Ay e ) Agh) Bagal) A il all Ay g g el
PEOPLE'S DEMOCRATIC REPUBLIC OF ALGERIA

oladl Sl g Jladl elantl 805

MINISTRY OF HIGHER EDUCATION AND SCIENTIFIC RESEARCH
Hassiba Benbouali University of Chlef (U.H.B.C)
Faculty of Technology

Electrical Engineering Department

End-of-study project thesis with a view to obtaining the degree
MASTER

Field: Sciences & Technologies
Sector: Electrotechnical

Option : Electromecanical

Theme

Techno-economic analysis of an autonomous PV/DG
system using different solar monitoring and battery
storage: case study chlef (El hadjadj)

Presented by:

Abderrahim AMEUR & Abelmalik MERZOUG
Graduated on 24/06/2025 before the jury composed of:

Miss. F. BELOUAZANI MAA UHBC President
Mr. A.ELEZAR MCB UHBC Examiner
Miss. A.TOULBIA MCA UHBC Examiner
Mr. M. DEKKICHE MCA UHBC Supervisor

Promotion : 2024/2025




sa—ala
gusalil) 28U 1 gl G AUl 138 wamy (zlaall) Cilal) 8 A0 (e Sl Uas 38U ol dul jall o2a Jlad
plais (HSAT olaiy Al Alay) alas sy o5 wo i anli o3 o jass «Jad Alsay o(de siia aii dalail o)
Al Jlof =18 DAT slai of HOMER Pro Slas &gl MPPT (pwad aladinly (DAT alais «VSAT
$S5 el 15Y 5aNPC: 21,985) 13baiil JSY) A )3 38 45 5 Al AlaY) plai 2 (1 st de L/l 5 518 37,788)
A glalial) 8 A8kl 5 A8l e lal ()3 i) 5 (Aeluydal 5 sLS/GSy 5l 15Y 50 COE: 0.0863

Abstract

This study analyzes a hybrid off-grid energy system in Chlef, (E1 Hadjadj). It combines PV
panels (with various tracking systems), a diesel generator, and batteries. Four configurations
are assessed: fixed-tilt, HSAT, VSAT, and DAT, using MPPT optimization. HOMER Pro
simulations show DAT yields the most energy (37,788 kWh/year). The fixed-tilt at 38° is the
most economical (NPC: \$21,985; COE: \$0.0863/kWh). Results highlight the trade-off
between energy performance and cost for remote areas.
Résumé

Cette étude analyse un systeme énergétique hybride hors réseau a Chlef (El Hadjadj). 11
combine des panneaux photovoltaiques (avec divers systemes de suivi), un générateur diesel et
des batteries. Quatre configurations sont évaluées : inclinaison fixe, HSAT, VSAT et DAT, en
utilisant l'optimisation MPPT. Les simulations HOMER Pro montrent que le DAT produit le
plus d'énergie (37 788 kWh/an). L'inclinaison fixe a 38° est la plus économique (NPC :
219858 ; COE: 0,0863 $/kWh). Les résultats mettent en évidence le compromis entre

performance énergétique et colit pour les zones reculées.
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Nomenclature

Greek symbols

op Temperature power coefficient (%/°C)
Br Coefficient of variation of yield
n(t) System yield (%)

npv PV yield (%)

Nrefm PV module reference yield (%)
Ninv Inverter yield (%)

Nm Yield of the modules (%)

c Hourly self-discharge rate

Ninv Inverter yield (%)

Tiny Inverter load rate

Latin symbols

Fp System losses factor

Trefec Cell reference temperature (°C)
Te Cell temperature (°C)

Ppv PV power (W)

Ta Ambient temperature (°C)

Ginc Incident hourly radiation (kWh/m?/j)
Apv Total catchment area (m?)

IpG,max Maximum current of DG (A)
NPC Net present cost ($)

COE Cost of energy ($/kWh)

CRF Capital recovery factor

1 Real annual interest rate (%)

Chat Battery storage capacity (Wh/Ah)
XbpaG DG charge rate (%)

Ebat Energy of the battery (Wh)

Es Energy produced by the source (Wh/Ah)



EL Energy required by the load (Wh/Ah)

Plosses Electrical losses (%)

Eiot Total enegy (kWh/y)

Cann, tot Total annual cost of the system ($/y)

Piny Nominal power of the inverter (%)

Poinv Inverter output power (kW)

N Projet lifetime (y)

I Annual interest rate (%)

PLinv Inverter input power (kW)

Np Number of branches in parallel

Ns Number of modules in series

I[PV max Maximum input current (A)

Pmppr MPPT converter nominal power (kW)

Ppv max PV maximum power (kW)

Gt Solar radiation incident on the panels (kW/m?)
GrNocT Solar radiation at which NOCT is defined (0.8 kW/m?)
Lse,m Short-circuit current of the module (A)

Uoc,m, max Maximum open-circuit voltage of the module (V)

qdnG Fuel consumption of diesel generators (L/h)
Ppc DG Power (W)

Ppg,nom DG Nominal Power (W)

Upv,max Maximum input voltage (V)

Abbreviation

HES Hybride energy system
A% Volts

AW Watt

m Metter

y Year

A Ampere

SOC State of Charge

DG Diesel generator

AC Alternating current
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General introduction

General introduction

As part of the global energy transition, researchers are focusing on energy systems suited
for rural areas lacking reliable grid access. Hybrid energy systems (HES), which combine
photovoltaic (PV) panels, diesel generators (DG), and battery storage, are a promising
solution. This study is divided into four chapters that build the foundation for designing
autonomous HES. The theoretical chapter explains the need for hybridization and energy
reliability. The technological section describes system components, including PV tracking
types, batteries, and DGs. The methodological chapter focuses on modeling and optimization,
using tools like HOMER Pro. Finally, the practical application evaluates system performance
in a real case in Chlef, Algeria. Together, these chapters demonstrate how HES can balance
sustainability, reliability, and cost. They support the deployment of clean energy in remote

regions.

Chapter I compares and contrasts renewable and non-renewable energy sources in this
summary of the various energy sources. It draws attention to the sustainability challenges of
fossil fuels while drawing attention to the positive effects of renewable resources from the

standpoint of sustainable development.

Chapter II points out solar energy from photovoltaics. In addition to highlighting
Algeria's abundant solar potential, it explains the photovoltaic conversion principle, solar

panel types. Advantages and disadvantages of solar PV.

Chapter III discusses the hybrid PV/DG system with storage's technical sizing. In order
to guarantee the best possible balance between energy production and storage, it describes the
calculations and models used to size each component, including PV, DG, batteries, converters,

and MPPT.

Finally, Chapter IV applies the developed knowledge through simulations using HOMER
Pro. This allows for the analysis of different technical and economic configurations of the
HES. The simulation helps evaluate performance, cost, and energy reliability. Its purpose is
to identify the most efficient and sustainable system design. The case study focuses on

providing reliable power to a rural area in Algeria.
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Chapter I General information on the different energy sources

I.1. Introduction

In general, there are two categories of energy sources: renewable and non-renewable. Non-
renewable resources, like coal and oil, are limited and harmful to the environment, and
renewables begin from natural, replenishable processes like sunlight and wind. The availability,
long-term sustainability, and environmental impact of both categories are compared in this

chapter.

I.2. Non-renewable energy sources
Conventional energy includes resources such as natural gas, carbon, petroleum, nuclear

(figure I.1).

NON-RENEWAERBLLE
ENERGY

RESOURCES Natural gas

Figure I.1. Non-renewable energy resources [1].

1.3. Different types of non-renewable energy plants
1.3.1. Gas-fired power plants

They are a type of fossil fuel power station that uses the chemical energy stored in natural
gas, mostly methane, to create thermal, mechanical, and electrical energy. They do this by
burning natural gas to heat water and create steam, which in turn powers turbines to generate

electricity (figure 1.2).
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Figure 1.2. Gas-fired power plants [2].

1.3.2. Coal fired power plants

Coal is burned in coal-fired power plants to generate steam and heat water, which then
generates electricity. A turbine connected with a generator is powered by the steam. Thermal
energy is transformed into electrical energy by this mechanical process, as shawn in the figure

1.3. It is a widely used technique for producing electricity in several countries.

GENERATOR

TRANSFORMER

\— CONDENSER COOLING WATER CONDENSER

Figure 1.3. Coal fired power plants [3].

1.3.3. Oil-fired thermal power station

They burn oil to create heat in order to produce electricity. According to figure 1.4, this heat
turns water into steam, which powers a turbine that is attached to a generator. Electrical energy
is produced from the turbine's mechanical energy. It functions similarly to other thermal power

plants.
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Exhaust
0il Turbine

Air
Storage Intake  Compressor

Transformer
Generator

Combustion
Chambers

Figure 1.4. Oil-fired thermal power station [4].

1.3.4. Nuclear power plants (petroleum)

They use the heat from nuclear fission to create electricity. This process releases a lot of

heat as uranium atoms split in a reactor. As seen in figure 1.5, the heat is converted into steam,

which powers turbines that are connected to generators. A steady and continuously supply of

electricity is provided by this method.

if |
----- - ey
s S — = — 1 H 8 I

H

H
H

L A
EIEWMEEMIV‘]

Figure 1.5. Nuclear power plant [5].

1.4. Renewable energy sources

Renewable energy consists of different primary categories, each representing distinct

technological approaches to sustainable power generation, these fundamental categories

include in following figure 1.6.
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04 03
Geothermal )!/Z C Hydro-electric
energy == power
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05 m’ Wind
Biomass power
energy
:’_
28 n
Solar
energy

Renewable energies

Figure 1.6. Different renewable energies.

L.5. Different types of renewable energy plants or field

L.5.1. Solar energy

There are several ways to generate and use solar energy, including photovoltaic and thermal

solar energy (figure 1.7).

«  Solar thermal energy: which simply consists of producing heat through dark panels. You

can also produce with steam from the heat of the sun and then convert the steam into

electricity.

- Photovoltaic solar energy: which consists of producing electricity directly from light

using solar panels. This form of energy is already being exploited in many countries,

especially in countries or regions without conventional energy resources such as

hydrocarbons or coal [6].

Traps / .

Heat L Light

\ Tey/
Solar Thermal Solar PV

ELECTRICAL

Figure 1.7. Solar Photovoltaic and Solar thermal panels [7].
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1.5.2. Biomass power plants

Heat is produced by burning biomass, such as wood, household waste, or agricultural
waste, in order to create electricity. Biomass is a renewable energy source because it is
constantly being replenished. Usually, it is burned to create steam, which powers a turbine that

is attached to a generator to create electricity (figure L.8).

<
TREES TAKE °
UP SOME OF A A co,
THE CO, AND S N

RELEASE L@LE
OXYGEN (R4 SS K

CUMBER WOOD PELLET > " BIOMASS
INDUSTRY RESIDUE EACTORY '3

WASTE
TRANSPORT

Figure 1.8. Biomass power plants [8].

1.5.3. Geothermal power plants

Geothermal power plants are a renewable energy source because they use heat from the
Earth's interior to create electricity. They draw steam or hot water from subterranean reservoirs
to power turbines that are attached to generators. Each of the three primary varieties—dry

steam, flash steam, and binary cycle—uses geothermal energy in a unique way (figure 1.9).

Injection
Well

Figure 1.9. Geothermal power plants and their use for electricity production [9].

I.5.5. Hydroelectric plant
Electricity is generated by using the kinetic energy of moving water. Usually, these plants

are constructed close to rivers or other sources of water where the force of water movement can
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be used. They use a resource that is naturally replenished, making them a renewable energy

source (Figure 1.10).

Figure 1.10. Hydroelectric Plant [10].

1.5.6. Wind field
A wind turbine is a machine that transforms the kinetic energy of the wind into mechanical

energy, which in turn is converted into electricity (figure I.11).

High voltage
transmission transformer

Buried cables Buried cables
A
v
Remote computer
monitoring and control
via fibre optic cable

Figure I.11. Wind field Generation and Transmission System [11].

1.6. Compare between renewable and non-renewable energies
The difference lies in the nature of the renewal process and its impact on the

environment. Because they are limited and only last for a short time, non-renewable energy
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sources like coal, natural gas, and gasoline have a harmful impact on the environment and create

pollution (figure 1.12).

Figure 1.12. Conventional energy vs renewable energy [12].

1.7. Conclusion

The comparison demonstrates that while non-renewable sources are still widely used today,
they significantly increase pollution and depletion. In the long term, renewable energies are
cleaner and more sustainable. Renewables present viable and promising alternatives, even with

limitations. Adopting them is crucial to creating a safe and sustainable energy future.
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Chapter 11 Photovoltaic solar energy

I1.1. Introduction

This chapter highlights Algeria's abundant solar resources while examining the potential
for solar energy both domestically and internationally. It explains the fundamentals of
photovoltaic conversion as well as the primary varieties of solar panels and trackers. To
emphasize their usefulness, the benefits and drawbacks of solar PV technologies are also

covered.

I1.2. Solar deposit in the world

Assessing a site's solar potential is key to properly sizing a solar system. Based on
irradiation data from weather stations, it helps simulate system performance according to
energy needs [13]. Algeria, like other southern Mediterranean countries, enjoys exceptional

solar resources (figure I1.1).

Figure II.1. Annual global sunshine in the world kWh/m?/y [13].

I1.2.1. Solar potential in Algeria

Algeria holds one of the world's richest solar resources, with annual radiation ranging from
1.700 to 2.263 kWh/m? mainly in the Sahara, which covers over 80% of its area. These
significant potential positions the country favorably for large-scale photovoltaic development
and clean energy production for local use or export.

Table II.1: Sunshine received in Algeria by climatic region [14].
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Region Coastal region Highlands Sahara
Area (%) 4 10 86
Average duration of
sunshine 2650 3000 3500
(h/y)
Average energy received
(kWh/mz/y) 1700 1900 2650

I1.3. Photovoltaic conversion principle
The photovoltaic cell works thanks to the photovoltaic effect, which produces an
electromotive force under the action of light. The generated voltage generally varies between

0.3 and 0.7 V depending on the material, structure and ambient temperature (figure 11.2).

Photons
T

N-type area P
o b
P-type area Hol v ” .
yp oles (+) Electrons (-)
e 9_,

Figure I1.2. Explain the principle of conversion in PV systems [15].

I1.3.1. Types of solar panels
The table below shows some characteristics of solar cell types.

Table I1.2: Performance of the different cell technologies [16].

Performance Lifetime .
Technology (%) (year) Advantage disadvantages
Monocrystalline Silicon
t t
Giood loss of e
14-17 35 performance for . .
material during
a cell .
manufacturing
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Polycrystalline silicon

Student costs,
Good loss of raw
12-15 35 performance for . .
material during
acell .
manufacturing
Amorphous silicon
6-10 <10 Eas to Poor
manufacture performance
Absorbs 80 of . .
811 Does not the incident Highly pgllutmg
assess cadmium
photons

Organic cell

Low cost

\l!“‘ ' s Performance still )

: 10 currently low manufacturing,
& too much .

v , flexible

Monocrystalline and polycrystalline cells are the most commonly used technologies in

the photovoltaic field, accounting for approximately 60% of global production.

I1.4. Photovoltaic generator

A photovoltaic cell generates electrical energy through the photovoltaic effect, but its
limited power when used alone limits its application. To achieve higher power, multiple cells
are arranged in series and parallel. This creates a photovoltaic module designed for large-scale

applications (figure I1.3).
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Cel

Figure I1.3. Composantes d’un champ de modules photovoltaiques [17].

* Serial association
By adding identical cells in series, the current remains the same but the voltage increases

proportionally to the number of serial components (figure 11.4).

Y Celll

1 Cellule 1. Cellules en
Tec série Coll2
H -\?r‘n ns
XN, |
Cell.Ns

Figure I1.4. Identical cells in series [18].

- Parallel association
By adding identical cells in parallel, the current remains constant but the voltage increases

proportionally to the number of components put in parallel (figure I1.5).

4 n, Cellules
Ice sp en paralléle
xN Lec ap
Cell. N, \'anb
1 Cellule
Lec

Figure I1.5. Identical cells in parallel [18].
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I1.4.1. Protection of the PV generator

The series protection diode is used to stop parallel cell branches from being powered by
series cell branches. A bypass diode is connected in parallel to lower the possibility of an
excessive reverse voltage in the event of masking. The cells are shielded from reverse

overvoltages by these devices (figure 11.6).

Anti-reverse diode
Bypass g‘ |

-

!
3

diodes

L 4

N; cells in
series

L 4
Ij -

R
(b)

Figure I1.6. (a) Typical solar panel architecture with protective diodes (b) Failure of one of the

cells in the PV module and activation of the bypass diode [19].

I1.5. Advantages and disadvantages of solar PV
The use of photovoltaic solar energy requires evaluating its advantages and limitations

based on the constraints and needs specific to each project.

Advantages

Sustainable and free;
Long life (25-30 years);
Clean, silent technology;
Low maintenance;

Ideal for isolated areas;

Architectural integration possible and aesthetic;

N N N N NN

Rapid energy returns due to technological progress.

Disadvantages

v Production variable according to the sunshine;

v' Significant initial investment despite lower costs;
v Frequent need for battery storage;

v Limited cell efficiency (20-22%);
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v" Need for large areas.

I1.6. Conclusion

Photovoltaic solar energy is a promising solution for clean electricity generation, especially
for a country like Algeria with exceptional solar potential, and with technological advances
such as solar tracking systems that optimize energy capture, these systems become even more
effective when integrated into Hybrid Energy Systems (HES), which will be discussed in the

next chapter.
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II1.1. Introduction

This chapter deals with the sizing of PV/DG hybrid systems, essential for a reliable energy
supply in isolated areas. It presents the analysis of the main system components (PV, DG,
batteries, converters and MPPT) to ensure an optimal balance between production, storage and

consumption, while aiming for optimal technical performance.

II1.2. Architecture of an autonomous hybrid PV/DG system with battery storage

To provide trusted power in isolated locations, the self-sufficient PV/DG hybrid system
integrates solar panels, a diesel generator, and battery storage. While the battery stores excess
electricity for later use, solar tracking improves energy production. Sustainable and effective

energy management is ensured by an MPPT controller and an inverter (Figure I11.1).

AC FElectricload DC

=
®=h — A
DG 54.00 kWh/d
3.68 kW peak
o
[
Converter Battery

Figure I1I.1. Autonomous PV/DG system using battery storage.

I11.3. Technical sizing
Analyzing and comparing the different possible combinations of energy sources in HES
requires the use of sizing models.
The approach for sizing the hybrid system is as follows:
Sizing a PV ;
Sizing the DG system;
Sizing of the battery;

Sizing the bidirectional converter system (Inverter/Rectifier);

vV V V V V

Sizing of the MPPT converter.

I11.4. Sizing a PV
I11.4.1. Functional analysis of a PV
The main source of discontinuous energy to operate a photovoltaic panel is radiation. It

converts solar energy into electricity (figure.IIl.2).
31



Chapter 111 Sizing of the HES

Energy (W)
Exploitation (E)
Control (C)
l l l Setting (S)

Radiation Electricity
Enegy conversion

(Solar energy) (Electrical energy)

Photovoltaic panel

Figure I11.2. Functional analysis of a PV.

The modeling of a PV aims to determine its power Ppy (W) and its yield npv (%), taking
into account factors such as illumination and temperature which influence its performance.
When receiving an incident hourly illumination G (W/m?), the PV solar generator delivers

an hourly power with a total capture surface A,y (m?), is given by [20]:

Poy(t) = n(t) . Apy- Ginc(t) (11L.1)

With the system yield n(t) is given by [21] :

n) = Nu()- Niny- Fp (11.2)

And the yield of the modules nm (t), given by :
Mm(t) = NRef.m - [1 = Br.(Te(t) — TRef.c)] (I1.3)

Or:

nref m= PV module reference yield [%];
ninv= Inverter yield [%];

Fp= System losses factor (connection losses, temperature losses, etc.);

Br= Coefficient of variation of yield ;
Trer = Cell reference temperature [°];
Te= Cell temperature [°].
The temperature Te is calculated according to Duffie and Beckman [22]:
Tnocr—T
T (t) = Ta(t) + (W) Ginc(t) (IT1.4)

With Ta (t), which expresses the hourly ambient temperature and Tnoct (°C) represents the
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temperature of the cells under the conditions NOCT (Normal Operating Cell Temperature:

Gr, noct= 0.8 kW/m?, Ta, nocT=20°C, Specter AM=1.5).

I1L.S. Sizing of a DG
I11.5.1. Functional analysis of a DG
A generator set is used to connect a heat engine to a generator to produce electricity
(figure.IIl.3).
Energy (W)
Exploitation (E)

Control (C)
l l setting (5)
™

Fuel + air Enegy conversion Electricity
(Mecanical energy)
(Thermal energy) L ) (Electrical energy)

Diesel generator
@
Figure II1.3. Functional analysis of a DG.

The 1 kW GMI diesel generator is a compact, fuel-efficient power source ideal for remote

areas and backup use, offering reliable off-grid electricity (figure.I11.4).

Figure I11.4. Diesel generator [23].

Power is the most important criterion when choosing a generator. We are talking about

the electrical output power, not the power of the combustion engine.

The current supplied by a DG at a time (t) is given by [24]:

Ipg(t) = Ipgmax - Xpe(t) (1IL.5)
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Ipc,max= Maximum current of the diesel generator [A];

Xpa(t)= Load rate (in % of its nominal power) at a time (t).

A diesel generator is characterized by its fuel consumption (hourly or specific). The

hourly consumption of a diesel generator qpg (t) is given by the following formula [25]:

dpe(t) = a.Ppg(t) + b. Ppgnom(t) (I11.6)

Or:
a (I’kWh) and b (I’kWh) are constants. Ppg (t) et Ppc,nom: Respectively the power delivered at

a time t and the nominal power of the diesel generator. Their expressions are:

PDG (t) = \/§ . IDG (t) + UDG,nomAC- Cos @ (HI-7)

Pognom = V3 .Ipgmax(t) + Upgnom ac-Cos @ (I1L.8)
Or: Ubc,nom ac and cos(phi) are the rated AC voltage of the diesel generator and the power
factor respectively.
I11.6. Storage system sizing
I11.6.1. Functional analysis of a battery
A battery is a device that stores chemical energy (figure.Ill.5). When the battery is in

operation, this chemical energy releases electricity.

Energy (W)
Exploitation (E)
Control (C)
l l Setting (S)

Combustible energy Enegy conversion Electricity
. (Mecanical energy) .
(Mecanical energy) (Electrical energy)

Battery

Figure I11.5. Functional analysis of a battery.

Although the system can operate without batteries, their role is crucial to optimizing
operations, reducing diesel use, and limiting emissions. Excess renewable energy is thus stored

in the batteries.

I11.6.2. Battery charging model

State of charge (SOC) is a measure of a battery's remaining energy as a percentage of its
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stated capacity [26]:

Epat (£) = SOC = 2% = Bypr(t = 1(t = 0) + (Bs() = D)y (I11.9)

Chat max

Ebat (t)= SOC (State of Charge) = Energy stored in the battery at t, [Wh] or [Ah];
Ebat (t-1) = Energy stored in the battery at the initial time (t-1), [Wh] or [Ah];

o = Hourly self-discharge rate;

Es (t) = Energy produced by the source, [Wh];

EL (t) = Energy required by the load at a time t, [Wh];

Niny = Inverter yield.

With: 0 <S0C £1 (ITL.10)
I11.6.3. Battery discharge model

The battery discharges when consumption exceeds photovoltaic production, thus

compensating for the energy deficit. [27, 28]:

Epat(8) = Epar(t = D(¢ = 0) + (2282 — E (1) (IIL11)

I11.7. Sizing of the conversion system (converter)
I11.7.1. Functional analysis of the bidirectional converter

The bidirectional converter connects the DC and AC buses, providing conversion in both
directions. It functions as an inverter (DC — AC) and a rectifier (AC — DC), improving the
reliability and energy efficiency of the system (figure.IIl.6).

Energy (W)
Exploitation (E)
Contrel (C)
| [T

Low direct voltage . Higher alternating voltage
Transforms energy
(Electrical energy) (Electrical energy)
Converter
(taverter) %

Figure I11.6. Functional analysis of a converter.

The inverter yield (ninv) depends on the load, specifically the AC output power (Pp iny),
forming what is known as the inverter load curve. For analysis, the yield must be expressed
based on the DC input power. Electrical losses can be approximated by a constant component,

po, independent of the load. It is necessary to express the yield as a function of the input power.
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Reduced electrical losses Piosses, can be expressed their expression is presented as follows:

Flosses = Pl = P+ k.P* (IL.12)
Pysses = Electrical losses [%];
P;n, = Nominal power of the inverter [%];
P, and k = Coefficients calculated from the data provided by the manufacturer, by equations

II1.13 and III.14:

1 10 1

P=5 (5t — ——=9) (IL.13)
1

k = (—moo) —p,—1 (I1.14)

Or:
Nio and Moo are the yields at 10% and 100 % load, respectively, relative to the nominal power
given by the manufacturer.

The reduced power pred, also called load factor Tiny, is expressed as:

Po,inv
T=Preqg = (IIL.15)

Piny

Or:
Po,iny = Inverter output power [kW].

Electrical losses are the difference between the input DC power Pg, inv €t the output power:
Piosses = Prinv = Po,inv (IIL.16)
Thus, by combining equations II1.12 and III.16, we obtain:
(P, + k.P?).Piyy = Priny = Poiny (IIL.17)
On the other hand, input power can be expressed from output power and efficiency:

Py iy = 22 (IIL.18)

Ninv
Thus, after substituting III.18 into III.17 and using III.16, we obtain the equation:

P

P+ k.PP=——P (11L.19)

Ninv
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Hence the inverter's yield:

P
Niw = 557 (I11.20)

P+P,+ k.P2
Today, the best inverters reach peak efficiencies of 98% and the average is 95.2% [29].

I11.8. Sizing of the MPPT converter
I11.8.1. MPPT converter

By continuously tracking and operating at the maximum power point, the MPPT is an
essential component of increasing a photovoltaic system's power output. Under different

temperature and irradiance conditions, it improves system efficiency (figure I11.7).

ljv —=

Ver I pc/pe
. | Boost Controller
[——) Y
PV Panel .
»| MPPT Controller Other
Loads
t

Figure I11.7. Block diagram of MPPT controller [30].
Maximum power admissible by the MPPT [31]:
Pyppr 2 Ppymax = N. P (IIL.21)

Or:
Pmppr= Nominal power of the MPPT converter;
N= Total number of PV modules;

Pn= Peak power of a module (W).
Maximum input voltage (in cold conditions) [32, 33]:
UPV,max = NS- Uoc,m,max (IH'22)

Or:
Ns= Number of modules in series;

Uoe,m, max= The maximum open-circuit voltage of the module (minimum temperature).
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Maximum input current [32, 34]:

IPV,max = Np. Isc,module (1IL.23)

Or:
Np= The number of branches in parallel;

Isc,module= The short-circuit current of the module.

II1.9. Conclusion

This chapter displays the dimensions of the components used in the hybrid PV/DG
system. The functional analysis, technique method allows you to conceal a viable and

adaptable system, in view of its global performances.
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IV.1. Introduction

Using HOMER Pro, this study evaluates hybrid PV/DG with battery storage systems for
El Hadjadj. Technical and economic performance is used to compare different configurations,
including grid extension. The purpose is choosing the most economical and effective way to

ensure a steady supply of energy.

IV.2. HES modeling and optimization flowchart
The approach used to identify the optimal HES for the study area is illustrated in the

flowchart shown in figure IV.1.

Local metecrological data (Global
Honizental Irzdiance, temperature) Load profile
System components
PV system DG Converter Battery MPPT capacities and eoata

¥

Simulation and Optimizati
]

-

| l | l
| | | |

¥

‘ Comparison of different tracking systems in with grid backup ‘

Figure IV.1. Flowchart describing the optimization and modeling stages for the design of the HES.
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IV.3. Presentation of the HOMER pro software

HOMER software enables the design and analysis of HES. It combines renewable or
conventional sources, storage and load management, with or without a grid connection.
HOMER takes into account technical and economic aspects to determine the optimal solution.

It performs simulation, optimization and sensitivity analysis throughout the project's lifetime.

IV.4. Dimensioning by HOMER pro software
IV.4.1. Geographical location

The rural commune of El Hadjadj, located 210 km southwest of Algiers in Chlef, benefits
from strong solar potential due to high annual sunshine. Isolated from the electricity grid (figure

IvV.2).
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Figure IV.2. Geographical location of the study the house (El Hadjadj, Chlef).

IV.4.2. Climate data

El Hadjadj has a semi-arid Mediterranean climate, the monthly temperature profile in
figure IV.3 shows mild winters and hot summers, with temperatures around 10.37°C in January
and 11.59°C in December. Summer temperatures peak at 27.57°C in August, with an annual

average of 18.18°C.
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Figure IV.3. Represents the monthly temperature of the site.

This climate is favoring strong solar energy potential that is well suited for efficient year-

round PV performance especially during the hot sunny months.

IV.4.3. Irradiance of the study site
With a clearness index of 0.525 to 2.36 kWh/m*/day in December, the site has low solar

radiation during the winter months. June sees the highest solar potential, with a clearness index
of 0.648 to 7.49 kWh/m?/day (figure IV.4).
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Figure IV.4. The variation of average solar irradiation.

The numbers show that the spring through summer months are ideal for PV generation.
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IV.4.4. Load Profile

The figure IV.5 reveals stable electricity demand throughout the year, with occasional

increases in summer and winter of around 3.2 kW. These seasonal fluctuations reflect increased

thermal needs. They guide the efficient sizing of the hybrid system.
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Figure IV.5. Electrical load.

IV.5. Technical - economical parameter of components for our study

The key component costs and specifications of (PV, DG, converter, battery and MPPT) are

detailed in Tables IV 1 to five. These data support a 25-year simulation using Homer software.

43



Chapter IV

Results and analysis

Table IV 1: PV parameters [35,36].

PV
Model name
Capacity (kW)
Capital cost (US$)
Replacement cost (US$)
Operation & maintenance cost (US$/y)
Operating temperature (°C)
ap (%/°C)
Efficiency (%)
Life time (y)

Table IV 2: DG parameters [37].

DG
Model name
Capacity (kW)
Min. load ratio (%)
Life time (h)
Fuel
Capital cost (USS$)
Replacement cost (US$)

Operation & Maintenance cost (US$/y)
Fuel price (US$/L)

Table IV 3: Converter parameter [39].

Converter
Capacity (kW)
Capital cost (USS$)
Replacement cost (US$)
Operation & maintenance cost (US$/y)
Efficiency (%)
Life time (y)

CEMI100M-36

1

796

796
0
25

-0.41
13
25

1 kW GMI
1
30
3650
Diesel
342
342
0.05
0.7 [38]

1.6
546
546

82
25
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Table IV 4: Battery parameters [39].

Battery
Model name

Nominal Capacity (kWh)
Roundtrip efficiency (%)
Min. state of charge (%)
Capital cost (USS$)
Replacement cost (US$)

Operation & Maintenance cost (US$/y)
Throughput (kWh)
Life time (y)

Table IV 5 : MPPT parameter.

MPPT
Capacity (kW)
Capital cost (USS$)
Replacement cost (USS$)

Operation & maintenance cost (US$/y)
Efficiency (%)

Life time (y)

Hoppecke 16 OPzS

2000
4.76

86
30
276
276
20
6737.40
20

900

720

10

98

20

Solar panels are typically installed at a fixed tilt, but tracking systems can improve energy

capture by following the sun’s path. This study examines four such tracking systems, shown in

figure IV.6.

45



Chapter IV Results and analysis

i ii-inn-sz' i i“ﬁll-“' AL

“Tilt=36" g

l',fN l—" » N l", »N V,VN
- - o = — wl >E w< A 7’5

w ” TTE w‘{, E Wf. &
(a)

; , M
ﬁ” %” . *l‘ e

- > - : w
w > € w & 4 P’
S S

(b) (c) (d)

Figure IV.6. PV tracking systems (a) Fixed-facing at four different tilt angles (b) Horizontal single-

axis solar tracker (¢) Vertical single-axis solar tracker (d) Dual axis tracker [40].
1. Fixed-tilt solar panel (FTS) as shown in figure. IV.7 (a);
2. Horizontal single-axis tracking (HSAT) as shown in figure IV.7 (b);
3. VSAT or vertical single axis tacking as shown in figure IV.7 (¢);
4. DAT or Dual Axis Tracker as shown in figure IV.7 (d).

Different tracking systems costs are given in Table IV 6.

Table IV 6: Tracking systems cost [41].

Tracking system Capital cost ($/kW)
FTS 0
HSAT 870
VSAT 255
DAT 1000

IV.6. Results and discussion
IV.6.1. Technical comparison between different tracking systems
1V.6.1.1. Energy production and excess

This study compared several photovoltaic systems, including FTS, HSAT, VSAT, and
DAT systems. The DAT system produced the most energy (37788 kWh/year) and had the
greatest surplus (12167 kWh/year). Advanced monitoring systems showed a clear superiority

in terms of energy efficiency (figure IV.7).
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Figure IV.7. Energy production and excess of one year for different PV tracking techniques.

1V.6.1.2. PV penetration

The photovoltaic systems increase the energy consumption of the complex. The DAT

comes with a penetration of 192%, compared 141% to 153% for other configurations. These

systems are automated and compatible with diesel generators (figure IV.8).
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Figure IV.8. PV penetration of one year for different PV tracking techniques.
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IV.6.1.3. Capacity factor
DAT has the highest capacity factor (28.7%), followed by VSAT (27.1%), while all FTS

systems have the lowest (21.2% to 21.3%) as shawn in figure IV.9.

FTS/32° FTS/34° FTS/36° FTS/38° HSAT VSAT
Tracking system

Figure IV.9. Capacity factor for different PV tracking techniques.

The capacity factor in tracking systems is known as the ratio of actual energy production

to the maximum achievable.

IV.6.1.4. Impact of MPPT on performance
By getting in more power, MPPT increases PV output, as indicated by the blue curve above
the yellow curve figure IV.10. It adjusts to changes in temperature and irradiance to maintain

maximum efficiency. On days with changing weather, this effect is most evident.
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Figure IV.10. Daily power comparison between PV and MPPT converter.

IV.6.1.5. Monthly generation

Based on technical analysis, the DAT system was found to be the most efficient and
productive of the four PV tracking options at the studied site. With a capacity of 37788 kW of
PV and 32.5 kW of DG power, the system generates 99.9% of its annual electricity from PV
and 0.0860% from DG. Figure IV.11 shows the monthly energy contribution of each system

component.

Hpv 59
M Gen

-

Production (MWh)
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Month

Figure IV.11. Monthly generation of the PV/DG system.
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IV.6.2. Economic analysis
The results of the economic analysis, including the net present value NPC and COE for
each configuration are presented in Table IV 7.

Table IV 7: Results for HES.

Parameter PV DG Battery Converter NPC COE
Scenario [kW] [kW] [hr] [kW] [$] [$/kWh]
FTS/38° 15 485 133 3.88 21985 0.0863
FTS/36° 15 538 133 3.88 22364 0.0878
FTS/34° 15 600 133 3.88 22872 0.0898
FTS/32° 15 670 133 3.91 23396 0.0918
VSAT 15 242 105 3.88 23791 0.0934
HSAT 15 261 132 3.88 33441 0.131
DAT 15 325 133 4.00 34049 0.134

DAT has the highest NPC and COE due to the high cost of the tracking system (1000
$/kW). By reducing it we obtain the lowest cost configuration, wich is FTS/38° hybrid system
with an NPC of 21985$% and a COE of 0.0863$/kWh. Figure IV. 12 shows the cost of each

component of this system.

$14,000 -
$12,000 -
410,000 -
$8,000 -}
$6,000 -}
34,000
$2,000
£0

Cost (S)

Autosize Generic flat Hoppecke 16 PV Dedicated System
Genset plate PV OPzs 2000 Converter Converter

System component

Figure IV.12. Cost breakdown of various components of FTS/38° hybrid system.

In order to rank different energy system configurations, Homer computes the NPC and
COE primary economic metrics. The NPC subtracts the current revenues from the present cost
of installing and maintaining the system over the course of the project, and the result is provided
by:

NPC = Lanntot V.1
CRF(l,N)

Or:
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e Can, 1ot = total annualized cost [$/y];
o N =projet life time [y];
o 1=annual interest rate [%].

o CRF = capital recovery factor and it is calculated by the following equation:

. . N
CRF(i,N) = -0 V.2

(1+i)N-1

The COE is known as the average price per unit of energy (kWh). To determine it HOMER
uses the following equation:

COE = Sanntot V.3

Etot

Where:
o Eit = total electricity served to the load annually (kWh/y).

IV.6.2.1. Cash flow by component and cost type

The cash flows of the optimal hybrid system detailed by component and cost type. Figures
IV.13 (a) represents the initial cost of total investment at installation, including PV generators,
the solar tracker, Hoppecke batteries, flat PV modules, the generator set, hydrogen storage and
converters. Figure IV.13 (b) shows the evolution of the flow over 25 years, highlighting a
significant initial investment, followed by operating costs and a recoverable residual value at

the end of the system’s life.

(a)
£5,000 -
SU-. ————————————— . ———————————
($5,000) 1
M Systern Converter
($10,000) -
PV Dedicated Converter
Hoppecke 16 OP=z5 2000
(515,000 - Generic flat plate PV
B W Autosize Genset
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Figure IV.13. Cash flow of the optimum system listed by (a) component, (b) cost type.

IV.7. Operation status of the optimal PV tracking technique (FTS/38°)
IV.7.1. PV electrical summary

The hourly power output over a year is depicted in figure IV.14, with peak production
occurring between 9:00 and 18:00 and reaching up to 15 kW during sunny periods. The FTS/38°

system continues to function steadily in spite of daily and seasonal variations. With an average

output of 3.18 kW, 76.3 kWh of energy are produced daily.
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Figure IV.14. PV power output throughout the year for the FTS/38° system.
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IV.7.2. DG electrical summary

Is used in a very limited way, which reflects the relevance of the overall sizing of the
system. It only intervenes in case of emergency, with only 263 h of operation per year. Its

contribution to electricity production is low (485 kWh/y), as is its fuel consumption (175 L/y).

(Figure IV.15).
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Figure IV.15. DG power output throughout the year for the FTS/38° system.

Chart figure highlights the low demand on the generator, mainly observed at the end of the
year, when photovoltaic production and battery storage are no longer sufficient to meet demand.

This trend underlines a minimal dependence on diesel.

IV.7.3. Battery storage
Throughout the year, the battery stored the electrical energy produced to ensure the

continuity of the system and the supply of the necessary energy to the house (figure IV.16).
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Figure IV.16. State of charge over one year.

The batteries have a capacity of 428 kWh, its input energy is 15172 kWh/y, its output
energy is 13326 kWh/y and its losses are 2146 kWh/y. A lifetime flow rate 287394 kWh.
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IV.7.4. Converter electrical summary
The optimal converter power was estimated at 3.88 kW. Figure IV.17 illustrate the annual

utilization of the converter, highlighting its role in the overall operation of the system.
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Figure IV.17. FTS/38° system converter.

The inverter generates a steady output of 2.19 kW (56.6% of its 3.88 kW capacity), while
operating almost (8607 hours per year). It converts 23446 kWh/y of input energy into 19225
kWh/y of useful output. Its efficiency in preserving system performance is demonstrated by the
total conversion losses, which come to 4220 kWh/y annually.

The rectifier output is blank, indicating that the rectifier was not used. Energy therefore flows

only from DC to AC.

IV.7.5. Renewable penetration
This graph (figure IV.18) shows the real-time share of energy demand met by renewable
sources. It provides a scalable, hourly indicator to assess how effectively renewables meet the

system load throughout the year.
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Figure IV.18. Instantaneous renewable output divided throughout the year for the FTS/38° by load.
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The colors show the ratio between renewable production and consumption. Light areas
indicate excess energy that can be stored or lost, while dark areas show a deficit of production

compared to demand.

IV.8. Grid extension electrification cost
Figure 1V.19 illustrates that when the distance crosses approximately 0.26 km, FTS/38°
becomes more economical than grid extension. The standalone system is a better investment

because its cost remains constant however, grid extension costs rise linearly with distance.
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Figure IV.19. NPC for FTS/38° and grid extension as function of distance.

This makes investment beyond short distances better and highlights the economic

advantage of autonomous systems in rural areas.

IV.9. Conclusion

This chapter analyzed hybrid PV/DG with battery storage systems for El Hadjadj using
Homer Pro, underline the impact of configuration choices on performance. With the lowest
NPC, the analysis finds that economically the FTS/38° is the most practical choice even when

compare it to grid extension, and technically DAT is better.

55



General conclusion



General conclusion

General conclusion

In order to deal with the energy requirements of isolated regions, a standalone HES that
combines PV, DG, and a battery storage system has been successfully researched, sized, and

simulated in this work.

Chapter 1 proved that the transition to renewable energy sources is crucial due to the limited
availability of fossil fuels and their increasing consumption resulting from the growing global

demand for energy.

Chapter II verified that photovoltaic technology is a practical and promising solution due to
Algeria's large solar energy potential. The potential for increasing energy capture and system

efficiency was brought to light by the study of PV technologies.

Chapter III provided a detailed technical sizing of the HES, demonstrating how a properly
sized set of PV panels, DG, batteries, and an MPPT which is essential to ensure the efficiency

and profitability of a photovoltaic installation, especially in variable environments.

Chapter IV shown the HOMER Pro software simulation results, which demonstrated that the
suggested HES could keep steady energy delivery while greatly reducing fuel consumption and

operating expenses.

Chapter IV presents the HOMER Pro software simulation results, which demonstrated that
the DAT system achieved the highest energy production, while the FTS/38° system offered the

best economic performance.

The results of this study demonstrate the foundation for future developments and practical
applications in Algeria and similar contexts, and they illustrate that hybrid systems are both

financially and technically possible as a sustainable energy source for remote regions.
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