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This study presents modeling and simulation of a stand-alone hybrid energy system for a base transceiver
station (BTS). The system is consisted of a wind and turbine photovoltaic (PV) panels as renewable
resources, and also batteries to store excess energy in order to boost the system reliability. Two different
types of batteries are considered for storage purposes; lead-acid and vanadium redox-flow batteries (VRB)
batteries. Most stand-alone energy systems for various applications take advantage of at least a single
storage technology, generally lead-acid batteries. However, with recent advances in different battery
technologies, vanadium redox-flow batteries could be taken into account as reliable candidate. The
vanadium redox-flow battery has a desirable prospect due to its extended life span and also the potential
for separating and scaling up involved nominal power and nominal energy. The system is modelled and
simulated hourly (quasi-dynamically) in Matlab for an operational year. The model utilizes insolation,
wind speed and air temperature data. The system performance has been assessed with a mobile telephone
Base Transceiver Stations (BTS) as the case study. Simulations results have shown that the suggested
model can be used to study the effect of the altering weather conditions on each charge/discharge cycles
and batteries voltage. Finally the proposed model yields the optimal battery network design for a variety
of applications. © 2022 Journal of Energy Management and Technology

keywords:  Hybrid Renewable Energy System, Energy Storage, Lead-acid Battery, Planning, Power Supply System, Vanadium
Redox-Flow Battery.
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NOMENCLATURE Aw  Total swept area of turbine
Isc Short-circuit current of the PV module under the Voc Open-circuit voltage
standard Pr Rated power
IscO  Short-circuit current of the PV module under normal Py Maximum power
solar irradiance Vm Maximum power Voltage
Voc  Open-circuit voltage under the normal solar irradiance Im Maximum power Current
Voc0  Open-circuit voltage under the standard solar irradiance Vocpy ~ Open circuit voltage
GO Standard solar irradiance Isc Short circuit current
G Normal solar irradiance Up,, Temperature coefficient of maximum power

B Dimensionless coefficient for PV module Uy, Temperature coefficient of open circuit voltage
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UL, Temperature coefficient of short circuit current
Apy Module area
RS Cell charge/discharge resistance

FFO  the fill factors of the ideal PV module without resistances
Vz Wind speed at hub height of Z and reference height of Z;
Vi Wind speed at reference height of Z;

Vcei  Cut-in speed of the wind turbine

Veo  Cut-out speed of the wind turbine

Vr Rated speed of the wind turbine

1. INTRODUCTION

The increasing trend of global warming [1, 2], emissions, envi-
ronmental impacts [3, 4], uncertainty in price of fossil fuels [5-8]
and falling prices in categories of renewable energy conversion
technologies [9-12] are substantial factors for the renewable
energies to be developed. Wind and solar energy are of most
accessible sources of energy among other renewable sources
[13]. On the one hand, high expenses regarding electrical power
transmission infrastructures and grid development; on the
other hand, practical burdens and difficulties implicated to
transmitting power to remote areas have led to reconsideration
of deploying DG [14] and standalone hybrid systems to
power up such areas. These systems include wind turbines,
photovoltaic panels, and batteries and so on. Dufo-Lopez et
al in 2011 [15] introduce a hybrid system including PV, wind
turbine, battery as storage system, generator, inverter and
rectifier. The presented model is to find the optimum size and
type based on minimizing life cycle emissions. Belmili et al.
in 2014 [16] developed a model to find optimum PV /wind
turbine capacities. The optimum sizes are estimated to meet the
load demand and requested loss of power supply probability
when the climate conditions are considered and the energy cost
is minimized. Shi et al. in 2017 [17] suggest a supply model
based on PV, wind turbine, diesel generator and battery. The
batteries are considered to store surplus energy generated
by renewable energy conversion and the diesel is to act as a
back-up system. The main constraint defined in the problem
is to satisfy the demands. Das and Akella in 2018 [18] present
a control strategy to overcome a challenging issue in supply
system based on renewable conversion systems. The issue is
that demand and generation are usually varied during the
time horizon (lifetime) unequally. In order to dominate the
issue, the hybrid system comprises PV/wind turbine and
battery. Moghaddam et al in 2019 [19] propose a hybrid system
based on renewable conversion technologies to enhance the
reliability. The hybrid system includes wind turbine, PV and
battery. The optimum planning and operation are achieved
when the net present cost had been minimized. Li et al. in 2020
[20] evaluate a hybrid power system to meet demands of 280
homes in a resort in China. The supply system can include wind
turbine, diesel generator and different type of batteries. The
computation and analysis are done in a commercial software.
The most compatible system comprises diesel generator and
Zinc-Bromine battery. Xu et al. in 2020 [21] suggest a hybrid
system to supply the demand with the minimum cost and
maximum reliability. The hybrid system comprises photovoltaic
panel, wind turbine, hydropower as conversion systems and
Pumped-storage hydroelectricity as storage system. The
surplus generation is to pump water to higher level and the
lack of generation is responded through flowing form the
upper reservoir to the down one. Hossain et al. in 2017 [22]

designed a hybrid system for a tourist resort. The electrical
power and energy were supplied via generators that caused
a risky situation. The paper aims to suggest a hybrid system
that includes PV, wind turbines, generators, Batteries and
convertors. The optimum size is computed via a commercial
software subject to the demand constraints. Alturki and Awwad.
In 2021 [23] proposed a model to find optimum capacities of
hybrid system components. The hybrid system comprises
PV, wind turbine, biomass and pumped storage hydro power.
Definition of the optimum capacities is equal to minimize cost
of energy when technical constraints are satisfied. AbdEl-Sattar
et al. in 2021 [24] proposed two electricity supply models.
The first model includes PV, wind turbine, biomass generator
and battery but in the second one, the PV is excluded. Four
optimization algorithms are applied to find the optimum design.
The optimum design is done when the energy cost is minimized
and the demand constraints are satified. Chowdhury et al. in
2021 [25] presents a hybrid system to supply power and energy
required for a temporary hospital. The hybrid system consists
of five sectors: PV, Converter, Wind, Battery and Generator.
The results show Levelized Cost of Energy (LCOE) is 70% of
solar home power LCOE. Moreover, capital cost is reduced
through demand side management. This study describes a
hybrid renewable energy system model, which is consisted of
wind turbines, photovoltaic panels and batteries alongside with
a base station that is used in telecommunication networks as
a consumer. Base transceiver stations are usually evaluated
within the context of an off-grid energy system, owing to their
installation at remote locations with difficult accessibility to
the power grid. Almost every study concerning standalone
energy systems for specific applications have utilized an energy
storage technology, commonly lead-acid batteries [26, 27]. With
recent advances in innovative alternative batteries, vanadium
redox-flow batteries may well suit the purpose as well. Hence,
using both lead-acid and vanadium redox-flow batteries have
been addressed in this study, compared to one another in
different weather conditions.

2. METHODOLOGY

The suggested supply system includes two levels; conversion
and storage. First of all, conversion level (renewable conversion
technologies) is explained and finally, storage system modelling
is stated.

A. Modeling of Hybrid Renewable Energy System Components

The sample hybrid renewable energy system is consisted of
photovoltaic panels, wind turbines, battery bank, inverter, and
charge controller. A schematic diagram of the studied hybrid
system is shown in Fig. 1. The PV array and wind turbine work
together to satisfy the load demand. When the generated power
surpluses the load demand, the extra power would flux into
the batteries until they are fully charged. Also, when the gener-
ated power is short of satisfying the load demand, the batteries
would be discharged to assist the PV array and the wind tur-
bine to compensate the power shortage, until the storage is fully
depleted. In order to predict the hybrid system performance,
individual elements are necessary to be modeled first. Then,
their combination will be evaluated to assess the satisfactory of
the load demand.

The load is assumed to be that of the Base Transceiver Station
(BTS), used for mobile operator with air conditioning. Load
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Fig. 1. System components and topology

Table 1. Load specifications [26]

Power Usage
Items N
: Ours
consumption [kW]  [7777%]
Constant site load (BTS) 2 24
Air-conditioner (12000 BTU?) 1.8 6
Air-conditioner start-up 3.3 -

profile is given in Table 1 and Figure 2. The supply system is
designed based on the power rating. In practice, the power
consumption can be lower than the power rating.

Daily Load Profile

Load (kW)
S

0 2 4 6 g8 10 12 14 16 18 20 22 24
Time (Hour)

Fig. 2. Daily load profile

The green filled cycle is to show power demand due to
air conditioner start up and BTS power, after a while air
conditioner power demand is fall down as shown by red filled

cycled. Finally, at 4:00 PM, the air conditioner is switched off.

The system is modeled and via Matlab software, taking into
consideration different battery types in operation. The first
deducts every hour’s demand from the available generation

1British Thermal Unit

resources, entering at a raw energy balance. The second sets of
balance equations and attempts to sink energy into storage or
draw energy from storage (if the preliminary balance yields a
deficit) to reach a final energy balance for every hour. Ideally,
every hour’s balance will always be zero: if it is positive,
surplus energy is available but being wasted; if it is negative,
the combined supply from generation and storage have not met
the demand, and there is unserved electrical demand for that
hour.

B. Photovoltaic Panel

The parameters that mainly affect PV modules output are
PV-module temperature and solar irradiance intensity. Four
principal electrical characteristics of PV modules are the
maximum output power (Pmax), the fill factor (FF), open-circuit
voltage (Vo) and short-circuit current (Isc), that are to be
modeled as follows. The short-circuit current (I;;) for a PV
module is calculated as equation 1 [28]:

G o
Isc = Isco <Eo) e}

Where I, and I are the short-circuit current of the PV module
under the standard and normal solar irradiance (G,Gyp) respec-
tively.Also, « is the exponent responsible for nonlinearities. The
open-circuit voltage (V,¢) at various conditions can be calculated
via equation 2 [28]:

v
Voc = ‘107@7(&) 7))

In which V. and is the open-circuit voltage under the normal
solar irradiance G and Vg is the open-circuit voltage under the
standard solar irradiance Gy; T is the PV module temperature;
B is a dimensionless coefficient for PV module and 7 is the
exponent related to all the temperature—voltage effects on the
PV module. The empirical expression describing the fill factor is
as follows equations 3 and 4 [29]:

Rs
FF — FF, (—7) 3)
Voc/Isc
In (voc +0.72)
FFph =vopc — ————=~ 4
o oc voc +1 @

Where FF0, Rs and v, are the fill factors of the ideal PV module
without resistances applied, with the series resistances effect
and with the normalized voltage, respectively:

voCc = HIZ?,C/q (5)
In which, n is the idealness factor (1 < n < 2); k is Boltzmann
constant (1.38*10-23 %) and q is the magnitude of electron charge
(1.6*10-19C). The maximum output power (Pmax) yielded by
the PV module is expressed as equation 6 [28]::

Puax = FF.Voc.Isc (6)

In order to so that it will increase the current and voltage, PV
modules are connected together in parallel and in series. PV
arrays’ of Ns in Np modules electrical preferences are calculated
as equation 7 [28]::

Iy = Np.Iy
Vi = Ng.Viy @
P4 = Np.Ns.Py
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Where V4, 14, P4 and V), Iy, Py denotes voltage, current and
power of both PV array and module, respectively.

C. Wind Turbine

Wind speed varies with height, hence data of wind speed at
different locations is measured at different heights. The wind
power law enables us to transfer data allocated to a certain
height, to the desired hub height that the turbine is to be
assembled via equation 8 [30]:

Z X

Vz=V; [Z] 8)
In which V;, and V; are the wind speed at hub height of Z
and reference height of Z;, respectively; and x is power law
exponent. Output power generated by wind turbine generator
can be calculated via equation 9 [31]:

Py =0,V <V,
Pw=aV3®—bP, Vi<V <V, ©)
Py =PV, <V < Vg
Py =0,V >V,
In Equation 9
a= Py
Vr3 - Vci3
Vr3 - Vci3

, Py is the rated power, V;, Vi, and V; are the cut-in, cut-out and
rated speed of the wind turbine, respectively. Actual power
yielded from wind turbine is given by equation 10 [31]:

P = PwAwn 10)

Total swept area of turbine is Ay and wind turbine generator
and corresponding converters efficiency is denoted by 7.

D. Modeling of Battery Storage System
D.1. Vanadium Redox-Flow Battery

For the first time vanadium redox-flow battery was introduced
by Skyllas-Kazacos et al. in 1986 [32]. The vanadium redox-flow
battery (VRB) has advantages over alternative battery technolo-
gies [? ]. Power rating of a VRB is defined as the energy capacity
that is determined by the amount of electrolyte stored in outside
tanks Power, whereas, power rating of a VRB is characterized
by the converting unit’s size. The mentioned features make
the VRB suitable for stationary large-scale applications where
space necessity is not a major issue due to design adaptability.
Furthermore, VRBs are environment-friendly and prosper
from relatively long lifetime as a result of the reversible
cross-contamination of the electrolyte between the two half-cells,
even though several practical and commercial problems like low
energy density still exist [34]. Guarnieri et al. [35] conducted a
study concerning the new energy storage. They first focused
on energy storage technology, then marked the advantages
and disadvantages of the technology that has been deployed.
Blanc [36] addressed the mechanical and chemical modeling.
Lead-acid and vanadium redox-flow technologies are used as
two different battery technologies in this simulation. Voltage of
each battery depends on the battery chemistry that is embedded

in the state of charge (SOC). At the specific time of t, SOC of the
battery can be calculated by the Coulomb continuity method,
equation 11 [37]:

SOC (t) = SOCq + [ (Iff (@) /C(9)) do 1)
Here, the initial state of charge is defined as SOCO (%), the
battery capacity is shown as C(t) (Ah), the actual state of charge
is SOC(T) (%) and the effective charge discharge current of the

battery is Ieff(T) (A). The open circuit voltage is calculated via
SOC, equation 12 [37]:

1-50C (12)

Where, Vpcy is the open-circuit voltage (V), R the gas constant

VOCV =14V + 2 (RT/ZF) 11’1 ( SOC >

(8.314 WIZK)' T the temperature (0K), z the number of electro-
chemical electron exchange rate and F the Faraday constant
As

(96,485 ). Actual cell voltage, including ohmic losses is pro-

portional to the current, equation 13 [37]:
Uz = Uocv — Reya-Iz (13)

R is the cell charge/discharge resistance. The cell current (A)
is written as I,. Losses are the consequence of over potential
discharging [38]. By connecting 36 cells in series arrangement, a
48 V battery would be constructed. Battery’s efficiency is less
than 80%, owing to the pumping losses [37]. Besides effect on
battery efficiency, the flow rate has a largely affected battery tem-
perature and as a result the battery ageing. Battery ageing will
cause irreversible capacity loss and the rise of internal resistance.

D.2. Lead-Acid Battery

To investigate the behavior of the battery, it is useful to have an
accurate model of it at hand. The model of the battery proposed
in this study has some advantages over other models. The
selected model is of Centro de Investigaciones Energéticas,
Medioambientales y Tecnolégicas (CIEMAT). CIEMAT model is
easily applicable on various lead-acid batteries and require less
technological parameters from manufacturer [39]. The capacity
model is introduced in this study, which yields the amount of
returning energy accoding to the mean discharge current. The
capacity model is established from the expression of the current
110, which corresponds to the operating speed to C10, in which
AT is the heating of the accumulator (assumed identical for all
elements) over an ambient temperature of 250C, equation 14
[39]:

c 1.67 (
Cio 1+0.67(1/T;9)%

The capacity Cbat is used as a reference for determining the
state of charge for battery.

1+ 0.005AT) (14)

(15)

Q = Ipyi t (16)

Where, t is the discharging time with the current of Ibat.
Battery’s voltage is a function of the internal components of
the battery which depend on the electromotive force and the
internal resistance, equation 17 [39].

Vbatfcharge =Ny [2 +0.16 SOC] + nblcbilafJ

(17)
6 0.27
<W + 5&% +0.002) (1 - 0.007AT)

SOC!>
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Where 1y, is the cells number, AT is the temperature variation.

AT =T-25 (18)

Here, Cy is the rated capacity (I10). Discharge voltage equation
is the exact same equation of the voltage that acquired at
charging, equation 17 [39].

Vbutfdischarge =nyp [1'965 +0.12 SOC] M gié

4 0.27
(74 + 8% +0.002) (1 - 0007+ T)

(19)

Energy efficiency takes into consideration the Coulombian
efficiency and losses by Joule impact, equation 20 [39].

20.73

a .

3. RESULTS

Hourly simulations are conducted using MATLAB for a year.
Inputs are the hybrid energy system’s aforementioned data. In
the following, the results of the hybrid energy system for two
different batteries are analyzed and compared with one another.
It should be noted that the operational parameters for the PV
module and wind turbine are given in Table 2 and Table 3, re-
spectively. Also, deign parameters of the VRB battery is listed in
Table 4.

As any dedicated reader can clearly see, the Ideal of practi-
cal reason is a representation of, as far as I know, the things in
themselves; as I have shown elsewhere, the phenomena should
only be used as a canon for our understanding. The paralogisms
of practical reason are what first give rise to the architectonic
of practical reason. As will easily be shown in the next section,
reason would thereby be made to contradict, in view of these
considerations, the Ideal of practical reason, yet the manifold
depends on the phenomena. Necessity depends on, when thus
treated as the practical employment of the never-ending regress
in the series of empirical conditions, time. Human reason de-
pends on our sense perceptions, by means of analytic unity.
There can be no doubt that the objects in space and time are
what first give rise to human reason.

Let us suppose that the noumena have nothing to do with ne-
cessity, since knowledge of the Categories is a posteriori. Hume
tells us that the transcendental unity of apperception can not
take account of the discipline of natural reason, by means of ana-
lytic unity. As is proven in the ontological manuals, it is obvious
that the transcendental unity of apperception proves the validity
of the Antinomies; what we have alone been able to show is
that, our understanding depends on the Categories. It remains a
mystery why the Ideal stands in need of reason. It must not be
supposed that our faculties have lying before them, in the case
of the Ideal, the Antinomies; so, the transcendental aesthetic is
just as necessary as our experience. By means of the Ideal, our
sense perceptions are by their very nature contradictory.

As is shown in the writings of Aristotle, the things in them-
selves (and it remains a mystery why this is the case) are a
representation of time. Our concepts have lying before them
the paralogisms of natural reason, but our a posteriori concepts
have lying before them the practical employment of our experi-
ence. Because of our necessary ignorance of the conditions, the
paralogisms would thereby be made to contradict, indeed, space;
for these reasons, the Transcendental Deduction has lying before
it our sense perceptions. (Our a posteriori knowledge can never

Table 2. Design parameters of the PV module

Parameter Symbol Value  Unit
Maximum power Py 260 W
Maximum power Voltage Vm 314 v
Maximum power Current Ipm 8.37 A
Open circuit voltage Vorwy, 38.4 \Y%
Short circuit current IsC 8.94 A
Temperature coefficient of

Upy, -041 % /°K
maximum power
Temperature coefficient of

wv,, -031  V/°K

open circuit voltage

Temperature coefficient of R
Hise 0.051 % /°K

short circuit current

Module area App 1.67 m?

Weight 18 kg

furnish a true and demonstrated science, because, like time, it
depends on analytic principles.) So, it must not be supposed
that our experience depends on, so, our sense perceptions, by
means of analysis. Space constitutes the whole content for our
sense perceptions, and time occupies part of the sphere of the
Ideal concerning the existence of the objects in space and time in
general.

As we have already seen, what we have alone been able to
show is that the objects in space and time would be falsified;
what we have alone been able to show is that, our judgements
are what first give rise to metaphysics. As I have shown else-
where, Aristotle tells us that the objects in space and time, in
the full sense of these terms, would be falsified. Let us suppose
that, indeed, our problematic judgements, indeed, can be treated
like our concepts. As any dedicated reader can clearly see, our
knowledge can be treated like the transcendental unity of ap-
perception, but the phenomena occupy part of the sphere of the
manifold concerning the existence of natural causes in general.
Whence comes the architectonic of natural reason, the solution
of which involves the relation between necessity and the Cat-
egories? Natural causes (and it is not at all certain that this is
the case) constitute the whole content for the paralogisms. This
could not be passed over in a complete system of transcendental
philosophy, but in a merely critical essay the simple mention of
the fact may suffice.

Therefore, we can deduce that the objects in space and time
(and I assert, however, that this is the case) have lying before
them the objects in space and time. Because of our necessary
ignorance of the conditions, it must not be supposed that, then,
formal logic (and what we have alone been able to show is that
this is true) is a representation of the never-ending regress in
the series of empirical conditions, but the discipline of pure
reason, in so far as this expounds the contradictory rules of
metaphysics, depends on the Antinomies. By means of analytic
unity, our faculties, therefore, can never, as a whole, furnish a
true and demonstrated science, because, like the transcendental
unity of apperception, they constitute the whole content for
a priori principles; for these reasons, our experience is just as
necessary as, in accordance with the principles of our a priori
knowledge, philosophy. The objects in space and time abstract
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from all content of knowledge. Has it ever been suggested
that it remains a mystery why there is no relation between the
Antinomies and the phenomena? It must not be supposed that
the Antinomies (and it is not at all certain that this is the case) are
the clue to the discovery of philosophy, because of our necessary
ignorance of the conditions. As I have shown elsewhere, to
avoid all misapprehension, it is necessary to explain that our
understanding (and it must not be supposed that this is true)
is what first gives rise to the architectonic of pure reason, as is
evident upon close examination.

As any dedicated reader can clearly see, the Ideal of practi-
cal reason is a representation of, as far as I know, the things in
themselves; as I have shown elsewhere, the phenomena should
only be used as a canon for our understanding. The paralogisms
of practical reason are what first give rise to the architectonic
of practical reason. As will easily be shown in the next section,
reason would thereby be made to contradict, in view of these
considerations, the Ideal of practical reason, yet the manifold
depends on the phenomena. Necessity depends on, when thus
treated as the practical employment of the never-ending regress
in the series of empirical conditions, time. Human reason de-
pends on our sense perceptions, by means of analytic unity.
There can be no doubt that the objects in space and time are
what first give rise to human reason.

Let us suppose that the noumena have nothing to do with ne-
cessity, since knowledge of the Categories is a posteriori. Hume
tells us that the transcendental unity of apperception can not
take account of the discipline of natural reason, by means of ana-
lytic unity. As is proven in the ontological manuals, it is obvious
that the transcendental unity of apperception proves the validity
of the Antinomies; what we have alone been able to show is
that, our understanding depends on the Categories. It remains a
mystery why the Ideal stands in need of reason. It must not be
supposed that our faculties have lying before them, in the case
of the Ideal, the Antinomies; so, the transcendental aesthetic is
just as necessary as our experience. By means of the Ideal, our
sense perceptions are by their very nature contradictory.

Table 3. Design parameters of the wind turbine

Parameter Value Unit
Rated Power 1000 W
Rated wind speed 7 o
Startup wind speed 2 o
Cut out speed 25 o
Wind wheel diameter 3.4 m
Rated speed 400 e
Weight 90 kg
Voltage % \%

The hybrid energy system is sized with respect to the load
and resources at hand. The hybrid energy system includes
eight wind turbine generator, 40 PV panels and one VRB with a
capacity of 10 kW and lead acid batteries at the same power (12
V, 100 Ah). The power produced by the PV panels varies as the
weather does. The case study’s location (Ahar city) radiation
in a cloudless day, is illustrated in Figure 3. Also, the speed
variations of a typical month of Ahar city are shown in Figure
4. The output power of both the solar panels for a typical day

Table 4. Design parameters of the VRB battery

Parameter Value Unit
Nominal charge output 10 kW
Nominal discharge output 10 kW
Capacity of the energy storage system 100 kWh
48DC-
Output voltage option 120AC- \Y
230AC-
400AC
Wind wheel diameter 3.4 m

Duration of connection grid-independent: <20 ms,

/ Reaction time remote control: <8 ms

Self-discharge in standby <150 w

. . .. -40C bis +50C
Climatic conditions

(monthly average)

in four different months, and the generated power of wind
turbines for a typical month are shown in Figures 5 and 6,
respectively.

Based on collected data during one year, average hourly
variations of battery SOC are shown in Figure 7. Furthermore,
the voltage and current have been calculated hourly. The
obtained results of voltage versus time in charge/discharge
under different currents for different types of batteries are
plotted in Figures 8 and 9.

The electricity generated by the PV panels and the wind
turbine is predicted to be 12362kWh/yr and 11588 kWh/yr re-
spectively. The amount of energy stored in VRB and lead acid
batteries are 8503 [kWh] and 7535 [kWh] respectively. While
the VRB and lead acid battery efficiency are predicted 85% and
75% respectively. The efficiency of storage systems in each bat-
tery is defined as the amount of stored energy on the surplus
energy. The defined limitation on battery capacity and the SOC
cause 2875[kWh] and 2500[kWh] are not stored in the VRB and
lead acid battery. Moreover, 2775 [kWh] and 2350 [kWh] energy
saved on VRB and lead acid battery will be wasted due to deple-
tion. Figure 10 envisages the number of charges and discharges.

4. CONCLUSION

In this paper, a stand-alone hybrid system including PV mod-
ules, wind turbines and batteries as energy storage devices was
modeled and simulated via Matlab. Two battery technologies
integrated with the hybrid energy system were taken into
account (vanadium redox-flow and lead acid).

The results show that the renewable energy system is effective
in combination with batteries. The results express that it is
better to use vanadium redox-flow batteries as energy storage in
a stand-alone hybrid system in Ahar.

According to the outcomes, due to capacity limitations up to
10.49% and 12.04% of energy losses are associated to VRB and
lead-acid batteries respectively. Also, VRB batteries store more
energy besides being more efficient, as a result VRB based
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Fig. 9. Voltage versus time in charge/discharge at different currents for a lead acid battery
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Fig. 10. Number of charges and discharges for the VRB and
lead-acid batteries during one year

storage system undergoes fewer energy shortage.

In future works, the system needs to be optimized with a diesel
generator or fuel cell for back-up power to improve the system
reliability.
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