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Abstract: Integration of Compressed Air Energy Storage (CAES) system with a wind turbine is
critical in optimally harvesting wind energy given the fluctuating nature of power demands. Here we
consider the design of a CAES for a wind turbine with hydrostatic powertrain. The design parameters
of the CAES are determined based on simulation of the integrated system model for a combination of
these parameter values, namely the compression ratios of the air compressors and the expanders and
the air tank size. The results of the simulations were used to choose the best design parameters,
which would produce the best stable performance through increased energy output of the integrated
CAES and wind turbine based on the intermittent wind profile. Simulation results for a 600 kW rated
power wind turbine with integrated CAES indicate that increasing the tank size and compression
ratio will improve the overall power quality through increased energy output up to a limit beyond
which the power quality exhibits only marginal improvement.

Keywords: CAES; hydrostatic drive wind turbine; annual energy yield; design optimization;
compression ratio; tank size

Nomenclature: B,: Viscous damping coefficient; CAES: Compressed air energy storage; A-CAES:
Adiabetic compressed air energy storage; D-CAES: Diabatic compressed air energy storage; I-CAES:
Isothermal compressed air energy storage; C,: Specific heat at constant pressure; Cs: Slippage
coefficient; C,: Viscous drag coefficient; Dn: Motor displacement; D,: Pump displacement;
Energyrequired: the total energy demand; Energyior: the total energy supplied to the grid; Kys: Motor
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inertia; Kns: Motor leakage flow coefficient; In,: Pump slippage coefficient; M: Mass of air in the
tank; m;,: Air mass flow through compressors; mg,.: Air mass flow going through gas turbines
From the air tank; n: Polytrophic index of the compressor train and is set as 1.4; P1, P,: Output
Pressure of each compressor; P.: Energy consumed by each of the compressor; Pinc: Air pressure
entering compressors; Pin«: Air pressure entering turbine; Py, Differential pressure across the motor;
Pmax: Maximum pressure inside the air tank; Pouic: Air pressure leaving compressors; Poye: Air
pressure leaving turbine; Py: Differential pressure across the pump; Pi: Power generated by each gas
turbine; Qm: Actual motor delivered flow rate; Qp: Actual pump delivered flow rate; R: The universal
gas constant; SC: Air tank storage capacity; TES: Thermal Energy Storage; Tux: Heat Exchanger
Temperature Tinc: Air temperature entering compressors = 293 K; Tin«: Air temperature entering the
turbine; Toutc: Air temperature leaving compressors; Tournx: Air temperature leaving Heat exchanger;
Toutt: Air temperature leaving turbine; Ts: Storage air temperature inside the tank; Turbe,: The gas
turbine power in kW; V: Tank volume; B.: Compression ratio of each compressor; B:: The
compression ratio of each turbine; n: Efficiency Storage Tank; n.: Efficiency of each compressor;
nux: The efficiency of heat exchanger; n: The efficiency of each gas turbine; v:
Energyrota/ENergyrequired ; 1: Absolute viscosity; tioad: Load torque; wp: Pump angular velocity; om:
Motor angular velocity.

1. Introduction

Wind energy is the fastest growing renewable energy in the world. US wind energy capacity
grew by 4.8 GW in 2014, a 7.8% increase from 2013, to represent 5.7% of total U.S. cumulative
installed power generation capacity 30. It represented about 33% of total renewable power
generation capacity in the USA in 2014. However, China continued to lead the world in cumulative
installed wind capacity of over 114 GW in 2014.

The conventional wind turbine includes a mechanical gearbox in the nacelle attached to the
turbine. The rotor of the turbine transmits the wind energy to the gearbox which is connected to the
electrical generator. All the components are housed inside the nacelle, which makes it very hard for
regular inspection and maintenance. The gearbox of the wind turbine will have higher downtimes
due to routine repairs and preventive maintenance as compared to hydraulic transmission [1].

Hydrostatic drive wind turbines are a relatively new type of wind turbines that have been
introduced in the recent years. These wind turbines offer the opportunity to bring most of the nacelle
equipment down to the ground, which open up the door for many improvements in the wind turbine
technology including the reduction in the cost of the construction and maintenance of the turbine. In
these turbines, the wind energy is transferred to hydraulic power by connecting a positive
displacement hydraulic pump to the turbine rotor. The hydraulic power is transported through
hydraulic lines down to the ground level that drives a hydraulic motor, which, in turn, is connected to
a generator to generate electrical power. Both the generator and the gearbox are eliminated from a
traditional nacelle in such a hydrostatic drive turbine. It has been shown that the capacity factor can
be increased through optimal control of the tip speed ratio and the motor displacement for the same
cost because of the new turbine benefits largely from reduced construction, operating, and
maintenance costs [2-5].
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Figure 1. World production of wind energy [6].

The intermittent nature of wind energy negatively impacts the power quality in the grid since
the percentage of wind power generation is on the rise. Compressed Air Energy Storage (CAES) can
be used as an energy storage system to minimize the intermittent effect of the wind turbine power to
the grid. The first idea of using compressed air to store electrical energy goes back to 1940s [7]. The
first CAES plant was built in Huntorf Germany in 1978 [8]. US built its first CAES plant in 1991 at
Mcintosh site [9]. CAES plants at Huntorf and Mclintosh were built to improve peak power
capability and economic optimization of storing cheaper base load power to be used at peak hours.
Today, the main driver for CAES plants is balancing intermittent renewable energy power feed in.

The basic concept of CAES is as follows. At high wind speeds, when more wind power can be
generated than demanded by the grid, the extra wind energy is used to compress air inside an air tank.
The compressed air is released to drive a turbine connected to the generator to supply the energy
shortfall when wind speeds are lower than demand [10,11].

We can divide CAES technologies into three streams diabatic (D-CAES), adiabatic (A-CAES),
and isothermal (I-CAES) concepts [12]. The three types differ by how the heat is handled through
out the compression and expansion stage. In D-CAES the heat resulting from air compression is
cooled to the ambient. A heat source (usually gas-fueled) is needed for the discharging process of the
air from the tank by pre-heating the compressed air before the expander or turbine. In California,
PG&E is planning a 300 MWel D-CAES to be in operation in 2020-2021 [13]. Sacramento
Municipal Utility District is doing feasibility and conceptual engineering analyses for a wind farm
coupled small D-CAES (15-50 MWel) as well as for one or more 135 MWel plants [14,15]. In Texas,
two plants have been announced at the Bethel Energy Center near Dallas and the Matagorda Energy
Center near Houston [16]. New York Power Authority (NYPA) is planning a utility-scale D-CAES
and has finished the design, performance, and thermodynamic studies on a small-scale D-CAES with
about 10 MW of rated power and a storage capacity of 4.5 h by using steel pipes as aboveground
CAS [17]. More projects still on their way are an aboveground D-CAES on Hawaii [18] and a
100-300 MWel plant by Nebraska Public Power District using the Dakota porous sandstone
formation as storage, which is currently in test operation [19].

In A-CAES, the heat due to compression is captured in additional Thermal Energy Storage (TES)
devices and is used back to pre-heat the air going out of the tank to the expander or turbine. This type
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of systems can achieve 60-74% efficiency with 80-90% TES efficiency [20-22]. A European
research AA-CAES4 project started in 2003 [19] to develop an A-CAES plant with 70% cycle
efficiency overcoming the low cycle efficiency of D-CAES. One of the outcomes of the project was
a conceptual plant layout for a 300 MW A-CAES plant. Despite the interest of several European
utilities, this type of A-CAES has not been realized so far. The main obstacle seems to be the
considerable development effort related to the adiabatic compressor and to the TES together with the
very limited number of installations to be expected. Cardenas et al. introduced an innovative
development to the A-CAES system to lower the total cost of the system by for a specific exergy
storage capacity. They preheated the air entering the first compressor to increase the fraction of the
total exergy [23]. Wolf and Budt [24] showed that low-temperature A-CAES can achieve better
economical performance but with lower efficiencies 50-60%.

In contrast to D-CAES and A- CAES concepts, the heat of compression is to be minimized or
even prevented in I-CAES concepts. For I-CAES, there are very few attempts that have been
undertaken at the level of startup companies.

In this paper, we consider the design of an integrated wind turbine and CAES through
optimization of a performance index based on simulation experiments at various compression ratios
and tank sizes. As a test case, a 600 kW rated hydrostatic wind power system is integrated with an
A-CAES. The system is mathematically modeled for different compression ratios and tank sizes. Its
operation and effects on power delivery improvements are also studied. The main goal of the control
system is to maintain a generator frequency of 60 Hz with #10% variation while the integrated
hydrostatic wind turbine and CAES can deliver a stable power supply to meet the demand. The
dynamics of the CAES are modeled to include different design parameters. Simulation experiments
are performed to study the relationship between the tank size and compression ratios. The main target
of this paper is to help the designer of a CAES system to select the best suitable Tank size and
Compression ratio.

2. Hydraulic power system

The wind turbine system studied in this paper is a high torque low-speed turbine. Intermittent
nature of wind results in fluctuations in hydraulic flow from the prime mover to the generator unit,
which causes the output power to be unstable. A goal of this paper is to select and design the
compressors, air tank, and expander sizes in order to provide a steady electric power as per the grid
requirements. Steady electric output power requires steady torque and speed to the generator. To
achieve this goal A-CAES system is used to stabilize the torque for the wind turbine system. The
wind drives the turbine rotor, which is connected to a fixed displacement pump. The fixed
displacement pump provides flow with at varying pressures to the motor due to the intermittent
nature of the wind. The flow is passed to a variable displacement motor which is controlled to
maintain a fixed rotational speed of 900 rpm as an output. The motor is connected directly to the
generator and the CAES.

The CAES system is controlled so that it collects the extra torque from the motor when the
demand is lower than the available wind power and provides additional torque to the generator when
needed. The excess wind power is used by the compressor to store the energy in terms of pressurized
air in the tank and released when the available wind power falls short of the demand in order to
stabilize the output power.
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Figure 2 shows the overall system configuration. The hydraulic components that affect the
dynamics of the system needs to be modeled. These components are briefly described as follows.

Fotor

Fixed Dizplagement Pump

Variable Displacement Motor

Electric Power Output at
60 Hz

Figure 2. Hydraulic transmission wind turbine integrated with CAES.
2.1. Hydraulic pump

The pump used in the system is a fixed displacement pump. Fixed displacement pumps have
much fewer maintenance problems than variable displacement pumps. It is also much cheaper. Based
on its geometry and working pressure, each pump is associated with a theoretical displacement and
volumetric losses due to a portion of the flow leaks back to the inlet port. The pump governing
equations are described as follows [25,26]:

CsD
Qp = Dpwyp _Tppp )
C, is a constant term depending on the internal structure of a pump [27]. Therefore, (1) can be

re-written using the pump slippage coefficient K, as follows:

_ GsDp

Kps == )

Qp = Dy, — KpsPy (3)

The leakage in the pump is due to two reason. The first reason is the laminar leakage due to
pressure gradient in the clearance of the pump. The second reason is the flow loss due to
compression. Different leakage models have been investigated in [28] based on the above reasons. It
was proven experimentally that laminar leakages exhibit a linear behavior [29-31].

2.2. Variable displacement hydraulic motor

The speed of the motor can be controlled using its displacement. The motor is controlled to have
a constant rotational speed of the shaft under different wind speeds. This is very important because
the shaft is connected to a synchronous generator that needs to be run at constant speed. The
governing equation for the motor flow is similar to the pump’s flow equation but with the motor
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leakage flow coefficient K, as the additive term [25,26]:
Qm = D + KinsPy (4)

The hydraulic motor equations are similar to hydraulic pump ones. In addition to that, the torque
equation can be written based on driving torque and braking torque applied to a hydraulic motor.
Additional losses terms are not considered in the following formulation [24] because their values are
typically much less than the viscous term [25,26,32]:

dom
In % = Dy Py — CyDiHwm — Tioad (5)

A lumped coefficient can be used to replace the terms that multiply to the motor velocity as the
viscous damping coefficient, i.e., B, = C,Du.

dwm
I % = D Py — By — Tioqa (6)

3.  A-CAES mathematical modeling

The A-CAES system setup and its operational algorithm are illustrated in Figures 3a—b. Here the
CAES system transports the excess mechanical energy from the wind turbine due to high wind
speeds and store it in form of compressed air in the storage tank. When the wind speed goes lower
than the minimum speed required to generate the demanded electricity power, the compressed air
will be released from the tank to the turbine to generate the mechanical torque needed on the
generator shaft. This torque will substitute the lack in wind torque. In general, A-CAES has three
stages. The first stage represents the compression stage, which converts the excess prime mover’s
mechanical energy to the compressed air. The second stage is the air tank for energy storage. The
third stage represents the expansion stage, which converts the energy stored in the tank to mechanical
torque assisting the prime mover in meeting the power demanded from the generator. Figure 3a also
illustrates the different stages of A-CAES. The air tank is generally kept at a relatively low air
temperature (at around 293 K) by using intercooling after each compression stage in order to increase
the storage capacity. Heat collected by the intercoolers will be stored in Thermal Energy Storages (TES 1
and 2) which, in turn, will be used to heat the compressed air in the expansion stages.

l Compressor 1

Compressor 2

Clute

——

Main shaft

Turbine 2

Turbine 1

Figure 3a. Schematic design of the proposed CAES system.
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Figure 3b. Flow chart for the CAES system.
3.1. Compressor model

The simulation assumes the use of two-stage compressors to compress the air in the tank [1].
Usage of two stages of compressors and expanders provides better overall system efficiency. The air
compressors are assumed to be of reciprocating type. The typical efficiencies of such air compressors
are in the range of 70%—-90% [33]. The below table shows the specifications of actual compressors
from the market to compress up to 15 bar. The compressor efficiency is assumed to be at 85% for
both air compressors in all the remaining trials. It was assumed that the two TES and their heat
exchangers will have 70% efficiency based on earlier studies [22]. The temperature of the heat
exchanger is set to 293 K to carry the heat to TES 1 and 2. The initial value of the compression ratio
for both the compressors was assumed to be 10 and increased by an interval of 5 to a maximum value
of 30. The air enters the first stage compressor with ambient temperature before entering the second
stage. The compressed air from the first stage is then fed to the second stage compressor through
TES1.

Table 1. 15 Bar compressor specifications and efficiency.

No Item Description

1 Name Compressor HL221524
2 Max final pressure (bar) 15

3 Motor output (kW) 15

4 Intake rate (L/min) 2335

5 Volumetric flow rate (L/min) 1960

6 Cylinders 4

7 No. of stages 2

8 RPM 765

9 Efficiency (%) 85%

The compression process is stopped once the pressure inside the air tank reaches the maximum
value of (30 bar). The output air temperature of compressor, the output air pressure of compressor,
and power are expressed in Eqs 7-10 respectively [34-36].
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1
n—-=

c = Linc Pc "
Toutc = Tine-B (7)
Tout,HX = Tout,c + Nux (THX - Tout,c) (8)
Pout,c = Pin,c-ﬁ (9)
1 n—x
P, = Emin- Cp- Tin,c(Bc "—1) (10)

3.2. Storage tank model

In this model, the air tank is considered above ground tank. The pressure of atmospheric air
entering the compressor is 1 bar and the air pressure exiting the air tank is expected to be the final
compression ratio after two-stage compression; therefore, the maximum air pressure inside the air
tank reaches P, = P;. P, bar.

The lower limit of the air tank pressure is set to 2 bar under which the discharging mode is
stopped. The storage capacity, the mass of air, and volume inside the air tank are sized as in
Equations 11-13 respectively [35].

SC = Turboyt (11)
Nt
m = 3600, ————— (12)

Cp-(Tout,c_Tin,c)

y = MinRTs (13)

Pmax

3.3. Expander model

In the CAES, the expansion stage consists of two turbines, with efficiency for both assumed to
be 80%, and two heat exchangers with efficiency both of 70%. A compressed air turbine, as in the
case of a turbocharger, may reach an efficiency level as high as 80% depending on expansion ratio
and volume flow rate. The expansion ratios of the two turbines are the same as the compression ratio.
The temperature of the heat exchanger is set to 480 K. After released from the air tank the air enters
the high-pressure turbine (HPT). The same process is performed for the low-pressure turbine (LPT).
The expansion stage is a reverse process of the compression stage and the air temperature and
pressure outputs of each turbine can be calculated as in Eqs14-17 respectively [34-36].

Tin,
Tout,t = Ti (14)
B, *
Tout,x = Tout,t + Nux- (THX - Tout,t) (15)
Pin,
Poutr = ﬁ_nt (16)
t

AIMS Energy \Volume 6, Issue 2, 229-244.



237

: k=g

4. Design optimization

To optimize the design parameters of the CAES, simulations at different operating conditions
were carried out varying three design parameters, as indicated earlier. The first parameter is the
compression ratio of the compressor and expander. It was assumed that the total compression ratio
and the expansion ratio are the same, for the purpose of simplification. Compression ratios used are
between 10 and 30 with an interval of 5. This range of values is selected based on preliminary
simulation results which had a direct impact on the performance index. For these simulations, the
compressor stage 1 was assumed to have a compression ratio of 5:1 and stage 2 was adjusted to
achieve the total compression ratio. The same is true for the turbine: stage 1 was fixed at 3:1 and
stage 2 was adjusted to achieve the total ratio.

The second parameter is the tank size. The selected tank sizes used in the simulation are
between 5 m® and maximum of 50 m® with an interval of 5 m®. Again these values of tank sizes were
found to directly impact the performance index.

The last parameter is the operating power demand. It was assumed that the demand is fixed for
each simulation run. Demand was simulated from 450 kW to 650 kW with an interval of 50 kW for
each simulation.

The wind profile was fixed for all 250-simulation runs to enable realistic comparison of CAES
behavior under different design parameters. The wind data of 33 hours were collected from
NREL [37] at 1-minute intervals. In order to speed up the calculations, the wind speed over
100-minute interval was averaged using the 1-min interval data from NREL. Thus the 100-min
interval data has been used in the optimization process. This is an actual wind data that was used to
simulate a more realistic response of the wind turbines. The minimum wind speed was found to be
8 m/s with an average wind speed of around 10 m/s and the maximum wind speed of 14 m/s.

The power supplied by the turbine using the CAES (P,¢q;) Was integrated for the duration of
the wind profile in order to obtain the total energy produced (Energy;.,:a;)- The total energy
demand (Energyrequired) Was calculated by integrating the power demand (Prequired) OVer the stated
period. The power demand was maintained constant for each simulation, but a number of power
demand values were considered that were either below, at, or above the rated value. Eqs 18-21 show
the total energy produced by the integrated hydrostatic wind turbine and CAES, and energy demand
for the duration of 33 hours considered in this simulation. Eq 21 defines the ratio of the total energy
supplied to the grid (including CAES supplied energy) to the total energy demand (y). y has been
used as the objective function for the optimization problem. This ratio represents the amount of
energy sufficiency and coverage of the demanded energy for each combination of tank size and
compression ratio.

Protar = Pwina + Peaes (18)
Energytotal = fPtotaldt (19)
Energyrequired = fprequireddt (20)
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Figure 4. Wind speed profile for the simulation.
5. Simulation results

The integrated wind power system has been simulated for the entire 1980-minute operation in
which the wind speed is changed according to the pattern shown in Figure 4. A SIMULINK model
was built to capture all the dynamical Eqs 1-17 and the performance Eqgs 18-21. This model was
then simulated for all the combinations of compression/expansion ratios, tank sizes, and power
demands as stated in section 4. Figures 5 through 11 and Table 1 capture the simulation results.
Figures 5 through 9 show the effect of the tank size and compression ratio on the objective function y
that indicated the level of satisfying the power demands of 450, 500, 550, 600 and 650 kW. It is
observed that during low power demands, the tank size has almost no effect on the energy supplied.
The compression ratio has minimal effect for a power demand of 450 kW as seen in Figure 5. It is
observed that increasing compression ratio will reduce the energy supplied to the grid for higher
power demands except for small tank sizes, a trend observed in Figures 6-9. At high power demands,
the compression ratio has a significant effect on power supplied, particularly for small tank sizes. It
is also observed that for a particular compression ratio, increasing the tank size will increase energy
supply. At every power demand, we optimized the tank size and compression ratio by finding the
first maximum sufficiency percentage as shown in Table 1. Table 1 shows the best combination for
each power demand and its equivalent sufficiency.
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Compression Ratio Vs tank Size when Power Demand is450KW
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Figure 5. Percentage of power sufficiency at 450 kW power demand at different tank
size and compression ratio combinations.

Compression Ratio Vs tank Size when Power Demand is500KW
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Figure 6. Percentage of power sufficiency at 500 kW power demand at different tank
size and compression ratio. combinations.
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Compression Ratio Vs tank Size when Power Demand is550KW
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Figure 7. Percentage of power sufficiency at 550 kW power demand at different tank
size and compression ratio combinations.

Compression Ratio Vs tank Size when Power Demand is600KW
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Figure 8. Percentage of power sufficiency at 600 kW power demand at different tank
size and compression ratio. combinations.
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Compression Ratio Vs tank Size when Power Demand is650KW
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Figure 9. Percentage of power sufficiency at 650 kW power demand at different tank
size and compression ratio combinations.

Figures 10 and 11 illustrate the effect of increasing the power demand on the system
performance for a fixed tank size and compression ratio. The light blue area represents the energy the
supplied by the wind turbine without the CAES system integration. The gray area represents the
additional energy obtained through the integration of the CAES system to the wind turbine. At low
power demands, the system will have a better coverage of energy requirement. During high power
demands, the CAES lacks the excess power in the charging stages. This results in a less stored energy,
thus causing insufficiency in supplied energy (shown using white area).
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Figure 10. Power demand vs time for a compression ratio of 10 and a tank size of 5 m°.
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CAES at CR =15and tank size is45m3
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Figure 11. Power demand vs time for a compression ratio of 15 and a tank size of 45 m°.

Table 2. Best design combinations and related power sufficiency.

Power Demand Total Power Sufficiency y Optimal Compression Ratio Optimal Tank size (m°)
450 96.15 10 15
500 95.06 10 25
550 94.15 10 30
600 93.01 10 45
650 91.88 15 35

6. Conclusion

In this paper, a hydrostatic wind turbine with integrated CAES system has been modeled and
simulated in order to optimize the CAES system design parameters, for a 600 kW hydrostatic wind
turbine. The performance index was defined as the power sufficiency for the combined system. The
combined system was modeled and simulated to obtain the power sufficiency results based on a real
wind speed data from NREL. CAES system design parameters such as tank size and
compression/expansion ratio were varied at the stated power demands to simulate the combined
power output in order to optimize these design parameters. It was observed from the simulation
results that the optimal design parameters which provided the maximum energy output from the
combined wind turbine and CAES system are: a tank size of 15 m*® and a compression
ratio/expansion ratio of 10. It was also observed that the CAES is capable of providing excess power
during high power demands, up to a specific limit beyond which the power coverage exhibits only
marginal improvement.
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