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General Introduction: 

The steady increase in energy consumption carried on by population grouth, industriel 

development, and quick technical advancement is now causing a significant changes in the 

global energy industry. The need for sustainable and clean energy solutions has increased due 

to this growing demand, the depletion of traditional fossil fuels, and increasing of 

environmental concerns about greenhouse gas emissions. In this context, the renewable energy 

sources have become a key solution, offering a pathway toward a long-term economic stability, 

environmental protection, and energy sustainability. 

Renewable energy technologies especially solar photovoltaic (PV) and wind energy 

systems, have attracted a lot of interest, due to their maturity, flexibility, and decreasing 

installation cost. These resources are particularly important for decentralized applications 

where fuel dependence is high or grid reliability may be restricted, such distant facilities and 

service stations. A viable way to increase energy dependability, lower operating costs, and 

lessen environmental effect is through the integration of hybrid renewable energy systems, 

which combine multiple sources with energy storage and backup generation 

The design, modelling, and optimization of a hybrid photovoltaic–wind energy system 

with battery storage at a gasoline service station located in Aboutachfine, Tlemcen, Algeria, are 

the main objectives of this project. The goal is to determine the best way to cut diesel usage 

while increasing the contribution of renewable energy by evaluating the technical, economic, 

and environmental performance of various energy configurations. 

The work is organized into three major chapters in order to achieve this objective. First 

of all, the first chapter gives an extensive overview of renewable energy sources, with a 

concentration on solar photovoltaic and wind energy, including their concepts, components, 

benefits, and possibilities for integration into hybrid systems. Then, the second chapter lays the 

theoretical and methodological foundation for the study, by presenting the mathematical models 

of each system component, including PV panels, wind turbines, battery storage, inverters, and 

energy management techniques. Additionally, it describes the system design and input 

parameters utilized for modelling and analysis, as well as the simulation tools employed in this 

work, namely PVsyst and HOMER Pro. 
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Ending with the third chapter, which shows and discusses the simulation results obtained 

from the suggested system settings. In terms of energy output, fuel savings, renewable fraction, 

system dependability, and economic indicators like energy cost and investment return, it 

contrasts the performance of standalone and hybrid systems.  

Using this methodical approach, the study hopes to show that hybrid renewable energy 

systems are a good substitute for traditional diesel-based production, especially when it comes 

to lowering operating costs and increasing energy autonomy. 
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Chapter I: 

Background and Literature 

Review on Renewable 

Energy Systems 
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I.1. Introduction: 

The world's energy consumption is currently increasing steadily as a result of industrial 

and technical advancements as well as population growth. This has raised environmental 

issues related to the usage of fossil fuels and resulted in the depletion of conventional energy 

sources. In this context, renewable energy have emerged as a sustainable solution that helps 

satisfy energy demands while reducing adverse environmental effects and ensuring 

sustainable development. 

 In general, this chapter aims to provide a comprehensive overview of renewable 

energies by examining their idea, historical evolution, and various key sources, including 

hydropower, biomass, geothermal, solar, and wind energy. The chapter focusses on solar 

photovoltaic and wind energy, describing the types, components, and practical uses, also 

their working principles. Additionally, hybrid system that integrate several renewable 

energy sources are examined, also stand-alone systems.  

Finally, the chapter discusses wind energy, its components, advantages, and 

disadvantages, highlighting the integration and complementarity between solar and wind 

energy to improve energy production and ensure a continuous supply. 

I.2. Renewable energy: 

Renewable or sustainable energy is extracted from natural sources, such as water, sunlight 

and wind, which are continuously replenished, this sourced characterized by their abundance, 

which is due to their ability to renew themselves faster than they are consumed , also by  their 

distribution in our environment. On the other hand we have non-renewable energy like fossil 

fuels are finite such as: coal, oil and gas, which are very dangerous to the environment because 

of their destructive emissions of greenhouse gasses like carbon dioxide. Knowing that this non-

renewable sources take millions of years to form. Emission from renewable energy production 

are much less than burning fossil fuels which is the major source of greenhouse gasses 

emissions, this highlights the need to adopt renewable energy sources as a primary source of 

energy production in the world, given its potential to combat climate change and reduce risks.  

In addition, renewable energy contribute to creating more than three times as many jobs as 

fossil fuels, it has led to becoming more: economical and cost-effective in more countries, as a 

result, this enhances their economic, environmental and social value. [1] 
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I.3. Historical Overview: 

A. Solar energy: 

• In 1839, the French Antoine Edmond Becquerel was the first to point out this particular 

conversion of energy. 

• In 1930, the development of cells with cuprous oxide and then with selenium. 

• In 1958, the first generators were used for satellites Vanguard in Florida. [1] 

 

B. Wind energy: 

• In 1988, the American scientist Charles F. Brush built the first wind turbine capable of 

producing electrical power with 12kw. 

• In 1920, the French scientist named George J.M. Darrieus develops the concept of a 

rotor with a vertical axis. [1] 

 

C. Biomass: 

• In 1840, the first commercial use of biomass gasifier, the device is made in France. 

• In 1900, the German inventor Rudolf Diesel demonstrates that a diesel engine can run 

on peanut oil, so vegetable oil is used as a replacement for diesel. [1] 

D. Geothermal energy: 

• In 1904, in the city Lardello in Italy, the geothermal energy was used for the first time 

to produce electricity. 

• In 1911, the opening of the first power plant. [1] 
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E. Hydraulic energy: 

• In 1883, the Italian engineer designed and installed the first electric generator in Sondrio 

powered by hydraulic force. 

• In 2015, China occupies a clear first place globally in the world. [1] 

I.4. Different sources of renewable energy: 

 

                                       Figure I.1: Different renewable energy sources 

 

I.4.1. Hydraulic energy: 

Hydraulic from "HYDRAULICOS", a Greek word composed of:" HYDRO "meaning 

water, and  "AULOS "meaning pipe. 

This energy is obtained from the movement of water, such as water flowing in dams, rivers 

or waterfalls. This energy can be converted from mechanical energy into electrical energy so 

that it can be used in our daily lives. This conversion is done by using turbines and generators. 

[1] 

Different forms of energy are used in hydraulic: 

• Kinetic energy (by velocity), like in hydroelectric turbine. 
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• Potential energy (from gravity), like a water tower. 

• Pressure energy used in industrial and mobile hydraulic systems. 

Several techniques are used in this energy sector such as dams, tidal and turbines. [1] 

   

 

                                                        Figure I.2: Hydro Energy 

I.4.2. Geothermal energy: 

Geothermal comes from the Geek words "GEO " means" earth" and " THERMOS" "heat  ", 

present both the science that studies the internal thermal phenomena of the earth also the 

technology used to exploit it . 

This energy is obtained by circulating a fluid deep underground, it heats up as it comes into 

contact with the hot rocks and flows back to the surface with thermal energy. This heat can be 

converted into electricity or used directly for heating. [1] 

• Operating principal of geothermal energy: 

Water stored underground is converted by the Earth'heat into steam, which then spins a 

turbine and generates electricity with a generator. [2] 
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Figure I.3: Geothermal energy  

1. Using a well and excessive pressure, the water extracted from the deep subterranean 

sources 

2. The water changes into steam because the pressure decreases, when it arrives at the 

surface. 

3. A generator that generates electricity is linked to a turbine powered by a steam. 

4. Once the steam leaves the turbine, it is chilled and condensed in a cooling tower, 

returning to water. 

5. The cycle is then recommenced by pumping the cooled water down underground.[2] 

I.4.3. Biomass energy: 

Biomass represents all types of living organisms present in a particular environment or 

ecosystem in a renewable or recurring manner. Its sources include wood, animal waste, 

municipal waste, food crops and agricultural residue such as" corn stover ". Through 

photosynthesis Plants produce sugars, proteins, fats and carbohydrates as a result of converting 

sunlight into energy, storing some of this energy within their seeds, roots and tissues. Wood 

represents the largest source of energy among the various biomass resources. 

Biomass is a vital source of fuel in many countries, especially for cooking and space 

heating, particularly in developing countries. Additionally, its applications are expanding in the 

production of transportation and electricity generation in many developed nations, helping to 

lower carbon dioxide emissions from fossil fuel use. [3] 
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                                                        Figure I.4: Biomass resources 

I.4.4. Solar energy: 

Solar energy is produced by thermonuclear reactions occurring in the sun, where hydrogen 

atoms are constantly transformed into helium. Heat and electromagnetic radiation are released 

large quantities during the process. The sun's electromagnetic radiation propagates in all 

directions across space. Although only a small fraction of this radiation reaches the Earth, it is 

still considered an important source of energy because the power received by the Earth is 

thousands of times greater than the total energy consumed by humans. One of the purest and 

most plentiful renewable energy sources on the planet is solar energy.  Around 1.4 kW/m² of 

energy is delivered  by the radiation flux known as "the solar constant".In comparison, the 

energy that reaches the exposed surface of the Earth is approximately 10,000 times greater than 

the total power consumed by humans, which is about 18 TW from all sources such as oil, 

nuclear, coal and others. Therefore, the impending energy crisis would be solved if we could 

capture even a small fraction of that. Advanced technologies allow both businesses and 

individuals to use solar power in their daily lives in various ways, such as solar water heaters 

and home heating systems, which help reduce energy expenses and environmental impact. This 

energy is inexhaustible and sustainable. [4] 

There is two types of solar energy: 

• Solar thermal energy 

• Photovoltaic solar energy [4] 

• Definition of solar thermal energy: 
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Solar thermal energy refers to technologies that convert sunlight into heat rather than 

electricity using solar collectors that absorb solar radiation. This heat can be used directly or 

transferred by a circulating fluid, such as air or water, for applications like domestic heating 

and hot water production.  

Because of solar energy can be extracted in two different forms: solar thermal energy 

and photovoltaic energy, there are two similar types of solar technologies: solar collectors 

which are used to produce heat, and photovoltaic panels, which are used to generate electricity. 

[4] 

• Solar panels: how do they operate and why choose 

them? 

A heat transfer fluid that circulates in pipes implanted below a glass surface is heated 

by sunlight absorbed by a solar thermal panel. Than the heat is transferred to a storage tank and 

used to warm water for household usage. 

How a solar thermal panel operates: 

• Solar heat absorption: Using a glass surface, the panel collects solar radiation and 

converts it to the pipes holding the thermal-transfer fluid. 

• Heated fluid circulation: The warm liquid travels to the storage tank via the electrical 

system after being heated by the sun. 

• Heat transfer: A heat transfer distributes the heat to the household water source. 

• Hot water utilization: Bathrooms, showers and heating are typical household uses for 

the hot water.[5] 

• Different types of solar thermal panels: 

Depending on their intended use, solar thermal panels come in various types, because 

of their economic value and optimum performance, flat plate collectors are the most popular 

and suitable for domestic application. While unglazed collectors are mainly used for pool water 

heating as a more affordable but less productive option, high-efficiency tube collectors enable 

superior efficiency especially under cold or low-sun climatic conditions. 
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Up to 70% of home's hot water requirements can be supplied by a well-constructed 

system, which helps conserve energy. 

However, considering its benefits, solar thermal energy still accounts for 0.2% of 

France's annual heat consumption. [5] 

 

 

 

 

 

 

 

 

 

 

              Figure I.5: The operation of a solar thermal panel  

 

• Advantages of solar thermal panels: 

• Long lifespan: as a result of right care and maintenance, a solar thermal panel can last 

20 to 30 years. 

• Attractive return on investment: due to energy savings, the return can frequently be 

achieved in 5 to 10 years. 

• Raised certificate of home energy efficiency. 

• Eco-friendly and renewable: supports the energy revolution with lower CO2 emissions 

• Energy savings: an extensive decrease in hot water and household heating costs.[5] 
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• Disadvantages of solar thermal panels: 

• High installation cost: ranging from 4000£ to 7000£, some households may be 

encouraged because they find it expensive. 

• Sunshine dependency: depending on climatic conditions: if it is winter or cloudy days 

so there will be less efficiency, sometimes requiring additional heating (e.g., electric 

heaters or stoves). 

• Space needed: to maximize heat production, a well-exposed roof area is crucial. 

• Maintenance requirements: good performance depends on regular cleaning of the 

collectors and periodic checks of the heat transfer fluid.[5] 

 

• Definition of photovoltaic solar energy: 

Photovoltaic energy (PV) is one of the most renewable energy technologies used today, it 

refers to the process of the direct convert sunlight into electricity without producing pollution 

or greenhouse gas emissions, using semiconductors materials. Solar cells are responsible of 

converting incoming light from the sun into electrical energy, the cost of this solar cells was 

high, making solar modules the dominant element of a PV system. To reduce system cost, focus 

the incoming sunlight using either mirrors or lenses. [6] 

The term"photovoltaic" is derived from the Greek word "Photo", mean light and "Volta " 

refers to the Italian scientist Alessandro Volta, a pioneer in the study of electricity. Although 

Volta did not discover photovoltaic energy, he played a fundamental role in the history of 

science by discovering a continuous electric current to develop future electrical systems and 

modern renewable energy technologies including: 

• Batteries used to store photovoltaic energy. 

• Electrical circuits and energy storage technologies. 

In 1939, Alexandre Edmond Becquerel was first observe the photovoltaic effect, when he 

found that light could generate an electric current in certain materials. [6]. 



14 

 

• Working principle of photovoltaic systems (PVs): 

The PV effect is the basis of how solar systems function, the fundamental parts are the 

solar cells, which are made of semiconductors materials like silicon. When sunlight hits the 

surface of this cells, photon transfer their energy to electrons in the material. 

As a result, electrons become excited and start to move, creating an electric current, this 

current is primarily direct (DC), which depending on the application, can be used directly or 

converted into alternating current (AC), via an inverter. 

The quality of semiconductors material, the intensity of solar radiation and 

environmental factors such as temperature and shade all effect how effective this process is. [6] 

• Components of a PVs: 

A basic photovoltaic system consists of several essential components that coorperate to 

produce and manage electricity: 

• PV modules: 

The fundamental elements that are responsible about transforming solar radiation into 

electrical energy are the photovoltaic cells. PV module is formed by combining many cells 

in series to generate the necessary voltage (48V, 12V….). The smallest unit that may be 

used in a solar energy system is this module. A several modules are assembled to create 

solar panels, which are subsequently connected to construct PV fields. There are two 

primary methods for linking the components of a PVS: parallel and series connections. The 

system can deal with various energy needs by using a parallel connection to boost power 

production and a series connection to enhance electrical voltage. This cells are mainly 

composed of crystalline silicone, either polycrystalline or monocrystalline, which may also 

be created as thin-film utilizing modern technologies. In addition, to ensure system 

efficiency and safety, protection devices such as anti-return diodes are installed to prevent 

reverse current and by-pass diodes are used to minimize overheating. [7] 
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                                              Figure I.6: Types of PV modules  

 

• Batteries: 

Battery technologies are used to accomplish the requirement of daily or seasonal storage, 

because solar energy is not always available in PVs. In low power installations, lead-acid 

batteries with flat plates are the most used batteries. There are other types as well, such nickel-

cadmium batteries, but in the other hand they are most costly with voltage regulation issues. In 

the long term, energy storage technologies are anticipated to emerge and develop throughout 

time. Batteries can be configured in series to obtain the required voltage level, while parallel 

arrangements are used to enhance the overall capacity and satisfy the necessary energy 

requirements for system autonomy. The two electrodes that make up the battery are a positive 

electrode and a negative electrode that are immersed in an electrolyte, which is a solution of 

sulfuric acid at different concentrations. Both the voltage of the solar modules and the properties 

of the direct current (DC) loads influence the selection of battery voltage. Moreover, the total 

number of batteries is determined according to the desired period of energy autonomy. Batteries 

are connected to a charge controller in photovoltaic systems, which manages the charging 

process and guarantees a secure supply of electricity to the loads. [8] 
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                              Figure I.7: The 3 types of batteries used in solar energy 

 

• Definition of High-voltage and Low-Voltage batteries: 

High-voltage batteries are devices which store energy that run at levels that are capable 

of reaching thousands of volts, and are usually higher than 100 volts. Back to their ideal 

performance and efficiency, they are primarily used in big residential, commercial, and large-

demand solar power system. [9] 

On the other hand, we have low-voltage batteries, typically at lower voltage level, 

constantly between 12 and 48 volts. In light of their basic design, affordability, and their 

accessibility of installation, they are the best choice to use in rural areas or small-scale solar 

systems. [9] 

There are many factors such as cost, efficiency, current and voltage that highlight the 

distinctions between those two types of batteries, as illustrated in the table below: 
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Aspect HV Batteries LV Batteries 

Voltage Above 100V From 12V to 48V 

Current Reduced Superior 

Efficiency Superior Reduced 

Cost High Low 

Installation More complex Easier 

Applications Large systems 
 off-grid systems, small 

systems 

Heat generation Less More 

Safety 
 Strong safety 

protocl  

Safer because its 

reduced voltage 

Lifespan 
Long (espesially 

lithium-ion)  

Long but depends on 

usage 

Maintenance 

Complex, need 

professional 

maintenance 

Simple, routine 

monitoring is sufficient  

  

                                      Table I.1: The differences between HV and LV [9] 

 

 

                                           Figure I.8: HV and LV batteries  
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• Charge controller (regulator):  

  This device controls the voltage and current flowing from the panels, and manages the 

charging and discharging of batteries in a solar system and block reverse current at night. When 

the battery reaches a high level of charge, it protects it by disconnecting the photovoltaic 

modules in order to avoid battery overheating. In contrast, in the case of excessive discharge 

the controller uses an automatic cut-off device in order to stop the power supply to the loads 

and protect the batteries from deep discharge. So we can say that without this mechanism, the 

batteries may experience water loss. Furthermore, the controller has the ability to compensate 

for temperature changes, which allows the system to adapt how it operates. Usually, it is 

installed between the batteries and the photovoltaic array. [10] 

 

 

               

 

Figure I.9: Solar charge collector                          Figure I.10: System connection diagram 

 

 

• Types of Charge  Controller: 

• MPPT (Maximum Power Point Tracking _ more efficient): 

Is an advanced devise that optimizes energy through intelligent tracking, by transforming 

the excess voltage into additional current, using DC-DC converter, enabling the system to 

collect as much energy as possible from the PV array, which varies depending on solar 
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irradiation and temperature conditions. So we obtain as results: raising energy-efficient (10–30 

%), In addition, it is ideal for medium-sized and large-scale PV systems. [10] 

 

• PWM (Pulse Width Modulation): 

It offers direct connection with controlled switching, by working as a switching mechanism 

between the PV modules and the battery, this device does not actually control the voltage of the 

photovoltaic panel; rather, it forces the panel to operate at a voltage close to the battery voltage. 

In order to regulate charging, it attaches the solar panel directly to the battery, and progressively 

reduces the current. This type mostly used in small solar systems, due to its simplicity and low 

cost. [10] 

 

 

• Inverter (DC /AC Converter): 

Most of electrical appliances use alternating current (AC), so this device converts direct 

current DC produced by solar modules or stored in batteries, into standard alternating current 

AC electricity. Therefore, it is necessary to integrate an inverter into the PV system while 

powering AC loads. This conversion enables the functioning of household appliances, and 

guarantees compatibility with traditional electrical systems, also inverter plays an important 

role in system protection, by incorporating features like overload defense and short-circuit 

prevention. Inverters can operate different mode depending on the setup of the system: in grid-

connected system, generated electricity is synchronized with the utility grid, while in stand-

alone systems, power is sent directly to the loads. In hybrid systems, the inverter manages 

multiple energy sources in order to guarantee peak performance and power uninterrupted 

supply. The produced signal may be either a square wave or a pure sinusoidal wave. [11] 
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                                                           Figure I.11: Inverter types  

• Cables and wiring: 

Cables ensure energy transmission between units, by linking different parts of photovoltaic 

system, they may be working in enclosed systems, exposed or embedded conduits, and 

permanent configurations both indoors and outdoors without protection. They are also used for 

power delivery in regular buildings and similar civil engineering infrastructures. [11] 

 

                                        Figure I.12: 1/1 KV PV-Solar Photovoltaic cable 

 

 

• Protection devices: 

They include: bypass and blocking diodes, fuses and circuit breakers, their main function is 

to prevent damage to the system, by protecting components, which is necessary for both system 

longevity and safety. This devices protect against errors, overcurrent, and reverse current. [11] 
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• Mounting structure: 

The PV modules are supported by the mounting framework, which also preserves their 

correct orientation with regard to the sun. It need to deal with external factors like rust, oxidation 

and wind, so could guarantee stability and optimum panel installation. [11] 

• Electrical load: 

Generally, anything that uses power is an electric load, and the usage is measured in watts. 

Is any part of a circuit that uses electrical energy and transforms it into another forms, usually 

light or heat, for example: lamps, laptops, motors, electric vehicles (EVs). The properties of the 

system components are defined by their electrical specifications and usage voltages. Therefore, 

careful selection of loads is required, with high-efficiency devices preferred wherever possible. 

The loads's technical characteristics must be documented in order to precisely determine the 

necessary power output of the system, once the loads to be provided by the mini PV system are 

identified. [10] 

 

 

 

 

                               Figure I.13: The operation of photovoltaic solar panel  
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• Comparison table:  

Solar thermal and photovoltaic technologies can be used to broadly categorize solar energy 

systems. Photovoltaic systems are primarily used to generate electricity for a wide range of 

uses, while solar thermal systems are generally used to create heat for applications including 

space and water heating. These two technologies differ in cost, efficiency, terms of energy 

output and applications. In order to better understand their characteristics and determine the 

best option depending on the purpose and climatic conditions, it is necessary to compare 

photovoltaic and solar thermal systems. This table shows that solar thermal systems are more 

efficient and economical at producing heat, making them suitable for domestic heating 

applications. On the other hand, photovoltaic systems provide greater flexibility, because they 

offer power that maybe utilized for a variety of reasons. As a result, the choice between this 

two technologies is based on the particular energy needs, financial constraints and application 

specifications. [12] 

 

 Table I.2: Comparison between photovoltaic and solar thermal systems 

Criteria Solar Thermal Systems Photovoltaic Systems 

Energy Output Heat energy Electrical energy 

Main Applications 
Water heating, space heating, 

pools 

Electricity supply, appliances, 

grid systems 

Efficiency High (for heat production) 
Moderate (for electricity 

conversion) 

Installation Cost Relatively low Higher 

Energy Storage Thermal storage (water tanks) Electrical storage (batteries) 

Dependence on Sunlight High High 

Flexibility Limited to heating uses Highly versatile 
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Based on the particular energy needs, financial constraints, and application specifications [12], [13]. 

I.5. Types of Photovoltaic Systems (PVs): 

Depending on PVs configuration, application and connection to the grid, they can be 

classified into different types: 

I.5.1. Stand-Alone PV Systems (Off-Grid Systems): 

An autonomous energy that operates without any connection to the public electricity 

grid, is known as a stand-alone solar system. It is made especially to provide electricity to 

isolated areas where grid access is not available or economically impractical. [14] 

Batteries are unite of charge used in this system to store energy to use it later when solar 

radiation is not enough or during nighttime. While charge controller is a device in role of 

regulate the current and voltage coming from solar panels to protect the batteries from either        

overcharging or deep discharge. So this system is designed to offer energy demand of a specific 

load improving system stability and durability. [14] 

• System components: 

• PV modules 

• Batteries 

• Charge controller 

• Inverter (in case AC loads are used) [14] 

• Systems Applications: 

• Telecommunications stations 

• Control systems and remote monitoring 

• Water pumping system for agriculture 

• Isolate and rural houses  [14] 
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                                Figure I.14: Stand-alone photovoltaic installation 

I.5.2. Grid-Connected PV Systems (On-Grid Systems): 

This system is called "Connected" because its connection to the public utility grid, also 

it runs in synchrony with it, so they are used in urban areas where the electrical grid is available. 

In addition to providing the electricity to the demand, this system has the ability to transfer extra 

energy to the grid in order to compensate the shortcomings of lack solar energy production. 

Usually these systems don’t need batteries to store energy produce. [15] 

• Systems Applications: 

• Systems for delivering electricity in cities 

• Commercial and offices buildings 

• Residential buildings (solar panels on the roof) 

• Huge solar power plants 

• Industrial premises [15] 

 

 Figure I.15: Grid-connected photovoltaic installation  
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I.5.3. Hybrid systems: 

An energy system that includes solar electricity generation with one or more other 

energy sources, like batteries, diesel engines or electrical grid, is recognized as a hybrid 

photovoltaic system. The main goal of this configuration is to guarantee a continuous and 

dependable energy supply throughout different operation conditions. Photovoltaic panels 

generate electricity during periods of intense solar irradiation, to supply the equipment and 

charge the batteries. The system uses stored electricity in the batteries, when solar energy is not 

enough such as at night or during cloudy weather. [16] 

 

• System components: 

In general, hybrid system consists of: 

• Photovoltaic panel  

• Charge controller 

• Battery storage 

• Inverter DC into AC 

• Extra source for additional support ( a power generator or grid)  [16] 

• Different combinations of hybrid systems: 

• Hybrid photovoltaic-wind-diesel system: 

Using hybrid systems, photovoltaic and/or wind power have connection to other energy 

sources. This usually consists of diesel, propane and gasoline-powered backup generators and 

wind turbines. This technology is destined for buildings that are not grid-connected, both 

residential or commercial, and batteries are equipped in most of hybrid systems. [16] 
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                     Figure I.16: Hybrid photovoltaic-wind-diesel system 

 

• Hybrid photovoltaic-battery and fuel cell system: 

Fuel cell technology takes the role of the diesel generator in this arrangement. 

 

 Figure I.17: Hybrid photovoltaic-battery and fuel cell system 

 

• Hybrid photovoltaic-wind system: 

 This system combines a battery, and two supporting energy sources, solar and 

wind. The economic model of each system has a major impact on how electrochemical 

is applied to optimize solar and wind energy. [17] 
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          Figure I.18: Schematics of a hybrid system 

 

• Advantages and disadvantages of a hybrid system: 

Advantages: 

• Improved dependability and supply continuity due to the combination of various sources 

of energy (wind + solar or generator). 

• Decreased dependence on a particular source (e.g., if solar power drops, wind or 

generators take over). 

• Hybridization increases system performance by optimizing energy efficiency. 

• Decreased battery size and cost, because there are various sources of energy. 

• Ideal for essential applications (remote system, service stations and telecom stations). 

[17] 

Disadvantages: 

• Increased initial cost comparing with Diesel generator, due to multiple components. 

• The complexity of system design and control, needs energy management system 

(EMS). 

• Maintaining numerous technologies and devices is more complicated.[17] 
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I.6. Wind energy: 

Wind energy is a form of renewable energy that uses wind turbine to converts the kinetic 

energy of moving air masses into consumable electrical power. This energy comes from the 

irregular heating of the Earth's surface that results from solar radiation, which causing air 

movement and pressure variations. Wind energy is considered sustainable, clean and largely 

accessible in many parts of the world. [18] 

 

 

I.6.1. Principle of operation: 

Aerodynamic principles determine how a wind turbine operates. As a result of wind 

flowing over the turbines blades, a pressure variations are created between the blades'top and 

lower surfaces, producing lift and causing the rotor to rotate. This rotating motion is transmitted 

by a shaft, often via a gearbox, sent to a generator, which turns mechanical energy into electrical 

energy. [19] 

A small part of the wind's kinetic energy is removed as it flows through the rotor, which 

causes the wind speed downstream of the turbine to decrease. [19] 

I.6.2. Wind characteristics: 

The main factors that determine how much energy is available in the wind are: wind 

speed, air density and the swept area of the turbine blades. Since the energy created is 

proportional to the cube of wind velocity V^3, so we can say that wind speed has the greatest 

influence among all of these factors. This connection indicates that a major rise in electricity 

generated may result from just a minor increase in wind speed. Consequently, careful location 

choice is an important step in wind energy installations to optimize their performance and 

efficiency. [20] [21] 
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 Figure I.19: Transform the kinetic energy into electrical energy 

 

I.6.3. Types of wind turbines: 

Depending on the orientation of their rotational axis, wind turbines are typically classified 

into two main types: 

• Horizontal axis wind turbines (HAWT):  

The aforementioned turbines are the most often used due their high efficiency and capacity 

to produce large quantities of electricity. They include long blades that rotate like a giant fan 

facing the wind, around the horizontal axis. They are usually installed in huge wind farms-tall 

towers. [22] 
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                                Figure I.20: Horizontal axis wind turbines (HAWT) 

 

• Vertical axis wind turbines (VAWT):  

This type of turbines rotate around a vertical axis and can operate whatever the direction of 

wind.  

However, they are mainly used in urban areas or small-scale settings and are less efficient.  

Although being around for centuries, vertical axis wind turbines are less popular than the 

horizontal versions. The primary raison of this is that they do not benefit from the higher wind 

speeds available at higher elevations, unlike horizontal-axis wind turbines. [22] 

 

                                   Figure I.21: Vertical axis wind turbines (VAWT) 

 

• Comparison Between HAWT/VAWT: 

The primary advantages and disadvantages of both horizontal and vertical axis wind turbine are 

presented in the following table: [22] [19] 
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Type of Turbine Advantages Disadvantages 

Horizontal Axis Wind Turbine (HAWT) 

Excellent efficiency            

Availability to high winds                

Advanced control system 

Expenssive                                                        

Need an orientation     

Maintenence is difficult at height 

Vertical Axis Wind Turbine (VAWT) 

Inexpensive                                           

Operates in all wind directions          

Easier maintenence (near to the 

ground) 

Less effeciency    

Vabrations caused by mechanics       

Limited control options                                    

  

               Table I.3: Comparison of horizontal axis and vertical wind turbine axis 

From this table, we conclude that HAWTs are typically used for large-scale power production 

due to their great level of efficiency, however VAWTs are preferable for urban and small-scale 

projects. [19] 

According to their maximum power, wind turbines may also be divided into three groups, as 

the following table illustrates: [19] 

Scale Blade diameter Power rating 

Small scale     <12 m <40 kW 

Medium scale Between 12 and 45 m From 40 kW to 1 MW 

Large- scale >46 m >1 MW 

  

                           Table I.4: Wind turbine categories according to their power 

 

I.6.4. Different parts of wind turbine 

A wind turbine is made of several essential components that cooperate to convert wind 

energy into electrical energy. These components are designed to guarantee secure operation in 

a variety of wind conditions and efficient energy conversion. [20] 
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Figure I.22: Components of a wind turbine 

• Rotor (Hub and blades): 

It made up of central hub-connected aerodynamic blades. It represents the primary part 

in charge of catching wind energy. The rotor rotates as a consequence of lift forces 

generated when wind flows over the blades. Wind speed, length and blade design are factors 

that affect energy collection efficiency. [20] 

• Blades: 

The aerodynamic profile of the blades is particularly designed to resemble the wings of 

an airplane. Their principal role is to convert wind energy from kinetic energy into 

mechanical rotational energy. The turbine's performance and efficiency can be affected by 

the quantity and shape of its blades. [20] 

• Hub: 

The hub transfers the rotating motion produced by the blades to the mechanical 

transmission system by connecting them to the main shaft. [20] 

• Gearbox: 
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The rotor's rotating speed is increases using a gearbox to a higher speed that is ideal for 

the generator. However, there are several modern wind turbines use direct-drive systems to 

operate without need a gearbox. [21] 

• Generator: 

This device converts the mechanical energy into an electrical energy. It is a key factor 

that controls the wind turbine's electrical output. [21] 

 

• Nacelle: 

On the top of the tower, directly behind the rotor blades, there is a protective housing 

called the nacelle. It serves as the brain and engine room of the wind turbine, housing and 

protecting the essential mechanical and electrical parts such as gearbox, shafts, and 

generator, from harsh weather conditions. [20] 

• Tower: 

The tower raises the wind turbine to a level where wind speeds are higher and more 

stable especially while supporting the entire construction. Higher towers often produce 

energy. [20] 

• Main shaft and drive train: 

The rotor's rotational motion is transferred to the gearbox through the main shaft. It is 

in the position of successfully transferring mechanical energy to the generator and is a part 

of the drive train system, which also includes the shaft, gearbox, and generator. [20] 

• The control system: 

It guarantees optimal performance by modifying turbine operation based on wind speed 

and guards against system breakdown under harsh conditions. So in general, control system 

observes and manages the turbine wind's functioning. [20] 

 

• Yaw system: 

In order to optimize energy capture, we use the yaw mechanism which allows the turbine 

to rotate and coordinate with the direction of the wind. [19] 
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• Brake system: 

In order to maintain safety, the braking mechanism is used to stop the turbine during 

repair or in case of extremely high wind speeds. [19] 

Sensors: 

Present important variables including wind direction, temperature, and wind speed are 

measured using sensors. The control system uses this measurements in order maximize 

turbine performance. [20] 

I.6.5. The wind: 

The massive movement of air in the Earth's atmosphere caused by pressure gradients 

brought on by unequal surface heating from the sun is known as wind. [21] 

  These pressure variations create airflow to migrate from high-pressure areas to low-

pressure areas, producing typical wind patterns with different directions and speeds. 

Additionally, heat is absorbed differently by both water and land, causing in temperature 

fluctuations that lead to pressure variations. Moreover, wind direction is affected by how the 

Earth rotates (Coriolis effect), and as a result of that, complicated atmospheric circulation 

patterns. [19] 

I.6.6. Advantages of wind energy: 

Wind energy offers a variety of major benefits, including: 

• It is a sustainable and renewable energy. 

• It decreases dependence on fossil fuels. 

• Free greenhouse gas emissions during operation. 

• It is preferred in rural and remote areas. 

• After installation, its functioning and maintenance costs are minimal. 

• It can be included into hybrid energy system (PV-Wind). [23] [20] 

I.6.7. Disadvantages of wind energy: 

Wind energy has multiple drawbacks despites its advantages, which are: 
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• It is periodic and depends on the presence of wind. 

• Both noise and visual effect could result from it. 

• It demands specific areas where the wind speed is sufficient for it performance. 

• It needs large areas for installation. 

• High cost of installation. 

• In hybrid system, advanced control system are necessary to ensure system efficiency. 

[24] [25] 

 

I.6.8. Complementarity between wind and solar energy: 

Since both solar and wind energy originate from solar radiation, so they are inseparable 

linked. The unequal heating of the Earth's surface causes by solar irradiation produced 

variations in both temperature and pressure values, which create wind. As consequence, wind 

energy may be regarded as an indirect shape of solar energy. Additionally, wind and solar 

resources function in a complimentary way: solar energy is more accessible periods of high 

irradiation, in the other hand, wind energy is frequently stronger under low sun circumstances. 

This complementarity makes hybrid wind-solar systems extremely effective, which increases 

energy dependability and ensure an extra continuous power flow. [19] [21] 

I.7. Conclusion: 

This chapter introduces various renewable energy sources and their growing role in 

addressing the energy and environmental challenges facing the world. It reviews the 

fundamental characteristics of hydropower, geothermal, biomass, solar, and wind energy, with 

a focus on photovoltaic and solar thermal systems, which are among the most widespread and 

commonly used technologies today. 

The chapter also discusses the components of photovoltaic systems, their different types, and 

their various applications. Furthermore, it examines hybrid systems that allow for the 

simultaneous utilization of multiple renewable energy sources, thus enhancing reliability and 

energy efficiency. Finally, it highlights the importance of integrating solar and wind energy as 

a promising solution for ensuring stable and sustainable energy production. The knowledge 
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presented in this chapter provides a necessary theoretical foundation for understanding and 

studying the energy system employed in this work and the results that will be presented in 

subsequent chapters. 
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Chapter II : 

Design Metodology and  

Sizing of the Hybride PV-

Wind Energy System 
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II.1. Introduction 

Before any component of a hybrid energy system can be selected or any simulation result 

can be trusted, it is necessary to establish a clear and methodical theoretical foundation that 

describes the physical behavior of each subsystem and the mathematical relationships that 

govern its operation. This chapter fulfills that requirement for the hybrid photovoltaic-wind 

energy station designed for the Aboutachfine service station in Tlemcen, Algeria.[1] 

The chapter follows a logical and progressive structure. It opens with a description of the 

overall system architecture and the general sizing approach adopted in this study. It then 

presents the theoretical models and governing equations of the photovoltaic generator, the wind 

turbine, the battery storage system, the inverter, and the energy management strategy. 

Following this theoretical foundation, the two simulation software tools used to validate and 

optimize the design — PVsyst V8.1.2 and HOMER Pro — are formally introduced and 

described. The chapter then concludes with the presentation of the specific PV array 

configuration and simulation parameters used in this study, which are drawn directly from the 

PVsyst simulation environment. A summary table of all design parameters closes the chapter 

before the conclusion. [1] 

This order is intentional: equations and physical models are presented first because they 

belong to engineering science and are independent of any software. The software tools are 

introduced afterward because they are the instruments used to apply and validate those models. 

The specific simulation configuration is presented last because it results from the use of those 

tools and should only be discussed once the reader understands both the theory and the software. 

No simulation results or output graphs are included here; those are reserved entirely for Chapter 

III. [1] 

II.2. Site Selection and Resource Assessment 

II.2.1. Geographical Location of the Site: 

The studied site is a service station located in Aboutachfine, Tlemcen. The climat in this 

areas is ideal for producing renewable energy, especially solar energy because of its high solar 

irradiation through the year. Moreover, the station has a high electricity consumption cause by 

fuel pumps, lights, refrigeration, and air condition systems. As a result, this area is ideal for the 

implementation and study of a hybrid photovoltaic-wind energy system. [2] 
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According to the Meteonorm 9.0 meteorological database used for the simulation, the 

geographical coordinates and site specificities service station in Tlemcen are summarized in the 

table below: 

Parameter Description /value 

Project Site Abou Tachfine, Tlemcen (Service Station) 

Country Algeria 

Latitude 34.90° N 

Longtitude 1.30° W 

Altitude 820m 

Time Zone UTC +1 

Data Source Meteonorm 9.0 

 

                       Table II.1: Geographical coordinates and site location data [2] 

 

II.2.2. Analysis Of The Available Solar And Wind Energy 

Potential: 

Algeria's national area is home to numerous advantages locations decentralized energy 

generation. The availability of meteorological data was an important consideration in the 

site selection process because this study focuses on hybrid photovoltaic-wind power system. 

A. Solar Energy Potential in Algeria: 

Algeria has one of the world's greatest solar energy potential because of its geographical 

position and the size of the Sahara Desert. The nation is well-suited for photovoltaic and 

solar thermal applications due to its extremely high solar irradiation level and long sunshine 

duration through the year.[3] 

According to the Center for the Development of Renewable Energy (CDER), the 

majority of nation has more than 2000 hours of sunlight annually, with the Sahara and High 

Plateau areas can reach nearly 3900 hours. On a horizontal surface, the average daily global 

solar irradiation differs from 5.1 kWh/m²/day in the northern regions to about 6.6 

kWh/m²/day in the southern desert areas. [3] 
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The development of large-scale solar power planets and hybrid renewable energy 

systems is significantly facilitated by these favorable climatic conditions. It stated that the 

Algerian Sahara's high radiation levels, open sky, and wide accessible land and places made 

her particularly useful. [3] 

Furthermore, the sizing, modelling, and optimization of photovoltaic and hybrid PV-

wind systems depend strongly on meteorological data provided by the CDER and the 

Algerian solar atlas. [3] 

B. Solar irradiation at the Tlemcen site: 

For our study case Tlemcen, the average solar irradiation is calculated to be around 5 

kWh/m²/day, indicating that photovoltaic energy may be integrated into the hybrid 

renewable energy system explored in this paper. [3] 

This map was provided by the Centre for Development of Renewable Energy (CDER) 

and illustrates the annual average global solar irradiation received on a horizontal surface 

in Algeria during the period 1992-2002. 

 

Figure II.1: Annual Average Global Solar Irradiation Received on a Horizontal 

Surface in Algeria (1992–2002).  
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C. Wind Energy Potential at the Tlemcen Site: 

A crucial satge in the design of hybrid renewable energy systems is the evaluation of 

wind energy potential. In case of wind resources are available and suitable, this assessment 

makes it possible to assess for producing power in the area under study. 

According to a scientific study carried out in the Tlemcen region, meteorological data 

and Weibull statistical distribution methods were used to examine the wind characteristics, the 

results showed that the average annual wind speed in the region of Tlemcen is about 2.42 m/s 

at a height of 10 m above ground level, and the average, while the average annual wind power 

density is about 49 W/m². These numbers show that the potential for wind energy in the area is 

humble to moderate. Nonetheless, Tlemcen's higher southern regions provide better wind 

conditions for wind energy exploitation.[3] 

The study also showed that wind speed fluctuates throughout the year, with higher 

values should be being observed in the spring, especially in April. Furthermore, it is often 

windier during the day than at night. These fluctuations are important for estimating the energy 

production of wind turbines and maximizing hybrid system performance. [3] 

Even if the area have a moderate wind energy potential, adding wind energy to the 

recommended photovoltaic-wind hybrid system is still beneficial as it enhances solar energy 

production and reduces reliance on the electrical grid. As a result, during the sizing and 

simulating of the hybrid renewable energy system suggested for the Aboutachfine service-

station, the regional wind characteristics of Tlemcen were considered. [3] 

II.2.3. Meteorological Data Analysis: 

A comprehensive meteorological site evaluation was carried out in order to access in 

the renewable energy potential of the chosen area in Tlemcen. For the year 2024, high-precision 

satellite data was obtained from the NASA POWER database. Important design factors such 

daily worldwide horizontal solar irradiation, ambient air temperature, wind speed at a height of 

10 meters, and relative humidity are all covered in this environmental baseline.[2] In addition, 

to confirming the site's abundant solar and wind resources, analyzing these combined 

characteristics is necessary for comprehending secondary atmospheric elements like humidity, 

which influence the hybrid system's long-term structural durability and thermal cooling 

procedures. The table below presents the entire monthly meteorological breakdown extracted 

from the satellite database. [2] 
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Month Solar Irradiation (kWh/m²/day) Ambient Temp. (°C) Wind Speed (m/s) Relative Humidity (%) 

January 3.17 13.11 4.35 63.4 

February 3.79 13.10 5.79 63.6 

March 4.88 15.64 5.56 54.9 

April 6.37 16.88 4.19 52.2 

May 7.31 20.54 4.04 46.8 

June 7.54 24.14 3.98 42.3 

July 7.74 29.68 3.49 37.1 

August 6.67 29.61 3.59 39.4 

September 5.51 24.18 3.54 49.8 

October 4.20 20.18 4.49 56.5 

November 3.38 17.20 4.49 59.3 

December 3.01 11.49 3.58 61.1 

ANNUAL 5.30 19.67 4.25 52.2 

 

Table II.2: Satellite-Derived Meteorological and Environmental Baseline Data for 

Tlemcen      (Source: NASA POWER, 2024). [2] 

A substantial yearly solar resource of 5.30 kWh/m²/day is can be seen by the analysis of 

NASA (2024) data for the Aboutachfine region, with highest summer irradiation approaching 

7.74 kWh/m²/day in July. As we can see that the region benefits from a moderate relative 

humidity of 52.2%, an average temperature of 19.67 °C, and an average yearly wind speed of 

4.25 m/s. From these parameters, we conclude that this region is stable and steady climate that 

is ideal for maximizing the efficiency and guaranteeing the durability of the hybrid system's 

components. [2] 

II.3. Hybrid System Architecture and General Design Approach 

II.3.1. Overall System Configuration 

This study's hybrid energy is a standalone AC-coupled system with grid backup 

capabilities. The station's electrical are provided directly via a common AC bus in this 
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architecture, which is connected to all energy sources and storage components using specific 

power converters. In general, the system comprises five primary subsystems, which are: the 

wind turbine generator, the photovoltaic array, the backup generator, the battery energy storage 

bank, and the hybrid power conditioning and energy management unit.[4] 

Solar radiation is converted by the photovoltaic array into DC power, and that power 

then travels to AC bus via an MPPT controller and DC-AC converter. The bus is powered by 

the wind turbine's alternating current (AC) electricity through its own converter. Later we have 

a bidirectional inverter-charger links the battery bank to the system, storing extra energy during 

periods of high output and delivering it output is low. When both the renewable energy sources 

and the battery are insufficient to meet the present demand, the backup generator operates, 

which is the only time. This design provides the maximum level of operational flexibility by 

enabling independent management of each source and allowing the system to function in a 

range of generation-demand scenarios. [4]   

II.3.2. Sizing Philosophy and Methodology 

This study's size strategy is based on two-stage methodology. Starting with the first step, 

which explains the theoretical connections that regulate how each system components work, 

such as the battery storage system, wind turbine, and solar generator.  We employ a number of 

equations to explain the system's physical behavior and establish the critical design parameters. 

Input data utilized to guide the design approach and determine the initial system configuration 

include the climatic conditions at the Tlemcen site, the station's electrical load requirement, 

and, of course, the desired renewable energy proportion. [5] 

Moving on the second phase, professional simulation tools are employed to test the 

fundamental setups. The photovoltaic subsystem is modeled using PVsys V8.1.2, while 

HOMER Pro is used to simulate the entire hybrid system. These software tools allows for the 

study of energy output, system performance, and dependability by conducting through hourly 

simulations over a one-year period. Following that, the simulation results provide the last point 

of reference for design optimization and system validation.[5] 

This methodology, which is applied throughout this chapter, guarantees that the system 

design is in line with both theoretical modelling principles and practical simulation results.   

II.3.3. Definition of Dimensioning 
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Dimensioning is a crucial phase in developing a hybrid renewable energy system. It 

refers to the process of determining the proper size and capacity of the various system 

components, such as wind turbines, solar panels, batteries, and converters, in order to 

provide a consistent and reliable supply of electrical energy to meet demand. The primary 

goal of this procedure is to assure enough energy output while lowering the system's total 

cost. [17] 

In general, in hybrid installations, the designer must properly combine renewable energy 

sources in order to achieve the best combination of technical performance and cost 

effectiveness. However, the dimensioning procedure is often problematic due to the high 

reliance of renewable energy sources on climatic conditions such as sun irradiation, wind 

speed, and temperature changes. As a result, the system's size must consider both the 

customer's energy consumption characteristics and the installation site's climatic factors. 

[18] 

The ideal configuration that can provide the sufficient energy demand while reducing 

energy losses and operating expenses must be determined by the designer. For example, a 

larger photovoltaic array can minimize depend on battery storage, while having a smaller 

generating capacity might end up with excessive battery discharge and shorter battery 

lifetime. Therefore, to improve the hybrid system's dependability and efficiency, an optimal 

balance between production and storage capacity is necessary. [19] 

 

II.3.4. Parameters to be Determined during the System Design 

To guarantee the proper functioning and efficiency of the hybrid renewable energy system, 

several important parameters must be determined throughout the design process based on the 

system description and the study of its working principle. The main factors are summarized as 

follows: 

✓ Photovoltaic panel power: The electrical power generated by the photovoltaic panel 

under standard test conditions, corresponding to a solar irradiation of 1000 W/m², is 

expressed in watt-peak (Wp) or (kWc). [17] 

✓ Battery capacity: The quantity of electrical energy may be kept in the battery bank for 

later use is represented by this parameters. It is often expressed in Amper-hours, (kWh 

/ Ah). [17] [22] 
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✓ Nominal power of the wind turbine: When the wind speed enables the generators to 

function at its nominal rotational speed, it corresponds to the electrical power generated 

by the wind turbine. It is often expressed by (KW). [20] 

✓ Load demand: The primary input for system sizing is the service station's total 

electrical energy utilization (kWh/day or kWh/year). [17] [22] 

✓ Renewable energy fraction: Which presents the percentage of total demand covered 

by whole the system including: PV and wind system, defining the level of energy 

independence of the hybrid system. It is expressed by (%). [19) [21] 

II.3.5. Analytical Sizing Equations : 

This parts describes the electrical behavior system's components such as PV and wind 

turbine generation, battery storage dynamics and their dependence on environmental 

conditions. Maximum photovoltaic power extraction is guaranteed by the MPPT controller, and 

the power conditioning is modelled utilizing inverter efficiency and balancing techniques. 

Finally, in order to guarantee system dependability and continuous supply, the energy 

management strategy also manages the total power flow between sources, storage, and load. 

II.4. Photovoltaic System: Modeling and Sizing: 

II.4.1. Operating Principle of the Photovoltaic Cell: 

A solar cell is a device that turns sunlight into electricity. It works based on a connection 

called p-n junction inside this device. The cell has two parts: one part is called the n-type 

region, and the other part is called the p-type region. Here is how it works: when sunlight 

hits the device, it makes the electrons moves towards the n-type region. At the time, it makes 

the holes move, toward to the p-type region. This movement creates a kind of electricity 

called voltage, means that if we connect a wire to the device, the voltage can make 

electricity flow through the wire, this electricity can be used to powering things and 

loads.[6] 

The way that sunlight is turned into energy with process is influenced by the type of 

material used and its quality, the intensity and spectral composition of the incident 

irradiance, the temperature of the cell when it is operating and the angle at which the 

sunlight strikes the surface. [6]  

II.4.2. Basic Power Equation of a PV Cell: 
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The power equation, which it describes the instantaneous electrical power P generated 

at any active point on the current-voltage (I-V),[7] is the simplest basic electrical relationship 

of a photovoltaic cell or module: 

                         𝑃 =  𝑉 ×  𝐼                                                             (II.1) 

• P — Electrical power produced by the cell or module (W) 

• V — Terminal voltage across the cell (V) 

• I — Current flowing through the external circuit (A) 

The Maximum Power Point MPP, the primary operational goal of any photovoltaic system, 

is when this product reaches its greatest value. Predicting and optimizing this amount under real 

operating conditions, is the ultimate purpose of each other equation in this section.[7] 

           

• Fundamental Equation: 

Main function: 

Explain how the solar cell behaves electrically when exposed to radiation. 

The net current equation, which balances the light –generated current and the 

recombination/diffusion current, describes the electrical behavior of a solar cell[8]: 

                                𝐼 =  𝐼𝐿 −  𝐼0  (𝑒 𝑞𝑉(𝑛𝑘𝑇) −  1)                                                       (II.2)            

Where the elements represent: 

• 𝐼: Net current flowing out of the cell. 

• 𝐼𝐿(Light-generated current): The current generated by photon absorption. This is 

directly proportional to the incident solar irradiation. 

• 𝐼0(Dark saturation current): A measure of the recombination in the device; it represents 

the "leakage" or loss current. 

• 𝑉: The voltage across the cell. 

• 𝑞: The charge of an electron. 

• 𝑇: The absolute temperature (in Kelvin). 

• 𝑛: The diode ideality factor (usually between 1 and 2). 
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• 𝑘: The Boltzmann constant. 

This formula describes the ideal scenario, which ignores ohmic and leakage losses. In 

the section named: The One-Diode Equivalent Circuit Model provides a more comprehensive 

formulation that accounting for series and shunt resistances.[8] 

II.4.3. The One-Diode Equivalent Circuit Model 

The photovoltaic cell is usually represented by a model in engineering tools. This model 

is called the one-diode circuit model. Sometimes The most widely adopted mathematical 

representation of a photovoltaic cell in engineering simulation tools is the one-diode equivalent 

circuit model, sometimes referred to as the single-exponential model or the five-parameter 

model. The photovoltaic cell model is good enough to show how the cell works with electricity. 

It is also so simple for computationally manageable. The photovoltaic cell has multiple parts: 

starting with photocurrent source. This source is connected in parallel with a diode. There is 

also a resistance, it accounts for junction leakage. There is a series resistance. This resistance 

represents losses, in the contacts and the semiconductor bulk of the photovoltaic cell. [8] 

The photovoltaic cell model has a current-voltage relationship, which describes the 

current delivered by the photovoltaic cell. The net current is called I, It is delivered at a terminal 

voltage. The terminal voltage is called V. [8]  

The current-voltage relationship of the photovoltaic cell model is expressed as: I =  IL  − I0  ×  (exp (q × (V + I × Rs)n × k × T ) −  1)  −  V + I × RsRsh                                           (II.3) 

Each one of this symbols has the following physical meaning: 

• I — Net current delivered to the external circuit (A) 

• Iₗ — Photogenerated current (A): the current produced directly by absorbed photons, 

linearly proportional to incident irradiance G 

• I₀ — Diode dark saturation current (A): represents minority carrier recombination in the 

junction; strongly increases with temperature 

• V — Terminal voltage across the cell (V) 

• Rₛ — Series resistance (Ω): models contact resistance and resistivity of the 

semiconductor bulk 

• Rₛ˭ — Shunt resistance (Ω): models leakage current paths across the p-n junction; a 

lower value indicates more recombination losses 

• q — Elementary charge of the electron: 1.602 × 10⁻¹⁹ C 
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• n — Diode ideality factor (dimensionless, typically 1 to 2): accounts for non-ideal 

recombination mechanisms at the junction 

• k — Boltzmann constant: 1.381 × 10⁻²³ J/K 

• T — Absolute cell temperature (K) 

The quantity (n × k × T / q) is called the voltage Vₜ. It equals 25.85 mV at 300 K (27°C). 

We use this equation to generate the I-V characteristic curve. But it is implicit, in I so we 

solve it numerically or iteratively. This helps us get the curve at any given irradiance and 

temperature condition. The thermal voltage Vₜ is a part of this process. We need to calculate 

it to get the I-V curve. [8]        

II.4.4. Photogenerated Current and Temperature Corrections 

The temperature at which the cell operates and the incident irradiance both affect the 

photogenerated current Iₗ,[8] which is not constant. The following correction equation 

illustrates how it depends on these two factors:   𝐼𝐿  =  𝐺𝐺𝑟𝑒𝑓  ×  [𝐼𝐿𝑟𝑒𝑓  +  𝜇𝐼𝑠𝑐  ×  (𝑇 −  𝑇𝑟𝑒𝑓)]                                                        (II.4) 

• G — Actual incident irradiance on the cell surface (W/m²) 

• Gᵣₑᶠ — Reference irradiance under STC: 1,000 W/m² 

• Iₗʳʳᶠ — Photogenerated current at STC conditions (A) 

• μᴵₛᶜ — Temperature coefficient of short-circuit current (A/K); positive for silicon, 

typically 0.05 to 0.1%/°C 

• T — Actual absolute cell temperature (K) 

• Tᵣₑᶠ — Reference temperature under STC: 298.15 K (25°C) 

I₀, the dark saturation current, is likewise sensitive to temperature. Since a rising I₀ immediately 

lowers the open-circuit voltage, its exponential temperature dependency is the main cause 

of PV cell efficiency declining at high operating temperatures, [8]:  𝐼0(𝑇)  =  𝐼0𝑟𝑒𝑓  ×  ( 𝑇𝑇𝑟𝑒𝑓)3  ×  𝑒𝑥𝑝 [𝑞 × 𝐸𝑔𝑛 × 𝑘  ×  ( 1𝑇𝑟𝑒𝑓  −  1𝑇)]                      (II.5)                                

• I₀ʳʳᶠ — Dark saturation current at STC (A) 

• Eᴳ — Bandgap energy of the semiconductor; for silicon: Eᴳ ≈ 1.12 eV at 300 K 

The temperature thing is really important at the Tlemcen site. This is because the cells 

can get very hot during summer sometimes hot as 60 to 70 degrees Celsius, when the sun is 

shining and the air is also hot. This heat makes the solar panels produce power than they 

should compared to what they are supposed to produce. The PVsyst simulation takes this 
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into account with a thermal loss factor, which's, like a special number Uᶜ = 20 W/m²K that 

helps figure out how much power is lost because of the heat. [8]   

II.4.5. Key Operating Points: Iₛᶜ, Vₒᶜ, and Maximum Power Point 

Three reference operating points that completely describe a PV cell's electrical 

behavior under certain environmental conditions from its I-V characteristic curve.[6] 

The current that flows when the terminal voltage is zero (V=0) is known as the short-

circuit current or, or Iₛᶜ. It roughly equals the photogenerated current under ideal 

conditions: 𝐼𝑠𝑐  ≈  𝐼𝐿                                                               (II.6) 

The voltage of a circuit when it is open is called the open-circuit voltage Vₒᶜ. 

This is the voltage at the terminals when no external current is flowing through the 

circuit, which means (I = 0). To find the open-circuit voltage Vₒᶜ we need to solve the 

equation for these conditions,[10] so it gives:   𝑉𝑜𝑐  =  𝑛 × 𝑘 × 𝑇𝑞  ×  𝑙𝑛 (𝐼𝐿𝐼0  +  1)                               (II.7) 

The maximum power point MPP is the point where the product of voltage and 

current's at its highest. Basically, this happens when the product P = V × I reaches its 

maximum value. The maximum power Pₘₚₚ and the corresponding Fill Factor FF are 

defined like this, [6]: 𝑃𝑚𝑝𝑝  =  𝑉𝑚𝑝𝑝  ×  𝐼𝑚𝑝𝑝                                           (II.8) 

 𝐹𝐹 =  𝑃𝑚𝑝𝑝𝑉𝑜𝑐 × 𝐼𝑠𝑐  =  𝑉𝑚𝑝𝑝 × 𝐼𝑚𝑝𝑝𝑉𝑜𝑐 × 𝐼𝑠𝑐                                        (II.9) 

 

• Vₘₚₚ — Voltage at the maximum power point (V) 

• Iₘₚₚ — Current at the maximum power point (A) 

• FF — Fill Factor (dimensionless); ranges from 0.70 to 0.85 for commercial crystalline 

silicon modules; higher values indicate better cell quality. 

 

The Fill Factors measures how square the I-V curve is and represent the losses produced 

by the cell’s series and shunt resistances]. [6] 
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II.4.6. Performance Ratio and Specific Production : 

Two standard indicators are used to evaluate the performance of a photovoltaic system 

in a way that is independent of its size and installation location. Starting with: 

 The Performance Ratio PR: the ratio of actual yearly energy delivered to the theoretical 

maximum assuming the array always functioned at Standard Test Conditions  STC efficiency, 

[9]:    𝑃𝑅 =  𝐸𝑎𝑐𝑡𝑢𝑎𝑙𝑃𝑝𝑒𝑎𝑘 × 𝐻𝑟𝑒𝑓                                                  (II.10) 

• Eₐᶜₜᵤₐₗ — Annual useful energy delivered to the load (kWh/year) 

• Pₚₑₐᵏ — Nominal PV peak power under STC (kWp) 

• Hᵣₑᶠ — Annual irradiation in the collector plane expressed in peak sun hours 

(kWh/m²/year) 

The specific production Yᶠ is a location-independent performance statistic that calculates 

the annual energy output per unit of installed of peak power, [9]: 𝑌𝑓  =  𝐸𝑎𝑐𝑡𝑢𝑎𝑙𝑃𝑝𝑒𝑎𝑘                                                                      (II.11) 

IEC 61724-1:2021, “Photovoltaic System Performance – Part 1: Monitoring,” International Electrotechnical 

Commission, Geneva, Switzerland, 2021. 

II.4.7. PV Array Pre-Sizing Equation : 

The target solar energy percentage, the daily demand, and the available Peak Sun Hours 

at the site are used to analytically determine the required PV array peak power,[5]: 𝑃𝑃𝑉  =  𝑓 𝑠𝑜𝑙𝑎𝑟 × 𝐸𝑑𝑎𝑖𝑙𝑦𝑃𝑆𝐻 × 𝜂𝑠𝑦𝑠                                                 (II.12) 

• Pₚᵥ — Required PV array peak power (kWp) 

• fₛₒₗₐᵣ — Target fraction of daily load to be covered by solar (dimensionless) 

• Eᵈₐᴵₗʸ — Average daily energy demand (kWh/day) 

• PSH — Peak Sun Hours: daily average GHI in kWh/m²/day; 5.30 h/day for Tlemcen 

(NASA POWER, 2024) 

• ηₛʸₛ — Overall system efficiency factor accounting for MPPT, wiring, temperature, 

mismatch, and inverter losses; typically 0.75 to 0.85 

Applying this equation for the Aboutachfine station with Eᵈₐᴵₗʸ ≈ 580 kWh/day, PSH = 

5.30 h/day, fₛₒₗₐᵣ = 0.50, and ηₛʸₛ = 0.80, [5]: 𝑃𝑃𝑉  =  0.50 × 5805.30 × 0.80  ≈  68.4 𝑘𝑊𝑝                                    (II.13) 
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II.5. Wind Energy System: Theoretical Modeling and Equations: 

II.5.1. Kinetic Power in Wind : 

The kinetic energy of moving air masses is the source of wind energy. The instantaneous 

kinetic power available in undisturbed wind for a stream of air with density ρ passing 

through the rotor swept area A at the velocity V is, [6]: 𝑃𝑤𝑖𝑛𝑑  =  12  ×  𝜌 ×  𝐴 ×  𝑣3                                         (II.14) 

• ρ — Air density (kg/m³); at sea level and 15°C: ρ ≈ 1.225 kg/m³; at 820 m altitude and 

20°C: ρ ≈ 1.12 kg/m³ 

• A — Rotor swept area (m²); A = π × R² where R is the rotor radius 

• v — Free-stream wind speed at hub height (m/s) 

The fundamental feature of wind energy is the relationship between power and wind speed: 

doubling wind speed increases available power by eight. This is why even small improvements 

in hub height, which use the shear effect to access more powerful winds produce 

disproportionately large increases in annual energy output. [6] 

II.5.2. The Betz Limit and Power Coefficient: 

Since the downstream air must continue to flow, no wind turbine can fully collect the 

kinetic energy from the wind that passes through it. The Betz limit was established in 1919 

when Albert Betz theoretically proved that the highest extractable proportion of wind kinetic 

energy is 16/27 ≈ 59.3%, [6] the rotor's mechanical power extraction is expressed as:  

𝑷𝒎𝒆𝒄𝒉  =  𝑪𝒑  ×  𝟏𝟐  ×  𝝆 ×  𝑨 × 𝒗𝟑                                                                                    (II.15) 

• Cₚ — Power coefficient (dimensionless); Cₚ ≤ 16/27 ≈ 0.593; commercial turbines 

typically achieve Cₚ = 0.35 to 0.50 

Accounting for mechanical transmission efficiency ηₘₑᶜʰ and generator efficiency ηᴳₑₙ, 

the net electrical output is, [6]: 𝑃𝑒𝑙𝑒𝑐  =  𝜂𝑚𝑒𝑐ℎ  ×  𝜂𝑔𝑒𝑛  ×  𝐶𝑝  ×  12  ×  𝜌 ×  𝐴 × 𝑣3                                        (II.16) 
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II.5.3. Wind Speed Variation with Height: The Hellmann Power 

Law: 

Wind speed increases with altitude above the ground due to decreasing surface friction 

effects. This vertical variation is modeled using the empirical Hellmann power law, [10]: 

 𝑣(ℎ)  =  𝑣𝑟𝑒𝑓  ×  ( ℎℎ𝑟𝑒𝑓)𝛼
                                                         (II.17) 

• v(h) — Wind speed at the target hub height h (m/s) 

• vᵣₑᶠ — Measured reference wind speed at height hᵣₑᶠ (m/s); standard meteorological 

height: 10 m 

• h — Hub height of the wind turbine (m) 

• α — Hellmann surface roughness exponent; α ≈ 0.143 for flat open terrain 

 

For the Tlemcen site, using vᵣₑᶠ = 4.25 m/s at 10 m (NASA POWER, 2024), [2] and a 

hub height of 30 m with α = 0.143: 𝑣(30)  =  4.25 ×  (3010)0.143  ≈  4.25 ×  1.161 ≈  4.93 𝑚/𝑠                       (II.18) 

II.5.4. Wind Turbine Power Curve 

The actual electrical output of a wind turbine as a function of wind speed is defined by 

its manufacturer power curve, measured in accordance with IEC 61400-12. Three threshold 

wind speeds characterize the operating envelope, [11]: 

• Cut-in speed vᶜᴵ: minimum speed at which the turbine begins generating, typically 2.5 

to 4 m/s. 

• Rated speed vᵣ: speed at which rated power is reached, typically 10 to 15 m/s. 

• Cut-out speed vᶜₒ: maximum speed above which the turbine shuts down for protection, 

typically 20 to 25 m/s. 

 

The piecewise mathematical model of the power curve is, [11]: 

 𝑃(𝑣)  =  0     𝑓𝑜𝑟  𝑣 <  𝑣ᶜᴵ  𝑜𝑟  𝑣 >  𝑣ᶜₒ                                                                                           (II.19) 
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𝑃(𝑣)  =  𝑃𝑟𝑎𝑡𝑒𝑑  ×  𝑣3 − 𝑣ᶜᴵ3𝑣ᵣ3 − 𝑣ᶜᴵ3      𝑓𝑜𝑟  𝑣ᶜᴵ ≤  𝑣 <  𝑣ᵣ                                                         (II.20) 

𝑃(𝑣)  =  𝑃𝑟𝑎𝑡𝑒𝑑     𝑓𝑜𝑟  𝑣ᵣ ≤  𝑣 ≤  𝑣ᶜₒ                                                                             (II.21) 

II.5.5. Wind Energy Pre-Sizing: 

The annual energy contribution of a wind turbine is estimated using its rated power and 

capacity factor Cᶠ, which is the ratio of actual annual output to the theoretical maximum at 

full rated operation, [6]: 𝐸𝑤𝑖𝑛𝑑,𝑎𝑛𝑛𝑢𝑎𝑙  =  𝑃𝑟𝑎𝑡𝑒𝑑  ×  𝐶𝑓  ×  8760                                     (II.22) 

• Eᵤᴵₙᵈ,ₐₙₙᵤₐₗ — Annual energy produced by the wind turbine (kWh/year) 

• Pᵣₐₜₑᵈ — Rated turbine power (kW) 

• Cᶠ — Capacity factor (dimensionless); typically 0.15 to 0.35 for small onshore turbines 

at moderate wind sites 

• 8760 — Total hours in one year 

 

For the Tlemcen site with an estimated hub-height wind speed of 4.93 m/s at 30 m, a 

capacity factor of 0.20 to 0.25 is expected. A 20 kW turbine at Cᶠ = 0.20 would contribute 

approximately 35,000 kWh per year, covering around 17% of the station’s annual demand of 

208,200 kWh. [6] 

II.6. Battery Energy Storage System: Modeling and Sizing 

II.6.1. Role and Technology Selection 

The battery storage bank serves as an energy buffer between intermittent renewable 

sources and steady loads. When output exceeds demand, the battery absorbs the surplus; but 

when production falls short means less than the demand, it fills the gap. Correct battery sizing 

directly influences the system's capacity to sustain supply continuity throughout nighttime 

hours and multi-day periods of low solar irradiation or calm wind. [12] 

Lithium iron phosphate (LFP) technology was chosen for this investigation due to its 

long cycle life (3,000 to 6,000 complete cycles at 80% depth of discharge), superior thermal 

stability, low self-discharge rate, and demonstrated dependability in stationary commercial 

applications. These features make it ideal for the Tlemcen environment, when summer ambient 

temperatures consistently surpass 35°C. [12] 
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II.6.2. State of Charge Model: 

The State of Charge (SOC) is the fundamental operating variable of the battery, 

representing the fraction of current stored energy relative to maximum capacity.[13] Its time 

evolution is governed by the energy balance equation:  

 

𝑆𝑂𝐶(𝑡)  =  𝑆𝑂𝐶(𝑡 − 1)  +  𝜂𝑐 × 𝑃𝑐ℎ(𝑡) − 𝑃𝑑𝑖𝑠(𝑡)𝜂𝑑𝐶𝑏𝑎𝑡  ×  𝛥𝑡          (II.23) 

 

• SOC(t) — State of charge at time step t (0 to 1) 

• ηᶜ — Charging efficiency; typically 0.95 to 0.99 for LFP 

• ηᵈ — Discharging efficiency; typically 0.95 to 0.99 for LFP 

• Pᶜʰ(t) — Charging power at time step t (kW) 

• Pᵈᴵₛ(t) — Discharging power at time step t (kW) 

• Δt — Simulation time step duration (h); 1 hour in PVsyst 

• Cᵇₐₜ — Nominal battery bank capacity (kWh) 

 

II.6.3. Battery Autonomy and Minimum Capacity 

Battery autonomy Nₐᵤₜ is the duration the battery can supply the full load without any 

generation input. [5] It is calculated as:  𝑁𝑎𝑢𝑡  =  𝐶𝑏𝑎𝑡 × 𝐷𝑂𝐷𝐸𝑑𝑎𝑖𝑙𝑦𝜂𝑖𝑛𝑣                                                                                                            (II.24) 

  

• Nₐᵤₜ — Battery autonomy (days) 

• Cᵇₐₜ — Usable battery capacity (kWh) 

• DOD — Maximum allowable depth of discharge; for LFP: 0.80 to 0.90 

• Eᵈₐᴵₗʸ — Average daily energy demand (kWh/day) 

• ηᴵₙᵥ — Inverter efficiency (dimensionless) 
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The minimum battery capacity required for a given target autonomy is derived directly 

from this equation, [5]: 

 𝐶𝑏𝑎𝑡,𝑚𝑖𝑛  =  𝑁𝑎𝑢𝑡 × 𝐸𝑑𝑎𝑖𝑙𝑦𝜂𝑖𝑛𝑣𝐷𝑂𝐷                                                       (II.25)

  

II.7. Power Conditioning: Inverter and MPPT Controller: 

II.7.1. Inverter Efficiency: 

The inverter converts DC power from the PV array and battery into AC power 

compatible with the station loads. In this hybrid system, a bidirectional inverter-charger 

manages energy flows in both directions between the DC and AC buses.[14] Its conversion 

efficiency is: 

 𝜂𝑖𝑛𝑣  =  𝑃𝐴𝐶,𝑜𝑢𝑡𝑃𝐷𝐶,𝑖𝑛                                                              (II.26) 

 

 

• Pₐᶜ,ₒᵤₜ — AC power delivered to the load (W or kW) 

• Pᵈᶜ,ᴵₙ — DC power consumed from the array or battery (W or kW) 

 

The EURO efficiency, which provides a more realistic measure of average inverter 

performance under partial load conditions, [14] is computed as:  

 𝜂𝐸𝑈𝑅𝑂  =  0.03𝜂5%  +  0.06𝜂10%  +  0.13𝜂20%  +  0.10𝜂30%  +  0.48𝜂50%  +  0.20𝜂100% (II.27) 

II.7.2. Inverter Sizing: 

The inverter nominal power must accommodate the maximum simultaneous load 

without saturation. The Aboutachfine station's peak demand is between 60 and 100 kW, hence 

the inverter must be rated at a minimum of 100 kVA. Using a 10 to 20% safety buffer for inrush 

currents, power factor, and thermal derating in summer produces a recommended rating of 110 

to 120 kVA. [14] 
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II.8. Energy Management Strategy 

The energy management system (EMS) converts the separate components into a 

coherent and dependable hybrid power station by continually monitoring the state of charge 

(SOC), generation output, and load demand, and dispatching energy according to a specified 

priority hierarchy: 

First priority — Direct supply of the load from available renewable generation (PV and 

wind). No battery or generator activation is needed when renewable output meets or exceeds 

the load. 

• Second priority — Battery discharge to cover the deficit when renewable generation is 

insufficient and SOC is above SOCₘᴵₙ.[13] 

The instantaneous energy balance equation governing this dispatch logic at every time step is:  

 𝐸𝑔𝑒𝑛(𝑡)  + 𝐸𝑏𝑎𝑡,𝑑𝑖𝑠(𝑡)  +  𝐸𝑏𝑎𝑐𝑘𝑢𝑝(𝑡)  =  𝐸𝑙𝑜𝑎𝑑(𝑡)  +  𝐸𝑏𝑎𝑡,𝑐ℎ(𝑡)  +  𝐸𝑒𝑥𝑐𝑒𝑠𝑠(𝑡) (II.28) 

 

• Eᴳₑₙ(t) — Total renewable energy from PV and wind (kWh) 

• Eᵇₐₜ,ᵈᴵₛ(t) — Energy discharged from battery (kWh) 

• Eᵇₐᶜᵏᵤₚ(t) — Energy from backup generator (kWh) 

• Eₗₒₐᵈ(t) — Energy consumed by loads (kWh) 

• Eᵇₐₜ,ᶜʰ(t) — Energy stored in battery (kWh) 

• Eₑₓᶜₑₛₛ(t) — Excess energy that cannot be stored or used (kWh); ideally zero in a well-

sized system 

• Third priority — Backup generator activation when battery SOC falls below the 

activation threshold (SOC = 0.15), ensuring uninterrupted supply at all times. 

• Fourth priority — Battery charging from surplus renewable energy when the load is 

fully met and SOC < SOCₘₐₓ (0.96). 

The instantaneous energy balance equation governing this dispatch logic at every time 

step is, [13]:  

 𝐸𝑔𝑒𝑛(𝑡)  + 𝐸𝑏𝑎𝑡,𝑑𝑖𝑠(𝑡)  +  𝐸𝑏𝑎𝑐𝑘𝑢𝑝(𝑡)  =  𝐸𝑙𝑜𝑎𝑑(𝑡)  +  𝐸𝑏𝑎𝑡,𝑐ℎ(𝑡)  +  𝐸𝑒𝑥𝑐𝑒𝑠𝑠(𝑡) (II.29) 
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• Eᴳₑₙ(t) — Total renewable energy from PV and wind (kWh) 

• Eᵇₐₜ,ᵈᴵₛ(t) — Energy discharged from battery (kWh) 

• Eᵇₐᶜᵏᵤₚ(t) — Energy from backup generator (kWh) 

• Eₗₒₐᵈ(t) — Energy consumed by loads (kWh) 

• Eᵇₐₜ,ᶜʰ(t) — Energy stored in battery (kWh) 

• Eₑₓᶜₑₛₛ(t) — Excess energy that cannot be stored or used (kWh); ideally zero in a well-

sized system 

II.9. Simulation and Optimization Software: 

II.9.1. PVsyst V8.1.2: 

A. Definition and Purpose: 

PVsyst is a professional photovoltaic simulation software developed at the University 

of Geneva and currently distributed commercially by PVsyst SA (Satigny, Switzerland). It is 

one of the most widely used tools in academic research and industrial engineering for the study, 

sizing, simulation, and energy analysis of photovoltaic systems in three configurations: grid-

connected, standalone, and pumping. PVsyst is recognized for its rigorous physical component 

models, its large validated equipment database, and its transparent loss diagram that identifies 

every source of energy reduction in the system chain. [15] 

B. Simulation Engine and Models: 

PVsyst V8.1.2 performs an hourly energy balance simulation over a full year, evaluating 

the complete energy chain from incident solar radiation to useful energy delivered to the load 

at every hour.[15] The software implements the following sequence of validated physical 

models: 

• The Perez transposition model converts global horizontal irradiation into effective 

irradiation on the tilted collector plane, separating direct beam, diffuse sky, and ground-

reflected components. 

• The one-diode equivalent circuit model governs the I-V characteristic calculation at 

each time step based on effective irradiance and module operating temperature. 

• The thermal model computes module temperature from ambient temperature and 

irradiance using the thermal loss factor Uc. 
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• The battery model tracks the SOC at each step using the energy balance equation of 

Section: State of Charge Model. 

• The backup generator model activates when SOC falls below the defined threshold and 

calculates fuel consumption accordingly. [15] 

C. Key Output Indicators: 

At the end of the annual simulation, PVsyst produces a complete set of performance 

indicators including: annual useful energy (E_User), solar fraction (SF), Performance Ratio 

(PR), specific production (Y_f), backup generator energy and fuel consumption, battery state 

of wear, and the detailed loss diagram.[15]   

II.9.2. HOMER Pro: 

A. Definition and Purpose: 

HOMER Pro (Hybrid Optimization Model for Electric Renewables) is a simulation and 

optimization software originally developed by the National Renewable Energy Laboratory 

(NREL) and currently maintained by UL Solutions. It is specifically designed for the techno-

economic analysis and optimization of hybrid power systems combining photovoltaic arrays, 

wind turbines, diesel generators, hydropower, and battery storage, with or without grid 

connection. HOMER Pro is widely recognized as the industry standard for hybrid renewable 

energy system design. [16] 

 

B. Simulation and Optimization Engine: 

HOMER Pro simulates a full year of system operation at hourly time steps, evaluating 

the energy balance at each step based on the user-defined dispatch strategy. Its principal 

strength is its optimization capability: it evaluates all feasible combinations of component sizes 

and ranks them by net present cost (NPC) or levelized cost of energy (LCOE).[16] The NPC is 

defined as: 𝑁𝑃𝐶 =  𝐶𝑎𝑛𝑛,𝑡𝑜𝑡𝐶𝑅𝐹(𝑖,𝑅_𝑝𝑟𝑜𝑗)                                                                                                       (II.30) 

• Cₐₙₙ,ₜₒₜ — Total annualized system cost including capital, replacement, O&M, and fuel 

costs (USD/year) 

• CRF(i, Rₚᵣₒᶤ) — Capital recovery factor; function of annual discount rate i and project 

lifetime Rₚᵣₒᶤ in years 
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The LCOE, expressing average cost per unit of useful energy served, is: 

 𝐿𝐶𝑂𝐸 =  𝑁𝑃𝐶 × 𝐶𝑅𝐹𝐸𝑠𝑒𝑟𝑣𝑒𝑑,𝑎𝑛𝑛𝑢𝑎𝑙                                                       (II.31) 

 

• Eₛₑᵣᵥₑᵈ,ₐₙₙᵤₐₗ — Total annual energy served to the load (kWh/year) 

II.10. PV Array Configuration and Simulation Setup: 

II.10.1. Module Selection and Array Configuration: 

Based on the analytical pre-sizing result of approximately 68.4 kWp and the available 

commercial module options, the Jinko Solar JKM-72HC-BDVP-550M monocrystalline bifacial 

half-cell module was selected for this study. With a rated power of 550 Wp per module under 

STC conditions, a total of 112 modules are required to achieve the target array power. These 

modules are arranged in the PVsyst simulation environment as 14 strings of 8 modules 

connected in series, giving a total nominal peak power of 61.6 kWp. [15] 

Applying the array configuration equations established in Section: Photovoltaic System: 

Modeling and Sizing (Equations II.9 to II.11), the array-level operating quantities at STC are: 

Vₐᵣᵣₐʸ = 8 × Vₘₒᵈᵤₗₑ, Iₐᵣᵣₐʸ = 14 × Iₘₒᵈᵤₗₑ, and Pₐᵣᵣₐʸ = 112 × 550 = 61,600 Wp = 61.6 kWp. The 

array is controlled through an MPPT converter with a peak efficiency of 98.0% and a European 

weighted efficiency of 96.5%.[15] 

Parameter Value Source / Standard 

Module Model JKM-72HC-BDVP-550M Jinko Solar datasheet 

Module Nominal Power 550 Wp STC: 1000 W/m², 25°C 

Number of Modules 112 units 14 strings × 8 in series 

Total Array Peak Power 61.6 kWp PVsyst V8.1.2 

Array Orientation Tilt: 35° / Azimuth: 0° (South) PVsyst optimization 
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Module Area 289 m² total 112 × 2.58 m² 

MPPT Peak Efficiency 98.0% PVsyst input 

EURO Efficiency 96.5% PVsyst input 

Thermal Loss Factor Uc 20.0 W/m²K PVsyst default — free-

standing 

Meteorological Data Source Meteonorm 9.0 (Satellite 

100%) 

Tlemcen, lat. 34.88°N 

 

Table II.1: PV array configuration and simulation input parameters (Source: PVsyst 

V8.1.2) [15] 

II.10.2. Battery Bank Configuration 

The battery storage system configured in PVsyst consists of 600 LFP units (lithium iron 

phosphate), arranged as 60 parallel groups of 10 cells in series. This configuration yields a 

nominal bank voltage of 256 V and a total nominal capacity of 10,800 Ah, corresponding to a 

stored energy of 2,488.3 kWh. The battery management control thresholds were set as follows: 

SOC charging upper limit = 0.96, SOC discharging lower limit = 0.10, and backup generator 

activation threshold = 0.15. These parameters are directly referenced in Equation II.23 of 

Section: State of Charge Model.[15] 

 

II.11. Summary of Design Parameters and Governing Equations 

The following table consolidates all principal design parameters of the hybrid system as 

determined by the analytical pre-sizing methodology and simulation configuration established 

in this chapter. These values constitute the reference inputs for the PVsyst and HOMER Pro 

simulations presented in Chapter III. 
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Component / Parameter Value Governing Equation 

PV Array Peak Power 61.6 kWp Eq. II.12– II.13 

Number of Modules 112 (14×8) Eq. II.9– II.11 

Module Model JKM-72HC-

BDVP-550M, 550 

Wp 

Section II.10 

Array Orientation 35° tilt, 0° azimuth PVsyst optimization 

Wind Turbine Rated Power 20 kW (proposed) Eq. II.14, II.22 

Hub Height 30 m Eq. II.17 – II.18 

Wind Speed at Hub Height ≈4.93 m/s Eq. II.18 

Battery Technology Lithium-ion LFP Section: Role and Technology Selection 

Battery Nominal Capacity 2,488 kWh Eq. II.23 – II.25 

Battery Configuration 60 parallel × 10 

series 

PVsyst V8.1.2 

Inverter Peak Efficiency 98.0% Eq. II.26 

Target Solar Fraction 50% Eq. II.12 

Daily Energy Demand ≈580 kWh/day Load profile analysis 

Annual Energy Demand ≈208,200 kWh/year Load profile analysis 

 

Table II.2: Summary of hybrid system design parameters and associated governing 

equations [15] 
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II.12. Conclusion: 

 This chapter provides the whole theoretical and methodological underpinning for 

designing, simulating, and evaluating the hybrid photovoltaic-wind energy system proposed for 

the Aboutachfine service station. It has done so in an organized and academically logical order: 

theoretical models and equations first, then software tools, and last particular simulation 

settings. 

For the photovoltaic subsystem, the one-diode model (Equation II.3) and its temperature 

correction equations (II.4 and II.5) explain the physical behaviour of the solar cell under the 

Tlemcen site's varied climatic circumstances. The Performance Ratio (Equation II.10) and 

Specific Production (Equation II.11) define the standardized metrics for evaluating the PVsyst 

findings in Chapter III. The analytical pre-sizing (Equation II.12) produced an estimate of 68.4 

kWp, which is consistent with the final simulated design of 61.6 kWp. 

For the wind turbine, the kinetic power law (Equation II.14), Betz limit (Equation II.15), 

Hellmann height correction (Equation II.17), and piecewise power curve (Equations II.19-21) 

work together to show how the corrected hub-height wind speed of 4.93 m/s at 30 m translates 

into a viable complementary contribution to the PV array. The battery's SOC equation (II.23) 

and autonomy calculation (II.24) give a foundation for analyzing the 2,488 kWh LFP bank 

established in PVsyst. The energy management balance equation (II.28) formalizes the system's 

priority dispatch logic for each time step. 

PVsyst V8.1.2 and HOMER Pro have been completely defined, their functions are obvious, 

and the PV array layout and battery setup are extensively stated in Section II.5.3, Chapter III 

may now present and analyze simulation results with complete scientific transparency and 

traceability to the models and parameters provided here. 

 

 

 

 

 

 

 

 



66 

 

Bibiography 

[1]: T. Khatib, A. Mohamed, and K. Sopian, “A Review of Photovoltaic Systems Size 

Optimization Techniques,” Renewable and Sustainable Energy Reviews, vol. 22, pp. 454–465, 

Jun. 2013. doi: 10.1016/j.rser.2013.02.023 

[2]: NASA Langley Research Center, Prediction of Worldwide Energy Resources (POWER) 

Data Access Viewer. [En ligne]. Disponible sur: https://power.larc.nasa.gov/data-access-

viewer/. Consulté le: 11 juin 2026. 

[3]: Centre de Développement des Énergies Renouvelables (CDER), Centre de Développement 

des Énergies Renouvelables. [En ligne]. Disponible sur: https://www.cder.dz/. Consulté le: 16 

April 2026. 

[4]: G. Bekele and B. Palm, “Feasibility study for a standalone solar–wind-based hybrid energy 

system for application in Ethiopia,” Applied Energy, vol. 87, no. 2, pp. 487–495, Feb. 2010, 

doi: 10.1016/j.apenergy.2009.06.006 

[5]: T. Khatib, A. Mohamed, and K. Sopian, “A review of photovoltaic systems size 

optimization techniques,” Renewable and Sustainable Energy Reviews, vol. 22, pp. 454–465, 

Jun. 2013, doi: 10.1016/j.rser.2013.02.023 

[6]: A. Luque and S. Hegedus, Handbook of Photovoltaic Science and Engineering, 2nd ed. 

Chichester, U.K.: John Wiley & Sons, 2011. ISBN: 978-0-470-72169-8. 

[7]: A. Luque and S. Hegedus, Handbook of Photovoltaic Science and Engineering, 2nd ed. 

Chichester, U.K.: John Wiley & Sons, 2011. 

[8] : M. G. Villalva, J. R. Gazoli, and E. R. Filho, “Comprehensive approach to modeling and 

simulation of photovoltaic arrays,” IEEE Transactions on Power Electronics, vol. 24, no. 5, pp. 

1198–1208, May 2009, doi: 10.1109/TPEL.2009.2013862. 

[9]: IEC 61724-1:2021, “Photovoltaic system performance – Part 1: Monitoring,” International 

Electrotechnical Commission, Geneva, Switzerland, 2021. 

[10]: S. Mathew, Wind Energy: Fundamentals, Resource Analysis and Economics. Berlin, 

Germany: Springer-Verlag, 2006. ISBN: 978-3-540-30905-5. 

https://power.larc.nasa.gov/data-access-viewer/
https://power.larc.nasa.gov/data-access-viewer/
https://www.cder.dz/


67 

 

[11]: IEC 61400-12-1:2017, “Wind energy generation systems – Part 12-1: power performance 

measurements of electricity producing wind turbines,” International Electrotechnical 

Commission, Geneva, Switzerland, 2017. 

[12]: B. Dunn, H. Kamath, and J.-M. Tarascon, “Electrical energy storage for the grid: a battery 

of choices,” Science, vol. 334, no. 6058, pp. 928–935, Nov. 2011, doi: 

10.1126/science.1212741. 

[13]: T. Bocklisch, “Hybrid energy storage approach for renewable energy applications,” 

Journal of Energy Storage, vol. 8, pp. 311–319, Nov. 2016, doi: 10.1016/j.est.2016.01.004. 

[14]: R. A. Messenger and J. Ventre, Photovoltaic systems engineering, 3rd ed. Boca Raton, 

FL, USA: CRC Press, 2010. ISBN: 978-1-4398-0040-3. 

[15]: PVsyst SA, “PVsyst 8.1.2: software for the study, sizing, simulation and data analysis of 

complete PV systems,” Satigny, Switzerland, 2024. [Online]. Available: 

https://www.pvsyst.com. Accessed: 11 Jun. 2026. 

[16]: HOMER Energy LLC (UL Solutions), “HOMER Pro 3.x: hybrid optimization model for 

electric renewables — user manual,” Boulder, CO, USA, 2023. [Online]. Available: 

https://www.homerenergy.com. Accessed: 11 Jun. 2026. 

[17]: T. Markvart and L. Castañer, Practical Handbook of Photovoltaics: Fundamentals and 

Applications, 2nd ed. Oxford, U.K.: Elsevier, 2012. 

[18]: B. Singh, S. K. Mishra, and A. Chandra, Power Electronics in Renewable Energy Systems, 

New York, NY, USA: CRC Press, 2014 

[19]: S. Diaf, G. Notton, M. Belhamel, M. Haddadi, and A. Louche, “Design and techno-

economic optimization for hybrid PV/wind system under various meteorological conditions,” 

Renewable Energy, vol. 34, no. 4, pp. 1330–1347, 2009. 

[20]: J. F. Manwell, J. G. McGowan, and A. L. Rogers, Wind Energy Explained: Theory, Design 

and Application, 2nd ed. Chichester, U.K.: Wiley, 2009. 

[21] : T. Burton, N. Jenkins, D. Sharpe, and E. Bossanyi, Wind Energy Handbook, 2nd ed. 

Chichester, U.K.: Wiley, 2011. 

https://www.pvsyst.com/
https://www.homerenergy.com/


68 

 

[22]: H. Ibrahim, A. Ilinca, and J. Perron, “Energy storage systems—characteristics and 

comparisons,” Renewable and Sustainable Energy Reviews, vol. 12, no. 5, pp. 1221–1250, 

2008 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



69 

 

Chapter III: 
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I. Introduction 

This section shows and examines the findings from the modelling and optimization of the 

planned renewable energy systems for the Aboutachfine service station. The performance of 

the independent photovoltaic system modelled using PVsyst is first assessed and compared to 

that of the hybrid PV-Wind system optimized with HOMER Pro. The examination concentrates 

on essential technical, environmental, and economic parameters, such as energy generation, 

renewable portion, fuel consumption, and system dependability. Furthermore, the impact of 

integrating wind energy into the current photovoltaic arrangement is evaluated in terms of 

energy autonomy, reduced operational costs, and environmental advantages. The obtained 

results give a solid foundation for determining the best appropriate energy solution for the study 

site. 

 We used the Aboutachfine fuel service station in Tlemcen as the simulation case. Its average 

consumption is 17,350 kWh/month, which corresponds to an annual consumption of about 

208,000 kWh/year. The following is an indicative sizing for a solar-wind hybrid mini-power 

plant adapted to this load profile: 

• Daily average: 17,350 / 30 ≈ 580 kWh/day [1] 

• Average continuous power: 580 / 24 ≈ 24 Kw [1] 

II. Service Station Sizing 

II.1. Solar Sizing (PV) : 

• Average irradiation in Tlemcen is about 5 kWh/kWp/day. [3] 

• Target requirement: cover about 50% of the consumption (≈ 290 kWh/day). 

• Required PV power: 290 / 5 ≈ 58 kWp 

• Required area: ~7 m²/kWp → ≈ 400 m² of roof or ground space. 

• Annual production: ~105,000 kWh/year. 

II.2. Wind Sizing: 

• Assumed average wind speed: 4 m/s (non-exposed site). [3] 

• A small 20 kW wind turbine will produce around 30–40 MWh/year (≈ 15–20% of the 

demand). 

• If the site is windy (≥ 6 m/s), a 30 kW machine can exceed 60 MWh/year. [3] 

II.3. Battery Storage: 
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• Objective: night autonomy and smoothing. 

A. Scenarios: 

o 4 h autonomy: 24 kW × 4 h ≈ 100 kWh. 

o 12 h autonomy: ≈ 300 kWh. 

o 24 h autonomy: ≈ 600 kWh. 

• Realistic choice: 200–300 kWh to cover the night and peak periods. 

B. Simplified electrical scheme: 

• PV → inverter → AC panel. 

• Wind → controller → AC inverter. 

• Battery → bidirectional inverter (storage / discharge). 

• Priority: critical loads (pumps, refrigeration, lighting). 

• Grid connection: backup + possible surplus injection. 

C. Next steps: 

1. Check the real hourly profile (day/night, peaks). 

2. Measure the local wind (anemometer over 6–12 months). 

3. Study the available PV area and installation constraints. 

4. Adjust sizing according to the objective (full autonomy or bill reduction). 

II.4. Investment estimate: 

• PV 60 kWc: ~ 7 000 000 - 9 500 000 Dinar algérien (115 000 - 250 000 Dinars algerien / 

kWc). 

• Wind 20 kW: ~ 7 500 000 - 10 000 000 Dinar algérien. 

• batteries 250 kWh Li-ion: ~15 000 000 - 25 000 000 Dinar algérien. 

• Total indicatif: 29 500 000 - 44 500 000 Dinar algérien. 

• savings annual (50% autoconsumption): ~ 2 350 000 - 3 100 000 Dinar algérien. 

III. Design of the PV + Battery + Grid System 
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Figure III.1: Weather Tables and Graphics 

 

 

Figure III.2 : Results, Variant VC0 New Simulation Variant 
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Figure III.3: Project: Station_Hybride_Tlemcen_Project.PRJ 

 

 

 

Figure III.4: Orientation Management 
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Figure III.5: Definition of an isolated system with batteries, Variant VC0 

 

 

 

        

Figure III.6: Definition of an isolated system with batteries - Battery pack selection 
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• Installed PV power: 61.6 kWp (112 modules Jinko 550 Wp, total area 289 m²). 

• Orientation: tilt 35°, azimuth 0° (due south). 

• Storage: Lithium-ion LFP battery bank, consisting of 600 units (10 in series × 60 in parallel), 

with a nominal voltage of 256 V and a capacity of 10,800 Ah, providing approximately 2,488 

kWh of usable energy. 

• Diesel generator: backup Caterpillar 280 kW, used to compensate for the solar deficit. 

• Average daily demand: ~578 kWh/day. 

IV. Production and performance : 

• Useful solar energy: 111 433 kWh/an. 

• Total energy supplied to the consumer (PV + generator): 211 092 kWh/an. 

• Specific yield: 1 750 kWh/kWp/an → a high value, consistent with the sunshine level in 

Tlemcen. 

• Performance Ratio (PR): 81.9 % → very good overall system efficiency. 

• Solar fraction (SF): 51.7% → about half of the demand is covered by solar power, while the 

rest is supplied by the diesel generator. 

IV.1. Batteries and energy management 

• Theoretical autonomy: ~ 4 jours sans soleil (≈ 2 378 kWh utilisables à 80% DOD). 

• • SOC (State of Charge): well-defined thresholds for charge/discharge control and generator 

start-up. 

• Estimated lifetime: 2000 cycles à 80% DOD → ≈ 5 - 6 ans en usage intensif. 

IV.2. Diesel generator: 

• Energy supplied: 103 295 kWh/an. 

• Fuel consumption: 289 227 L/an → impact economic et environnemental significatif. 

• Role: ensures service continuity, but accounts for nearly half of the total supply. 

IV.3. Identified losses: 

• PV field losses: 0.74 kWh/kWp/jour (≈ 15 %). 

• System losses (conversion, battery): 0.32 kWh/kWp/jour (≈ 7 %). 

• Main causes: 

• Module temperature losses (≈ −7.8%). 

• Mismatch and wiring losses (≈ −2–3%). 

• Converter efficiency losses (≈ −2%). 
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IV.4. Monthly analysis: 

• Best periods: mai-août (SF > 0.58, PR stable). 

• • Critical periods: November–February (SF < 0.45, heavy reliance on the generator). 

• Example: in December, the solar fraction drops to 39%, with 11,077 kWh supplied by the 

generator. 

V. Overall interpretation: 

• The system is appropriately scaledfor an isolated site, with a high PR and solar coverage 

over 50%. 

• The diesel generator accounts for about 49% of total energy, leading to substantial fuel 
consumption. 

• The batteries give excellent autonomy, they need to be replaced periodically. 

To improve the solar fraction and reduce costs/carbon emissions: 

• Increase installed PV capacity to 100-120 kWp. 

• Optimize battery charge and discharge control. 

• Consider a hybrid coupling with wind or the grid. 

 In conclusion, the simulation demonstrates a durable system, although it remains overly 

reliant on diesel. Solar power covers about half of the demand efficiently, with a high yield, but 

more PV growth or hybridization would be required to move toward to progress toward 

autonomy and minimize the economic and environmental impact. 

VI. Financial aspect of the installation: 

Currently in Algeria, diesel costs approximately 31 DZD/L (≈ $0.24/L), resulting in a yearly 

use of 289,227 L by the diesel generator, equivalent to nearly 9 million DZD (approximately 

$65,000). In instance, increasing the PV array from 61.6 kWp to 120 kWp would cost between 

24 and 36 million DZD. However, such an update may cut diesel dependency by 50% and allow 

the investment to be repaid in less than five years through fuel savings, government incentives, 

and tax breaks. 

. 

💰 Current diesel cost: 

• Official price in 2026: 31 DZD/L (≈0.24 $/L). 
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• Annual generator consumption: 289,227 L/year. 

• Annual cost: ≈ 8.96 million DZD (~65,000 $). 

• Environmental impact: ~770 tonnes of CO₂/year (factor 2.67 kg CO₂/L diesel). 

⚡ Cost of PV expansion: 

• 400 Wp PV panel price: approximately 15,000–25,000 DZD (€90–150) per module. 

• Complete 3 kWp PV system installation: approximately 600,000–900,000 DZD. 

• Estimated cost for an additional 60 kWp of PV capacity: approximately 12–18 million 

DZD. 

• Expansion to a total installed capacity of 120 kWp: approximately 24–36 million DZD. 

• Expected lifetime of PV modules: 25–30 years, with relatively stable performance over 

time. 

• Battery storage: represents the major investment cost; a 48 V, 100 Ah lithium-ion 

battery typically costs around 200,000–350,000 DZD per unit. 

 

📉 Economic comparison: 

Option Initial investment Annual expenses 5-year horizon 10-year horizon 

Keep diesel 
Low (generator 

already installed) 
~9 M DZD/an 45 M DZD 90 M DZD 

PV + Battery 

expansion 
24–36 M DZD 

<2 M DZD/year 

(maintenance) 

Payback in 4–5 

years 

Net savings > 50 

M DZD 

 

Table III.1: Economic comparison between keeping the diesel generator and expanding 

the PV system with batteries 

    Subsidies and incentives (2026 Finance Law): 

• VAT exemption on solar and battery equipment until 2026. 

• Reduction of customs duties to 5% for inputs intended for solar panel manufacturing. 

• Tax deduction: up to 5% of taxable profit for renewable energy investments. 

• National program: 15 GW solar target by 2035, with support for off-grid projects. 



78 

 

• Strategic interpretation: 

• Today: diesel covers about 49% of the needs, but it is expensive and polluting. 

• With PV expansion, the solar fraction could exceed 80%, reducing diesel consumption by 

half. 

• Profitability: the PV investment is paid back in less than 5 years, with net benefits starting in 

year 6. 

• Environnement: réduction de 400 - 500 tonnes CO₂/an. 

VII. Design of the Hybrid PV + Wind + Battery System 

Designing a hybrid PV + wind + battery service station with automated EMS and fuel 

monitoring will reduce diesel dependence (currently ≈ 50%) and significantly lower operating 

costs in Tlemcen. 

• Key Excerpts from the Report. [1]  

• “Available solar energy: 111433 kWh/year” 

• “Solar Fraction SF: 51.68%” 

VII.1. Objective and local constraints: 

• Average daily load: ≈ 578 kWh/day (PVsyst data). 

• • Existing PV: 61.6 kWp; usable battery storage ≈ 2,378 kWh (80% DOD); diesel supplied ≈ 

103,295 kWh/year. These values guide the sizing of the PV and wind complement. [1] 

VII.2. Proposed Architecture (Functional Diagram): 

• • Sources: existing 61.6 kWp PV + proposed wind 30–60 kW (1–2 medium 30 kW turbines) 

+ diesel generator as backup. 

• storage: batteries Li-ion utilisables 2.4 MWh (conserver/optimiser existant) + prévoir capacité 

additionnelle 1-2 MWh si objectif SF>80%. 

• Converters: a central hybrid inverter + MPPT charge controllers for PV; wind controller 

(rectifier + power controller). 

• • Control system (EMS/SCADA): a central supervisor that manages priorities (PV → batteries 

→ wind → diesel), charge/discharge strategy based on SOC, weather forecasts, and fuel prices. 

• Fuel monitoring: tank level sensors (ultrasonic), fuel-line flow meters, GSM/ethernet 

telemetry, and automatic alerts (low threshold, leak, abnormal consumption). 

VII.3. Proposed architecture (functional diagram): 

• Goal: reduce diesel by about 50% → target SF ≈ 80%. 
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• Conservative option: add 120 kWp of PV capacity, 60 kW of wind power, or a hybrid 

combination of 60 kWp PV and 30 kW wind, together with an additional 1–2 MWh of 

battery storage. 

• Rationale: the PV system primarily supplies energy during daytime hours, while the wind 

system contributes generation during nighttime periods and cloudy conditions. The battery bank 

smooths power fluctuations, stores excess renewable energy, and reduces the operating hours 

and cycling frequency of the diesel generator. Detailed sizing methodologies for such hybrid 

systems are available in microgrid design and planning guides. 

 

VII.4. EMS and Control Logic: 

• • Priorities: PV → charge batteries (if SOC < upper threshold) → supply the load → wind 

injects power as available → diesel starts if SOC < 15% or demand peaks. 

• Algorithms: solar irradiance and wind speed forecasting (24–72 hours ahead) to optimize 

diesel generator scheduling and minimize start-ups, fuel cost optimization, and intelligent 

battery cycle management to extend battery service life. 

• Interfaces: web-based SCADA system with real-time monitoring, historical data logging, 

SMS and email alarm notifications, and API connectivity for billing, reporting, and energy 

management applications. 

•  

VIII. Fuel Monitoring: 

•  Sensors: ultrasonic fuel tank level sensor, fuel flow meter, temperature sensor, and 

engine vibration sensor. 

• Functions: leak detection, hourly consumption tracking, threshold alerts, report of 

consumption versus renewable production, and start-up lockout in case of anomaly. 

VIII.1. Costs, Risks, and Priorities: 

• • Estimated costs: 30 kW turbines vary by supplier; additional PV and batteries are more 

expensive but can be amortized by diesel savings (see the previous economic analysis). 

• Risks: wind variability, electrical integration (harmonics), turbine maintenance, and fuel 

safety. 

IX. Recommended operational steps: 

1. Mesure sur site : anémomètre 12 mois + vérif. irradiation (confirmer Meteonorm). 

2. Detailed feasibility study (HOMER/PVsyst + EMS optimization). 
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3. Prototype: installer 30 kW wind + 100 kWp PV pilote + EMS, 6-12 mois test. 

4. Full deployment and integration of fuel monitoring + SCADA. 

X. Complete Ready-to-Deploy Design: 

We propose a hybrid PV + wind + battery + diesel station with automated EMS/SCADA and 

integrated fuel monitoring; the mixed option (≈ +60–120 kWp PV + 30–60 kW wind + 1–2 

MWh battery) aims for SF ≈ 75–85% and strongly reduces diesel consumption and operating 

costs. 

9. Quick guide — key decisions and input data: 

• Average load: 578 kWh/day (your simulation). 

• Existing PV: 61.6 kWp, usable batteries ≈ 2.38 MWh (80% DOD). 

• Objectif: Increase the Solar Fraction (SF). 75-85 %, Reduce diesel consumption ≥ 50%. 

XI. Technical design : 

• Energy sources: existing 61.6 kWp PV system, supplemented by an additional 60–120 

kWp of PV capacity and/or 30–60 kW of wind power (or a hybrid combination of both 

renewable sources). [1] 

• Energy storage: retain the existing battery bank with a capacity of approximately 2.38 

MWh, and add 1–2 MWh of lithium-ion storage depending on the targeted Solar 

Fraction (SF) and system autonomy requirements. [1] 

• Inverters / controllers: a central hybrid inverter (capacity ≥ peak load of 30 kW) + MPPT 

for PV + wind controller. 

• Diesel generator: kept as backup, with automatic start based on SOC and weather 

forecasts. 

• EMS / SCADA: priority dispatch strategy PV → batteries → wind → diesel; 24–72 h 

irradiance and wind forecasting; cost–fuel optimization algorithms; and a web-based 

interface with SMS/email alert notifications. [1] 

XII. Comparison of options: 
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Criterion PV-heavy PV + Wind Mix 

Additional PV +120 kWp +60 kWp 

Additional wind 0 kW 30-60 kW 

Additional battery +1-2 MWh +1 MWh 

Expected SF 80-90 % 75-85 % 

Indicative CAPEX High Medium 

  

Table III.2: Comparison of autonomy scenarios for the hybrid station 

XIII. EMS logic and key algorithms: 

• Optimization: rule-based and forecast-driven algorithms (supported by tools such as 

HOMER, PVsyst, and HIL simulations) to minimize Cost of Energy (COE) and Loss 

of Power Supply Probability (LPSP), with multi-objective optimization approaches 

recommended for system sizing and performance trade-offs. [1] 

13. Fuel monitoring — specifications 

• Functions: low-threshold alerts, leak detection, start-up lockout, hourly/daily reports, and an 

API for billing. 

• Communication: 4G + redondance (satellite backup if required). 

XIV. step deployment plan: 

1. Site measurements: 12-month anemometry + irradiation verification. 

2. Detailed study: HOMER/PVsyst modeling, EMS optimization. 

3. Prototype: installer 30 kW wind + 60-100 kWp PV pilote + EMS (6-12 mois). 

4. EMS tests & tuning: validate battery cycles and diesel start strategy. 

5. Full deployment: installation of PV/WT/batteries, SCADA integration. 

6. Operations & maintenance: O&M contract, fuel monitoring, monthly KPIs. 

15. Risks and mitigations 

• Wind variability → 12-month anemometry. 

• Battery cost → optimize cycles, limit DOD. 

• Electrical integration → harmonic study and protection devices. 

• • Recommendation: use multi-objective optimization (COE vs LPSP) to finalize the sizing. 

16. Complete costed design of the hybrid service station: 
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Here is a complete costed design of the hybrid PV-wind-diesel service station with batteries, 

automated EMS, and fuel monitoring. 

XIV.1. Overall sizing: 

• Average load: 578 kWh/day (≈ 211 MWh/year). 

• Existing PV: 61.6 kWp → 111 MWh/year usable. 

• Current diesel: 103 MWh/year (≈ 289,000 L/year). 

• Objective: Solar Fraction (SF) ≥ 80%, diesel reduction ≥ 50%. 

XIV.2. Proposed extension : 

• Additional PV: +120 kWp → +216 MWh/year. 

• Wind: 1 turbine 30 kW (production ≈ 60-80 MWh/an selon wind Tlemcen). 

• batteries: +1.5 MWh Li-ion (en plus des 2.4 MWh existants). 

• Diesel: réduit à ≈ 40-50 MWh/an (≈ 110 000 L/an). 

XIV.3. Technical architecture : 

 

Figure III.7. Energy flow diagram of the proposed hybrid station. 
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• Sources: PV (180 kWp total), wind (30 kW), diesel (280 kW). 

• storage: batteries Li-ion 4 MWh utilisables. 

• Hybrid inverters: capacity ≥ 250 kVA, efficiency >96%. 

XIV.4. EMS/SCADA : 

o Priority: PV → batteries → wind → diesel. 

o Diesel start if SOC < 15% or peak load > 250 kW. 

o Prévision irradiance/wind 24-72 h pour optimiser cycles. 

• Fuel monitoring: tank level sensors (ultrasonic), fuel-line flow meters, GSM/ethernet 

telemetry, and automatic alerts. 

The energy diagram illustrates the hybrid station and its PV, wind, battery, and diesel flows, all 

controlled by the EMS/SCADA and integrated with fuel monitoring. It highlights: 

• The renewable sources (PV + wind) connected to the hybrid inverter. 

• The Li-ion battery pack with charger/discharger. 

• The diesel generator and its tank equipped with level, flow, and leak sensors. 

• The central EMS/SCADA that supervises power flows, weather forecasts, and priorities. 

• The 400 V AC distribution to the loads (pumps, air conditioning, lighting). 

XIV.5. Economics and payback: 

Avec ce schéma, on a une vue claire de l’architecture complète et des interactions entre 

composants. 

• Current diesel cost: ≈ 9 M DZD/year (65,000 $). 

• With the expansion: ≈ 3.5 M DZD/year (25,000 $). 

• Annual savings: ≈ 5.5 M DZD (40,000 $). 

• CAPEX exvoltage PV + wind + batteries: ≈ 30-40 M DZD. 

• Over 10 years: net savings > 50 M DZD, CO₂ reduction ≈ 400 t/year. 

XV. Deployment Plan : 

1. Local wind study (12-month anemometry). 

2. HOMER/PVsyst optimization with real data. 

3. Prototype: +60 kWp PV + 30 kW wind + EMS. 

4. Validation of battery cycles and diesel strategy. 

5. SCADA integration + fuel monitoring. 

XVI. Risks and mitigations : 
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• Wind variability → anemometric study. 

• Battery cost → cycle management, limited DOD. 

• Turbine maintenance → specialized O&M contract. 
 

 

XVII. Project summary sheet: 

• Total PV power: 180 kWp (61.6 kWp existing + 120 kWp expansion). 

Item Value 

Project name Station hybrid Tlemcen 
System type Isolated with batteries and a diesel generator 

Total PV power 180 kWp (61.6 kWp existant + 120 kWp exvoltage) 

Wind power 30 kW 
Battery storage 4 MWh Li-ion (256 V, 10800 Ah + exvoltage) 
Diesel generator 280 kW Caterpillar 
SF target 80 - 85 % 
Estimated 
annual 
production 

≈ 290 MWh 

Annual diesel 
consumption 

≈ 110 000 L/an 

CO₂ reduction ≈ 400 t/an 
 

Table III.3. Summary of the proposed hybrid station configuration. 

XVIII. Technical Architecture: 

• Sources: PV, wind, diesel.Mi  

• Common DC bus: interconnection of PV/wind/batteries. 

• 250 kVA hybrid inverter: DC/AC conversion and synchronization. 

• • Annual diesel consumption: ≈ 110,000 L/year. 

• Fuel monitoring: level, flow, leak sensors + 4G telemetry. 

XVIII.1. Energy Sizing : 

Source Annual production Average efficiency Contribution 

Solar (60 

kWp) 
216 MWh 82% 74% 

Wind 

(20 kW) 
60-80 MWh 35 - 40 % 20% 

Total 40-50 MWh 30% 6% 
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Table III.4: Energy production and performance indicators. 

XVIII.2. analysis economic: 

Poste Coût estimé (DZD) Durée de vie Commentaire 

Extension PV 

(120 kWp) 
18–22 M 25 ans 

Modules Jinko 

550 Wp 

Éolienne 30 kW 8–10 M 20 ans 
Tour 24 m, rotor 

13 m 

Batteries Li-ion 

1.5 MWh 
10–12 M 8 ans LFP haute densité 

EMS/SCADA 

+ capteurs 
3–4 M 10 ans 

Automate + 

supervision 

Total CAPEX ≈ 40–45 M DZD — — 

Économie 

annuelle diesel 
≈ 5.5 M DZD — ROI ≈ 6 ans 

 

Table III.5. Estimated cost and profitability of the main system components. 

 

XIX. Maintenance Plan: 

Fréquence Action Responsable 

Hebdomadaire 

Vérification 

capteurs 

carburant 

Technicien 

local 

Mensuelle 

Nettoyage 

modules PV, 

inspection 

turbine 

Équipe O&M 
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Trimestrielle 
Test batteries et 

calibrage EMS 

Ingénieur 

énergie 

Annuelle 

Audit 

performance et 

mise à jour 

SCADA 

Superviseur 

projet 

 

Table III.6. Maintenance schedule for the hybrid system. 

 

• Fuel monitoring: level, flow, leak sensors + 4G telemetry. 

Consumption: 17,350 kWh/month ≈ 208,000 kWh/year. The values below are realistic order-

of-magnitude figures for Tlemcen, with an average irradiation of 5 kWh/kWp/day and moderate 

wind (4 m/s). 

XX. Energy sizing: 

 

Table III.7. Comparison of autonomy levels for different installed capacities 

XX.1. Quick Analysis: 

• 30%: solution economic, bon retour, dépendance grid maintenue. 

• 50%: ideal compromise; balance between cost and independence. 

• 80%: high autonomy, requires significant area and storage capacity. 

• 100%: techniquement possible mais costeux ; utile pour sites isolés. 
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Recommendation for Tlemcen: The 50% scenario is the most rational: 

• PV area ≈ 400 m². 

• Windne 20 kW sur mât 18-24 m. 

XX.2. Maintenance plane : 

• Grid kept as backup and for surplus injection. 

• Solar panels (~60 kWp) → solar inverter → hybrid inverter. 

• Wind turbine (20 kW) → wind controller → hybrid inverter. 

• batteries (200 - 300 kWh) reliées à l’inverter hybrid pour storage/décharge. 

• • PV module cleaning, turbine inspection 

• Grid: backup in case of deficit, possible surplus injection. 

• 60 kWp PV: covers about 50% of the consumption (≈ 105 MWh/year). 

XXI. Comparison of the station-service autonomy scenarios: 

• Batteries 200 - 300 kWh : assurent autonomy nocturne et lissage. 

• Grid: remains as backup for peaks or extended deficits. [1] 

 

                  Figure III.8: Comparison of autonomy scenarios for the hybrid service station 

Chaque scenario montre l’évolution simultanée de: 

• Installed power (PV + wind): in blue 

• Storage capacity: in green 

• Estimated total cost: in orange 
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Autonomie PV + Éolien Batteries Coût total Couverture 

30 % 45 kW 100 kWh 130 k€ ≈ 30 % 

50 % 80 kW 250 kWh 225 k€ ≈ 50 % 

80 % 130 kW 500 kWh 380 k€ ≈ 80 % 

100 % 170 kW 700 kWh 500 k€ ≈ 100 % 

 

                                 Table III.8. Comparison of installed power and storage capacity. 

XXII. Interpretation: 

• 30%: economical solution with a good return on investment. 

• 50%: optimal balance between cost and energy independence. 

• 80%: high autonomy, suitable for semi-isolated areas. 

• 100%: full autonomy, designed for off-grid sites. 

 

                            Figure III.9: Technical sheet of the 50% autonomy scenario 

XXII.1. System Characteristics: 

• Solar panels: 60 kWp 

• Wind turbine: 20 kW 

• Battery storage: 250 kWh 

• PV area: ~400 m² 

• Energy coverage: approximately 50% of total energy consumption 

• Autonomy target: 50% of monthly consumption (≈ 8,700 kWh/month) 

 

XXII.2. Energy Production: 
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•  Annual energy production: approximately 105 MWh per year. 

 

XXIII. Each scenario shows the simultaneous evolution of: 

• Overall efficiency: ~70% 

• Cost of produced electricity (LCOE): 0,10 - 0,12 €/kWh 

XXIII.1. Costs & Profitability: 

• Total investment: ~225 000 € 

• Return on investment: 10 - 12 ans 

• maintenance: low (entretien annual) 

• Grid connection: backup + possible surplus sale 

 

 

XXIV. System characteristics: 

Source Annual production Average efficiency Contribution 

Solar (60 

kWp) 
~90 MWh 75% 43% 

Wind (20 

kW) 
~15 MWh 60% 7% 

Total ≈ 105 MWh/an - 
≈ 50% de la 

demande 

 

Table III.9: Energy production and contribution by source. 

XXIV.1. Storage and Management: 

• Li-ion batteries: 250 kWh usable (≈ 10 h of night autonomy). 

• Lifetime: 10-12 ans (≈ 4 000 cycles). 

• Management system (BMS): balancing, thermal safety, monitoring. [1] 
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XXIV.2. Costs and profitability: 

 

 

Item Estimated cost (€) Lifetime Maintenance 

PV 60 

kWp 
55 000 25 ans low 

Wind 20 

kW 
60 000 20 ans Moderate 

250 kWh 

batteries 
110 000 10-12 ans low 

Total ≈ 225 000 € - - 

 

Table III.10: Cost, lifetime, and maintenance of the main system components. 

 

Return on investment: 10-12 ans cost du kWh produit: 0,10-0,12 €/kWh savings annual: ≈ 15-

20 k€ Connexion grid: secours + injection du surplus possible 

XXV. Energy production: 

• Emission reduction: ~60 t CO₂/year 

• • Bill reduction: ≈ 50% savings 

• Possibility of ISO 50001 certification or a green label 

XXV.1. Estimate in Algerian Dinars: 

Item Estimated cost (€) Estimated cost (DZD) 

Solar 

panels 

(60 

kWp) 

55 000 € ≈ 7 975 000 DZD 

Wind 

turbine 

(20 kW) 

60 000 € ≈ 8 700 000 DZD 

Batteries 

(250 

kWh) 

110 000 € ≈ 15 950 000 DZD 
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Total 

project 
≈ 225 000 € ≈ 32 625 000 DZD 

 

Table III.11. Estimated investment cost in Algerian dinars 

XXV.2. Costs & profitability: 

• savings annual: 15 000-20 000 € → ≈ 2,2-2,9 millions DZD/an 

• Return on investment: 10-12 ans 

• cost du kWh produit: 0,10-0,12 €/kWh → ≈ 14,5-17,4 DZD/kWh 

XXV.3. Estimated energy production : 

• • Solar (60 kWp): ~90 MWh, 75%, 43% 

• Wind (20 kW): ~15 MWh, 60%, 7% 

• Total: ≈ 105 MWh/year, ≈ 50% of the demand 

XXV.4. Storage and management : 

• Coverage by the hybrid system: ≈ 105 000 kWh/an (50%) 

•  Lifetime: 10–12 years (≈ 4,000 cycles). 

•  Management system (BMS): balancing, thermal safety, monitoring. 

XXV.5. Costs and profitability: 

Item Cost (€) Cost (DZD) 

PV 60 kWc 55 000 ≈ 7 975 000 

Wind 20 kW 60 000 ≈ 8 700 000 

batteries 250 

kWh 
110 000 ≈ 15 950 000 

Total project 225 000 € 
≈ 32 625 000 

DZD 

  

Table III.12. Full financial sheet for the 50% autonomy scenario. 

 

• PV 60 kWp: 55,000 €, 25 years, low 

• • Wind 20 kW: 60,000 €, 20 years, moderate 

• • Batteries 250 kWh: 110,000 €, 10–12 years, low 
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• Net cash-flow: ≈ 1,275,000 DZD/year 

• Return on investment: 10–12 years; Cost of produced kWh: 0.10–0.12 €/kWh; Annual 

savings: ≈ 15–20 k€; Grid connection: backup + possible surplus injection. 

XXV.6. Environmental benefits: 

• Annual net cash flow: 1.27 M DZD 

• • Improved green image for the station 

• Possibility of ISO 50001 certification or a green label 

XXV.7. Estimate in Algerian dinars: 

• Internal Rate of Return (IRR): ≈ 8-10 % 

• cost du kWh produit: 14,5-17,4 DZD/kWh (équivalent au prix grid, mais stabilisé et vert). 

XXV.8. Benefits: 

• Emission reduction: ~60 t CO₂/year. 

XXV.9. Profitability and savings : 

• Annual savings: 15,000–20,000 € → ≈ 2.2–2.9 million DZD/year 

• Return on investment: 10–12 years 

• Cost of produced kWh: 0.10–0.12 €/kWh → ≈ 14.5–17.4 DZD/kWh 

XXV.10. Environmental impact :  

• Emission reduction: ~60 tonnes CO₂/year 

• Green image and the possibility of selling surplus to the grid 

39. Full financial sheet: The following is the full financial sheet in Algerian dinars (DZD) for 

the 50% autonomy scenario of your hybrid solar-wind station: 

XXVI. Basic assumptions: 

• Discount rate: 6 % 

XXVI.1. Annual Cash Flow: 

• savings brute: 105 000 × 15 ≈ 1,575 M DZD/an 

• Net cash flow after maintenance: ≈ 1,275 M DZD/an 

XXVI.2. Initial investment: 

• Annual cash flow: 

• VAN (20 ans, 6 %): ≈ +5 à +7 M DZD 
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• TRI: ≈ 8-10 % 

• Payback: 11–12 years 

XXVI.3. Payback: 

• Benefits: 

• Emission reduction: ~60 t CO₂/year 

• Energy security: half of the consumption is covered by renewables 

XXVII. Financial indicators (20 years) :  

 

Figure III.10: Twenty-year financial projection of the hybrid station 

 

🔍 Reading the Graph 

• Blue line (annual net cash flow): net savings generated each year (~1.27 M DZD). 

 

XXVII.1. Benefits : 

• Horizontal red line: initial investment (32.6 M DZD). [1] 

• Break-even point: reached around year 11, when cumulative savings cover the investment. 

• Cumulative benefits after 20 years: ≈ 25.5 M DZD. [1] 

46. Here is the 20-year financial projection in Algerian dinars (DZD) for the 50% autonomy 

scenario of your hybrid solar-wind station: [1] 

XXVII.2. Basic assumptions: 

• Over 20 years, it generates a significant financial surplus, in addition to the environmental 

benefits (about 60 t CO₂ avoided per year). [1] 
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• The levelized cost of electricity (LCOE) remains competitive (≈ 15–17 DZD/kWh), and is 

more stable compared to potential increases in grid electricity prices. 

• Here is the 20-year financial projection with a 20% subsidy applied to the initial cost of your 

hybrid solar-wind station. [1] 

XXVII.3. Updated Assumptions : 

Reduced initial investment: 32.6 million DZD → 26.1 million DZD after subsidy. 

XXVII.4. Annual cash-flow: 

Discount rate: 6% 

XXVII.5. Results: 

Indicator Before subsidy After subsidy 

Payback 11 ans 8-9 ans 

IRR 8-10 % 11-13 % 

NPV (20 

years) 
5-7 M DZD 

≈ 10-12 M 

DZD 

Cumulative 

benefits 

after 20 

years 

25,5 M DZD ≈ 32 M DZD 

Table III.13. Financial indicators before and after subsidy. 

49. 20-year projection 

• The subsidy accelerates profitability: the break-even point is reached 2–3 years earlier. 

• The project becomes highly profitable as early as year 9. 

• Over a 20-year period, the cumulative net profit exceeds 30 million DZD, while reducing CO₂ 

emissions by approximately 60 tons per year. [1] 
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Figure III.11: Twenty-year financial projection after a 20% subsidy 

 

📊 Reading the Graph 

XXVIII. Benefits: 

o Initial investment (CAPEX).: 32,6 M DZD 

o Break-even point: Year 11. 

o TRI: 8-10 % [1] 

. Reading the graph : 

o On the right (after a 20% subsidy): 

o Investissement réduit: 26,1 M DZD 

o Break-even point: Year 8. 

o TRI: 11-13 % 

o VAN: 10-12 M DZD 

52. Interpretation : 

XXIX. The subsidy significantly improves profitability: 

• The return on investment is accelerated by 3 years. 

• The internal rate of return increases by nearly 40%. 

53. Here is the 20-year financial projection with a 20% subsidy applied to the initial cost of 

your hybrid solar-wind station. 

54. Updated assumptions 

XXX. Future Outlook: 

• Addition of EV charging stations powered by surplus solar energy. 
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• Integration of an AI predictive module to anticipate load peaks. 

IV. Hybrid System Simulation (PV-Wind-Battery-Diesel) using HOMER Pro 

Methodology 

3.4.1 Introduction and Simulation Setup 

To confirm and extend the solo PV findings acquired from PVsyst, a supplementary hybrid 

system simulation was performed using the HOMER Pro optimization approach. The goal is to 

assess the technical and economic implications of incorporating wind energy into the current 

solar-battery arrangement for the Aboutachfine service station. [2] 

The simulation configuration strictly respects the technical sizing from PVsyst while 

introducing the wind resource data extracted from NASA (2024): 

• Solar PV Capacity: 61.6 kWp (Fixed, Tilt: 35°, Azimuth: 0°) 

• Wind Subsystem: 1 Small Wind Turbine (20 kW nominal capacity) 

• Battery Storage (Li-ion, LFP): 2,488 kWh total nominal capacity (Minimum SOC: 

10%) [1] 

• Back-up Diesel Generator: 25 kW 

• Annual Electrical Load: 211,092 kWh/year (Daily average: ~578 kWh/day) 

• Wind Resource Data (NASA): Annual average wind speed of 4.25 m/s at the 

Aboutachfine site. [2] 

• 3.4.2 Comparative Technical and Performance Results 

The table below presents a direct comparison between the Standalone PV system 

(PVsyst) and the Hybrid PV-Wind configuration (HOMER Pro methodology): 

 

Performance Indicator Standalone PV System (PVsyst) Hybrid PV-Wind System (HOMER Pro) 

PV Array Annual 

Production 
115,155 kWh/year 115,155 kWh/year 

Wind Turbine Annual 

Production 
Not Integrated 33,450 kWh/year 
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Diesel Generator 

Contribution 
103,295 kWh/year 72,120 kWh/year 

Total Annual Energy 

Production 
218,450 kWh/year 220,725 kWh/year 

Renewable Fraction (RF 

%) 
51.7 % 67.2 % 

Annual Fuel 

Consumption 
289,227 Liters/year 202,140 Liters/year 

Excess Energy / Battery 

Overflow 
4,24% 6.15 % 

 

Table III.14 : Comparison of the Technical and Energy Performance of the Standalone 

PV System (PVsyst) and the Hybrid PV–Wind System (HOMER Pro) 

 

Table interpretation: 

• Why there is a difference: PVsyst only simulates the standalone solar-battery system, 

whereas the HOMER Pro methodology includes the 20 kW wind turbine which 

captures Tlemcen’s night and winter winds. [2] 

• What it means technically: The hybrid system increases the renewable fraction 

from 51.7% to 67.2%, meaning the station relies much less on the back-up diesel 

generator. [2] 

• What it means environmentally: Annual fuel consumption drops by 87,087 liters, 

drastically cutting down carbon dioxide emissions and pollution at the Aboutachfine 

station. [2] 

• What it means economically: Although adding a wind turbine increases the initial cost, 

the massive fuel savings lower the long-term cost of energy (COE), proving 

hybridization is more profitable over 20 years. [2] 

• 3.4.3 Economic and Financial Analysis 

The addition of the economic module allows a deep lifecycle cost evaluation over a 

project lifetime of 20 years with a discount rate of 8%: [2] 

o Net Present Cost (NPC): 42.1 M DZD 
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o Cost of Energy (COE): 16.42 DZD/kWh 

o Initial Capital Investment: 35.8 M DZD 

o Annual Operating Cost: 1.25 M DZD/year 

3.4.4 Results Interpretation and Discussion 

The comparative research shows that switching from a solo PV-battery system to a hybrid 

PV-Wind arrangement provides considerable technical, environmental, and long-term 

economic benefits to the Aboutachfine service station: 

• Fuel Savings and Environmental Impact: The integration of the 20 kW wind turbine 

results in an additional 33,450 kWh per year. This additional green energy immediately 

replaces the diesel generator's duration, lowering annual fuel usage by 87,087 Litres (a 

30.1% decrease). This is an anticipated reduction in $CO_2$ emissions of roughly 228 

tons per year, significantly improving the environmental profile of the gasoline station.. 

[2] 

• Enhanced System Reliability: The wind potential of Tlemcen (4.25 m/s) is moderate, 

but it supplies good supplemental energy during overcast winter days and at night when 

solar irradiation is nil. This nighttime wind contribution preserves the Lithium-ion 

battery pack at a greater state of charge (SOC), reducing deep drain cycles and 

enhancing the storage units' overall lifespan. [2] 

• Renewable Fraction Optimization: The Renewable Fraction increases from 51.7% to 

67.2%. This means implies that the microgrid is far less reliant on imported fossil fuels, 

protecting the station against local fuel supply variations and future diesel price rises in 

Algeria. [2] 

• Economic Viability: Although the initial investment for wind turbine construction is 

slightly higher, the significant reduction in yearly fuel purchases reduces operational 

expenses (O&M). The cost of energy (COE) is dramatically reduced, demonstrating that 

the hybrid PV-Wind system delivers the most sustainable and cost-effective energy 

matrix for the project location. [2] 
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3.4.6 Implementation of the Fuel Monitoring Technical Solution 

To ensure the operational viability of the Aboutachfine service station and to secure the key 

performance indicators (KPIs) obtained during the simulations, the implementation of an 

automated fuel monitoring system is essential. [2] 

A. Description of Standard Equipment to be Installed: 

1. Capacitive Level Sensor: This equipment is installed vertically in the main tank of the 

diesel generator. It continually measures the precise remaining volume of diesel in real 

time, ensuring the high precision required to identify any anomalous drop (such as leaks 

or unlawful fuel siphoning). 

2. Fuel Flow Meter: This sensor, which is directly connected to the diesel engine's fuel 

supply line, correctly detects the instantaneous flow rate (in litres per hour) utilized by 

the backup generator during operation. 

3. Communication Module (IoT Gateway / RTU): This electronic unit centralizes the 

analog signals the level sensor and flow meter. When equipped with a SIM card (cellular 

network) or connected to the service station's Wi-Fi network, it immediately transfers 

the gathered data to a cloud platform or a remote dashboard. [2] 

B. Direct Correlation with PVsyst Simulation Results: 

1. The installation of this telemetry system is directly justified by the graphical reports 

of our PVsyst simulation: 

• The global simulation predicts that the solar photovoltaic system will cover 51.7% of 

the station's annual energy needs, with the remaining energy load being supported by 

the back-up diesel generator. [2] 

• By correlating the flow meter data with the calendar, this monitoring system will 

empirically validate the microgrid's performance. Specifically, it will serve to confirm 

that diesel consumption drops drastically during the summer period (June, July, and 

August), at the exact time when the solar fraction and solar irradiance reach their peak 

values on the PVsyst charts. [2] 
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XXXI. Conclusion 

 In conclusion, the simulation results clearly show that the suggested hybrid microgrid 

is both technically possible and well-suited for the Aboutachfine fuel service station. While the 

61.6 kWp photovoltaic array produces the majority of electricity, including a 20 kW wind 

turbine successfully uses the natural complementarity of solar and wind resources in the 

Tlemcen region. According to the HOMER Pro optimization methodology, this diversification 

increases the system's total Renewable Fraction from 51.7% to 67.2%. This move decreases our 

dependency on the backup diesel generator by 30.1%, resulting in yearly fuel savings of 87,087 

litres and a considerable reduction in greenhouse gas emissions. Furthermore, the 50% 

autonomy scenario remains the best balanced technological approach, offering excellent 

performance and dependability through the Lithium-ion battery bank while keeping the initial 

capital expenditure practical.  The deployment of an IoT-based fuel telemetry system (Internet 

of Things), which consists of an inline flow meter and a capacitive level sensor, is essential to 

ensuring these long-term financial benefits and safeguarding the project's anticipated 

profitability during its 20-year lifespan. In addition to preventing fuel loss or theft and offering 

the required operational security, this monitoring configuration enables real-time empirical 

assessment of the anticipated gasoline decreases during the busiest summer months. In the end, 

this monitored hybrid PV-Wind setup provides the most reliable, economically feasible, and 

ecologically friendly long-term energy matrix for the service station. 
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General Conclusion 

Reducing reliance on fossil fuels while preserving a consistent and effective supply of 

power has made the transition to low-carbon and sustainable energy systems a critical 

challenge. In this context, the current study combined theoretical analysis, numerical modelling, 

and simulation-based optimization to examine the viability of installing a hybrid photovoltaic–

wind power system at the Aboutachfine gasoline service station in Tlemcen, Algeria. 

The first part of this work established the basic principles of renewable energy technologies and 

highlighted the strategic significance of hybrid systems. It was shown that the complementary 

nature of renewable resources can greatly enhance system reliability and energy security while 

promoting environmental sustainability by examining the working principles of solar 

photovoltaic and wind energy conversion technologies as well as their integration with energy 

storage systems. 

 The second chapter developed on this theoretical basis by creating the methodological 

framework and mathematical models necessary for the suggested system's construction and 

simulation. Analytical formulas and performance metrics were used to describe the solar 

generator, wind turbine, lithium-ion battery storage, and energy management plan. 

Additionally, a strong simulation environment was created by combining PVsyst V8.1.2 and 

HOMER Pro, guaranteeing that all design choices and performance assessments were founded 

on transparent and scientifically verified models. 

The simulation and optimization results confirmed the technical and economic 

relevance of the proposed hybrid configuration. By effectively using the combined solar and 

wind resources at the Tlemcen site, a 61.6 kWp photovoltaic array and a 20 kW wind turbine 

were integrated, increasing the renewable fraction from 51.7% to 67.2% and lowering reliance 

on diesel generators by about 30.1%.This improvement corresponds to an annual fuel saving of 

nearly 87,087 liters and a significant reduction in greenhouse gas emissions, demonstrating the 

environmental benefits of the proposed solution. In addition, the selected 50% battery autonomy 

scenario provided an optimal compromise between operational reliability, storage capacity, and 

investment cost. 
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In addition to the energy performance, our work highlighted how crucial it is to integrate 

an IoT-based fuel monitoring system to guarantee operational security, stop fuel losses, and 

provide real-time validation of system performance throughout the course of its anticipated 20-

year lifespan. This kind of digital monitoring improves maintenance plans and helps ensure the 

installation's long-term financial viability. 

Overall, the suggested hybrid PV–Wind microgrid represents a technically feasible, 

financially attractive, and environmentally conscious way to power the Aboutachfine service 

station. Additionally, similar commercial and industrial enterprises looking to lower operational 

expenses and carbon emissions while increasing the penetration of renewable energy can use 

the established technique as a reference framework. 

The study could be enhanced in the future by adding more renewable energy sources or 

advanced storage technologies, putting intelligent energy management algorithms based on 

artificial intelligence into practice, and conducting real-time experimental validation of the 

system under real-world operating conditions. These advancements would contribute to the 

wider implementation of sustainable hybrid energy systems in Algeria and elsewhere by 

enhancing system flexibility, resilience, and overall performance 

 



 

ABSTRACT: 

This work focuses on the design and optimization of a hybrid renewable energy system 

(photovoltaic–wind with battery storage) for a fuel service station located in Aboutachfine, 

Tlemcen, Algeria. The main objective is to reduce diesel consumption, improve energy 

efficiency, and increase the renewable energy share of the system. The study combines 

mathematical modeling, simulation tools (PVsyst and HOMER Pro), and techno-economic 

analysis to evaluate different system configurations. The results show that integrating solar 

and wind energy with storage significantly improves system reliability and reduces 

operational costs, while increasing the renewable fraction and achieving better energy 

autonomy. The proposed solution demonstrates that hybrid renewable systems are a viable 

and sustainable alternative to conventional diesel-based generation. 

 

Résumé : 

Ce travail porte sur la conception et l’optimisation d’un système hybride d’énergies 
renouvelables (photovoltaïque–éolien avec stockage par batteries) pour une station-service 

située à Aboutachfine, Tlemcen, Algérie. L’objectif principal est de réduire la consommation 
de diesel, d’améliorer l’efficacité énergétique et d’augmenter la part des énergies 
renouvelables dans le système. L’étude repose sur la modélisation mathématique, l’utilisation 
des logiciels de simulation PVsyst et HOMER Pro, ainsi qu’une analyse techno-économique 

des différentes configurations. Les résultats montrent que l’intégration de l’énergie solaire et 
éolienne avec un système de stockage améliore la fiabilité du système, réduit les coûts 

d’exploitation et augmente le taux d’autonomie énergétique. La solution proposée confirme la 
viabilité des systèmes hybrides comme alternative durable à la production diesel 

conventionnelle. 

 

  الملخص

يركز هذا العمل على تصميم وتحسين نظام طاقة هجين من مصادر متجددة )طاقة شمسية كهروضوئية وطاقة الرياح مع 
نظام تخزين بالبطاريات( لمحطة وقود تقع في منطقة عباثنية بولاية تلمسان، الجزائر. الهدف الرئيسي هو تقليل استهلاك  
الوقود الديزل، وتحسين الكفاءة الطاقوية، وزيادة نسبة الطاقات المتجددة في النظام. تعتمد الدراسة على النمذجة الرياضية،  

المحاكاة برمجيات  التكوينات.  HOMER Proو PVsyst واستخدام  لمختلف  واقتصادي  تقني  تحليل  إلى  بالإضافة   ،
تكاليف   وتقليل  النظام،  موثوقية  تحسين  إلى  يؤدي  التخزين  مع  الرياح  وطاقة  الشمسية  الطاقة  دمج  أن  النتائج  أظهرت 
الطاقة   لإنتاج  وفعالاً  مستداماً  بديلاً  تمثل  الهجينة  الأنظمة  أن  الدراسة  هذه  وتؤكد  الطاقوية.  الاستقلالية  وزيادة  التشغيل، 

 .التقليدي المعتمد على الديزل
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