International Journal of Electrical and Computer Engineering (IJECE)
Vol. 13, No. 4, August 2023, pp. 3706~3719
ISSN: 2088-8708, DOI: 10.11591/ijece.v13i4.pp3706-3719 a 3706

Ecological impact due to the implementation of a modeled and

optimized hybrid system

Othmane Echarradi?, Abdessamad Benlafkih?, Abdelkader Hadjoudja®, Mounir Fahoume?!
Laboratory of Material Physics and Subatomic, Faculty of Sciences, Ibn-Tofail University, Kenitra, Morocco
2Advanced Systems Engineering Laboratory, National School of Applied Sciences, Ibn-Tofail University, Kenitra, Morocco
SLaboratory of Electronic Systems, Information Processing, Mechanics and Energetics, Faculty of Sciences, Ibn-Tofail University,

Kenitra, Morocco

Article Info

ABSTRACT

Article history:

Received Oct 26, 2022
Revised Dec 28, 2022
Accepted Jan 14, 2023

Keywords:

Green energy sale
Greenhouse gas
Homer software
Hybrid system
Modeling

Sizing optimization

This paper presents a very alarming forecasts about our future and
particularly for a medium and long-term future. That is to say, several
actions are being carried out by different civil and state parties to deal with
these very concrete threats. And it is within this framework that this paper
fits, and its objective is to highlight the hybrid systems and more precisely
the photovoltaic-wind hybrid systems coupled with storage batteries, as an
efficient alternative to the classical means of electricity production. This
work will adopt a method of obtaining results called performance evaluation,
so this manuscript will present firstly the mathematical model of this hybrid
system to best conceive what it is about, then as second part will determine
the exact figures of the largest amount of carbon dioxide (CO2) that can be
avoided using this technology and following a precise methodology, this can
be applied to our situation, i.e., a simple house or to any other type of
installation.
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1. INTRODUCTION

The use of fossil fuels is becoming a real threat to life on planet earth, indeed the repeated natural
disasters and droughts in countries hitherto spared, testify to the seriousness of the situation [1]. Other factors
such as the scarcity of these same sources, which are now essential for our survival, push us to look for new
alternatives or to improve existing technology [2], [3]. The renewable energies such as solar or wind power
remain the preferred path towards a radical solution to these problems.

Hybrid systems [4] can have a say in this situation if conditions are met. Especially good wind, solar
resource and more importantly a willingness on the part of individuals to adopt this type of technology.
Indeed, the photovoltaic (PV)-wind hybrid technology which combines wind energy and solar energy is
forced to guarantee with a fairly high probability an availability of electricity throughout the day and over the
seasons, since these two forms of energy are very complementary.

This paper can be considered as a contribution to the work already carried out by millions of people
who want things to change quickly, so during this work the functioning of this hybrid wind-PV system with
battery storage will be dissected, as well as all the elements constituting this same system and that by
modeling them one by one with mathematical models. Then a whole section will be dedicated to optimizing
the sizing of the installation [5] following one of the six existing methods, namely: the graphic construction
method, the probabilistic method, the analytical method, the iterative method, the artificial intelligence (Al)
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method and the hybrid method, however the solution chosen to optimize our hybrid system is one of the
analytical methods and more precisely the hybrid optimization of multiple electric renewables (HOMER)
software given its formidable efficiency. Then comes as a downstream work the procedure of the
determination of the exact maximum amount of carbon dioxide (CO) that this system allows to avoid [6]
during the life of the project. Thus, giving an idea of the importance that this type of system can play for the
well-being of the environment, even on a small scale here a domestic installation.

2. METHOD

In this section the hybrid system in question will be briefly modeled and then optimized [7]
according to an analytical method. This allows the extraction of the combination that will be manipulated to
achieve the desired goal. And here, our main objective is to determine the greatest amount of CO; that can be
avoided using this device.

2.1. Modeling of the hybrid system under study

As mentioned before, the interest is focused in the wind-PV hybrid system and more precisely, the
one with battery storage [8], [9] and with a connection to the public distribution networks. All its elements
will be dissected later. This system [10] is illustrated in Figure 1.
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Figure 1. Synoptic of the system studied

2.1.1. Modeling of the photovoltaic assembly

The next step is to model the photovoltaic system. The device in question is illustrated in the
Figure 2. The system is composed of three main elements, PV generator [11], chopper and the control
system.
a. Modeling of the photovoltaic cell

Typically, a photovoltaic cell [12] can be presented as shown in the Figure 3. This cell is composed
of a current source, a diode and resistors. Figure 3 illustrates a modeled photovoltaic cell.
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Figure 2. Photovoltaic system studied
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Figure 3. Single diode model of a PV cell

After calculations and simplifications, the current of the cell can be given in the following form:

q.(V+1.RS))_l) V+I.Rg

Izlph—lsat(exp( TL.k.TC Rp

or again, knowing that the value of R is large enough:

V+IRg
(exp -1)
|:|phx[1-—( w77

(exp (62) ~1) ]

where sy is the diode saturation current or dark current, n ideality coefficient of the photovoltaic cell, Iy is
the light-generated current or photocurrent, q is the electron charge, k is Boltzmann constant, T. is the cell

working temperature, V¢, the no-load voltage, Vr the thermodynamic potential VT:%.

b. Association of photovoltaic cells

In general, a photovoltaic cell cannot produce more than 2 watts. Therefore, to generate more
power, a series association is made, which gives a module [13], [14], then another association or/and in
parallel of several modules is made, which gives this time a photovoltaic panel as we can see on
Figure 4. Two types of diodes are then added to limit the reverse voltage, one in series and one in parallel,
better known as a bypass diode.
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Figure 4. Composition of a photovoltaic panel

¢. Modeling of the PV generator

The interest is now focused on the modeling of the photovoltaic module. This module is composed
of ns cells in series and np cells in parallel. Figure 5 describes the module in question. From Figure 5, we
then deduce these equations for the one-diode model:

Iph:npxiph IGzanipph Idznpxid Irsh:npxirsh
ns ns
Vi=nsXvd Ve=nsXvp =—XTs Rsh=—Xr1p
np Tlp
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Figure 5. One-diode model of a photovoltaic module

d. Modeling of the chopper with maximum power point tracking (MPPT) control

The next step is to model the chopper with its control system [15]. It is important to know that
several combinations are possible depending on the type of chopper and MPPT [16], [17] chosen. In the case
of this study, the chosen configuration is a boost chopper and as a type of MPPT, an incremental inductance.
1) Boost converter modeling

As just mentioned, the chopper model chosen is a step-up chopper. It is represented in the Figure 6.
This representation is a simplification obtained thanks to the mean value theorem.

D
AV C) S TV\ C== Load Vn

Figure 6. Diagram of a boost converter

For the boost converter three conduction modes are possible. The first is the continuous mode, the
second is the discontinuous mode and finally the limit between the continuous and discontinuous conduction.
The equations characterizing each mode are given in the following:

— Continuous conduction:

— Discontinuous conduction:

Vo N Vixa?xT
7 2L x I,
— Limit between continuous conduction and discontinuous conduction:

ViXT
[olim= —+
2L

Vi _n
><V0><(1 VO)

where « the duty cycle and Iy the current flowing through the load.
2) Maximum power point tracking (MPPT) types incremental inductance
The incremental inductance algorithm is based on the fact that the MPP is reached only if dP/dV is
zero. The characteristics of the photovoltaic module prove that the derivative is greater than zero on the left
of the MPP and less than zero on the right of the MPP. This leads to the following set of equations:

dP_~ .o\, dp_ . dP_ .
E‘O if V=Vmp and dV<0 if V>Vmp and dV>O if V<Vmp
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Moreover: S=1+V. & Than: &£ = — L
dv dv dv 14
The necessary incremental changes dV and dI are obtained by comparing the most recent measured
values for V and | to those measured during the previous cycle. The central function to find the maximum
power point uses the (1) and (2). This leads to the algorithm used for this method is shown in Figure 7.
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Figure 7. Conductance increment MPPT algorithm flowchart [18]

2.1.2. Modeling of the wind system
a. Wind power generated

The modeling of the wind system [19] concerns primarily the wind power generated and commonly
a wind turbine on the market is characterized by its nominal power. This power is provided when there is a
wind blowing at a nominal speed. The average power of the wind turbine is given by:

Peolmoy = JO Peoy(v). f(v)dv

where f(v) the probability of the speed v, P,,;(v) the resultant power of the speed v, this latter is calculated
according to the wind speed as:

vk _?,(lic for 0<v<vd

P for vd<v<v

Un = Vq for vn<v<vce
%1 for vesv

where B, the nominal power of the wind turbine, vq the turbine starting speed, v, the rated turbine speed, v

the turbine cut-off speed and k the form factor.

On the other hand, and after calculation, it is possible to determine a simple expression of the
average power produced by the wind turbine. This power is given as the product of two terms. Its expression
is presented in the following:
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b. Modeling of the permanent magnet synchronous generator

Several types of generators exist on the market but the one chosen in this study is the permanent
magnet synchronous generator because of its advantages. Its model is given in the following. For an abc
reference, the synchronous machine is represented as:

, d[i](3)
[Vla) = lel) — [Rs] X [y — [L] % dt
where:
Va
- [Vlg)= Vbl; where Va, Vi, Ve: the instantaneous values of the voltages each phase.
|/
‘ sin(P. 2.t)
2T

- [elz=P.@rQ sin (P. 2.t — ?) ; where P: number of generator pole pairs; @5 The magnetic flux of
sin (P.Q2.t — 4?”)
magnets; Q: generator rotation speed.

R 0 0
- [Rsla =|0 Rs 0] ;R stator winding resistance.
0 0 Rs

Iq
- [i](3):[ibl; where i,, ib, ic: the instantaneous values of the currents at each phase.
¢

LS Mab Mac
- [L]1=|My, Ls Mp.|; where Ls: self-inductance of stator windings et M; mutual inductance of
Mca Mcb LS

stator winding.

c. Model of the diode bridge rectifier

The following diagram shows a rectifier fed by a three-phase voltage source. An ideal battery, as an
example, supplies it. The following diagram, shown in Figure 8. The line currents ia, iy and ic each take in
turn the value of the direct current g, each of the diodes ensures the conduction during 1/3 of the period.
Thus, the equivalent diagram during a conduction sequence can be easily deduced. And if phase 1 and 2 are
taken as an example of study, then the equivalent diagram is given as follows in the Figure 9. From the
equivalent diagrams:

dlge _ 1 x (V, =V, — V.
dt _2L5 (a b c)

2.1.3. Storage system modeling

For this study, the interest will be focused on the CIEMAT model. This model which basic diagram
is represented on the Figure 10 is characterized by only two elements, a voltage source and an internal
resistance; these two values depend on several parameters. The model in question is represented on
Figure 10.

The voltage at the battery terminals is defined as a function of the imposed current, its state of
charge and the temperature. It takes into account the faradic efficiency in charge to calculate the evolution of
its state of charge and integrates the degassing phase. Figure 11 shows the CIEMAT model of the lead
battery in Simulink.

The inputs of the model are therefore the power and the temperature deviation from the nominal
temperature set at 25 °C. The calculation of the state of charge is done internally and allows the calculation of
the voltage. The value of the current is obtained thanks to the equation below, while the clock has just a role
in the data acquisition. And the charging and discharging voltage are characterized by the following
(3) and (4):
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The expression of the state of charge is given by:

Qq
EDC=1—-—
C

d

where Cyq is the nominal capacity of the battery in (Ah), Qq is the amount of missing charge relative to Cq.
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Figure 8. Diagram of a diode bridge
-Iﬁ'— Tat

W‘\.——-"YYY'\
e a(t) Vbru’
1 IJHJ.Ri

A
rvv'v\—id—c— 1-JLL"-]E"b C) Vbat
e (ﬂ“ l

Figure 9. Equivalent diagram of a normal conduction  Figure 10. Equivalent diagram of n, elements
sequence

wat—————p{ woa_|
S o Workspace

To Workspace4
l_,- To Workspace 1

__Pbat |
Step
- To Workspacei deta T EDC £DC
delta _T To Workspace?2

Batterie CIEMAT

Figure 11. CIEMAT model of the lead battery under Simulink

— Discharge voltage:

|Ibat|
Vbatdé = nb[1965 + 012 X EDC] —
10
4 0.27
(W+EDC15+002)><(1—0007><AT) 3)
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— Charging voltage:

Ipat 6 0.48
Viat,, = M2 + 0.16 x EDC]

—n, == + +0.036
P Cro " \1+4 1, (1-EDC)12 )
x (1 —0.025 x AT) 4)

where the capacity Cio is the capacity in Ampere-hours of the battery in discharge mode at constant
current for 10 hours.

2.1.4. Inverter modeling

The combination of a transistor T; and a diode D; gives a bidirectional component K;. As the orders
of the two transistors of the same arm are complementary, we can replace each arm of the inverter by a
switch with two positions. The Figure 12 illustrates what has just been said, and the following reference
provides more information on inverters [20]. For what follows, Let F; be the state of the switch K, Fi is given

by:

Fi=0 if Tiisclosed and T is open
Fi=1 if Tiisopenand T;'is closed

The phase-to-phase voltages at the inverter are given by:

Vab F, —F,
VbC = V X Fz - F3
Vea F3 —F

As a result, the phase-to-neutral voltages as well as the current at the input of the inverter are given by:

Vsa
Vap| =V X
Vse

2F1 - F2 - F3
_F1 + ZFZ - F3
—F, — F, +2F;

And IS = Fllsa + FZISb + F3ISC'

Fararay

IS

Ki /Ky /K5

Figure 12. Representation of bidirectional components

2.2. Optimization of the sizing of the hybrid system

In this section, all the necessary values to optimize a wind-PV hybrid installation with storage
batteries will be available, thanks to the meteorological data available on the National Aeronautics and Space
Administration (NASA) website. We will choose here as a case study a location in the south of Morocco,
namely the city of Essaouira, since this region has a large wind deposit and a good annual solar deposit as
well. For the optimization [21], [22] of our installation, we will use a software solution that is no longer
presented in the field of optimization of hybrid systems, it is HOMER [23].

2.2.1. Load profile

In the case of the study, i.e., for the city of Essaouira, the variations between seasons are not so
important. This minimal variation between seasons allowed us to have a single consumption profile.
Figure 13 shows the chosen consumption profile.
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Figure 13. Electricity consumption profile chosen for our study

2.2.2. Weather data profile
a. Temperature profile

As shown in Figure 14, is the temperature profile. Table 1 gives the average daily temperature
values over a year for the Essaouira region. All these values were taken from the NASA site for a period of
22 years.

DAILY TEMPERATURE IN °C
OR NWHAUVON®

MONTHS OF A YEAR

Figure 14. Average daily temperature profile over a year

Table 1. Average daily temperature values over a year
Month Average daily temperature °C

January 13,420
February 14,770
March 16,660
April 17,650
May 19,630
June 22,330
July 25,310
August 25,350
September 23,470
October 20,710
November 17,510
December 14,840

b. Wind profile

As shown in Figure 15 are the wind profile. The Table 2 on the other hand gives the average values
of wind speed over the course of a year for the Essaouira region. All these values were taken from the NASA
website for a period of 22 years.
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Int J Elec & Comp Eng ISSN: 2088-8708 g 3715

»
b
E
£
-
@
7}
=%
w
-]
=

Months of a year

Figure 15. Average wind speed profile over a year

Table 2. Mean values of wind speed over a year
Month Average wind speed m/s

January 5,310
February 5,530
March 6,070
April 6,610
May 6,010
June 6,160
July 6,450
August 6,210
September 5,420
October 5,030
November 5,360
December 5,410

c. Profile of solar irradiation

As shown in Figure 16 are the solar irradiation profile. The Table 3 on the other hand gives the
average values of the daily temperature over the course of a year for the Essaouira region. All these values
were taken from the NASA website for a period of 22 years.
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Figure 16. Profile of the average daily solar irradiation and of the brightness index over the course of a year

Table 3. Average values of daily solar irradiation over a year

Month Irradiation journaliére (kWh/m%jour)
January 3,530
February 4,440
March 5,670
April 6,880
May 7,560
June 7,610
July 7,490
August 7,050
September 6,100
October 4,740
November 3,740
December 3,150
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2.2.3. Characteristics of the selected system

The characteristics of the hybrid system have been carefully chosen. Indeed, this choice was based
on the demand of the domestic installation in electricity but also on the quality of these components. The
elements constituting this hybrid system are given in the following.

a. Photovoltaic panels: for this component our choice fell on the American brand SunPower and more
specifically for its X21-355-BLK solar panel, with a nominal power of 355 W, an efficiency of 21%,
composed of 96 cells, monocrystalline, with a lifespan of 25 years and which costs 145 USD.

b. Wind turbine: for this part we chose the AWS-HC1.8 Kw wind turbine of Australian origin which has a
nominal power of 1,800 W, a rated wind speed of 10.5 m/s, a lifespan of 20 years and which costs
4,950 USD.

c. Storage system: for the batteries, we chose the American brand Trojan battery, lead-acid battery, with a
nominal voltage of 12 V, a capacity of 257 Ah and which costs 425 USD.

d. Inverter: for the inverter we chose the Fronius Symo 4.5-3-S of the same brand, with a capacity of 4.5 Kw
and which costs 1,244 USD.

2.2.4. Conditions considered and imposed for our case study

To clarify the perspectives of this project, some assumptions are imposed, more exactly two
assumptions. The first one concerns the selling price of electricity while the second one concerns the life span
of the project. These conditions are given in the following:

a. The sale of electricity is permitted for the price of 0.08 USD. The main reason is the fact that the sale of
electrical energy is still not allowed in Morocco but the sale of electricity by individuals is probably the
future of energies.

b. The project has a lifespan of 20 years. Since it is an average duration of such a project.

2.2.5. Analysis of the results of the optimization of the hybrid system by HOMER

After calculation, HOMER presents 8 optimal solutions as shown in Figure 17. The best solution
from an economic point of view remains the one involving only the public grid and solar panels as shown in
the Figure 17. However, our main objective is to reduce the amount of CO, emitted as much as possible, so
we choose the 4" solution since it has the highest installed green power by far.

Architecture Cost

A% 4o T B2V awstaw ¥ ssic 12255 ¥ k v » ¥/ oispatcn V| S @ ¥ o< @ 7 Opering st @ yp Inia it iSlicy ik :‘“f} Y
- I @ 120 9999 987  CC Q0E  TTRE  -1350€ 7976¢ 21 0
® g0 2 99999 987  CC 0048€ 70426  -1370€ 8824¢ 921 0
) T 10 1 9999 105  CC 00191€ -5988€  -1640€ 13112€ %1 0

IEECECED 1 2 9999 102 CC 001696 5257€ -1651€ 13850€ %1 o |

999999 « 0120€  STI0E  49300€ 000€ 0 0
I 4 2 999999 00268  CC 0135€  6434€  4BL5LE 857,56 € 0 0
4} TR 1 %9999 0167  CC 0107€ 94786  38635€ 4907€ 57 0
4+ TR 2 2 99999 0271 CC 0292€  14451€  31299¢ 10826€ 419 0

Figure 17. Optimal solutions proposed by HOMER

The chosen solution requires a capital of 13,858.70 USD, 4,950 USD for a wind turbine type
AWS-HC1.8 Kw, 5,193.96 USD for the purchase of 12 solar panels of type X21-355-BLK, 2,864.74 USD
for the Fronius Symo 4.5-3-S type inverter and finally two Trojan SSIG 12 255 batteries for the price of
850 USD. From an energetic point of view the Table 4 summarizes the amount of energy produced by each
element of the hybrid system, while in the Table 5 are presented the amount of energy consumed:

Table 4. Quantity of energy produced by each Table 5. Quantity of energy produced by each
element during a year element during a year
Elements kWhl/year % Elements kWhlyear %
X21-355-BLK 23,423 83.6 AC primary loads 4,109 15.3
AWS-HC1.8Kw 3,535 12.6 DC primary loads 0 0
Public network purchases 1,050 3.75 Sales to the public network 22,814 84.7
Total 28,007 100 Total 26,923 100

Int J Elec & Comp Eng, Vol. 13, No. 4, August 2023: 3706-3719
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3. RESULTS AND DISCUSSION

The main objective is to be able to reduce the CO, emissions of the domestic installation, which in
normal times is supplied by the public distribution network, however a first result this time of an economic
nature emerges [24]. This result could play its role in the adoption of this kind of technology. The two
economic and environmental parts will be dealt with in what follows.

3.1. The economic result

In addition to its objective for environmental purposes, this project also aims to be financially
lucrative. The financial aspect is important as it can be a source of additional motivation. As a matter of fact,
this project would be able to generate no less than 33690 USD over its lifespan. The cash flow is shown in
Figure 18.

Cash flow over the project's life (20 years)

5000

-10000 I

-15000

Finances

Project duration in years

H Expenses = Potential gain

Figure 18. Cash flow for the chosen solution

3.2. Study of the carbon footprint of the chosen solution

The study is now at the stage of obtaining the results concerning greenhouse gases. Thus, the focus
will be on calculating the carbon footprint of the HOMER optimized system. Table 6 contains important
details for acquiring important results. To be able to determine the carbon footprint of this system, it is first
necessary to determine the carbon footprint of the energy purchased from the Moroccan public network. The
percentages differ from one source to another as can be seen in Table 7. The Table 7 is dedicated to this
subject. Thus, the carbon footprint of one kilowatt-hour of electricity produced in Morocco is 623.58 g/kWh.
Therefore, the determination of the carbon footprint of the hybrid installation is now possible. Table 8 gives
all the details of this calculation. And from the table we can deduce the amount of carbon emissions avoided
over one year and which is at least: 15,73 tons of COjlyear. This result may seem enormous, but
unfortunately, it is indeed the case, since for comparison purposes it represents no less than 116,500 km
covered by car with combustion engine, which is really a big number. Which means, if this kind of hybrid
system [25] is used massively, the quantity of CO, avoided will be consequently more important and will
slow down the damage caused by these toxic gases while waiting for more interesting initiatives from the
governments.

Table 6. Quantity of CO, emissions for each energy source

Elements kWh/year  Carbon footprint over one year in kg Carbon footprint over the life of the project in kg
X21-355-BLK 23,423 1,028.27 20,565.4
AWS-HC 1.8 kW 3,535 44.89 897.8
Public network purchases 1,050 654.76 13,095.2
Total 28,007 1,727.92 34,558.4

Table 7. CO2 contribution of each energy source for one kWh in Morocco
Sources of energy CO, emissions per kWh  Sources

Onshore wind turbine 12.79 ADEME
Offshore wind turbine 148¢ ADEME
Fossil gas 4909 GIEC
Coal 820 g GIEC
Photovoltaic solar 439¢ ADEME
oil 5109 ADEME
Hydraulic 43¢ GIEC
Concentrating Solar 22g GIEC

Ecological impact due to the implementation of a modeled and optimized hybrid ... (Othmane Echarradi)
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Table 8. Quantity of CO, emitted by the hybrid system

Sources of energy Contribution in the production  Emission contribution in one kWh produced

Coal 67.6% 554.32
Oil 1.5% 7.65
Onshore wind turbine 11.6% 1.47
Fossil gas 11.8% 57.82
Hydraulic 3.2% 1.37
Concentrating Solar 4.3% 0.946
CONCLUSION

From the latest results of this study, one thing is certain: the transition to renewable energy is the
way to go, and this because, as the figures show, it does many good to our environment. The use of

hybrid systems could be the cause of an important movement led by friends of the environment. And if the
weather situation, financial conditions and enough space to accommodate this kind of equipment are met, this
change could come on the one hand from everyone and on the other hand from state agencies. However, the
best solution remains that these two parties help each other to promote the use of this kind of system, which
can even serve from another point of view as financial project. Also promoting the sale of energy at attractive
prices, particularly in developing countries that could be an important detail to consider.
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