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1. INTRODUCTION

In most isolated areas, the diesel generator is the main source of electrical power.that poses immense
technical challenges And financial. This generation of electricity is relatively inefficient, very costly and respon-
sible for the emission of large quantities of greenhouse gases (GHGs). The use of wind-solar (JES) twinning in
these autonomous networks could Thus reducing operating deficits [5][7].

However, the profitability of the JES is achieved on the condition of obtaining a high penetration rate of
wind and/or solar energy, which is possible only by using storage systems [8] the solution proposed which meets
all the technical and financial requirements while ensuring a reliability of electricity supply to the isolated sites.
It is the hybrid wind-photovoltaic system with storage of compressed air [1]. The use of compressed air as an
energy storage agent is as well suited to wind and solar production as it is to diesels. The principal idea for the
storage of electrical energy By wind turbine plant and Photovoltaic array as a source of energy coupled with two
Pneumatic machines: The first is a compressor driven by an electric motor and the second is an compressed air
motor which drives in turn an alternator [1].

During windy period the turbine directly supplies the isolated site on electricity and Surplus energy will
be used by the electric motor to drive the compressor to recharge the compressed air in the trivial tanks. In the
absence of wind turbine the photovoltaics energy will follow the same principle. In the absence of the two energy
sources compressed, the air will be relaxed in the compressed air motor which will drive in turn the generator to
supply electricity at the isolated site . This hybrid system would act in real time in order to maintain the balance
between the power generated and consumed by achieving a remarkable reduction in fuel consumption whatever
the level of the power demanded. the following paper will present a brief study of the selection criteria of the
reservoirs and the dimensioning of this latters as the most interesting elements in the compression chain [1][12].
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2. TECHNICAL CHARACTERISTIC FOR THE CHOICE OF RESERVOIRS
The choice of tanks suitable for the proposed compressed air storage system does not come at random
but there are several technical criteria which characterize them we cite among them [4][2]:
energy density of storage
The flexibility of location and specific site requirements.
Storage capacity.
The self-discharge.
The yield of the storage system

2.1. Energy density of storage

An open gas cycle system allows complete polytropic expansion of air compressed from the maximum
pressure to atmospheric pressure. this allows full exploitation of the energy stored as compressed air.
For a 1 m3 unit of volume, the storage energy density can be expressed by the following equation [3]:

Pa n—1
)5) ()

with
K = 2.77781079 is the energy conversion constant in kWh, N is the number of expansion stages of the CAM,
P, is the atmospheric pressure and P, is the storage pressure. The figure above gives an idea of the amount of
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Figure 1. variation of the energy density as a function of the number of stage and the storage pressure

energy stored in a given volume of air. It can be noticed that by increasing the maximum allowable pressure in
the tank this quantity can be increased.

Thus, the higher the number of stages of the air expansion in the CAM increases, the more energy density per m?>
increases and consequently the mechanical work (electrical idem) develops closer to its maximum value.

In practice, the compressed air expansion process must be stopped once the pressure in the tank drops below the
minimum pressure, P,.,,,, required for the operation of the system. Indeed, below this pressure limit, the power
delivered becomes so low that the operation of the system becomes ineffective. The value of P,,,,depends on the
nature of the application. Therefore, in the case where P,.,,, is greater than atmospheric pressure P,, unexploited
energy, W ez, Will remain in the air reservoir. this energy can be expressed as follows:

niN P,
n—1

P, no
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Consequently, the effective energy density W, will be reduced and equal to the difference between the total
available energy density W and the unused energy density W, , hence:

Wef =W - Wunew (3)
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The Figure 2 shows the effective energy density as a function of the pressure minimum of operation, P,,,, for
different values of the maximum pressure P,.. It is that the lower the minimum pressure, the higher the effective
energy density.
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Figure 2. influence of minimum operating pressure on the density of energy

For a good evaluation of the unused energy, the pressure utilization factor (PUF) for an open gas cycle

can be defined as:

Hunem

It is easy to deduce from this equation that PUF = 1 if P,,,, = P, and PUF =0 if P,,,, = P. The Figure 3 shows the
variations of PUF as a function of the minimum storage pressure for a relaxation which is carried out in 5 step .
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Figure 3. Variation of PUF as a function of the minimum operating pressure

3. MECHANICAL CONSTRAINTS

Currently available materials can store a high density up to pressures of the order of 500 bar; for the
proposed study we will considered a spherical tanks, relatively slim whose pressure inside has a small thickness
is supposed constant, because the storage pressure P.depends on the maximum breaking stress, o, and of the
dimensions of the reservoir, the expression that connects these parameters is the following [9][6]:

er P,
Zr T 5
D, 4o ©)
With:
e, and D, are, respectively, the thickness and the diameter of the storage tank. knowing that R;,; = % is the
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internal radius of the reservoir, R.;; is the outer radius of the reservoir of storage and e, = R.yy — Ripny, the
volumes of stored air and the reservoir are respectively :

4
V= gR;”mw (6)
4
V, = ngxtw (7)
The volume of the material used in the manufacture of the tank is then:
4
Vmatr =V - V:r‘ = §7T<Rezt - Rint)(Rgzt + Re:z:tRint + R?nt) (8)

The hypothesis that the reservoir has a small thickness makes it possible to simplify the second term of the
previous equation in 3ant and the expression of V;;,4:- becomes as follows:

4 2
Vmatr = geTﬂ-(SRint) (9)
From the above equations, a relation between the volume of air stored, V, as well as the volume of materials used

in the manufacture of the tank, V;,,,:-, can be deduced, hence:

4 2
Vmatr o geTﬂ_(gRint) 3€r . 667- . 3Pr (10)
e T D%

The relationship between the mass of the materials of a spherical reservoir, M,,.¢,, and the energy stored, E, can
then be expressed by the following relation

Mpatr Vmatrp B 3(n—1)np

=y = (11)
n 1—n T-n
Est WN(].—(PL;) nN) 2NnN7’L(1—(PL;) nN )0’
7 is the overall efficiency of the conversion chain between the PV-wind hybrid system and the storage tank and

FEg; is the stored energy which can be defined by:
Eg=VW=F (12)

The following figure shows how the stored energy can vary as a function of the compression ratio (equal to the
storage pressure) and the properties of the different materials. The ratio (K:%) is the ratio of the tensile strength
to the density of the material.
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Figure 4. ratio (reservoir mass / stored energy) as a function of the compression ratio for different properties of
the materials

It is easy to notice that the stored energy is higher the higher the compression ratio. The best performance
(maximum stored energy and minimum reservoir mass) is obtained with the highest ratio (K:%), for high tensile
strength but relatively low density.
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4. DIMENSIONING OF THE TANKS

The dimensioning of reservoirs is a very important point in this study. They should not be too small
or too large to ensure that excess energy can be stored and to limit congestion and engender a disproportionate
investment. The sizing of the reservoirs is conditioned by the double study of the flow (variable) of the compressor
(and therefore of the volume that can be stored in a given time) and the compressed air flow required by the CAM
to drive the associated alternator and supply the isolated site with electricity [2][10]. Then to calculate the volume
of the tanks two methods will be presented

4.1. First method

The first, a conventional method, is a function of: the maximum pressures, Py, ., and minimal, P,;,,
allowable by the CAM, the desired autonomy a, maximum air flow required to power the compressed air motor,
v. The volume will be calculated using the following formula:

P,av

V=———ro 13
Pma:r:_Pmin ( )

4.2. second method

The second method for dimensioning the storage volume is to calculate the loading and discharge time
of the tanks, given that the amount of air injected into the tank is variable and is a function of the power of the
hybrid system absorbed by the compressor and of the air consumption of the CAM [11][15].

4.2.1. Charging time

To facilitate calculation, it is considered that the power absorbed to compress the air is constant. The
instantaneous air flow rate can then be expressed as follows:

De
€= =

B (14)

With:
P, is the power consumed by the compressor .
E. the energy per unit mass necessary to compress the air at a given pressure.
On the other hand, by neglecting the losses by leakage of compressed air, the equation of conservation of the
mass and the law of perfect gases make it possible to express the flow of air entering the volume V. of the storage
tank as follows:
dm  V.dp

S dt Tradt
By integrating the equation obtained from the preceding equations after having replaced each term (P, and E.)
by its value, the charge time of a compressed air reservoir can be calculated from the following equation

s)

Nep +1
T Ach + )
teh = (———— —7m)N7. 16
n= (07 o 7 JNTen (16)
With :
Ach = 7;\[_711 ST = P£ and Tis the time constant during the charging phase, defined by:
Ve
=P,——2 17
T Pt a7

V is the volume of compressed air produced, C), is the mass heat of the compressed air. From the equation (17),
The equation of the time constant 7 Becomes:

ten

Nen+1
N(ﬂ—1+3\ch L~ W)

T =

(18)

By replacing the value of 7 in the equation (16), the expression of the product volume of compressed air becomes

Pcrtch

= T Aen+1
P.CyN(Zzt) ) _ )

19)
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4.2.2. Discharging time

The discharge time of a compressed air reservoir may be calculated from the same the charging time,
replacing e, P and E respectively with the parameters of the compressed air motor [13].
€, the mass flow of compressed air consumed by the MAC.
Py, the power provided by the MAC.
Eys, the energy resulting from the expansion of the compressed air in the MAC.
The expression obtained from the discharge time is then written as follows [16][14].

Adeh
14+ Xien 14 Aaen

1+Xach
M

tach = ( — 7 ) NTaen (20)

With: Agep, = ’;—jvl,wM = %;N is the number of expansion stages in the CAM and 74.is the

—o

time constant during the discharge phase, defined by the following expression

V. G

=P, 21
Tdch a PM r ( )
V.-is the volume of compressed air tank, Py,is the power produced by the compressed air motor.
The discharge time between 2 pressure levels can be calculated, as follows :
(7T113+)\dch _ 71.113+/\dch)
tach—p P, = tdch— P, — tdch—p, = [~ 2 + (mp, — 7P, )N Tacn (22)
1+ Aden

5. RESULT AND DISCUSSION
5.1. The first method

Figure 8 gives an idea of the dimensioning of the tank calculated from the equation 13 It shows that
over the desired range is greater the greater the volume of air stored in the reservoir must be large. Thus, for an
autonomy of 2 days, the volume necessary to store compressed air at 300 bar, will be of the order of 34 m3. On
the other hand, this volume is enormous and oversized and it will be difficult to transport, to install a tank having
this volume in an isolated site. In addition, the MAC will rarely operate at maximum flow when tank pressure
is too low. This results from the fact that the tank will be recharged, once the pressure drops, using the excess
energy that is available in this site in a fairly regular manner. Therefore, this method of sizing the reservoir will
not be adopted for the rest of the calculation.

a=1jours

a= 2jours
a=3jours |_|
a=djours

reservoir vomume (m°)

250 300

50 200
maximum pression of storage (bar)

Figure 5. ratio (variation of the tank volume as a function of the maximum storage pressure and the autonomy
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5.2. The second method
5.2.1. Charging time

Figure 6 and Figure 7 show the charging time of a tank of 300 L volume, respectively, as a function of
the number of stages of a compressor with 5 kW of power and the power absorbed by one compressor having 5
compression stages.
These figures show that the more the number of compressor stages increases or the more the electric power
consumed to compress the air increases, the faster the charging time decreases.
A single-stage compressor can fill the 300 L volume in 3.5 hours, while approximately 2 hours will be sufficient
to fill the same volume if the compression of air is done bay 5 stages. A time saving of about 43pc.
Thus, with a power of 20 kW, it will take half an hour to fill a tank of 300 L whereas approximately 2 hours are
required to fill the same volume when the excess power is 5 kW. Precious time was saved, about 75pc.
This results from the fact that the flow of compressed air injected into the reservoir increases proportionally with
the increase in power.
However, these results still justify the choice of 5 stages of compression which has the advantages of increasing
the reserve of compressed air and also prolonging the autonomy of the overall system.
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Figure 6. variation of charging time as a function of compression ratio and number of stages for a compressor of
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Figure 7. variation of the charging time as function of compression ratio and power consumed by the compressor
5 floor

It is easy to see from this figure that the amount of compressed air produced increases with the increase
in the number of compression stages.A remarkable volume gain can be achieved if the compressor has 5 floor of
compression is used instead of a single stage compressor.
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Figure 8. variation of volume of air produced as a function of the number of floors and of the power consumed
by the compressor

5.2.2. Discharging time

The figures 9 and 10 show the variations of the discharge time, respectively, as a function of the max-
imum storage pressure and the number of expansion stages in the compressed air motor. The analysis of these
figures shows that increasing the number of stages of a CAM serves to reduce the discharge time of the reservoir
and consequently to accelerate the restoration of the stored energy in the form of compressed air , Thus, the
higher the storage pressure, the longer the discharge time.
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Figure 9. variation of pressure of the tank as a function of maximum storage pressure and discharge time
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Figure 10. variation of pressure of the tank as a function of the discharge time and the number of stages

6. CONCLUSION
The fluctuating and intermittent nature of renewable energies requires the strengthening of the control
of energy flows between supply and demand for electricity. energy storage then constitute a relevant response to
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this problematic,currently various solutions for storing green electricity exist (batteries, storage by compressed
air or STEP - Stations of Transfer of Energy by Pumping). However, they do not permit massive storage of the
intermittent energy produced over a long period of time. this study presented one of the main existing means
of storing, the CAES (Compressed Air Energy Storage) or energy storage by compressing air which consists of
storing energy in the form of compressed air, in an underground cavity (for a power of more than 100 MW),
or in trivial tanks for small-scale storage, this is the case presented in this paper and then restore via a turbine
producing electricity again.
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