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Abstract

Increasing energy demand and establishing a balance between production and consumption are important challenges for
grid operators. The hybrid system of Compressed Air Energy Storage and Pumped Hydroelectric (CAESPH) due to
advantages such as no requirements for fossil fuels and scalability can prevent the loss of excess energy by storing.
Another crucial factor in utilizing this system is power generation control. Due to the novelty of the CAESPH, few studies
have examined its performance in conjunction with power generation systems. In this paper, the performance of this
energy storage system in the integrated state with wind farm and electricity grid was analyzed and evaluated. For this
purpose, the wind data of the selected station were software-modeled, then the comprehensive software modeling system
was developed and its performance was analyzed with selected parameters for a cycle. Finally, the system behavior in
application with the electricity grid and wind farm under different scenarios was software simulated for one week.
According to the results, the Round-trip efficiency of the system is about 49% and this amount is about 7% less in the
first cycle than in the next cycles.

Keywords: Energy Storage, Compressed Air, Pumped Hydroelectric, Wind Farm, Power Grid, Peak Shaving

1. Introduction

The global increase in energy demand is a substantial
challenge that can be overcome by managing energy
production. The most important matter is creating a
balance between energy supply and demand. The use of
renewable energy systems is superior to other energy
production systems from economic and environmental
perspectives, but energy production operators do not have
control over renewable energy sources. On the other hand,
a large amount of energy produced by power plants is
wasted during off-peak hours, whereas it challenges the
energy demand of the production sector during peak
hours. The solution to these problems is to use an energy
storage system. Also, energy storage is an important part
of polygeneration systems and an inseparable part of smart
grids and microgrids, whose use is increasing day by day
due to its many advantages [1-3].

In the meantime, compressed air energy storage
system has received more attention due to their higher
capacity and power as well as lower capital cost compared
to other energy storage systems [4,5]. The common type
of this system requires large underground caverns to store

compressed air, which limits its use [6]. In addition, to
extract energy, a gas turbine should be used, which is
usually associated with the combustion of natural gas.
This is harmful from both economic and environmental
perspectives [7]. Therefore, new systems based on
compressed air storage were invented, which try to
increase its advantages and reduce its disadvantages by
modifying the structure of the system or combining it with
other energy systems.
The most potential for renewable electricity generation
in Iran and the world includes wind and solar energy [8,9].
In the meantime, most of the research related to the
compressed air energy storage system has investigated its
integration with the wind farm, which has two main
reasons; Usually, the wind turbines used have a high
production power and in many cases, a wind turbine can
produce power equivalent to a solar farm [10]. Therefore,
it is natural to feel a greater need for massive storage of
this amount of energy. On the other hand, the intensity of
solar radiation and its duration are more predictable than
wind energy, and in some seasons of the year, the
maximum solar radiation coincides with the peak hours of
electricity consumption [11]. However, in most cases, the
maximum time of electricity generation by wind farms is
1
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at night and during the off-peak hours of the power grid
[12].

Using the compressed air energy storage system
together with the wind farm can guarantee the stability of
the production of the national electricity network to an
optimal extent [13,14]. However, providing a power grid
load curve and targeted control of power generation is still
a challenge for power grid operators, to the extent that
with the simultaneous use of an adiabatic compressed air
energy storage system and wind farm, the power grid
performance by less than 30% improves to supply the
daily load curve [15]. Using a water turbine instead of an
air turbine used in an adiabatic compressed air energy
storage system can solve this problem. A water turbine
usually has a higher efficiency comparing to an air turbine
[16]. Also, controlling the production power of the water
turbine is much easier than controlling the air turbine [17].
The compressed air energy storage and pumped
hydroelectric hybrid system (CAESPH) works in the same
way as the adiabatic compressed air energy storage system
in the storage sector, but it has more advantages in the
energy extraction sector using the water turbine.

In this paper, a compressed air energy storage and
pumped hydroelectric hybrid system (CAESPH) is
integrated with a wind energy network. In such a system,
the required pressure is usually supplied by a water pump
[18]. However, the energy storage system used in the
present research reduces the amount of water evaporation
and increases efficiency by modifying the structure of the
CAESPH. This research is presented to check the
compatibility of this energy storage system with different
scenarios and applications. Its potential applications
include using on-grid or off-grid, as well as integration
with renewable electrical energy production systems, in
which the performance of the energy storage system has
been investigated. Applications connected to the power
grid of this system can be divided into two parts: load
leveling by network operators and commercial energy
storage facilities. A commercial energy storage system
can earn money by storing electrical energy during off-
peak hours when electricity prices are lower and selling it
to the grid during peak hours. Due to the scalability of this
system, it is possible to use it off-grid in remote areas or
any special facilities.

In addition to the mentioned cases, the integration of
this energy storage system with renewable electricity
generation facilities is beneficial for its owners in two
ways; The greatest potential for renewable electricity
production includes wind and solar energy, both of which
are unstable, so the grid operators cannot make a large
contribution from renewable energy, but the use of the
CAESPH system by renewable electricity producers
increases reliability and, as a result, their greater influence
on the market. Also, integrating the energy storage system
offered with renewable energy systems enables their
owners to make more sales during peak hours when
electricity prices are higher.

2. System Description
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To investigate the different applications of the CAESPH
system, this system is integrated with a wind farm and the
grid, Figure 1. This way it works for three different
scenarios. In the first scenario, the input energy of the
system is supplied from the wind farm and the output of
the energy storage system is used to supply a daily load
curve, which is done by the grid operator. In the second
scenario, the steady output power is provided by the wind
farm operator for the grid, and in the third scenario, the
required power of the grid is provided by storing energy
during the off-peak hours and selling it during peak hours.
Switching between these modes is shown by a three-
position switch in Figure 1. The input power of the energy
storage system can be changed between the grid and the
wind farm by turning this switch, and the excess
production power of the wind farm is also transferred to
the grid by turning the switch.

Figure 1. Schematic of the presented system
connected to the wind farm and the grid

All the parameters of the system, the production power
of the wind farm, and the Requirement for the grid are
dynamically guided by the monitoring and control
department. By opening valve 1, the compressor increases
the atmospheric pressure to the target value by consuming
electricity, and the required pressure increase occurs in
tank 1. Then valve 1 is closed and at the required time,
valve 2 and the drain valve are opened so that the water
enters tank 2 by driving the hydro turbine. The hydro
turbine produces electric power using a generator and
transmits it to the grid, by changing the water flow rate,
the generated power can be controlled. After the water in
tank 1 is transferred to tank 2, the drain valve is closed and
valve 3 is opened so that the pump can easily return the
water to tank 1 by equalizing the air pressure between
tanks. After this step, valves 2 and 3 are closed and the
compressor can start compressing the air in tank 1 again.

3. Mathematical Model

In order to model the performance of the wind power
plant integrated with the CAESPH system, the following
assumptions are considered:

* The set of energy storage system operates in steady state
» The process of charging and discharging the system is
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adiabatic
* System equipment works ideally
* There is a floating surface in both tanks that prevents heat
transfer, evaporation of water, and dissolution of air in
water
* The amount of heat loss and pressure drop in the system
and set of connections is negligible
* The effect of gravity and hydrostatic pressure is
negligible in comparison with the mechanical energy
flow of the storage system
* Air is an ideal gas and the compressibility of water is
close to zero
« After tank 1 is completely drained, there is a small
amount of water at the bottom of the tank
A comprehensive dynamic model was created to
determine the range of system performance and its
executive characteristics. System modeling has been done
using MATLAB software. Each of the components of the
system were modeled separately, then it was placed next
to each other and the effect of the interaction of each of
the components appeared during the modeling process.
The final performance of the entire system is guided by
the control system, which is carried out by the command
and logic defined to achieve the desired goal. The
schematic view of how the complete system works is
shown in Figure 2 as a flowchart.

Wind farm

I

Power demand
& Initial parameters,

Control unite

Hydro turbine

Yes

Wind Power

Figure 2. The flowchart of working the dynamic
model comprehensively

The air volume in tank 1 has been presented by V in
this figure, the tank 1 volume has been presented by Vtank,
the air pressure is P, the target or maximum pressure has
been presented by Pmax, and a ratio can be obtained by
dividing the air volume over the tank 1 volume at the
beginning of the process. Some parameters such as the o
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ratio, the volume of the tank, and the initial amounts of
target pressure are determined; In order to make a decision
and evaluate the performance, the real pressure and the
water volume in the tank should be compared considering
the limit values.

4. Results and Discussion

4.1. Complete system

All the components of the system were integrate as a
complete system model. Now, the comprehensive model
cycles through system performance with accurate
conservation laws, thermodynamic principles, and
mechanical principles. Some changes are occurred in the
tank state by operating each element including the
compressor, valves, turbine, and pump. Integrating the
differential equations regarding the reservoir can be used
to determine these states. Each state is monitored by
logical metrics and sent control commands.

The system simulation can utilize the proposed
dynamic model to operate and implement under desired
outputs and various inputs. The size of the tank and
pressures of the operation can be adjusted and regulated,
and the influence of the mentioned parameters on the
performance of the system can be investigated. One of the
optimal performance criteria for this system is to notify
the grid operator of the appropriate time (between the start
and end of the production process). The operator can
monitor the compression level in a CAESPH system to
predict the time that the system requires so that the
transmission line can be achieved at a certain and
determined power. In addition, if a certain power level is
maintained, the system operator or the grid can be notified
when the system shuts down.

4.1.1. Continuous Performance

Since water in the tank will be eventually finished, the
power output will not be continuous at all because of the
cycle inherent and nature of a single-tank system. An
uninterrupted power output from the system can be
required by some applications through which a multi-tank
system can be achieved. A tank is charged and consumes
power while the other tank is discharged and produces
power. The input and output currents that are expected for
the reservoir have caused the time scales of the power
production and consumption to be not equal. An
irregularity can occur when no power is generated while
both of the reservoirs are pumping, and this can affect the
timing. In order to balance the timing of the system, a third
tank, may be added. Some instances of the continuous
operation of the reservoir have been mentioned in the
following.

4.1.1.1.The Grid Operators

In order to make and create the compressor input profile,
Khaf station wind data of the Khorasan Razavi province
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Figure 3. Daily electricity consumption curve in
winter (a) and summer (b)

were used and obtained in the two simulations that have
been proposed first. The performed analysis has been
considered to select the tank numbers and parameter sizes.
In order to provide and make predictable and dispatchable
power and extract output from an alternating source,
energy storage has been used for a grid operator. The
simulation parameters can be seen in Table 1.

As Figure 3 shows, the load curve is almost sinusoidal in
the summer season, the data in this figure are extracted
from the U.S. Energy Information Administration (EIA)
[19]. According to recent researches, the curve of daily
electricity consumption in Iran is almost sinusoidal [20].
Of course, the load curve is largely dependent on the
energy market and electricity consumption policies [21].
In this way, by having a correct forecast of the electricity
consumption of the customers, the needs of the grid can be
well covered. Figure 3 confirms that the load curve has
two peaks in winter and one peak in summer, and the
amount of load in winter is lower than in summer. The grid
operators use energy storage equipment to balance the
load. Therefore, the current simulation has aimed to use
the CAESPH system in providing a power output and
covering the diurnal trend in summer. This is a sinusoidal
function that has a one-day period, and its peak is at 3 p.m.
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The simulation results showed that the system has well
covered the consumption demand and about 43 minutes
after the start of the simulation, the energy extraction
process started. The first cycle is started with atmospheric
pressure and temperature for the tank. During this one-
week simulation, the maximum energy input to the system
in a single period was 13.82 MWh during the first charge.
During the week, there was 2.998 MWh input and 14.485
MWh output of the system, which results show that the
round-trip efficiency of the CAESPH system is 0.486.
Also, the excess energy of the system sent from the wind
farm to the grid is equal to 1949.69 MWh. The peak point
of electricity consumption is equal to 3.4 and the minimum
point of it is equal to 1.4 MW.

4.1.1.2.Renewable Electricity Production
Operators

The output power can be formed from the wind energy
resource, which is alternating and continuous and is
consistent with the power grid demand. Compressed air
can be stored in the form of energy by blowing wind. In
this simulation, the continuous output power can be
provided by the control system through the multi-reservoir
batch operation. Each tank is working out of phase with
the other tanks. The results of simulation studies showed
that the output power that has been obtained from
combining the energy storage system of a hydroelectric
storage pump and compressed air has remained at a certain
level constantly. In this simulation, the input energy of the
system is 998.2 MWh, the output energy is 485.17 MWh,
and the round-trip efficiency of the system is 48.6%.

At times when the received energy has a lower price,
energy storage has more economic benefits. With the
increasing penetration of renewable energies in the grid,
the fluctuation of wind power is not the only concern for
the wind farm and the grid. Some serious credit and
financial losses can occur as a result of regular wind farm
operations. For instance, considerable electricity can be
generated by exposing the wind farm to strong wind.
Meanwhile, the turbines may be shut down by exceeding
their cut-off speed caused by a short gust, and this can be
an intricate challenge for the equipment because the grid
may lose power considerably. Compensating the loose and
producing the power again will take around 30 minutes for
the turbines. By using the CAESPH system, the problems
of the power grid operator can be greatly reduced in such
situations.

4.1.2. Peak Shaving Storage

The CAESPH system can also be used as a trade energy
storage facility. To this aim, two scenarios are available;
The first scenario is that a wind turbine can be used to
produce energy. The second scenario is that energy is
obtained and delivered from the grid when the electricity
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price is low and high, respectively. This work has been
done before including the energy storage systems of
compressed air in Alabama and Hantorf [22]. In the
second case, despite the grid being used to consume the
power, this is a clean system due to the lack of requiring
natural gas combustion during the process of energy
retrieval. Table 2 shows the selected parameters for this
simulation.

Table 2. Selected parameters in simulations of peak
shaving storage facilities

Item Value & unite
Number & volume of tank 1x1000 m?
Tank pressure 20 MPa
R 0.287 kJ/kg-°K
o 0.25
Number & power of wind 1x1.5 MW
turbine
Wind turbine type GE 1.5l
Number & power of 1x 1.5 MW
Compressor
Number & power of 1x0.5 MW
hydro turbine
Ambient pressure 0.1 MPa
Ambient temperature 300 °K
Ambient air density 1.225 kg/m?

During high-demand times, cheap off-peak energy is
stored by trade storage facilities, and it is sold to the grid.
For this simulation on July 11th, the peak time of the grid
is considered from 13:30 to 17:30, which in both scenarios
was able to send electricity to the grid with a constant
power of 400 kW for 3 hours and 40 minutes. The residual
input energy of the system is 2.99 MWh while the residual
efficiency is 0.489 in both the grid and wind turbine cases.
For the initial conditions of the system, the amount of
energy input is 3.42 MWh and the efficiency of the system
for the initial conditions (first charge) is equal to 0.428.
The reason for the difference in the system efficiency for
the commercial storage scenario in the residual condition
with the system efficiency in the continuous performance
scenario is the effect of the lower efficiency in the first
charge and also the small error of the system due to
repeating the cycle several times.

4.2. Results Validation

In this section, the system simulation results and the
accuracy of these results have been evaluated. For this
purpose, a simulation was performed with the dynamic
model presented for the stable supply of 1.46 MW of
electricity in one hour, and the results of this simulation
can be seen in Figure 4. The values of target pressure, tank
volume, and « for this simulation are 20 MPa, 1000 m?
and 0.25, respectively.

As it is clear from Figure 4, (a) shows the changes of
o and volume flow of water during discharge. Here, a
refers to changes in the ratio of air volume to the volume
of tank 1 at the time of emptying. (b) changes in water
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volume and air temperature in the tank, (c) changes in the
tank pressure (d) changes in the output and remaining
energy in the tank at the discharge process. The output
water flow of the tank is changing from 0.073 to 0.525
m?/s and the temperature of the tank is changing from
1363 to 2.783 °K. The residual pressure of the tank is
equal to 871.2 MPa and the remaining energy in the tank
is decreasing from 12502 to 7181 MIJ. Also, the final
output energy of the system is equal to 5283 MJ. The
results of this simulation with the system energy analysis
[23] differ by less than 0.8%, which is caused by the
difference in the calculation accuracy, the equation solver,
and the degree of equations stiffness modeled.

(a) Alpha, Water Flow Rate
T

Alpha
Water Flow Rate (ms)

0 10 20 30 40 50 60
Time (minuets)
(b) Water Volume, Air T
T T

0 10 20 30 40 50 60
Time (minuets)

(c) Tank Pressure
T

, L L L I L
0 10 20 30 40 50 60
Time (minuets)

(d) Remained Energy, Output Energy
T T T

Remained Energy (MJ)

Output Energy (MJ)

1 1 1 L
0 10 20 30 40 50 60
Time (minuets)

Figure 4. The simulation results of the discharge
process to supply 1.46 MW of energy continuously

5. Conclusions

throughout the year, certain conditions arise that wind

power plants or grid operators produce excess electrical

power. In order to prevent the waste of unused electricity,
using an energy storage system with predetermined rates
can be a solution. The present research showed that the

CAESPH system has aconvincing potential from a

theoretical point of view to be used with renewable

energies and specifically, wind Farms. Based on this, the

CAESPH system with applications connected to the grid

or off-grid and integration with the wind farm is

compatible and can cover the required consumption load
with a suitable approximation. The important results of the
current research are as follows:

1. During the investigated one-week period, the wind
power plant produces power almost continuously,
which has a significant impact on the continuous
operation of the CAESPH system. In the case of
integrating the CAESPH system with the grid, the
system can have high reliability from a continuous
supply point of view of output power.
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2. Due to the high temperature of the tank and its variation
range of about 500 degrees, controlling the
temperature of the system will be a big challenge and
its operation in a quasi-adiabatic manner requires the
use of advanced heat storage equipment and suitable
insulation. Also, the residual pressure of the tank,
which is about 2.9 MPa, has convincing potential for
producing work, which due to the configuration and
selected parameters of the system, about 80% of this
energy is wasted by discharging into the atmosphere.

3. The round-trip efficiency of the CAESPH system is
about 49%, which is less than the expected efficiency.
The initial setup time of the system is about 43
minutes, which is not very favorable, but after the first
charge, the system has a significant continuous
performance and the charging time is reduced. The
first cycle of the system is about 7% less efficient than
the subsequent cycles due to starting from atmospheric
conditions, and the effect of this difference is
insignificant due to the high number of cycle
repetitions.

4. Since the initial ratio of the volume of air to the tank 1
volume is effective on the system efficiency
significantly, optimizing this ratio is so important and
required. The lower its value is, the higher the
efficiency of the system would be, but to provide a
certain amount of energy, the volume of the tank or its
number increases, and this directly affects the cost of
the system. The high volume of the tank does not
necessarily mean an increase in the ability of the
system for continuous operation, and the more the
number of tanks is, the possibility of continuous
operation increases because each tank can operate
independently in a different phase of the cycle. Since
the volume and number of tanks affect the system costs
directly and depend on the volume of output and input
energy and application type, optimizing them is
required. Therefore, the performance of the system can
be evaluated in different conditions so that the factors
can be calculated and optimized.

5. Some factors may lead to loss of energy in the actual
compressor and other equipment such as inefficiency
in the water pump, turbine, and heat transfer. such as
storage tanks, engine, generator, and system
connections reduce the efficiency of the entire system
compared to the ideal state in the present study. The
efficiency in the present research assumes only the loss
related to the air discharge mechanism, this represents
the importance of that part of the energy which enters
the atmosphere from tank 2 and eventually goes to
waste. Therefore, it is important to modify the
structure of the current system to reuse this energy.
However, it should be noted that the round-trip
efficiency of the energy storage system is not the only
criterion for measuring the performance of the system.
Non- dispatchable energy is not as valuable as
dispatchable energy for the grid operators. Knowing
when the energy storage system starts working, the
exact amount of power capacity, and the duration of
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the system's operation makes energy more valuable.
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Abstract

Increasing energy demand and establishing a balance between production and consumption are important challenges for
grid operators. Furthermore, environmental and economic constraints prevent the solution of these problems by
conventional methods like the consumption of fossil fuels and the construction of new power plants in proportion to the
growth of energy consumption. The hybrid system of Compressed Air Energy Storage and Pumped Hydroelectric
(CAESPH) due to advantages such as no requirements for fossil fuels and scalability can prevent the loss of excess energy
by storing. Another crucial factor in utilizing this system is power generation control. Due to the novelty of the CAESPH,
few studies have examined its performance in conjunction with power generation systems. In this paper, the performance
of this energy storage system in the integrated state with wind farm and electricity grid was analyzed and evaluated. For
this purpose, the wind data of the selected station were software-modeled, then the comprehensive software modeling
system was developed and its performance was analyzed with selected parameters for a cycle. Finally, the system behavior
in application with the electricity grid and wind farm under different scenarios was software simulated for one week.
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According to the results, the Round-trip efficiency of the system is about 49% and this amount is about 7% less in the
first cycle than in the next cycles. Also found that this system has good potential for integration with wind farms and
electricity grids and with proper design can provide the required power consumption without interruption.

Keywords: Energy Storage, Compressed Air, Pumped Hydroelectric, Wind Farm, Power Grid, Peak Shaving
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