensors, data acquisition systems, etc. for the real-time monitor-
ing of the system. The real performance of the hybrid CAES system
and the mathematical model’s assumptions can be then quantified
and validated. This includes quantifying the pressure and temperature
losses throughout the system components under real-time operation.
Therefore, this work provides a framework to further optimize the
hybrid CAES system and investigate the potentials of different storage
materials in the TES system. Also, the proposed ESS can be used to
provide both electrical power and hot water. Therefore, investigating
17 
the cogeneration and trigeneration potentials of this hybrid system
should be considered in the future research. Moreover, the proposed
control strategy can be verified experimentally and optimized for fur-
ther improvement of the ESS performance. Furthermore, investigation
of different strategies for the energy management of hybrid CAES-TES
systems can be conducted.

Besides, a more comprehensive environmental and economic anal-
ysis can be performed for the full system of the novel PFPV integrated
with the proposed hybrid CAES system. This is to investigate the emis-
sions saving resulting from the increase in output power and electrical
efficiency resulting from the PV system’s partial floating as well as
the emissions saving by the proposed hybrid CAES system due to its
independence from fossil fuel. Also, an economic optimization and
analysis based on the levelized cost of energy measure are required
for the full system at different submergence ratios and operational
scenarios.
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Fig. 19. System power distribution ratio and efficiency at different rated powers of
the compressors.

Fig. 20. System power distribution ratio and efficiency at different compressor’s
isentropic efficiency.

Fig. 21. System power distribution ratio and efficiency at different expander’s isen-
tropic efficiency.
18 
Fig. 22. System power distribution ratio and efficiency at different electric heater
efficiency.
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