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Abstract

Mechanical energy storage systems are among the most efficient and sustainable energy
storage systems. There are three main types of mechanical energy storage systems;
flywheel, pumped hydro and compressed air. This paper discusses the recent advances of
mechanical energy storage systems coupled with wind and solar energies in terms of their
utilization. It also discusses the advances and evolution in each type and compares them
in terms of performance, capacity, response and utilizations. The reviewed studies exhibit
all parameters that affect the performance of each storage type in which the configuration
of the system has the major effective role. Choosing the suitable mechanical storage type
depends on the requirements of each application such as using the flywheel for short
duration applications. If long duration is needed, then it is preferred to use either pumped
hydro or compressed air storage systems, knowing that the former has higher efficiency

while the latter provides a faster start up. For the sake of the environment, it is
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recommended to use the adiabatic or isothermal compressed air storage. In all cases that
combine MESSs with solar or wind energy, the series connection is preferred in order to

provide stability and better control strategy.

Nomenclature

ACAES adiabatic compressed air energy storage

BWES buoyancy work energy storage

CAES compressed air energy storage

CI-CAES closed isothermal compressed air energy storage
CVaR conditional value at risk

DRP demand response program

DSTATCOM | distribution static synchronous compensator
ESS energy storage system

FESS flywheel energy storage system

HT hydraulic turbine

HVDC high voltage direct current

I-CAES Isothermal compressed air energy storage

IM induction machine

IWPS isolated wind power system

LCOE levelized cost of energy

MESS mechanical energy storage system

NPV net present value

OI-CAES Open isothermal compressed air energy storage
PHES pumped hydro energy storage

PV photo-voltaic

SG synchronous generator

SM synchronous machine

SNG synthetic natural gas

SP stochastic programming

SRM switched reluctance machine

SST solid state transformer

TC thermochemical

UGCAES underground compressed air energy storage
UWCAES underwater compressed air energy storage
VC-ACAES | variable configuration adiabatic air energy storage
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| WTG | wind turbine generator

1. Introduction

In the last few decades, energy consumption, particularly electricity usage are found to be
significantly increasing due to rising world population and living standards. The fastest
jump of energy consumption growth in this decade was recorded in 2018 as 2.13% [1].
Additional energy supplies must be provided in order to balance the increasing demand.
The critical issue is which different sources and techniques can be adopted to cover this
energy demand. Fossil fuels cannot be considered a solution for satisfying energy
demands due to their critical negative effects on the environment and must be phased out
[2]. Nuclear energy seems to be a solution because of its low CO2 emissions, but it is too
expensive and suffers from other drawbacks such as security risks. For this reason, there
is need to rely on renewable sources and energy waste recovery systems to prevent the
environmental damage from air pollution leading to global warming. Renewable energies
offer the best approach for provision of energy due to their sustainable nature and broad
utilizations because of their diverse presence such as wind, solar, geothermal, bioenergy
and hydropower. On the other hand, renewable sources usually cannot standalone in a
power plant because of their intermittent nature and significant fluctuations especially
when considering wind and solar energies [3]. This fact imposes on the researchers to
find an alternative solution or to perform efficient combinations; where they find that
energy storage systems (ESSs) can solve the stated problem when coupled with the

renewable energy resources [4].
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Advantages of Energy Storage Systems

In addition to the ESSs main advantage which is to store the excess of energy, they offer

many other benefits:

Increasing renewable energy penetration and decreasing its curtailment because a
power plant cannot depend only on a renewable energy source without an ESS. As a
matter of fact, fuel consumption and CO> emissions will decrease [5].

Balancing between the energy supply and demand while smoothing renewable energy
fluctuations due to its intermittent nature [6]. This will also mitigate the problems in
electrical systems of power generation.

Shaving the peak energy loads which will indeed decrease the risk of load shedding
especially when large capacity of storage is considered.

Improving the overall efficiency of a power plant and consequently reducing the
operating cost at the long run [7].

The flexibility of ESSs provides the convenience and suitability to cover remote areas

which generally suffer from lack of electricity [8].

1.1 Energy Storage Systems Classifications

ESS provides flexibility to the system in order to cope with the fluctuations and

intermittent nature of renewable sources, it can also accommodate the energy demand

fluctuations. In other words, ESSs mitigate the imbalance between the supply and

demand. Storage systems can improve grid stability and system’s performance, increase

penetration of renewable energy sources, and reduce fossil fuel energy resources

utilizations and consequently their environmental impacts. Due to the multiple
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utilizations of energy and different types of applications, ESSs have always been
undergoing development and different storage systems are established. ESSs are mainly
classified into three main categories as presented in Figure 1 [9-11]. Table 1 presents the

environmental impacts of some ESSs.

Energy Storage Systems

Electrical Mechanical

Thermal

Direct Electrical Electrochemical Engine + Fuel EMESS FESS

PHES
Ultra-capacitor Battery  Hydrogen -~ EFESS

; CAES
Superconducting Flow > SNG »| EPHES

magnetic energy Battery .
storage (SMES) Gravity

» Biofuel ™ ECAES

> Biogas -+ E-Gravity

“» Fuel Cell

Figure 1: Energy storage systems Classifications; the orange marked types are the most
commonly used mechanical energy storage systems

Mechanical energy storage systems can be found either as pure mechanical (MESS) or
combined with electrical (EMESS). The main difference is in the utilization of stored
energy if it is directly used or transmitted via an electric motor-generator. Usually
EMESSs are used to supply the grid with electricity. On the other hand, MESSs are able
to provide mechanical work such as smoothing the rotation of a rotating mass which is
the case of flywheel. The orange marked types in Figure 1 are the most commonly used

mechanical energy storage systems.

Sensible

Latent




91 Table 1: Environmental impacts of the commonly used energy storage systems

Energy Storage System Environmental Impact

Synthetic natural gas (SNG) | Haze pollution and greenhouse gases [12]

Biofuel Biodiversity, water quantity and quality problems [13]

Biogas Hazardous alkanes such as methane [14]

Thermochemical (TC) Depends on the reactants and products

Batteries Consumption of resources and heavy metal pollution [15]; ex:
lithium ion degrades and not recyclable

Super capacitors Carbonization [16]

Thermal Depends on the material (ex: organic vapour is carcinogenic) [17]

Mechanical energy storage | Relatively low

92

93 1.2 Mechanical Energy Storage

94  Mechanical energy storage systems (MESSs) are highly attractive because they offer
95 several advantages compared to other ESSs and especially in terms of environmental
96  impact, cost and sustainability. There are three main types of MESSs, as shown in Figure
97 1, flywheel energy storage system (FESS) [18], pumped hydro energy storage (PHES)
98 [19] and compressed air energy storage (CAES) [20]. MESSs can be found in some other
99 different forms such as liquid-piston, gravity and mechanical springs. The crucial issue in
100  choosing the appropriate system among these depending on the source of energy, load
101  nature and available space. It is also necessary to mention that there are some common
102  advantages between the different types of MESSs such as the relative fast response and
103 nil environmental effects. These types of ESSs produce less contaminants in both
104  operational and construction levels, which is indeed an important factor to improve air

105 quality in order to avoid human health diseases.
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The aim of this paper is to review all applications involving MESSs combined with solar
and wind energies in order to present the parameters that affect the performance of each
system. The characteristics of all systems will be discussed in addition to their advantages
and disadvantages. A detailed comparison will be presented depending on the different
storage systems and configurations. This will be accompanied by presenting the recent
investigations on the different mechanical energy storage systems in addition to the

development of each domain.

2. Flywheel Energy Storage System

Flywheel energy storage system (FESS) [21] is based on storing energy for the short-term
by using a rotating mass in the form of kinetic energy [22] as shown in equation (1). In
terms of fast response, flywheels are the most effective ESSs while taking the economical
aspect into consideration [23]. There are different applications where FESS can be used:
hybrid vehicle, railway, wind power system, marine and space [24]. One of most studied
applications on FESS is the regeneration of braking power in locomotives, trains and cars
[25]. These studies focused on storing the braking energy lost in order to give power
again for acceleration. This aims to save energy [26], decrease the peak power [27],
improve the efficiency, reduce emissions and fuel consumption [28]. Flywheels can be
found in four different shapes; disc of Laval, solid disk, thick ring and thin ring (see
Figure 2) [29]. Each flywheel is characterized by a shape factor (K) representing the
utilization of material. The specific energy stored per unit of mass is proportional to K
which is presented in equation (2). These equations show the effects of inertia, speed and

shape on the energy stored by the flywheel.
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where E is the stored energy, | is the moment of inertia, w is the rotational speed, m is the

Mass, 0,4 1S the maximum stress and p is the density of the flywheel.

Flywheel

|
v .

Metals Composites

| I

v ' ' !
Disc of Laval Solid Disc Thick Ring Thin Ring
K=1 K =0.606 K =0.305 K=0.5

42> I Bl 1

Figure 2: Different flywheel shapes, K is the shape factor

The main components of FESS are as shown in Figure 3; bearings, rotating mass, motor-

generator and a frequency inverter. The overall efficiency depends on the design of each

component, and one of the main objectives is the reduction of power transmission losses

which is affected by the type of bearing; it was found that magnetic bearings are the best

choice [30]. There are also three different types of electric machines that could be

coupled to the FESS; synchronous machine (SM), induction machine (IM) and switched

reluctance machine (SRM). SRM is the less commonly used type due to the high current

ripples and control complexity. Usually, SM and IM are used for high speed and high-



143 power applications respectively. In terms of performance, SM is better than IM because it
144  has lower inrush at the start [31]. Beside the usage of flywheel for energy storage, it is
145  used to increase the life time of batteries [32] when coupled with renewable sources due

146  the intermittency nature.

Frequency inverter
Prowndes and converts

variable frequency and
voltage from flywheel
to sources

Motor - Generator

:

Eietic energy storage

Flywheel

{Fotating mass)

Bearing

Excess power

available Main shaft
147
148 Figure 3: The main components of the FESS
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2.1 Wind Energy Coupled with Flywheel Storage

Wind-FESS is a system that is taking lot of interest nowadays. Wind energy is one of the
most favorable sources used for generating electricity, while there is always a common
problem faced which is the mismatching between supply and demand. This is due to the
variations in both wind and available load which can cause problems in the network. This
requires a fast response energy storage which makes the use of FESS more favorable.
This ESS can be used to smooth the wind power [33] and to supply energy to the users
with different demands for achieving better power quality [34]. The coupling between
wind and FESS is also known as isolated wind power system (IWPS) [29] which is
usually formed from a wind turbine generator (WTG), consumer load, SM and a
flywheel. FESS is almost used in medium to high power (kW to MW) applications for
short-time periods (seconds/minutes). Gadelrab et al. [35] introduced FESS to enhance
the wind farms-fed high voltage direct current (HVDC) transmission system via a two-
stage solid state transformer (SST). Several control strategies [36] were investigated to
reserve and smooth wind turbine power by using FESS, and the proposed methods were
found to be applicable for all wind speeds. One of the most effective control strategies is
the classical squirrel-cage induction machine using cascade rectifier filter inverter [37]
which was modeled and simulated in order to overcome the stochastic nature of wind.
Electric system problems are in fact one of the major problems in the Wind-FESS.
Suvire and Mercado [38] found that mitigating these electric problems can be performed
by using a Distribution Static Synchronous Compensator (DSTATCOM). This
compensator maintains the active power approximately constant and equals to the

average power that would be produced otherwise.
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A comparative study was simulated in [39] between a variable and constant speed
flywheels in order to study the effect of hydrostatic transmission (see Figure 4). The
authors deduced that this kind of transmission between the flywheel and the synchronous
generator (SG) can decrease the frequency deviation and energy losses. Mansour et al.
[40] investigated the variable speed wind generator to find the optimal methods for
regulation. Two controllers were examined; the proportional integral and the fuzzy
controller. It is concluded that the permanent magnet synchronous generator can offer the

suitable regulation path to smooth the power flowing to the grid.

Hydrostatic Hydrostatic
Flywheel Motor, Pump

—— Synchronous

Generator

Shaft (1) Shaft (2)
control
Fixed displacement signal |
-i:_'j:l Run only when
power is needed
control signal Variable displacement

(electrohydraulic control)

Figure 4: FESS with hydrostatic transmission

3. Pumped Hydro Energy Storage

Pumped hydro energy storage (PHES) is a MESS which is characterized by its long-life
cycle, flexibility and low maintenance cost. It is formed of three major components;
pumping system, hydro turbine (HT) and upper reservoir [41]. Figure 5 shows an

example of the PHES. Water is pumped from the lower reservoir to the upper one when
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there is an excess of energy, so it can be used again when needed. This system depends
on the potential gravitational energy such that the upper container is able to provide
positive pressure difference with respect to the lower one and consequently to produce
power by the help of the HT. Advanced PHES relies on replacing the turbomachines by a
reversible pump-turbine in order to enhance the performance of the storage system and

response time as well as increasing its flexibility [42].

+— Electric flow

+— Water flow

O

Excess of energy

Energy storage
capacity

(

Continous operation ¥
(main power supply)

Large reservoir or
availabe flow of water

Figure 5: The flow of energy in the PHES plant

3.1 Solar Energy Coupled with Pumped Hydro Storage

Solar-PHES is an efficient strategy for mitigating the photo-voltaic (PV) power
fluctuations. It is necessary to support this system with an accurate forecasting of Solar-
PHES power generation and demand response, followed by a smart grid energy

management [43] for achieving the optimal operation. In [44], Solar-PHES was used to
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minimize grid power cost for irrigation in the presence of boreholes for water supply.
Figure 6 represents the working process of the system during 24 hours (day and night).
The day configuration shows how the solar energy is able to store water in the upper
reservoir by using the pump. At night, in the absence of sunlight, the water will flow back
to the lower reservoir passing through the motor-generator which is connected to the

control center responsible for supplying power.

4= Electric flow

Upper
Reservoir

Upper

G Water flow

Reservoir

mngs. " Storing rongy, PV Supplying
"!l" Energy L/] I f
?__Ii | Inverter b i Inverter

enerator 0, Motor

Main

Controller Lower

Reservoir Reservoir

(a) (b)

Figure 6: Solar coupled with PHES (a) storing and (b) supplying power

Usually the optimization of Solar-PHES is used to decrease the overall operating cost of
PHES and that of the PV. This system has been adopted to operate in remote areas or
islands without any grid supply in order to decrease the levelized cost of energy (LCOE)
and increase power supply reliability [45]. As presented in Figure 6, the solar PV is able
to either generate electricity directly or pump the water to the upper reservoir. Bahadur et
al. [46] suggested that the solar power must only be used to pump water. By this way, the
system will be simpler and no need for control systems because it is automatically

13
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controlled. The PHES will remain receiving power from the wind turbine and supplying
the grid via the hydraulic turbine. In [47], floating PV was integrated with PHES in order
to avoid the need for reserving specific land sources and to provide the required amount

of water.

3.2 Wind Energy Coupled with Pumped Hydro Storage

Wind-PHES is a combination usually used in islands where interconnection grids can be
found in which wind energy represents the main energy source. It aims to increase
renewable energy penetration [48] as well as to decrease the LCOE [49], total power
shortage [50] and the amount of energy produced by conventional power plants [51]. In a
Wind-PHES system, the wind turbine is directly connected to the pump which is
responsible for driving the water for the upper tank. In order to estimate the economic
and environmental impacts of the Wind-PHES, it is necessary to study the main
uncertainties that are wind speed and electricity load. The mixed-integer nonlinear
programming is a stochastic programming that allows to investigate the effect of these

uncertainties appropriately [52].

PHES could be used to smooth the offshore wind power variations [53], balance between
power supply and demand [54], decrease the imbalance cost [55] and wind power
uncertainties. It also provokes a decrease in the start-up effect of peaking units [56] and
the risk of load shedding [57]. The wind turbine could be connected mechanically to the
pump via gearbox or electrically by transferring the wind power to electric energy. Both
types have special characteristics, however, the electrical form is more commonly known

and used. This is due to the high-power loss and fluctuations that may occur

14
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mechanically. Kapsali et al. [58] found that the HT is better to operate 24 hrs, and the
upper reservoir volume should be designed in a way to provide the HT the whole
operational time (day-night). Al Zohbi et al. [59] investigated a new method to store the
surplus of wind energy in dams, and compared between two dams in Lebanon (Chabrouh
and Quaraoun) in order to choose the best one. In [60], an optimization study was carried
out aiming to use Wind-PHES for desalination and minimizing wind power curtailment
[61], and consequently to decrease the power cost, water production cost and CO:
emissions (see Figure 7). In a conventional Wind-PHES system, part of the excess power
released by the wind turbine is released and the rest is curtailed. Therefore, it will be very
helpful to use this curtailed power for desalination. This could fit the Wind-PHES
extremely knowing that water is a major component in the storage and desalination
systems. As a matter of fact, the need for fossil fuels will decrease in water production

systems.

<«—— Electric flow

<«—— Water flow

Supplying the stored energy

Upper
Reservoir

Excess wind power /l\
Fossil fuel
Direct use =<, R :
— S Pump
P} $! 'Y
b 1
. Grid
Wind power
curtailed | .
Desalination

Figure 7: The principle of desalination based on wind energy coupled with PHES
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The optimization of the system is not only considered at the design level and
components’ sizing [62], but it also depends on optimal operations and scheduling [63]
such as the initial stored water [64] in the upper reservoir which is better to be as high as
possible. One of the drawbacks of Wind-PHES is its high capital cost [65], thus, Foley et
al. [66] encouraged the use of this system while making it commercially viable by
decreasing its capital cost and penalizing fossil fuel with high carbon taxes. Intelligent
energy management can be performed in agricultural micro grids to benefit from the
Wind-PHES and support irrigation systems [67]. Another way to make the system
economically feasible is to increase the penetration of wind [68]. This will raise the profit
of PHES and thus its payback period. With this in mind, it is necessary to always recheck
if the system is working on its optimal operation, because each operation must be specific
for a limited amount of power. Canales et al. [69] compared between Wind-PHES and the
conventional reservoir. The authors deduced that Wind-PHES is much better even though
it has a higher initial cost but it has lower operating cost, environmental impact and
flooded area [70]. The capital cost of the system depends highly on the wind energy
availability and plant construction area [71]. In [72], variable speed pumps were
investigated to provide fast dynamic response that was also found to be a profitable
solution [73]. Endegnanew et al. [74] discussed three different types of controllers that
could be used in the Wind-PHES; storm, HVDC and load following controller. In [75], it
was found that using double penstock instead of one will decrease the wind energy
rejected annually from 18.96 % to 4.67 %. Bahadur et al. [76] proposed an optimal way

to smooth the wind power by connecting the wind turbine in series with PHES. In other
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words, the wind turbine is not connected to the generator directly. The water in the upper

reservoir is always responsible for generating electricity.

4. Compressed Air Energy Storage

Compressed air energy storage (CAES) is based on storing the excess of energy
underground in the form of compressed air (see Figure 8). The compressed air will be
subjected to heat addition before it enters the expander for generating electricity. Part of
the compressed air will pass through a natural gas turbine that produce electricity and the
rest will be used for heating the compressed air flow before expansion. CAES is an eco-
friendly ESS which does not require high maintenance. There are different types of
underground air storage; porous rock, mired hard rock storage facility and leached out
salt dome. Underground air storage is only used for large scale applications, because it
will not be effectively operating otherwise. Thus, for small scales, it is recommended to
use aboveground storage formed of wire wound pressure vessels [77]. Amir et al. [78]
aimed to increase the feasibility of RES and CAES. It was deduced that the proposed
system has the ability to provide combined heat and power. This will indeed raise the
benefit of this system and decrease its payback period to become less than 3 years. This
could be achieved by replacing the combustion chamber with a thermal storage tank in
order to take advantage of the stored heat. The latest generation of CAES is the
isothermal version (I-CAES). It uses water to compress and expand the stored air via
pump/turbine. This allows a reduction in the electric consumption of the compressor,
elimination of the need for thermal input completely and an increase the overall
efficiency of the storage system. It depends on two different mediums; air as a storage

medium and water for controlling the pressure of the stored air. This system could be

17



301

302

303

304

305

306

307
308

309

310

311

312

313

314

315

316

found as open (OI-CAES) or closed system (CI-CAES). The closed type is the
conventional one such that it consists of only one storage tank combining air and water.
However, the OI-CAES uses two working cylinders connected to each other with a
reversible valve in order to increase the energy storage density which is expected to be

double than that of CI-CAES [79].

Heat addition
‘ Exhaust

Air storage ,.4&3.: \“
Tank -

\ Exchanger !

A4

Generator

Jossasdwod
Japuedx3

Primary supply

Electricity grid

Main energy source

Figure 8: Schematic diagram of a conventional CAES

4.1 Solar Energy Coupled with Compressed Air Storage

Same as the previous mentioned ESSs, Solar-CAES aims to decrease fuel consumption
and CO2 emissions. In Brazil [80], the annual average exergy and energy efficiencies of
the plant was measured to be 17.9 % and 16.2 % respectively. According to [81], Solar-
CAES has been investigated as an effective system in a PV farm under transient
operational conditions, which consequently enhances the stability of the output power of
the PV-plant and increases the net revenue. In [82], CAES sizing was performed in a PV-

farm case study to provide electricity where the ESS is used to increase the efficiency of
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the PV-plant. Cazzaniga et al. [83] established a new integration between CAES and
floating PV-plant. The pontoons of the floating PV are used as reservoirs, and steel
cylinders instead of polyethylene pipes. This system can be implemented in water basins

in which the buoyancy of the modular raft structure must be pre-studied.

4.2 Wind Energy Coupled with Compressed Air Storage

In these days, Wind-CAES is frequently used for energy storage in offshore wind energy
farms which is environmentally friendly [84]. Indeed, using such coupling, the power can
be shifted to peak hours for increasing the gross revenue [85]. On the other hand,
electrical stability of the system can be achieved by an optimal scheduling [86] and by
taking into consideration the load distribution and peak times [87]. Jin et al. [88]
investigated a small-scale Wind-CAES with a wind turbine rated power of 2 MW. The
storage capacity used was 1.32 MWH. It was noticed that the proposed system is able to
stabilize the output power while having a CAES rated power of 0.44 MW. In a case
studied in Egypt [89], the net present value (NPV) was increased from $207m to $306m
by using the CAES compared to the stand alone wind turbine after 25 years of operation.
According to [90], Wind-CAES has CO2 emissions 93% lower than the pulverized coal
and 71% than the natural gas cycle. Abbaspour et al. [91] compared between Wind-
CAES and the gas-fired generation plant, in which the results showed that the Wind-
CAES could increase the profit by 43% and decrease the costs by 6.7%. Abdul Hai Alami
[92] compared between CAES and Buoyancy work energy storage (BWES) in wind farm
and find that the efficiency of CAES (84.8 %) is much higher than that of the BWES (36
%). In [93], a thermo-economic study was performed in which the authors mentioned that

CAES is a cost-effective solution for solving local wind power grid imbalances.
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Table 2: Difference between Wind-CAES, Wind-NGCC and Conventional Coal Systems

Carbon Dioxide Emissions | Fuel Consumption
Systems

(g CO2/kWh) (MJ/kWh)
Wind-CAES 61 1.03
Wind-NGCC 216 4.22
Conventional Coal 876 9.71

Usually optimization studies [94] are performed in Wind-CAES to support the main
objectives of the system such as decreasing the LCOE [95] while increasing the CAES
capacity and rated power requirements for the compressor. This can be achieved by an
optimal utilization of wind power and operation profitability [96] that vary according to
the schedule of wind generation [97]. The main components affected by the change of
wind speed are the wind turbine and compressor; in which the highest efficiency could be
achieved at stable and medium wind speeds [98]. In [99], it was concluded that a variable
shaft speed could serve in decreasing the LCOE when compared with that of the constant
speed. Saadat et al. [100] modelled a dual chamber liquid-compressed air storage vessel
(hydraulics and pneumatics) in order to downsize the electrical system, increase profit
and match between grid and load. Hasan et al. [101] concluded that a parallel CAES
system combined with wind turbine is better than the series connection which consumes
less amount of power during compression and also can deal more with wind fluctuations.
Figure 9 shows the difference between the series and parallel connections of the Wind-
CAES. Wang et al. [102] compared between the Underwater CAES (UWCAES) [103]
and Underground CAES (UGCAES). The authors found that UWCAES has a higher

efficiency in an offshore wind farm application. In [104], UWCAES was also studied, it
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was reported that the total operating cost of the system is decreased by 3.36%.

Underwater storage is provided by the help of two vessels; one is seabed and connected

to the second which is responsible for floating the wind turbine. The system will stay

balanced and floating by the support of the lower pressure vessel. The compressed air is
also used to feed the grid when needed. In this floating offshore spar type wind turbine
[105], a hydraulic pump based on liquid-piston is used to compress the air while

providing low compression ratios to reduce losses and hence increasing the overall

efficiency.

] AC/DC Grid
Wind Wind Compressor  Turbine Generator  gnverter

. Al power

Storage Tank

Wind i C ' o o
Wind ompressor  Turbine Generator  gpverter
, A5 power
—

Air inT Energy flows only through one path
Storage Tank

Figure 9: Wind coupled with CAES (a) Parallel and (b) Series connections

Adiabatic CAES (ACAES) [106-108] is a modern type of ESS which is introduced to
many wind power applications to eliminate heat addition in order to get rid of gas
turbines [109] (see Figure 10). It is a gas free system; the released thermal energy during

compression is stored to be then reused before expansion. Therefore, the ACAES is
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mainly dependent on the thermal energy storage used [110]. Zhang et al. [111] proposed
a variable configuration of the ACAES (VC-ACAES) to reduce power fluctuations using
multi-stage compressor and multi-stage expander to operate under variable modes and to
increase the wind power connected to the grid from 26.29 % to 70.62 %. According to
the economic aspect, the centralized CAES in wind power applications is found to be a
better choice than the decentralized one [112]. Sun et al. [113] modelled mathematically
the scroll expander to be used as an air-machinery energy converter in order to transmit
additional driving power from the stored compressed-air to the turbine shaft for
smoothing the wind power. The co-location of wind and CAES is found to be attractive

to decrease the transmission costs and to increase the wind penetration.

Heat 5 Heat
Exchanger ——Jp  Air Storage Tank Exchanger
Compressor -‘W—'E‘v— \ 8 ). v
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Motor
‘xu.f
FY
Airin

Figure 10: ACAES schematic representation

In the presence of demand congestion, it is essential to adopt programs for management
issues and operational strategies [114] in order to deal with scheduling problems.
Currently, the most important programs used are the demand response program (DRP)
[115] and stochastic programming (SP) [116]. These are used as feedback methods to get

rid from intermittency, decrease the operational cost, reduce wind curtailment and
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provide better frequency security [117]. One of the main studies that must be carried out

using these programs is the conditional value at risk (CVaR) [118].

5. Mechanical Energy Storage Coupled to Hybrid Systems

Hybrid systems are used to increase the utilizations of renewable energy as well as to
combine the advantages of the different types of MESSs. They also allow to decrease the
negative effects of fuel power cycles and to combine between different sources of energy.
Table 3 shows the different combinations of MESSs and energy sources. The
combinations can be found in two different ways; either by energy sources or by ESSs.
Typical hybridizations of energy sources can be the Solar-Wind, Solar-Diesel, Wind-
Diesel, etc., while that of ESS can be such as FESS-CAES, CAES-Thermal ESS, etc. One
of the main benefits of using hybrid systems is to adopt standalone renewable energy
systems. This could be achieved by coupling an energy storage system to wind and solar
energy. Therefore, in [119], the ACAES was chosen as a storage system in order to avoid
any other thermal input. The results showed that the probability of losing the power
supply is very low such that it will not exceed 1%. The capital cost is the main concern
when talking about hybrid systems, however, if the operating cost is significantly
reduced, then the capital cost issue could be skipped. These systems are mostly adopted
in remote areas where the grid has not been extended. For instance, Solar-Wind-PHES
[120] can decrease the levelized cost of electricity by 32.8% and 45% compared to Solar-

PHES and Wind-PHES respectively [121].
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412  Table 3: Hybrid systems based on mechanical energy storage

Hybrid System References
Solar-Diesel-FESS [122]
Solar-Diesel-PHES-Batteries [123]
Solar-Gas Turbine-CAES [124]
Solar-Organic Rankine Cycle-CAES [125, 126]
Solar-Wind-CAES [127, 128]
Solar-Wind-FESS [129]
Solar-Wind-PHES [130-135]
Wind-Diesel-CAES [136]
Wind-Diesel-FESS [137, 138]
Wind-Diesel-PHES [139]
Wind-Electric Boiler-PHES [140]
Wind-FESS-CAES [141]
Wind-Gas Turbine-PHES [142]
Wind-Geothermal-CAES [143]
Wind-Organic Rankine Cycle-CAES [144, 145]
Wind-Thermal Unit-PHES [146]
Wind-CAES-Thermal ESS [147]

413

414 6. Discussion

415  The current increase in the usage of renewable energy imposes also to increase in MESSs

416 in order to obtain the needed performance. The evolution and development of MESSs
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start to show up after 2010 as shown in Figure 11 based on the papers analyzed in this
research. It is clearly observed that during the last four years, the number of articles of
MESSs combined with solar and/or wind is in a dramatic growth which shows the
importance of this topic nowadays. The results presented in the figures of this section are

based on Elsevier journals as a sample study.
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Figure 11: The research development of MESSs coupled with solar and wind applications

Comparison between mechanical energy storage systems

Indeed, the evolution of MESSs domain varies significantly with respect to its different
types according to global requirements which depend on the properties and advantages of
each type. Figure 12 presents the difference between the MESSs types combined with

solar and/or wind energy applications regarding the number of studies and research
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publications. This difference is directly affected by the performance of each type, storage

capacity, operating duration, initial and operating cost and environmental effects.

m PHES
m CAES
m FESS

Figure 12: The difference between mechanical energy storage systems when coupled
with wind and solar energies according to the number of studies and articles

The nature of the energy source is a major factor that affects the MESS type selection. As
a matter of fact, the characteristics of wind energy is more appropriate than solar to be
coupled with MESSs. This is due to the type of component responsible for energy
conversion in each system. Therefore, the mechanical power generated by the wind
turbine could be easily transmitted to any type of MESSs. Figure 13 shows the difference
between wind and solar energies according to the type of mechanical storage systems. It
is very noticeable that wind is considerably more investigated than solar energy when

coupled with all mentioned storage systems. The percentages of Wind-PHES and Solar-
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PHES applications are 78% and 22% while that of Wind-CAES and Solar-PHES are 85%
and 15% respectively. FESS is only coupled with wind energy (100%) because this

storage system could only be used to store mechanical power.

PHES FESS CAES
100%

80%
60%
40%

20%

0%

mWind mSolar

Figure 13: The percentage difference between solar and wind energies with respect to
their combinations with mechanical energy storage systems

As shown in Figure 14, the applications involving wind/solar and MESS had passed
through several jumps and drops. Recently, the highest investigated application is the
Wind-CAES. It has been remarkably increasing; however, the other systems are either
decreasing or remaining constant. Besides, the curves corresponding to solar energy are
always below those of wind. This confirms that wind energy is more applicable with

mechanical energy storage.
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Figure 14: The number of researches that investigated the different applications
combining wind/solar energy with MESSs with respect to time

It is essential to study the difference between the various types of energy storage in order
to choose the appropriate system to feed the needs in the case or application under study.
There are also some special characteristics and differences between the different types of
MESSs such as the very rapid discharging of power in FESS, high efficiency of PHES
regardless of time and the stability of CAES. Table 4 shows a comparison between the

different types of MESSs involving the advantages and disadvantages of each one.

Table 4: Comparison between the types of MESSs

m Advantages Disadvantages
()

e No pollution e Limited charge/discharge

e Long lifetime e Cannot stand alone with a PV plant
=
m
& | e Discharging huge amount of power in

few minutes
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e Low cost/kW
e High efficiency e High capital cost
o | Stability e Low energy density
ﬁ e Low cost/kWh e Occupying large areas
e Long discharge time e High capital cost
o Flexibility e Low efficiency
e Long discharge time e Usually natural gas is used to reheat the
% e Fast start-up air before expansion leading to CO>
@ e Low cost/kWh emissions (if not using ACAES/I-CAES)
e Stability

Recommendations

Due to the fundamental difference in terms of operational mode and characteristics,
recommendations for using MESSs are very specific and adapted to the considered
storage type. A pre-study should be performed relying on the geographic and economic
conditions of the region in order to select the optimal type of MESSs. Since PHES
requires a large amount of water, so it is not preferred to use this kind of energy storage
in areas that have low available amount of water. This system could also take advantage
of net power from rain in mountains. With this in mind, the temperature is also

considered as a critical factor such that it must be moderate to avoid freezing and
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evaporation at low and high temperatures respectively. Moreover, it is suggested to adopt
such system in places characterized by huge differences in elevations because it allows to
increase the effectiveness of PHES. To increase the profit of this system, a variable speed
pump must be installed [72]. The series connection between the wind/solar power with
PHES is able to provide more stability [46, 76]. This is a kind of automatic control to
avoid complexity since the HT will remain operating which is the only component
connected to the generator. FESS is the most economic ESS when fast responses are
required within a short operational time [23]. Magnetic bearings are responsible for
decreasing the transmission losses [30]. The less commonly used electric machine is the
SRM because it has complex control problems. Usually, SM and IM are used for high
speed and high-power applications respectively [31]. It is very necessary to use
compensators such as DSTATCOM to stabilize the output power in FESS when coupled
with renewable energy [38]. Furthermore, hydrostatic transmission and SG could serve in
decreasing frequency deviations [39]. It is recommended to replace conventional CAES
by modern types such as ACAES [109] and I-CAES [79] in order to avoid using another
heat source which will consequently increase the plant efficiency and reduce the CO;
emissions. VC-ACAES [111] has showed a great potential for decreasing the power
fluctuations which relies on multi-stage compressor and multi-stage turbine. Floating
wind/solar [83, 105] systems coupled with CAES are also highly attractive because they
are depending on underwater storage which has presented a better performance compared
to the underground one [102]. In all MESSs, it is very necessary to adopt well organized
operational strategies and feedback programs such as DRP [115] and SP [116]. The

governmental sector should support projects involving MESSs. This can be performed by
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providing the information needed for the studies as well as the lands required for the

plants’ construction.

Research gaps and future directions

e Development of software that allows to choose the optimal energy storage system
based on the available conditions, power supply and load. This will indeed help the
users to select the most suitable storage system that could fit their applications.

e Study advanced hybrid MESSs to improve the plant efficiency and get rid of the
disadvantages of the different types of storage systems as much as possible. It will be
easier to shave peak loads and increase the capacity of the whole plant. Hybrid
MESSs is the optimal way to keep the system eco-friendly and meet the requirements
needed in any type of application.

e Perform modeling and preliminary studies on hybrid systems combining MESSs with
other ESSs. This will help in studying the potential of these hybrid systems in order to
find further optimization options. Even though, combining MESSs alone is the
favorable choice of energy storage, however, in some special cases, they are not
capable of meeting all requirements. Thus, coupling different energy storage
categories is necessary, while, the most important issue is their management such that
the MESSs are the primary systems and others are the auxiliary ones to reduce the

environmental impact as much as possible.
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7. Conclusion

This review paper has investigated all research studies involving wind and/or solar
applications coupled with MESSs. These types of RESs are the most ones that require
energy storage such that they are characterized by significant intermittency. This domain
has showed a dramatic development and evolution recently. The coupling could be found
in two different ways; series and parallel. It was deduced that series connection is
preferable such that it provides an automatic control in order to reduce the sudden drop or
rise in solar or wind power. By this manner, power will be enforced to flow first through
the MESS then to the load. This will ensure stability and safety of the devices that are
connected to the system and simplify controlling issues. On the other hand, the parallel
connection could save more amount of power such that the path of energy flow is shorter
than that of series. The three main categories of mechanical energy storage systems are
FESS, PHES and CAES. FESS is based on storing energy for short durations in the form
of kinetic energy by using a rotating mass. Indeed, it has the fastest response where it
can discharge huge amount of power in few minutes however its capacity is very limited.
It is the most economic ESS in terms of fast response (lowest cost/kW). There are two
electric machines that are commonly used in flywheels; SM for high speed and IM for
high power applications. In order to stabilize the electric power, it is essential to use a
compensator such as DSTATCOM. In the presence of significant fluctuations,
hydrostatic transmission and SG would be the most favorable solutions. PHES depends
on storing water in an elevated reservoir, it can then be used as a stored potential energy.
PHESs are optimal for regions where large spaces are available as well as sufficient

amount of water. It has the highest efficiency, but it requires larger areas for installation.
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Variable speed pumps are better than that of constant speed in terms of profit. The HT
will stay operating the whole time providing the grid with the needed power. CAES, in its
turn, relies on using a compressor to store air at high pressure, it can be then expanded
when it is required in order to supply energy. It is very flexible and has a fast start-up
while it operates at lower efficiencies compared to other MESSs. Therefore, using
ACAES instead of the conventional CAES allows to avoid the need of a supplementary
heat source by the help of a thermal storage tank. It is also more favorable to use VC-
ACAES to decrease power fluctuations and/or floating systems that are based on
underwater storage to provide higher storage efficiencies compared to that of
underground. The high-power consumption of the compressor could also be reduced by
using the I-CAES because it is based on compressing air with a pump by the help of
water as a working fluid. In addition, OI-CAES has a higher energy storage density

compared to the closed type.

References

[1]  https://www.iea.org/newsroom/news/2019/march/global-energy-demand-rose-by-
23-in-2018-its-fastest-pace-in-the-last-decade.html.

[2] E. Marrasso; C. Roselli; M. Sasso, Electric efficiency indicators and carbon dioxide
emission factors for power generation by fossil and renewable energy sources on
hourly basis, Energy Conversion and Management, 196 (2019) 1369-1384.
doi:10.1016/j.enconman.2019.06.079.

[3] ParthaP. Biswas, P.N. Suganthan, Gehan A.J. Amaratunga, Optimal power flow
solutions incorporating stochastic wind and solar power,Energy Conversion and
Management, Volume 148, 2017, Pages 1194-1207, ISSN 0196-8904,
https://doi.org/10.1016/j.enconman.2017.06.071.

[4] Anya Castillo, Dennice F. Gayme, Grid-scale energy storage applications in
renewable energy integration: A survey, Energy Conversion and Management,

33



[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

Volume 87, 2014, Pages 885-894, ISSN 0196-8904,
https://doi.org/10.1016/j.enconman.2014.07.063.

Abdelfattah A. Eladl, Magda I. EI-Afifi, Mohammed A. Saeed, Magdi M. EI-
Saadawi, Optimal operation of energy hubs integrated with renewable energy
sources and storage devices considering CO2 emissions, International Journal of
Electrical Power & Energy Systems, Volume 117, 2020, 105719, ISSN 0142-0615,
https://doi.org/10.1016/j.ijepes.2019.105719.

Sima Aznavi, Poria Fajri, Reza Sabzehgarm, Arash Asrari, Optimal management of
residential energy storage systems in presence of intermittencies, Journal of
Building Engineering, 2019, 101149, ISSN 2352-7102,
https://doi.org/10.1016/j.jobe.2019.101149.

Loiy Al-Ghussain, Remember Samu, Onur Taylan, Murat Fahrioglu, Sizing
renewable energy systems with energy storage systems in microgrids for maximum
cost-efficient utilization of renewable energy resources, Sustainable Cities and
Society, Volume 55, 2020, 102059, ISSN 2210-6707,
https://doi.org/10.1016/j.scs.2020.102059.

Arianna Baldinelli, Linda Barelli, Gianni Bidini, Gabriele Discepoli, Economics of
innovative high capacity-to-power energy storage technologies pointing at 100%
renewable micro-grids, Journal of Energy Storage, Volume 28, 2020, 101198,
ISSN 2352-152X, https://doi.org/10.1016/j.est.2020.101198.

Mukrimin Sevket Guney; Yalcin Tepe, Classification and assessment of energy
storage systems, Renewable and Sustainable Energy Reviews,
doi:10.1016/j.rser.2016.11.102.

Mathew Aneke; Meihong Wang, Energy storage technologies and real life
applications - A state of the art review, Applied Energy, 179 (2016) 350-377.
doi:10.1016/j.apenergy.2016.06.097.

Riccardo Amirante, Egidio Cassone, Elia Distaso, Paolo Tamburrano,Overview on
recent developments in energy storage: Mechanical, electrochemical and hydrogen
technologies, Energy Conversion and Management, Volume 132, 2017, Pages 372-
387, ISSN 0196-8904, https://doi.org/10.1016/j.enconman.2016.11.046.

Yi Man; Yulin Han; Yusha Hu; Sheng Yang; Siyu Yang, Synthetic natural gas as
an alternative to coal for power generation in China: Life cycle analysis of haze
pollution, greenhouse gas emission, and resource consumption, Journal of Cleaner

34



[13]

[14]

[15]

[16]

[17]

[18]

[19]

Production, 172 (2018) 2503-2512. doi:10.1016/j.jclepro.2017.11.160.

Zhangcai Qin, Qianlai Zhuang, Ximing Cai, Yujie He, Yao Huang, Dong Jiang,
Erda Lin, Yaling Liu, Ya Tang, Michael Q. Wang, Biomass and biofuels in China:
Toward bioenergy resource potentials and their impacts on the environment,
Renewable and Sustainable Energy Reviews, Volume 82, Part 3, 2018, Pages 2387-
2400, ISSN 1364-0321, https://doi.org/10.1016/j.rser.2017.08.073.

Ye-Shuang Xu, Huai-Na Wu, Jack S. Shen, Ning Zhang, Risk and impacts on the
environment of free-phase biogas in quaternary deposits along the Coastal Region
of Shanghai, Ocean Engineering, Volume 137, 2017, Pages 129-137, ISSN 0029-
8018, https://doi.org/10.1016/j.0ceaneng.2017.03.051.

Qingsong Wang, Wei Liu, Xueliang Yuan, Hongrui Tang, Yuzhou Tang, Mansen
Wang, Jian Zuo, Zhanlong Song, Jing Sun, Environmental impact analysis and
process optimization of batteries based on life cycle assessment, Journal of Cleaner
Production, Volume 174, 2018, Pages 1262-1273, ISSN 0959-6526,
https://doi.org/10.1016/j.jclepro.2017.11.059.

Donggiang Zhang, Jiaxi Wang, Qian Wang, Siyun Huang, Huixia Feng, Heming
Luo, Nitrogen self-doped porous carbon material derived from metal-organic
framework for high-performance super-capacitors, Journal of Energy Storage,
Volume 25, 2019, 100904, ISSN 2352-152X,
https://doi.org/10.1016/j.est.2019.100904.

Mohamad K. Khawaja, Ammar Alkhalidi, Sara Mansour, Environmental impacts
of energy storage waste and regional legislation to curtail their effects —
highlighting the status in Jordan, Journal of Energy Storage, Volume 26, 2019,
100919, ISSN 2352-152X, https://doi.org/10.1016/j.est.2019.100919.

A.A. Khodadoost Arani; H. Karami; G.B. Gharehpetian; M.S.A. Hejazi, Review of
Flywheel Energy Storage Systems structures and applications in power systems and
microgrids, Renewable and Sustainable Energy Reviews, 69 + (2016) 9-18.
doi:10.1016/j.rser.2016. 11.166.

Mohammed Guezgouz, Jakub Jurasz, Bennaissa Bekkouche, Tao Ma, Muhammad
Shahzad Javed, Alexander Kies, Optimal hybrid pumped hydro-battery storage
scheme for off-grid renewable energy systems, Energy Conversion and
Management, Volume 199, 2019, 112046, ISSN 0196-8904,
https://doi.org/10.1016/j.enconman.2019.112046.

35



[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

Wei He, Jihong Wang, Optimal selection of air expansion machine in Compressed
Air Energy Storage_ A review, Renewable and Sustainable Energy Reviews, 87
(2018) 77-95. doi:10.1016/j.rser.2018.01.013.

Mustafa E. Amiryar and Keith R. Pullen, A Review of Flywheel Energy Storage
System Technologies and Their Applications, Applied Sciences, Appl. Sci. 2017, 7,
286; doi:10.3390/app7030286.

Samuel Wicki, Erik G. Hansen ,Clean energy storage technology in the making: An
innovation systems perspective on flywheel energy storage, Journal of Cleaner
Production ,Volume 162, 2017, Pages 1118-1134, ISSN 0959-6526,
https://doi.org/10.1016/j.jclepro. 2017.05.132.

Keith R. Pullen, The Status and Future of Flywheel Energy Storage, Joule, 3 (2019)
1394-1399. doi:10.1016/j.joule.2019.04.006.

S.M. Mousavi G; Faramarz Faraji; Abbas Majazi; Kamal Al-Haddad, A
comprehensive review of Flywheel Energy Storage System technology, Renewable
and Sustainable Energy Reviews, 67 + (2016) 477-490.
d0i:10.1016/j.rser.2016.09.060.

M.G. Read; R.A. Smith; K.R. Pullen, Optimisation of flywheel energy storage
systems with geared transmission for hybrid vehicles, MAMT, 87 (2015) 191-2009.
doi:10.1016/j.mechmachtheory.2014.11.001.

A. Rupp; H. Baier; P. Mertiny; M. Secanell, Analysis of a flywheel energy storage
system for light rail transit, Energy, 107 (2016) 625-638.
doi:10.1016/j.energy.2016.04.051.

Hansang Lee; Seungmin Jung; Yoonsung Cho; Donghee Yoon; Gilsoo Jang, Peak
power reduction and energy efficiency improvement with the superconducting
flywheel energy storage in electric railway system, Physica C, 494 (2013) 246-249.
doi:10.1016/j.physc.201 3.04.033.

Maksym Spiryagin; Peter Wolfs; Frank Szanto; Yan Quan Sun; Colin Cole;
Dwayne Nielsen, Application of flywheel energy storage for heavy haul
locomotives, Applied Energy, doi:10.1016/j.apenergy.2015.02.082.

R. Sebastian; R. Pefia Alzola, Flywheel energy storage systems Review and
simulation for an isolated wind power system, Renewable and Sustainable Energy
Reviews, 16 + (2012) 6803-6813. d0i:10.1016/j.rser.2012.08.008.

36



[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

James E. Martin; Lauren E.S. Rohwer; Joseph Stupak Jr. ,Elastic magnetic
composites for energy storage flywheels, Composites Part B, 97 (2016) 141-149.
doi:10.1016/j.compositesh.2016.03.096.

Abid Soomro, Mustafa E. Amiryar, Keith R. Pullen and Daniel Nankoo,
Comparison of Performance and Controlling Schemes of Synchronous and
Induction Machines Used in Flywheel Energy Storage Systems, Energy Procedia,
3rd Annual Conference in Energy Storage and Its Applications, 3rd CDT-ESA-AC,
11-12 September 2018, Sheffield, UK.

L. Barelli; G. Bidini; F. Bonucci; L. Castellini; A. Fratini; F. Gallorini; A. Zuccari,
Flywheel hybridization to improve battery life in energy storage systems coupled to
RES plants, Energy, doi:10.1016/j.energy.2019.02.143.

Ihssen Hamzaoui; Farid Bouchafaa; Abdelaziz Talha, Advanced control for wind
energy conversion systems with flywheel storage dedicated to improving the
quality of energy, International Journal of Hydrogen Energy,
doi:10.1016/j.ijhydene.2016.06.249.

Francisco Diaz-Gonzalez; Andreas Sumper; Oriol Gomis-Bellmunt; Fernando D.
Bianchi, Energy management of flywheel-based energy storage device for wind
power smoothing, Applied Energy, 110 (2013) 207-2109.
doi:10.1016/j.apenergy.2013.04.029.

Raymond G. Gadelrab; Mostafa S. Hamad; Ayman S. Abdel-Khalik; Amr EI
Zawawi, Wind farms-fed HVDC system power profile enhancement using solid
state transformer based flywheel energy storage system, Journal of Energy Storage,
d0i:10.1016/j.est.2015.10.003.

Francisco Diaz-Gonzalez, Melanie Hau, Andreas Sumper, Oriol Gomis-Bellmunt,
Coordinated operation of wind turbines and flywheel storage for primary frequency
control support, International Journal of Electrical Power and Energy Systems, 68
(2015) 313-326. d0i:10.1016/j.ijepes.2014.12.062.

K. Ghedamsi, D. Aouzellag, E.M. Berkouk, Control of wind generator associated
to a flywheel energy storage system, Renewable Energy 33 (2008) 2145-2156,
doi:10.1016/j.renene.2007.12.009.

G.O. Suvire, P.E. Mercado, DSTATCOM with Flywheel Energy Storage System
for wind energy applications: Control design and simulation, Electric Power
Systems Research, doi:10.1016/j.epsr.2009.09.020.

37



[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

C. Carrillo; A. Feijoo; J. Cidrés, Comparative study of flywheel systems in an
isolated wind plant, Renewable Energy 34 (2009) 890898,
doi:10.1016/j.renene.2008.06.003.

M. Mansour, M.N. Mansouri, S. Bendoukha, M.F. Mimouni, A grid-connected
variable-speed wind generator driving a fuzzy-controlled PMSG and associated to a
flywheel energy storage system, Electric Power Systems Research, Volume 180,
2020, 106137, ISSN 0378-7796, https://doi.org/10.1016/j.epsr.2019.106137.

Sandile Phillip Koko, Kanzumba Kusakana, Herman Jacobus Vermaak, Optimal
power dispatch of a grid-interactive micro-hydrokinetic-pumped hydro storage
system, Journal of Energy Storage, 17 (2018) 63-72. doi:10.1016/j.est.2018.02.013.

Muhammad Shahzad Javed, Tao Ma, Jakub Jurasz, Muhammad Yasir Amin, Solar
and wind power generation systems with pumped hydro storage: Review and future
perspectives, Renewable Energy, Volume 148, 2020, Pages 176-192, ISSN 0960-
1481, https://doi.org/10.1016/j.renene.2019.11.157.

Priyanka Chaudhary; M. Rizwan, Energy management supporting high penetration
of solar photovoltaic generation for smart grid using solar forecasts and pumped
hydro storage system, Renewable Energy, doi:10.1016/j.renene.2017.10.113.

Kanzumba Kusakana, Optimal operation scheduling of grid-connected PV with
ground pumped hydro storage system for cost reduction in small farming activities,
Journal of Energy Storage, 16 (2018) 133-138. doi:10.1016/j.est.2018.01.007.

Tao Ma, Hongxing Yang, Lin Lu, Jinging Peng, Pumped storage-based standalone
photovoltaic power generation system: Modeling and techno-economic
optimization, Applied Energy, doi:10.1016/j.apenergy.2014.06.005.

Bahadur Singh Pali; Shelly VVadhera, A novel solar photovoltaic system with
pumped-water storage for continuous power at constant voltage, Energy
Conversion and Management, 181 (2019) 133-142.
doi:10.1016/j.enconman.2018.12.004.

Luyao Liu, Qie Sun, Hailong Li, Hongyi Yin, Xiaohan Ren, Ronald Wennersten,
Evaluating the benefits of Integrating Floating Photovoltaic and Pumped Storage
Power System, Energy Conversion and Management, VVolume 194, 2019, Pages
173-185, ISSN 0196-8904, https://doi.org/10.1016/j.enconman.2019.04.071.

Stefanos V. Papaefthymiou, Stavros A. Papathanassiou, Optimum sizing of wind-
pumped-storage hybrid power stations in island systems, Renewable Energy, 64

38



[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

(2014) 187-196. doi:10.1016/j.renene.2013.10.047.

G. Caralis, K. Rados, A. Zervos, On the market of wind with hydro-pumped
storage systems in autonomous Greek islands, Renewable and Sustainable Energy
Reviews 14 (2010) 22212226, doi:10.1016/j.rser.2010.02.008.

Maureen Wanjiku Murage, C. Lindsay Anderson, Contribution of pumped hydro
storage to integration of wind power in Kenya: An optimal control approach,
Renewable Energy, 63 (2014) 698-707. doi:10.1016/j.renene.2013.10.026.

Bahtiyar Dursun, Bora Alboyaci, The contribution of wind-hydro pumped storage
systems in meeting Turkey's electric energy demand, Renewable and Sustainable
Energy Reviews 14 (2010) 1979-1988, doi:10.1016/j.rser.2010.03.030.

Mohammadreza Daneshvar, Behnam Mohammadi-lvatloo, Kazem Zare, Somayeh
Asadi, Two-stage stochastic programming model for optimal scheduling of the
wind-thermal-hydropower-pumped storage system considering the flexibility
assessment, Energy, Volume 193, 2020, 116657, ISSN 0360-5442,
https://doi.org/10.1016/j.energy.2019.116657.

Huajie Ding; Zechun Hu; Yonghua Song; Zechun Hu; Yonghua Song, Stochastic
optimization of the daily operation of wind farm and pumped-hydro-storage plant,
Renewable Energy, 48 (2012) 571-578. doi:10.1016/j.renene.2012.06.008.

B. Durga Hari Kiran, M. Sailaja Kumari, Demand response and pumped hydro
storage scheduling for balancing wind power uncertainties: A probabilistic unit
commitment approach, International Journal of Electrical Power & Energy
Systems, Volume 81, 2016, Page s 114-122, ISSN 0142-0615,
https://doi.org/10.1016/j.ijepes.2016.02.009.

Alvaro Jaramillo Duque, Edgardo D. Castronuovo, Ismael Sanchez, Julio Usaola,
Optimal operation of a pumped-storage hydro plant that compensates the
imbalances of a wind power producer, Electric Power Systems Research, VVolume
81, Issue 9, 2011, Pages 1767 -1777, ISSN 0378-7796,
https://doi.org/10.1016/j.epsr.2011.04.008.

Juan |. Pérez-Diaz, Javier Jiménez, Contribution of a pumped-storage hydropower
plant to reduce the scheduling costs of an isolated power system with high wind
power penetration, Energy, 109 (2016) 92-104. doi:10.1016/j.energy.2016.04.014.

Bruno Vieira, Ana Viana, Manuel Matos, Jodo Pedro Pedroso, A multiple criteria
utility-based approach for unit commitment with wind power and pumped storage

39



[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

hydro, Electric Power Systems Research, 131 (2016) 244-254.
doi:10.1016/j.epsr.2015.10.024.

M. Kapsali; J.S. Anagnostopoulos, Investigating the role of local Pumped-hydro
energy storage in interconnected island grids with high wind power generation,
Renewable Energy, doi:10.1016/j.renene.2017.07.014.

Gaydaa Al Zohbi, Patrick Hendrick, Christian Renier, Philippe Bouillard, The
contribution of wind-hydro pumped storage systems in meeting Lebanon's
electricity demand, International Journal of Hydrogen Energy,
doi:10.1016/j.ijhydene.2016.01.028.

R. Segurado, J.F.A. Madeira, M. Costa, N. Duic, M.G. Carvalho, Optimization of a
wind powered desalination and pumped hydro storage system, Applied Energy, 177
(2016) 487-499. doi:10.1016/j.apenergy.2016.05.125.

A. Tuohy, M. O’Malley, Pumped storage in systems with very high wind
penetration, Energy Policy, 39 + (2011) 1965-1974.
doi:10.1016/j.enpol.2011.01.026.

L. Bayon, J.M. Grau, M.M. Ruiz, P.M. Suérez, Mathematical modelling of the
combined optimization of a pumped-storage hydro-plant and a wind park,
Mathematical and Computer Modelling, 57 (2013) 2024-2028.
d0i:10.1016/j.mcm.2012.03.007.

Moein Parastegari, Rahmat-Allah Hooshmand, Amin Khodabakhshian, Zohreh
Forghani, Joint operation of wind farms and pump-storage units in the electricity
markets: Modeling, simulation and evaluation, Stimulation Modelling Practice and
Theory, 37 (2013) 56- 69. doi:10.1016/j.simpat.2013.06.001.

T. Malakar, S.K. Goswami, A.K. Sinha, Optimum scheduling of micro grid
connected wind-pumped storage hydro plant in a frequency based pricing
environment, International Journal of Electrical Power and Energy Systems, 54
(2014) 341-351. doi:10.1016/j.ijepe 5.2013.07.021.

Wolf Heinrich Reuter, Sabine Fuss, Jana Szolgayova, Michael Obersteiner,
Investment in wind power and pumped storage in a real options model, Renewable
and Sustainable Energy Reviews, 16 (2012) 2242-2248.
10.1016/j.rser.2012.01.025.

A.M. Foley, P.G. Leahy, K. Li, E.J. McKeogh, A.P. Morrison, A long-term
analysis of pumped hydro storage to firm wind power, Applied Energy,

40



[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

doi:10.1016/j.apenergy.2014.07.020.

Ahmad Ghasemi, Coordination of pumped-storage unit and irrigation system with
intermittent wind generation for intelligent energy management of an agricultural
microgrid, Energy, doi:10.1016/j.energy.2017.09.146.

S. Karhinen; H. Huuki, Private and social benefits of a pumped hydro energy
storage with increasing amount of wind power, Energy Economics, 81 (2019) 942-
959. d0i:10.1016/j.eneco0.2019.05.024.

Fausto A. Canales, Alexandre Beluco, Carlos André B. Mendes, A comparative
study of a wind hydro hybrid system with water storage capacity: Conventional

reservoir or pumped storage plant?, Journal of Energy Storage, 4 (2015) 96-105.
d0i:10.1016/j.est.2015 .09.007.

Julian David Hunt, Edward Byers, Keywan Riahi, Simon Langan, Comparison
between seasonal pumped-storage and conventional reservoir dams from the water,
energy and land nexus perspective, Energy Conversion and Management, VVolume
166, 2018, Pages 385-401, ISSN 0196-8904,
https://doi.org/10.1016/j.enconman.2018.04.044.

Jorge A.M. Sousa, Fabio Teixeira, Sérgio Faias, Impact of a price-maker pumped
storage hydro unit on the integration of wind energy in power systems, Energy,
doi:10.1016/j.energy.2014.03.039.

Stefanos V. Papaefthymiou; Vasileios G. Lakiotis; loannis D. Margaris; Stavros A.
Papathanassiou, Dynamic analysis of island systems with wind-pumped-storage
hybrid power stations, Renewable Energy, 74 (2015) 544-554.
doi:10.1016/j.renene.2014.08.062.

John S. Anagnostopoulos, Dimitris E. Papantonis, Pumping station design for a
pumped-storage wind-hydro power plant, Energy Conversion and Management 48
(2007) 3009-3017, doi:10.1016/j.enconman.2007.07.015.

A.G. Endegnanew, H. Farahmand, D. Huertas-Hernando, Frequency Quality in the
Nordic Power System: Wind Variability, Hydro Power Pump Storage and Usage of
HVDC Links, Energy Procedia, 35 (2013) 62-68.
doi:10.1016/j.egypro.2013.07.159.

Dimitris Al. Katsaprakakis, Dimitris G. Christakis, Seawater pumped storage
systems and offshore wind parks in islands with low onshore wind potential. A
fundamental case study, Energy, 66 (2014) 470-486.

41



[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

doi:10.1016/j.energy.2014.01.021.

Bahadur Singh Pali; Shelly VVadhera, A novel pumped hydro-energy storage
scheme with wind energy for power generation at constant voltage in rural areas,
Renewable Energy, doi:10.1016/j.renene.2018.05.028.

Bruno Cardenas; Adam Hoskin; James Rouse; Seamus D. Garvey, Wire-wound
pressure vessels for small scale CAES, Journal of Energy Storage, 26 (2019)
100909. doi:10.1016/j.est.2019.1009009.

Amir Reza Razmi, Majid Janbaz, Exergoeconomic assessment with reliability
consideration of a green cogeneration system based on compressed air energy
storage (CAES), Energy Conversion and Management, Volume 204, 2020, 112320,
ISSN 0196-8904, https://doi.org/10.1016/j.enconman.2019.112320.

Hua Chen, Yu-hang Peng, Yan-ling Wang, Jun Zhang, Thermodynamic analysis of
an open type isothermal compressed air energy storage system based on hydraulic
pump/turbine and spray cooling, Energy Conversion and Management, Volume
204, 2020, 112293, ISSN 0196-8904,
https://doi.org/10.1016/j.enconman.2019.112293.

A. Arabkoohsar, L. Machado, M. Farzaneh-Gord, R.N.N. Koury, The first and
second law analysis of a grid connected photovoltaic plant equipped with a
compressed air energy storage unit, Energy, 87 (2015) 520-539.
doi:10.1016/j.energy.2015.05.008.

A. Arabkoohsar, L. Machado, R.N.N. Koury, Operation analysis of a photovoltaic
plant integrated with a compressed air energy storage system and a city gate
station, Energy, 98 (2016) 78-91. doi:10.1016/j.energy.2016.01.023.

A. Arabkoohsar, L. Machado, M. Farzaneh-Gord, R.N.N. Koury, Thermo-
economic analysis and sizing of a PV plant equipped with a compressed air energy
storage system, Renewable Energy, 83 (2015) 491-509.
doi:10.1016/j.renene.2015.05.005.

R. Cazzaniga, M. Cicu, M. Rosa-Clot, P. Rosa-Clot, G.M. Tina, C. Ventura,
Compressed air energy storage integrated with floating photovoltaic plant, Journal
of Energy Storage, 13 (2017) 48-57. doi:10.1016/j.est.2017.06.006.

Abdul Hai Alami, Kamilia Aokal, Jehad Abed, Mohammad Alhemyari, Low
pressure, modular compressed air energy storage (CAES) system for wind energy
storage applications, Renewable Energy, Volume 106, 2017, Pages 201-211, ISSN

42



[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

0960-1481, https://doi.org/10.1 016/j.renene.2017.01.002.

Mohammad Satkin, Younes Noorollahi, Majid Abbaspour, Hossein Yousefi, Multi
criteria site selection model for wind-compressed air energy storage power plants in
Iran, Renewable and Sustainable Energy Reviews, 32 + (2014) 579-590.
doi:10.1016/j.rser.2014.0 1.054.

Mohammad Ghaljehei, Ali Ahmadian, Masoud Aliakbar Golkar, Turaj Amraee, Ali
Elkamel, Stochastic SCUC considering compressed air energy storage and wind
power generation_ A techno-economic approach with static voltage stability
analysis, Electrical Power a nd Energy Systems, 100 (2018) 489-507.
doi:10.1016/j.ijepes.2018.02.046.

Paul Denholm, Ramteen Sioshansi, The value of compressed air energy storage
with wind in transmission-constrained electric power systems, Energy Policy 37
(2009) 3149-3158, d0i:10.1016/j.enpol.2009.04.002.

He Jin; Pei Liu; Zheng Li, Dynamic modeling and design of a hybrid compressed
air energy storage and wind turbine system for wind power fluctuation reduction,
Computers and Chemical Engineering, Volume 122, 4 March 2019, Pages 59-65,
doi:10.1016/j.compchemeng.2018.05.023.

Omar Ramadan; Siddig Omer; Yate Ding; Hasila Jarimi; Xiangjie Chen; Saffa
Riffat, Economic Evaluation of installation of standalone wind farm and
Wind+CAES system for the new regulating tariffs for renewables in Egypt,
Thermal Science and Engineering Progress, doi:10.1016/j.tsep.2018.06.005.

James E. Mason, Cristina L. Archer, Baseload electricity from wind via
compressed air energy storage (CAES), Renewable and Sustainable Energy
Reviews, 16 (2012) 1099-1109. 10.1016/j.rser.2011.11.009.

M. Abbaspour, M. Satkin, B. Mohammadi-Ivatloo, F. Hoseinzadeh Lotfi, Y.
Noorollahi, Optimal operation scheduling of wind power integrated with
compressed air energy storage (CAES), Renewable Energy, 51 (2013) 53-59.
doi:10.1016/j.renene.2012.09.007.

Abdul Hai Alami, Experimental assessment of compressed air energy storage
(CAES) system and buoyancy work energy storage (BWES) as cellular wind
energy storage options, Journal of Energy Storage, 1 (2015) 38-43.
doi:10.1016/j.est.2015.05.004.

43



[93]

[94]

[95]

[96]

[97]

[98]

[99]

Federico de Bosio, Vittorio Verda, Thermoeconomic analysis of a Compressed Air
Energy Storage (CAES) system integrated with a wind power plant in the
framework of the IPEX Market, Applied Energy,
doi:10.1016/j.apenergy.2015.01.052.

Samir Succar, David C. Denkenberger, Robert H. Williams, Optimization of
specific rating for wind turbine arrays coupled to compressed air energy storage,
Applied Energy, 96 (2012) 222-234. doi:10.1016/j.apenergy.2011.12.028.

Binghui Li, Joseph F. DeCarolis, A techno-economic assessment of offshore wind
coupled to offshore compressed air energy storage, Applied Energy, 155 (2015)
315-322. d0i:10.1016/j.apenergy.2015.05.111.

Shuiguang Tong, Zhewu Cheng, Feiyun Cong, Zheming Tong, Yidong Zhang,
Developing a grid-connected power optimization strategy for the integration of
wind power with low-temperature adiabatic compressed air energy storage,
Renewable Energy, doi:10.1016/j.renene.2018.02.067.

Yun Liu, Chi-Keung Woo, Jay Zarnikau, Wind generation’s effect on the ex post
variable profit of compressed air energy storage: Evidence from Texas, Journal of
Energy Storage, 9 (2017) 25-39. doi:10.1016/j.est.2016.11.004.

Yuan Zhang, Ke Yang, Xuemei Li, Jianzhong Xu, Thermodynamic analysis of
energy conversion and transfer in hybrid system consisting of wind turbine and
advanced adiabatic compressed air energy storage, Energy, 77 (2014) 460-477.
doi:10.1016/j.energy.2014.0 9.030.

Hui Meng; Meihong Wang; Olumide Olumayegun; Xiaobo Luo; Xiaoyan Liu,
Process design, operation and economic evaluation of compressed air energy
storage (CAES) for wind power through modelling and simulation, Renewable
Energy, doi:10.1016/j.renene.2019.01.043.

[100] Mohsen Saadat, Farzad A. Shirazi, Perry Y. Li, Modeling and control of an open

accumulator Compressed Air Energy Storage (CAES) system for wind turbines,
Applied Energy, 137 (2015) 603-616. doi:10.1016/j.apenergy.2014.09.085.

[101] Nor Shahida Hasan, Mohammad Yusri Hassan, Hayati Abdullah, Hasimah Abdul

Rahman, Wan Zaidi Wan Omar, Norzanah Rosmin, Improving power grid
performance using parallel connected Compressed Air Energy Storage and wind
turbine system, Renewable Energy, 96 (20 16) 498-508.
doi:10.1016/j.renene.2016.04.088.

44



[102] Zhiwen Wang, Wei Xiong, David S.-K. Ting, Rupp Carriveau, Zuwen Wang,
Comparison of underwater and underground CAES systems for integrating floating
offshore wind farms, Journal of Energy Storage, doi:10.1016/j.est.2017.11.001.

[103] Oceéane Maisonnave, Luc Moreau, René Aubrée, Mohamed-Fouad Benkhoris,
Thibault Neu, David Guyomarc’h, Optimal energy management of an underwater
compressed air energy storage station using pumping systems, Energy Conversion
and Management, Volume 165, 2018, Pages 771-782, ISSN 0196-8904,
https://doi.org/10.1016/j.enconman.2018.04.007.

[104] Jalal Moradi, Hossein Shahinzadeh, Amirsalar Khandan, Majid Moazzami, A
Profitability Investigation into the Collaborative Operation of Wind and
Underwater Compressed Air Energy Storage Units in the Spot Market, Energy,
doi:10.1016/j.energy.2017.11.088.

[105] Tonio Sant; Daniel Buhagiar; Robert N. Farrugia, Evaluating a new concept to
integrate compressed air energy storage in spar-type floating offshore wind turbine
structures, Ocean Engineering, 166 (2018) 232-241.
doi:10.1016/j.0ceaneng.2018.08.017.

[106] Yaowang Li, Shihong Miao, Binxin Yin, Ji Han, Shixu Zhang, Jihong Wang, Xing
Luo,Combined Heat and Power dispatch considering Advanced Adiabatic
Compressed Air Energy Storage for wind power accommodation, Energy
Conversion and Management, Volume 200, 2019, 112091, ISSN 0196-8904,
https://doi.org/10.1016/j.enconman.2019.112091.

[107] Long Xiang Chen, Peng Hu, Pan Pan Zhao, Mei Na Xie, Dong Xiang Wang, Feng
Xiang Wang, A novel throttling strategy for adiabatic compressed air energy
storage system based on an ejector, Energy Conversion and Management, Volume
158, 2018, Pages 50-59, ISSN 0196-8904,
https://doi.org/10.1016/j.enconman.2017.12.055.

[108] Zhonghe Han, Senchuang Guo, Shan Wang, Wei Li, Thermodynamic analyses and
multi-objective optimization of operation mode of advanced adiabatic compressed
air energy storage system, Energy Conversion and Management, VVolume 174,
2018, Pages 45-53, ISSN 0196-8904,
https://doi.org/10.1016/j.enconman.2018.08.030.

[109] Heejung Park, Ross Baldick, Integration of compressed air energy storage systems
co-located with wind resources in the ERCOT transmission system, International
Journal of Electrical Power and Energy Systems, 90 (2017) 181-189.

45



doi:10.1016/j.ijepes.2017.01 .021.

[110] Evert A. Bouman, Martha M. Oberg, Edgar G. Hertwich, Environmental impacts of
balancing offshore wind power with compressed air energy storage (CAES),
Energy, 95 (2016) 91-98. doi:10.1016/j.energy.2015.11.041.

[111] Yi Zhang; Yujie Xu; Xuezhi Zhou; Huan Guo; Xinjing Zhang; Haisheng Chen,
Compressed air energy storage system with variable configuration for
accommodating large-amplitude wind power fluctuation, Applied Energy, 239
(2019) 957-968. doi:10.1016/j.apenergy.2019.01.250.

[112] Reinhard Madlener, Jochen Latz, Economics of centralized and decentralized
compressed air energy storage for enhanced grid integration of wind power,
Applied Energy, 101 (2013) 299-309. doi:10.1016/j.apenergy.2011.09.033.

[113] Hao Sun, Xing Luo, Jihong Wang, Feasibility study of a hybrid wind turbine
system - Integration with compressed air energy storage, Applied Energy, 137
(2015) 617-628. doi:10.1016/j.apenergy.2014.06.083.

[114] Safal Bhattarai; Rajesh Karki; Prasanna Piya, Reliability and economic assessment
of compressed air energy storage in transmission constrained wind integrated
power system, Journal of Energy Storage, 25 (2019) 100830.
d0i:10.1016/j.est.2019.100830.

[115] Arya Abdolahi; Farhad Samadi Gazijahani; As’ad Alizadeh; Navid Taghizadegan
Kalantari, Chance-constrained CAES and DRP scheduling to maximize wind
power harvesting in congested transmission systems considering operational
flexibility, Sustainable Cities and Society, 51 (2019) 101792.
d0i:10.1016/j.5¢s.2019.101792.

[116] Ebrahim Akbari; Rahmat-Allah Hooshmand; Mehdi Gholipour; Moein Parastegari,
Stochastic programming-based optimal bidding of compressed air energy storage
with wind and thermal generation units in energy and reserve markets, Energy,
doi:10.1016/j.energy.2019.01.014.

[117] Mostafa Sedighizadeh; Masoud Esmaili; S. Mohammadreza Mousavi-Taghiabadi,
Optimal joint energy and reserve scheduling considering frequency dynamics,
compressed air energy storage, and wind turbines in an electrical power system,
Journal of Energy Storage , 23 (2019) 220-233. doi:10.1016/j.est.2019.03.019.

[118] Parinaz Aliasghari; Milad Zamani-Gargari; Behnam Mohammadi-Ivatloo, Look-
ahead risk-constrained scheduling of wind power integrated system with

46



compressed air energy storage (CAES) plant, Energy,
doi:10.1016/j.energy.2018.06.215.

[119] Pan Zhao, Wenpan Xu, Shigiang Zhang, Jiangfeng Wang, Yiping Dai, Technical
feasibility assessment of a standalone photovoltaic/wind/adiabatic compressed air
energy storage based hybrid energy supply system for rural mobile base station,
Energy Conversion and Management, VVolume 206, 2020, 112486, ISSN 0196-
8904, https://doi.org/10.1016/j.enconman.2020.112486.

[120] Arun Rathore; N.P. Patidar, Reliability assessment using probabilistic modelling of
pumped storage hydro plant with PVV-Wind based standalone microgrid, Electrical
Power and Energy Systems, 106 (2019) 17-32. doi:10.1016/}.ijepes.2018.09.030.

[121] Xiao Xu, Weihao Hu, Di Cao, Qi Huang, Cong Chen, Zhe Chen, Optimized sizing
of a standalone PV-wind-hydropower station with pumped-storage installation
hybrid energy system, Renewable Energy, Volume 147, Part 1, 2020, Pages 1418-
1431, ISSN 0960-1481, https://doi.org/10.1016/j.renene.2019.09.099.

[122] Makbul A.M. Ramli; Ayong Hiendro; Ssennoga Twaha, Economic analysis of
PV/diesel hybrid system with flywheel energy storage, Renewable Energy, 78
(2015) 398-405. doi:10.1016/j.renene.2015.01.026.

[123] Anna Stoppato, Giovanna Cavazzini, Guido Ardizzon, Antonio Rossetti, A PSO
(particle swarm optimization)-based model for the optimal management of a small
PV(Photovoltaic)-pump hydro energy storage in a rural dry area, Energy,
doi:10.1016/j.energy.2014.06.004.

[124] Xusheng Wang, Cheng Yang, Manman Huang, Xiaogian Ma, Multi-objective
optimization of a gas turbine-based CCHP combined with solar and compressed air
energy storage system, Energy Conversion and Management, 164 (2018) 93-101.
doi:10.1016/j.enconman.2018.02 .081.

[125] Xusheng Wang, Cheng Yang, Manman Huang, Xiaogian Ma, Off-design
performances of gas turbine-based CCHP combined with solar and compressed air
energy storage with organic Rankine cycle, Energy Conversion and Management,
156 (2017) 626-638. doi:10.1016/j.en conman.2017.11.082.

[126] Cheng Yang, Xusheng Wang, Manman Huang, Su Ding, Xiaogian Ma, Design and
simulation of Gas Turbine-Based CCHP Combined with Solar and Compressed Air
Energy Storage in a hotel Building, Energy & Buildings,
doi:10.1016/j.enbuild.2017.08.035.

47



[127] Vincenzo Marano, Gianfranco Rizzo, Francesco Antonio Tiano, Application of
dynamic programming to the optimal management of a hybrid power plant with
wind turbines, photovoltaic panels and compressed air energy storage, Applied
Energy, 97 (2012) 849-859. doi:10.1016/j.apenergy.2011.12.086.

[128] Sike Wu; Cheng Zhou; Elham Doroodchi; Behdad Moghtaderi, Thermodynamic
analysis of a novel hybrid thermochemical-compressed air energy storage system
powered by wind, solar and/or off-peak electricity, Energy Conversion and
Management, 180 (2019) 1268-1280. doi:10.1016/j.enconman.2018.11.063.

[129] Ghada Boukettaya, Lotfi Krichen, A dynamic power management strategy of a grid
connected hybrid generation system using wind, photovoltaic and Flywheel Energy
Storage System in residential applications, Energy, Volume 71, 2014, Pages 148
159, ISSN 0360-54 42, https://doi.org/10.1016/j.energy.2014.04.039.

[130] Gilles Notton; Driada Mistrushi; Ludmil Stoyanov; Pellumb Berberi, Operation of
a photovoltaic-wind plant with a hydro pumping-storage for electricity peak-
shaving in an island context, Solar Energy, 157 (2017) 20-34.
doi:10.1016/j.solener.2017.08.016.

[131] Tao Ma, Hongxing Yang, Lin Lu, Jinging Peng, Technical feasibility study on a
standalone hybrid solar-wind system with pumped hydro storage for a remote
island in Hong Kong, Renewable Energy, 69 (2014) 7-15.
doi:10.1016/j.renene.2014.03.028.

[132] Tao Ma, Hongxing Yang, Lin Lu, Jinging Peng, Optimal design of an autonomous
solar-wind-pumped storage power supply system, Applied Energy, Volume 160,
2015, Pages 728-736, ISSN 0306 2619,
https://doi.org/10.1016/j.apenergy.2014.11.026.

[133] Morteza Zare Oskouei, Ahmad Sadeghi Yazdankhah, Scenario-based stochastic
optimal operation of wind, photovoltaic, pump-storage hybrid system in frequency-
based pricing, Energy Conversion and Management, 105 (2015) 1105-1114.
doi:10.1016/j.enconman.2015. 08.062.

[134] Mehmet Melikoglu, Pumped hydroelectric energy storage_ Analysing global
development and assessing potential applications in Turkey based on Vision 2023
hydroelectricity wind and solar energy targets, Renewable and Sustainable Energy
Reviews, 72 + (2017) 1 46-153. doi:10.1016/j.rser.2017.01.060.

[135] Moein Parastegari; Rahmat-Allah Hooshmand; Amin Khodabakhshian; Amir-
Hossein Zare, Joint operation of wind farm, photovoltaic, pump-storage and energy

48



storage devices in energy and reserve markets, International Journal of Electrical
Power and Energy Syst ems, 64 (2015) 275-284. doi:10.1016/j.ijepes.2014.06.074.

[136] Tammam Basbous, Rafic Younes, Adrian llinca, Jean Perron, Optimal management
of compressed air energy storage in a hybrid wind-pneumatic-diesel system for
remote area's power generation, Energy, 84 (2015) 267-278.
doi:10.1016/j.energy.2015.02.114.

[137] R. Sebastian; R. Pefia-Alzola, Control and simulation of a flywheel energy storage
for a wind diesel power system, International Journal of Electrical Power and
Energy Systems, 64 (2015) 1049-1056. doi:10.1016/j.ijepes.2014.08.017.

[138] Ludovic Leclercq, Benoit Robyns, Jean-MichelGrave, Control based on fuzzy logic
of a flywheel energy storage system associated with wind and diesel generators,
Mathematics and Computers in Simulation, Volume 63, Issues 3-5, 17 November
2003, Pages 271-280 , https://doi.org/10.1016/S0378-4754(03)00075-2.

[139] Cheng-Liang Chen, Hui-Chu Chen, Jui-Yuan Lee, Application of a generic
superstructure-based formulation to the design of wind-pumped-storage hybrid
systems on remote islands, Energy Conversion and Management, 111 (2016) 339-
351. doi:10.1016/j.enconman.201 5.12.057.

[140] Ning Zhang , XiLu , Michael B. McElroy, Chris P. Nielsen, Xinyu Chen, Yu Deng,
Chongging Kang, Reducing curtailment of wind electricity in China by employing
electric boilers for heat and pumped hydro for energy storage, Applied Energy, 184
(2016) 987-994 . doi:10.1016/j.apenergy.2015.10.147.

[141] Pan Zhao, Mingkun Wang, Jiangfeng Wang, Yiping Dai, A preliminary dynamic
behaviors analysis of a hybrid energy storage system based on adiabatic
compressed air energy storage and flywheel energy storage system for wind power
application, Energy, Volume 8 4, 2015, Pages 825-839, ISSN 0360-5442,
https://doi.org/10.1016/j.energy.2015.03.067.

[142] Michele Bianchi; Lisa Branchini; Nicolo Cavina; Alberto Cerofolini; Enrico Corti;
Andrea De Pascale; Valentina Orlandini; Francesco Melino; Davide Moro; Antonio
Peretto; Fabrizio Ponti, Managing Wind Variability with Pumped Hydro Storage
and Gas Turbines, Energy Procedia, 45 (2014) 22-31.
doi:10.1016/j.egypro.2014.01.004.

[143] Hamid Rahmanifard; Tatyana Plaksina, Hybrid compressed air energy storage,
wind and geothermal energy systems in Alberta: Feasibility simulation and
economic assessment, Renewable Energy, 143 (2019) 453-470.

49



561

562

doi:10.1016/j.renene.2019.05.001.

[144] Wei Ji, Yuan Zhou, Yu Sun, Wu Zhang, Baolin An, Junjie Wang, Thermodynamic
analysis of a novel hybrid wind-solar-compressed air energy storage system,
Energy Conversion and Management, 142 (2017) 176-187.
doi:10.1016/j.enconman.2017.02.053.

[145] Amin Mohammadi, Mohammad H. Ahmadi, Mokhtar Bidi, Fatemeh Joda, Antonio
Valero, Sergio Uson, Exergy analysis of a Combined Cooling, Heating and Power
system integrated with wind turbine and compressed air energy storage system,
Energy Conversion and Manag ement, doi:10.1016/j.enconman.2016.11.003.

[146] Mustafa S. Al-Swaiti, Ali T. Al-Awami, Mohammad Wagas Khalid, Co-optimized
Trading of Wind-Thermal-Pumped Storage System in Energy and Regulation
Markets, Energy, doi:10.1016/j.energy.2017.07.101.

[147] Zhiwei Yang, Zhe Wang, Peng Ran, Zheng Li, Weidou Ni, Thermodynamic
analysis of a hybrid thermal-compressed air energy storage system for the
integration of wind power, Applied Thermal Engineering, 66 (2014) 519-527.
doi:10.1016/j.applthermaleng.2014.02.0 43.

50



