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ABSTRACT 

Hybrid renewable energy systems (HRESs) are becoming more prevalent as they 

are viewed as economic off-grid sources of clean energy that could help reduce rural 

electrification and global warming problems. This thesis aims to provide a techno-

economic feasibility and environmental analysis of a HRES to be designed for meeting a 

daily load requirement of 389.4 kWh/day with a peak load of 82.71 kW, represented by the 

energy demand of thirty houses located in Al-Qurayyat city (near the Technical College 

for Boys), Al Jouf Province, KSA. Thus, the aim of this thesis coincides with the 2030 and 

2060 visions of KSA, which promote sustainable energy solutions and net zero CO2 

emissions, respectively. Moreover, the objectives of the research could be divided over two 

stages. First, a HRES consisting of PV, WT, a DG, converter and lead-acid BSS is 

considered. Simulation of the system is achieved by HOMER software to obtain the 

optimum configuration. After considering six arrangements, the results reveal that the ideal 

arrangement is indeed the PV/WT/DG/Converter/BSS with an optimized NPC and COE 

of $358,616, and $0.166/kWh while attaining a RF percentage of 92.8%. An alternative 

configuration, consisting of PV/WT/Converter/BSS would yield a 100% RF but with a 

NPC of $475,374 and COE of $0.22/kWh. The technical results show that the proposed 

HRES produces a total annual energy of 285,750 kWh/year with the PV, WT, and DG 

contributing 91.2%, 5.21%, and 3.58%, correspondingly. Regarding the environmental 

assessment, the optimized hybrid system saves a total of 206,678 kg of greenhouse gases 

each year. In the second stage, the proposed HRES will be compared with another HRES 

comprised of CPV, WT, DG and BSS. The objective is to determine the effectiveness of 

utilizing CPVs in hybrid systems over regular PVs in order to determine the more economic 

solar technology to be incorporated in the HRES, and this is where the novelty of the study 

lies. The CPV-HRES has a NPC and COE of $878,042 and $0.406/kWh, correspondingly 

with an annual energy generation of 434,731 kWh/year. Hence, the PV technology is the 

more economic choice even though it has a lower energy yield than CPV. 

 

Keywords — Techno-economic, Hybrid renewable energy system 

(HRES), Concentrator photovoltaic (CPV), HOMER, KSA 
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الرسالة ملخص  

( أكثر انتشاًرا حيث يُنظر إليها على أنها مصادر اقتصادية  HRESsأصبحت أنظمة الطاقة المتجددة الهجينة )

خارج الشبكة للطاقة النظيفة يمكن أن تساعد في تقليل كهربة الريف ومشاكل االحتباس الحراري. تهدف هذه األطروحة  

اليومية البالغة  الذي سيتم تصميمه لتلبية متطلبات الحمل  HRESإلى توفير جدوى اقتصادية تقنية وتحليالً بيئيًا لنظام 

كيلوواط ، ممثلة بالطلب على الطاقة لثالثين منزالً تقع في  82.71كيلو واط ساعة / يوم مع حمولة ذروة تبلغ  389.4

مدينة القريات )بالقرب من الكلية التقنية للبنين( ، منطقة الجوف ، المملكة العربية السعودية. وبالتالي ، فإن  -Alمنطقة  

، والتي تعزز حلول الطاقة   2060و  2030وحة يتزامن مع رؤى المملكة العربية السعودية الهدف من هذه األطر

المستدامة وصافي انبعاثات ثاني أكسيد الكربون ، على التوالي. عالوة على ذلك ، يمكن تقسيم أهداف البحث على  

. يتم محاكاة BSS والمحول وحمض الرصاص DGو  WTو  PVيتكون من  HRESمرحلتين. أوالً ، يتم اعتبار 

للحصول على التكوين األمثل. بعد النظر في ستة ترتيبات ، كشفت النتائج أن  HOMER النظام بواسطة برنامج 

  358،616المحّسن من  COEو  NPCمع  PV / WT / DG / Converter / BSSالترتيب المثالي هو بالفعل 

 PV٪. التكوين البديل ، الذي يتكون من 92.8بنسبة  RFبة دوالًرا / كيلووات ساعة مع تحقيق نس 0.166دوالًرا ، و 

/ WT / Converter / BSS  100من شأنه أن ينتج  ٪RF  ولكن معNPC  دوالًرا و  475،374قدرهCOE  من

 285،750المقترحة تنتج طاقة سنوية إجمالية قدرها  HRESدوالر / كيلووات ساعة. تظهر النتائج الفنية أن  0.22

٪ في المقابل. فيما يتعلق بالتقييم 3.58٪ و  5.21٪ و  91.2بنسبة    DGو    WTو    PVة / سنة مع مساهمة  كيلوواط ساع

كجم من غازات االحتباس الحراري كل عام. في المرحلة   206،678البيئي ، يوفر النظام الهجين المحسن إجمالي 

. الهدف هو تحديد BSSو    DGو    WTو    CPVأخرى تتألف من    HRESالمقترحة مع    HRESالثانية ، ستتم مقارنة  

فعالية استخدام األنظمة الفولت ضوئية المركزة في األنظمة الهجينة على الكهروضوئية العادية من أجل تحديد تكنولوجيا 

  CPV-HRES، وهنا تكمن حداثة الدراسة. يحتوي  HRESالطاقة الشمسية األكثر اقتصادية التي سيتم دمجها في 

دوالًرا أمريكيًا / كيلوواط ساعة ، في المقابل مع توليد طاقة  0.406دوالًرا و  878،042بقيمة  COEو  NPCعلى 

كيلوواط ساعة / سنة. ومن ثم ، فإن التكنولوجيا الكهروضوئية هي الخيار األكثر اقتصادا على   434.731سنوي يبلغ 

 الرغم من أنها تتمتع بإنتاجية طاقة أقل من األنظمة الفولت ضوئية المركزة.

 

 

 ، (CPV) الكهروضوئي المرّكز ، (HRES) الهجين المتجددة الطاقة نظام ، االقتصادية التقنية - الرئيسية الكلمات

HOMER ، السعودية العربية المملكة 
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Chapter 1: Introduction and Background 

In 2019, the global energy demand was the highest at 581.51 exajoules and that 

figure declined to 556.63 exajoules in 2020 [1]. Hence, a 4% reduction in the global energy 

consumption was exhibited, marking the biggest decline since World War II [2]. This was 

mainly due to the lockdown and restrictions imposed on many countries due to the Covid-

19 pandemic, thus reducing the need for transportation and travel. However, due to the 

vaccinations and ease on restrictions, energy demands are recovering, and the global 

energy consumption is expected to rise by 4.6% in 2021, thereby leading to higher numbers 

than in 2019 [3]. The annual global energy consumption, measured in exajoules, from the 

year 2000-2020 is shown in Figure 1.1. Based on the results, it is evident that there has 

been a gradual increase in energy consumption in general except for the years 2009 and 

2020, because of the global financial crisis and the Covid-19 pandemic, respectively. 

Figure 1.1. Global energy consumption from 2000-2020 [1]. 

Additionally, the year 2020 has also denoted the highest decrease in CO2 emissions 

as a staggering 5.8% decline was noted (equivalent to 2 Gt of CO2), leaving the world with 

31.5 Gt of emissions. Due to the rise in energy demand in 2021, an estimated 4.8% rebound 

in terms of emissions is anticipated, corresponding to 1500 Mt of CO2 [4]. 
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Therefore, it is evident that the shift to renewable energy sources is increasingly 

desired and their implementation is inevitable as they present an optimum and sustainable 

solution for satisfying the rise in energy demand while also preserving the environment. 

 

1.1 Overview 

In this section, an overview will be provided for the various energy sources that are 

expected to be utilized in the HRES. Hence, energy sources such as solar energy, including 

both PV and CPV technologies, wind turbines and diesel generators would be focused on.  

A] Solar Energy 

Solar energy involves utilizing technologies that convert the incoming radiation 

from the Sun into electricity. The Sun’s solar radiations could be classified into three types 

including direct solar radiation, diffuse solar radiation (the diffusion occurs mainly due to 

the clouds and atmosphere) and reflected radiation (usually negligible) [5]. In some cases, 

they may also be used to generate output in the form of heat energy [6]. As a result, solar 

technologies could be grouped into three different types according to their input and output, 

as well as the application they are used for [7]. The three types include: 

1. Photovoltaic (PV) 

2. Concentrated Solar Power (CSP) 

3. Solar Heating and Cooling (SHC) 

Photovoltaic based solar technologies rely on converting the light energy from the 

Sun’s radiations directly into electrical energy through the use of semiconductor materials. 

The other two methods employ a different input as they both utilize the Sun’s thermal 

energy instead. The difference between them primarily lies in their application. CSP 

utilizes the thermal energy to drive turbines whereas the SHC is used for heating air or 

water [8]. 

B] Photovoltaics (PV) 

Solar cells operate on the concept of the photovoltaic effect, in which the light 

energy absorbed from the Sun excites and raises its energy level from the lower energy 
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valance band to the higher energy conduction band. When the solar cell is connected to an 

electrical circuit, the energized electrons dissipate their energy, thereby prompting the 

production of voltage and current [9]. Over the years there have been various innovations 

in solar cell technologies in an attempt to improve their efficiency and lower their 

manufacturing costs. Currently, there are three main generations of PVs. The first 

generation utilized crystalline silicon wafers, producing monocrystalline and 

polycrystalline cells, and is still considered the most prevalent type commercially as the 

technology is mature and has reasonable efficiencies ranging between 14-22%, while being 

affordable [10]. The second generation is represented by thin-film solar cells that most 

commonly include the amorphous PVs. Even though this type is less expensive than the 

silicon wafers due to requiring less materials, they still need more surface area to generate 

the same output as the first-generation technologies. The third generation of solar cells 

includes various technologies, most of which have not been applied commercially as of 

yet, like CPVs [11]. 

C] Concentrator Photovoltaic (CPV) 

Belonging to the third generation of solar technologies, concentrator photovoltaics 

are considered to be an emerging, new type of photovoltaic cells that convert incoming 

light radiation from the Sun into electrical energy. Some of the most striking features that 

differentiate CPVs from traditional PVs is that they involve the use of multi-junction solar 

cells, as well as other optical devices such as solar tracking systems, mirrors, or lenses to 

help focus the incoming solar radiation onto a smaller area of solar cells and generate a 

higher output. Figure 1.2 below shows a schematic of a Fresnel lens (a type of lens used 

commonly for such applications) that is used to concentrate the solar beams onto the small 

area solar cell. Additionally, cooling systems might be mandatory in some cases [12]. 
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Figure 1.2. Fresnel lens focusing incoming solar radiation on a solar cell [13]. 

Consequently, CPVs exhibit relatively higher efficiencies than PVs, ranging 

between 30-45% [13]. In essence, there are various types of CPVs that are classified 

according to the degree of solar concentration they harbor. “Suns” is the unit dedicated for 

measuring such quantities [14]. For instance, a CPV system having a solar intensity of “5 

suns” means that the amount of sunlight striking the PV would be five times greater than 

it would be excluding any concentration. The three main types of CPVs include: 

1. Low Concentration Photovoltaic (LCPV) 

2. Medium Concentration Photovoltaic (MCPV) 

3. High Concentration Photovoltaic (HCPV) 

For the first type, LCPVs systems are characterized by having solar magnification 

ratios ranging between 2-40x or 2-40 suns [15]. Single-junction silicon based solar cells 

are used for this type of CPV because they are more economic. Simple booster reflector 

mirrors, usually made of plastic, are utilized for concentrating the solar radiation. Since the 

LCPV systems mainly deal with low concentrations of solar flux, a cooling system is would 
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not be required and thereby reducing the costs of capital. It is worth noting that LCPVs are 

capable of absorbing direct radiations in addition to a major portion of the diffuse solar 

radiations, making them applicable for more diverse climates [16]. Finally, on average, 

LCPVs have attained efficiencies around 30% [17]. Figure 1.3 below shows a LCPV 

system consisting of silicon based solar cells and four flat plate reflectors to concentrate 

the solar radiation. 

 

Figure 1.3. LCPV system with 4 flat reflectors [18]. 

MCPV systems deal with solar intensities varying between 40-300x or 40-300 suns 

[15]. Unlike LCPVs and HCPVs, MCPVs do not have a set type of solar cells. They could 

still adopt high-quality silicon cells or utilize other kinds like CdTe based cells [13].  Due 

to the fact that moderate solar concentrations are involved, it would be necessary to use 1-

axis solar tracking systems, which are systems designed to place PVs at certain angles 

relative to the Sun (usually perpendicular). Furthermore, it is also imperative to include a 

cooling system, whether it is active or passive, to avoid thermal destruction of the solar 

cells that may arise due to the moderately high temperatures [19]. 

Finally, the third type known as HCPVs cope with high concentrations of solar 

radiations that could potentially start from as low as 300x and end up as high as 2000x 

[15]. This type of CPV utilizes multi-junction solar cells, which are highly efficient solar 

cells composed of various semiconductors that form multiple p-n junctions, while having 
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sunlight focused on them to very high intensities using either mirrors or lenses. Multi-

junction solar cells have higher efficiencies in comparison to the regular silicon cells for 

two main reasons. First, the multi-junction cells have varying bandgaps due to the presence 

of several elements, allowing them to absorb radiations of multiple wavelengths [20]. In 

addition, they have a lower temperature coefficient, which means that the output voltage is 

less prone to decrease with rises in temperature, resulting in a higher efficiency [21]. To 

further improve the efficiency of HCPVs, it is a necessity that they are mounted on 2-axis 

solar tracking systems. Due to the highly concentrated solar radiation, the multi-junction 

solar cells might be prone to thermal destruction, and as a result, the addition of active 

cooling systems is mandatory. Possessing some of the highest efficiencies in the solar 

energy field, the HCPVs could attain efficiencies of up to 44%, provided that they are 

operating under specific weather conditions known as standard test conditions [22]. The 

standard test conditions dictate that the solar cell temperature is 25oC, solar irradiance is 

1000 W/m2, an air mass ratio of 1.5, and normal incidence [23]. 

Table 1.1 displays the components and solar concentration ratio ranges associated 

with each type of CPV. LCPVs and HCPVs are the two dominating types used in 

applications for various reasons, while the MCPVs are rarely used. The LCPVs are desired 

for applications where relatively high efficiency is required at an economic cost as they 

utilize the traditional flat plate model but using high quality silicon crystals. In addition, 

since they operate at relatively low concentration ratios, the amount of heat generated is 

within an acceptable range and thus, does not warrant the need for any solar tracking or 

cooling systems.  

On the other hand, HCPVs are preferred when high efficiency and/or space 

limitations present a critical factor. Moreover, the climate conditions are of equal 

importance and should be considered before attempting to install the system in the chosen 

area. For HCPVs, the optimum weather conditions are represented by clear and sunny skies 

in order to achieve an abundance of direct solar radiation, which is essential for the 

operation of this solar technology type. However, a major drawback of HCPVs is that they 

are characterized of having high initial capital costs due to using expensive multijunction 

solar cells coupled with two-axis solar tracking systems for maximum performance while 
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requiring a cooling system to combat the highly attained temperatures and lowering them 

to a tolerable range. 

Table 1.1. Component comparison among the different types of CPV [13, 15,19]. 

 Low 

Concentration 

Medium 

Concentration 

High 

Concentration 

Concentration 

ratio range (suns)  

2-40 40-300 300-2000 

Type of solar cell Silicon cells Silicon or CdTe Multi-junction cells 

Solar Tracking 

System 

Not needed 1-axis solar 

tracking 

2-axis solar 

tracking 

Cooling System Not needed Passive cooling Active cooling 

D] Wind Energy 

Wind turbines are systems that are designed to utilize and convert the kinetic energy 

of the air particles into electrical energy [24]. In simpler terms, these systems rely on wind 

for their operation and the greater the wind speed the greater the power generated would 

be. The turbines are typically comprised of rotating rotor blades, usually made of fiberglass 

material, that are coupled to a generator by means of a shaft and a series of gears, with the 

system being mounted on a tower exhibiting an elevation of at least 30 meters or more in 

order to capture higher wind speeds [25].  

In general, there are two main types of wind turbines – horizontal axis wind turbines 

(like the one shown in figure 1.4 below) and vertical axis wind turbines [26, 27]. 

Furthermore, in some cases the turbines could be grouped together within proximity when 

larger quantities of electricity generation are desired and, in that instance, they become 

known as a wind turbine farm. Similarly, wind turbine farms typically fall under two 

categories as well depending on their installed location. Onshore wind turbine farms, in 

which the turbines are constructed on land, and offshore wind turbine farms, where the 

turbines are installed in any body of water [28]. 
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Figure 1.4. Schematic of a HAWT and its components [27]. 

In terms of efficiency, wind turbines have a maximum theoretical efficiency of 

59.3% according to Betz law due to the limitations imposed by the conservation of mass 

principle, that dictates that the air entering and leaving a wind turbine must be uniform. In 

other words, the highest possible power that could be generated by a turbine would equate 

to 59.3% the amount of kinetic energy extracted from the wind flow [29]. Practically, wind 

turbine efficiencies are lower as they range between 20 – 40% due to losses occurring in 

the transmission and conversion of power through the mechanical components such as the 

gearbox, generator and converter while also being affected by fluctuations in wind speeds 

[30]. Commonly, wind turbines have a rated power between 3 kW – 5 MW with the largest 

turbine in the world operating at 14 MW [31, 32]. 

Since wind turbines primarily rely on wind for power generation instead of fossil 

fuels, they significantly reduce the emission of greenhouse gases and are, thus, considered 

environmentally friendly. According to some researches, wind turbines are deemed to be 

the renewable energy technology with the most promising social impact, even when 

compared to other renewable energy sources [33].  Thus, with reasonable costs and nearly 

non-existent social and environmental bearings, wind turbines are at the top of the 

hierarchy of renewable energy source. 
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E] Diesel Generator 

A diesel generator is a machinery that incorporates a diesel engine with an electrical 

generator (also called alternator), thereby transforming the chemical energy stored in the 

diesel fuel into output electrical energy, and consequently, it may additionally be referred 

to as a diesel genset [34]. Apart from the diesel engine and alternator, other components of 

a typical diesel generator include a fuel system, a cooling and exhaust system, a lubrication 

system, a voltage regulator, a control panel and a battery charger [35]. Different 

compositions of liquid fuel such as biodiesel could also be used to power a diesel generator, 

with some configurations being capable of utilizing natural gas [36]. Figure 1.5 below 

illustrates a schematic of a typical diesel generator and the arrangement of its main 

components. 

 

Figure 1.5. Schematic diagram of a diesel generator and its components [37]. 

The efficiency of a diesel generator is heavily dependent on the loading capacity 

since the volume of fuel consumed is almost uniform regardless of the load size. Hence, 

the ideal working conditions for a diesel generator would usually range between 70 – 89% 

with the minimum operating conditions, fluctuating between 30 – 50 % of the generator’s 

rated capacity [38]. Diesel generators are also available at different rated capacities, known 

as sets. Typically, the capacity of generators for residential applications may vary between 

8 – 30 kW with the industrial sets reaching capacities of up to 2,000 kW [39]. 
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Diesel generators are principally utilized as a form of a backup power supply 

system, whether it is for residential, commercial, or industrial purposes. Additionally, they 

could also be applied for remote sites to power equipment or to remote rural villages where 

extending gridlines is not feasible. Thus, diesel generators are quite favorable since they 

are portable and provide a stable source of energy. Even though diesel fuel is more 

expensive than petrol or natural gas, it has a much higher energy density and as a result 

more fuel efficient, making such generators more economic [40]. On the other hand, as 

diesel generators consume fossil fuels for generating electricity, they yield a lot of harmful 

emissions. Therefore, the combustion of diesel fuel will lead to toxic air pollutants such as 

carbon dioxide (CO2), carbon monoxide (CO), sulfur dioxide (SO2), oxides of nitrogen 

(NOx) and particulate matter [41].  

F] Location of Study 

The selected area for this study is located in the small city of Al-Qurayyat (near the 

Technical College for Boys), Al-Jouf Province, which is located at the northern region of 

Saudi Arabia as shown in figure 1.6. Being only 30 km away, the city is in proximity with 

the borders of Jordon. In 2014, the country was estimated to have a population of 

approximately 165,600. The city specializes in producing olives and salt [42].  

The city has a desert climate with an average annual temperature of 20.2oC. Winter 

represents the main season of the year where the remote desert city receives most of its 

rain. Hence, being located in the northern region and having clear skies, the area is quite 

suitable for implementing renewable energy projects as it has an abundance of solar 

radiation and relatively high wind speeds. 
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Figure 1.6. Map of the desired site in Al-Qurayyat city, Al Jouf Province, KSA. 

Table 1.2. Geographical details of the selected city. 

City Name     Al Qurayyat 

  

Province 

Country 

Population 

Longitude 

Latitude 

Al Jouf 

Saudi Arabia 

165,600 (in 2014) 

37o 31’ 32.23” E 

31o 38’ 94.39” N 

 

1.2 Problem Statement 

Satisfying the increasing energy demands would lead to the consumption of more 

finite fossil fuels, resulting in more undesirable economic and environmental impacts such 

as CO2 emissions, which is against the Kingdom’s “Vision 2030” and “Net Zero Plan”. 

This is more dominant in remote areas where extending gridlines is not feasible. 
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1.3 Research Questions  

The design of energy systems that are reliable, cost-effective, and environmentally 

friendly has become a major concern. This is especially true for remote villages that are 

struggling to have a reliable supply of electricity due to the impractical costs of extending 

grids.  In addition, many countries are currently attempting to shift to renewable energy 

resources since they are both sustainable and they do not generate any harmful emissions 

to the atmosphere and environment such as CO2. Therefore, this thesis attempts to answer 

the following questions: 

• How to provide reliable sources of energy to remote places struggling with 

electricity supply? 

• How to generate energy without generating/reducing any toxic emissions 

that could harm the environment? 

• How to design and optimize HRES so that they would yield the most 

economic results? 

• Are traditional PV arrays more economic than the highly efficient solar 

CPV technologies? 

1.4 Research Aim and Objectives 

This thesis aims to provide an innovative and practical solution to provide 

sustainable energy at economic prices that goes in accordance with the Saudi 2030 Vision 

as well as clean energy that ties in with Kingdom’s aim to “reach net zero” by 2060.  

To achieve this, the objective of this thesis is divided into two main stages. In the 

first stage, a HRES composed of solar PV panels, 3 kW wind turbines, a 15 kW diesel 

generator, converters, and 12V lead-acid battery storage system would be designed to 

accommodate a daily load size of 389.4 kWh/day with a peak load of 82.72 kW, 

symbolized by 30 homes situated in Al Qurayyat city, KSA. The HOMER simulation 

software would be utilized for the design optimization and an economic, technical, and 

environmental assessment of the ideal configuration would be discussed. In the second 

stage, a similar-sized HRES would also be designed and simulated using HOMER, but 
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with CPVs used instead of the traditional flat plate PVs. Afterwards the optimized results 

of the two HRESs would be analyzed, and the minimized NPC and COE as well as the 

electrical production for each system would be the main deciding parameters that would in 

turn determine the more economic and efficient system. 

 

1.5 Significance of the Study and Contribution 

The significance of this thesis lies in reducing the CO2 emissions and providing 

reliable, off-grid energy systems. In addition, the CPV performance and cost effectiveness 

will be evaluated by comparing it to the regular PV technology to determine the more 

economic approach when designing the HRES. This coincides with KSA’s Vision 2030 

and 2060 “Net Zero Plan”. Moreover, it would also help provide a feasible and immediate 

solution to remote villages that have no access to gridlines. Furthermore, providing a 

sensible breakdown of the HRES costs and showing their feasibility in implementation 

would aid in encouraging more investors and in turn facilitate the shift to renewable energy. 

Consequently, consumers would be able to enjoy sustainable and consistent supply of 

electricity at competitive prices while preserving their environment.  

 

1.6 Outline of the Thesis  

In this section, an outline for the upcoming chapters would be provided. 

Chapter 2: Literature Review 

In this chapter, an in-depth review of the previous work related to HRESs would be 

provided. The literature would focus on the system components used for the proposed 

HRES in each case, the NPC and COE of the proposed system, the methods used for 

estimating the load size, as well as any recommendations provided in the work. 

Furthermore, an analysis of the gaps would be discussed. 

Chapter 3: Research Methodology 

 In this chapter, a brief introduction about the HOMER simulation software would 

be given. After that, the stages of designing the HRES would be thoroughly discussed. This 
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would include an evaluation of the resources data (solar GHI, solar DNI, temperature, and 

wind speeds), the design and estimation of the desired load size, the parameters and 

specifications of the HRES components, the technical modeling equations for the energy 

components of the HRES, and the economic modeling equations used for the assessment 

of the proposed HRES. 

Chapter 4: Results & Discussion 

In this chapter, the optimization results achieved by the HOMER simulation 

software, after inputting all the required parameters, would be presented. Then the results 

would be tackled and discussed from an economic, technical, and environmental 

perspective. 

Chapter 5: Conclusion & Recommendations 

In this chapter, a formative assessment and deduction would be provided based on 

the results attained in this thesis, thus leading to the formulation of an opinion. In addition, 

there would be a mention of the improvements that could be done to this work for future 

research.  

. 
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Chapter 2: Literature Review 

 

2.1 Overview of Previous HRESs  

Most of the studies that utilized a hybrid renewable energy system (HRES) have 

focused their case studies on rural villages, since these are usually located in remote areas 

where it is not feasible to extend gridlines. As a result, the aim was to create a reliable off-

grid energy source system that would provide electricity while considering the economic 

aspects of the proposed project. 

Hegazy Rezk and Gamal Marzouk [43] have focused their research on analyzing 

the feasibility of an off-grid HRES to be implemented at the Menya Governate, which 

specializes in agriculture and is situated in Egypt, with the aim of supplying electricity for 

water pumping applications. The 2016 study investigated an HRES potentially composed 

of regular photovoltaic (PV), wind turbine generators (WTG), fuel cells (FC), and a battery 

storage system (BS). Six different configurations, involving either some or all the 

mentioned energy sources, were simulated and optimized using HOMER software. The 

deciding criteria was based on finding the lowest net present cost (NPC) and cost of energy 

(COE) for the proposed HRES. Consequently, an HRES composed of PV/FC was found to 

be the most viable solution with an estimated NPC and COE of $50,500 and $0.058/kWh 

respectively. 

In September 2016, a study conducted by Mehdi Baneshi, and Farhad Hadianfard 

[44] aimed to analyze the techno economic factors of a HRES that utilizes PV/Wind 

Turbines/Diesel/Battery. The HRES was designed to meet the energy demands of a 

commercial sector situated in Shiraz, Iran, having a load profile of 9911 kWh/day with a 

peak load of 725 kW. HOMER software was used to obtain the optimum HRES structure 

for both off-grid and on-grid cases. For the off-grid system, the COE and renewable 

fraction ranges attained were 0.093-0.126 $/kWh and 0-43.9%, respectively. 0-1000 kW 

for PV, 0-600 kW for wind turbines, and 1300 kWh batteries were the ranges considered 

for achieving these results. Regarding the on-grid configuration, lower ranges for the COE 
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(0.057-0.084 $/kWh) were acquired due the absence of batteries which minimized the 

capital cost. It was also noted that the optimum configuration for this case would involve 

using 1000 kW PV, 300 kW wind turbine capacities, and 800 kW inverters. Despite that, 

the renewable fraction of the proposed HRES remains relatively low for both the on-grid 

and off-grid configurations as, approximately, only half of the electricity is provided using 

renewables. 

In March 2017, a study achieved by Rumi Rajbongshi, Devashree Borgohain, and 

Sadhan Mahapatra [45] aimed to design a HRES that would provide electricity to a typical 

rural village in India, having an average load profile of 178 kWh/day with 19 kW peak 

demand, to overcome the obstacles incurred when extending gridlines. The study could be 

divided into two parts. In the first part, the HRES, composed of PV/Biomass/Diesel, was 

modeled twice - as an off-grid and on-grid systems - and then optimized using HOMER 

software, followed by a comparison between the two cases. Simulation of the off-grid 

system resulted in a COE of $0.145/kWh, whereas the on-grid system has yielded in a 

minimized COE of $0.91/kWh. In the second part of the study, the COE was computed 

after considering various load profiles having various peak demands. It was concluded that 

having higher energy demands with lower peak demands would help reduce the COE. 

Finally, by analyzing the achievements of this study, it could be inferred that on-grid HRES 

are the superior choice in case the distance needed for extending gridlines does not pose a 

major problem. Also, a more uniform or evenly distributed load with minimal peaks would 

greatly decrease the COE. However, it should be noted that the load profiles used in this 

study were generalized. 

In a study conducted by K. Murugaperumal, and P. Ajay [46] in June 2019, an 

HRES, composed of PV/Wind Turbines/Biomass generator, was designed to supply 

electricity to a rural village named Korkadu, which is located in India. The size of the 

suggested system was based on the load profile of the village of 179.32 KWh/day with a 

peak of 19.56 KW, that were estimated by implementing an artificial neural network 

feedback propagation (ANN-BP) software along with a data optimization tool known as 

Levenberg-Marguardt (LM). A battery backup system was also included in the design of 

the HRES to increase the reliability and cope with the peak demand periods. Moreover, 
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HOMER software was used to obtain the optimum configuration of the HRES. 

Furthermore, the NPC of the HRES was calculated to be approximately $16,250 with a 

COE per unit of $0.18/KWh. With such reasonable figures, the system was concluded to 

be economically feasible. However, it is suggested that the study could be further improved 

by applying the ANFIS tool to provide a more accurate estimation of the load profile while 

achieving the optimum configuration of the system using more advanced AI techniques. 

In another study conducted in June 2019 by Om Krishan, and Sathans Suhag [47], 

an HRES composed of PV/Wind/Battery was to be designed to meet the residential and 

agricultural energy demands of ten houses located in the district of Yamunanagar, Haryana, 

India. HOMER was utilized to determine the optimal configuration of the system that 

would provide the minimized NPC and COE of $228,353 and $0.288/kWh, respectively 

for the system. The optimized structure required the use of PV panels outputting 121 kW, 

a single 10 kW wind turbine, 122 lead-acid batteries (with a 260 kWh specification), and 

26.2 kW converters. However, the technical analysis was taken a step further as the 

optimized HRES was simulated using MATLAB software, and this is where the novelty 

of the study lies. Due to the continuous changes in weather conditions including things 

such as wind speed and solar irradiance, there is a risk that the different components of the 

HRES might not be able to provide the desired power individually at all times. 

Consequently, the link DC voltage and the AC output voltage were made constant to ensure 

that the output of each component is balanced to maintain the optimized configuration. 

In 2018, the Kingdom of Saudi Arabia had a total electrical consumption of 300 

TWh, with the majority of that consumption being met through the use of non-renewable 

means. Thus, in an attempt to reduce CO2 emissions and promote renewable energy, a 

combination of two HRESs were proposed by M.A. Baseer, A. Alqahtani, and S. Rehman 

[48] in a research achieved in November 2019 in the city of Jubail. The two suggested 

HRESs, the first being composed of PV/Wind/Diesel/Battery, with the second consisting 

of PV/Wind/Battery (100% renewable fraction), were to be applied on three different 

residential compounds (compounds 1, 2 and 3) having load demands of 3288, 4865, and 

11,160 kWh/day and a peak load of 270, 463, and 685 kW. After achieving optimization 

for both systems using HOMER, the PV/Wind/Diesel/Battery system was found to yield a 



18 

 

minimized COE of 0.183, 0.224, and 0.244 $/kWh for compounds 1, 2 and 3 respectively, 

while the PV/Wind/Battery system has resulted in a minimized COE of 0.25 $/kWh 

applicable to all three compounds. The overall NPC of the two HRES combined for each 

of the three compounds was shown to be $9.9 million, $5.6 million and $3.9 million. The 

HRESs will play a crucial role in reducing the CO2 emissions by 2800 tons on an annual 

basis. 

Another study also conducted in November 2019 by Hai Tra Nguyen et al. [49] 

focused on designing a HRES to meet the demands of a wastewater treatment plant 

(WWTP). According to the study, it is imperative to accurately determine the size of the 

HRES in order to strike a balance between the investment costs and the efficiency of the 

system. As such, the proposed HRES, consisting of PV/Wind Turbines/Hydrogen/ Battery, 

was optimized using an innovative, holistic methodology. A fuzzy-decision-making 

algorithm was utilized to provide an optimized solution after considering a multi-objective 

case (capital cost, system reliability, and environmental factors). In addition, the optimal 

size of the individual components, and the appropriate storage capacity was identified after 

employing an extended power-pinch analysis, especially with the WWTP demonstrating a 

dynamic load. Finally, the HRES performance was observed for a period of one year, which 

revealed high reliability for corresponding energy load levels up to 86%. Moreover, the 

system was found to cost $264.8 million/year, which is considered to be economic for the 

investigated case, while reducing annual CO2 emissions by 932.78 tons. 

In July 2020, a paper accomplished by Fabio Renaldi et al [50] aimed to design an 

economic HRES to provide electricity to three, remote, rural villages (having no integrated 

electrical grid) named Campo serio, El potrero, and Silicucho, situated in the country of 

Peru. PV/Wind Turbines/Diesel Generators formed the constituents of the HRES that is to 

be optimized using HOMER. Seven configurations were considered with some 

configurations investigating the implementation of single components only. Despite the 

three villages chosen for the case study being each exposed to different climate zones, it 

was revealed that a solar/wind/diesel HRES would be the optimal solution for all three 

cases yielding the lowest NPC and COE. It should be noted that the CO2 emissions were 

drastically minimized as the villages of Campo serio and Silicucho had a renewable 

fraction of 94% while El potrero had a 97% figure. Finally, the study also suggested that 
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reducing taxes and introducing incentive policies by the Peruvian authority would greatly 

lower the COE of the HRES, making it more economic. 

In another study done by Jamiu Oladigbolu, Akbul Ramli, and Yusuf Al-Turki [51] 

in September 2020, the aim was to provide electricity to Southern Nigeria at an economic 

cost while reducing the CO2 emissions. A combination of PV arrays, wind generation unit, 

hydroelectric systems, battery backup system, and a diesel plant system were determined 

to be the constituents of the proposed off-grid HRES, with 77.4% of the output being 

supplied by renewables. The fact that a relatively large area was chosen for the case study 

and a non-renewable energy resource was used to contribute a portion of the output, made 

this study unique. Once again, HOMER was the optimization tool selected to determine 

the ideal design of the system. After computing several economic parameters, the NPC of 

the project was found to be $1.01 million with the COE being $0.106/KWh. Even though 

the proposed system did not offer the lowest NPC and COE, but it was ultimately chosen 

over other configurations because it possessed the best efficiency, lowest operating costs, 

and the least emissions (only 228,945 kg/year) while still having significantly lower costs 

than traditional on-grid systems. To refine the research, it is concluded that further studies 

should be done to assess the HRES’s performance and efficiency after incorporating more 

renewable resources such as geothermal, biomass, and municipal solid wastes. 

Furthermore, a detailed sensitivity analysis, that involves changing and monitoring many 

variables, should be conducted to measure the overall system performance under various 

conditions. 

In a more recent study published in January 2021 by Jamil Ahmed et al [52], the 

aim was also to overcome the need for building expensive complex facilities in the rural 

village of Kesh (found in Pakistan) by providing the most feasible off-grid system that 

utilizes renewable energy. The simulation of the HRES, which is comprised of solar PV 

arrays, wind turbines, and a battery backup system, was determined using the more 

accurate HOMER-Pro. Upon optimization, it was concluded that wind turbines and solar 

PVs would supply 12 kW and 103 kW respectively to meet the village’s daily load of 

197.74 kWh/day with 224 lead-acid batteries to cope with the peak demand of 27.87 kW. 

From an economic perspective, the NPC of the system was evaluated to be $127,345 with 
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a COE of $0.137/kWh for each unit of electricity. The proposed system was considered a 

success as it has yielded the lowest costs, even after comparing the economic parameters 

obtained with other similar HRESs. This was the consequence of using a superior 

optimization tool and the high availability of renewables in the selected place of study. 

In a research conducted by Reza Esfilar, Mehdi Bagheri, and Behrooz Golestani 

[53] in August 2021, the techno-economic feasibility analysis of a HRES including a 

biomass gasifier was considered. The University of Victoria, located in Canada, was the 

primary site selected for the HRES, consisting of solar PVs, wind turbines, a biomass 

gasifier, and batteries with an optimized configuration of 245 kW, 175 kW, 250 kW, 

respectively, and 46 batteries. The biomass component utilized inorganic wastes like paper, 

wood, and plastics as well as organic wastes like solid municipal wastes. With 3500 tons 

of annual feedstock, the HRES aimed to provide 400 kW and 500 kW of clean electricity 

and heat, respectively, while reducing CO2 emissions by approximately 1100 tons per year. 

The proposed system yielded an estimated NPC of $1.8 million and a COE of $0.074/kWh. 

With an operating cost of $35,116/year, the university will be able to save $303,000 

annually as well as reduce the CO2 emissions by 1039 tons. 

Rasikh Tariq et al. [54] have conducted a techno-economic analysis study of a 

HRES in September 2021, having a unique aim of providing electricity to off-grid water 

purification plants, which are seen as a practical alternative for transporting fresh water, 

especially to remote rural villages. The HRES, to be designed for the Mayan region of 

Yucatan situated in Mexico, was initially composed of PV/Wind Turbines/Diesel 

Generators/Battery Systems. The originality of this study could be attributed to the 

innovative approach followed to accurately optimize the proposed HRES, which took place 

over several stages. In the first stage, the optimal configuration of the HRES was achieved 

using the traditional HOMER software, and the results were compared to those obtained 

by spreadsheet algorithms (another optimization technique). It was concluded by both 

optimization methods that a configuration of PV/Diesel Generator/Lithium-ion battery 

with respective capacities of 17 kW, 5 kW, and 44-48 kWh, would yield a minimized NPC 

and COE ranging between $70,000-$79,000, and 0.205-0.229 $/kWh. Next, a Non-

Dominating Sorting Genetic Algorithm II (NSGA-II), and a multi-criteria decision-making 
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tool known as The Order of Preference by Similarity to Ideal Solution (TOPSIS), were 

employed to provide multi-objective optimization. The different variables considered 

included a selection of different battery storage types (namely Lead-acid, Lithium-ion, and 

Absorbent Glass Mat), CO2 emissions, and water cost indices. Consequently, the multi-

objective analysis has managed to further reduce the NPC and COE by 0.86% and 0.73% 

correspondingly at the expense of a slight 0.4% decline in renewable fraction. Finally, 

different artificial intelligence techniques, calculus, and simulation analysis were utilized 

to determine and ensure that the most critical variables were selected for the design process. 

In a November 2021 study, researchers Mazhar Ali et al. [55] have focused on 

solving the electrification problem in the rural region Gilgit Baltistan, Pakistan that houses 

around 1.8 million people, who suffer from lack of electricity. Thus, 14 different locations 

were selected for implementing a HRES after considering the available energy sources in 

the country and assessing the demand size of the region. Data of the load profiles for the 

various sites was provided by the Gilgit-Baltistan Water & Power (GBW&P). Hence, a 

HRES composed of Hydro/Wind/Battery was determined to be the most viable and 

accordingly was optimized utilizing HOMER software. The results have specified a 

minimized range of COE values between 0.0470-0.0968 $/kWh. The study has also 

provided several recommendations. For one, intelligent algorithms such as GA, MILP, 

BPSO, and PSO could be utilized to provide further simulation and optimization for the 

proposed HRES. Moreover, incorporating solar energy into the system would be quite 

beneficial and employing geographical information systems (GIS) like ArcGIS could be 

done to pinpoint the ideal locations for installing the system. In addition, it is suggested 

that several metrological stations could be positioned at various remote locations with the 

aim of supplying real time data, which would ultimately improve the accuracy of the 

simulation. 
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Table 2.1 Summary of the HRESs implemented in various researches. 

HRES    Load Type/Size Site NPC ($) COE 

($/kWh) 

Ref 

PV/WTG/FC/BS Water pumping 

applications  

Menya, Egypt 50,500 0.058 [43] 

PV/WT/DG/BS Commercial sector 

(9911 kWh/day with 

a peak of 725 kW). 

Shiraz, Iran -- 0.093-0.126 [44] 

PV/BM/DG/BS Rural village (178 

kWh/day with 19 

kW peak demand). 

Typical rural 

village in India 

-- 0.145 [45] 

PV/WT/BM/BS Rural village (179.32 

KWh/day with a 

peak of 19.56 KW). 

Korkadu, India 16,250 0.18 [46] 

PV/WT/BS Residential and 

agricultural  

Yamunanagar, 

Haryana, India 

228,353 0.288 [47] 

1) PV/WT/DG/BS 

 

2) PV/WT/BS 

3 residential 

compounds (3288, 

4865, and 11,160 

kWh/day and a peak 

load of 270, 463, and 

685 kW). 

Jubail, KSA 9.9 M, 5.6 

M and 3.9 

M 

1) 0.183, 

0.224, and 

0.244 

2) 0.25 

[48] 

PV/WT/H/BS Wastewater 

treatment plant  

-- 264.8 M -- [49] 

PV/WT/HE/DG/BS Southern region  Southern Nigeria 1.01 M 0.106 [51] 

PV/WT/BS Rural village (197.74 

kWh/day with peak 

of 27.87 kW). 

Kesh, Pakistan 127,345 0.137 [52] 

PV/WT/BM/BS University and near 

neighborhoods (400 

kW and 500 kW of 

electricity and heat) 

University of 

Victoria, Canada 

1.8 M 0.074 [53] 

PV/WT/DG/BS Off-grid water 

purification plants. 

Mayan region of 

Yucatan, Mexico 

70,000-

79,000 

0.205-0.229 [54] 

HE/WT/BS Rural villages (14 

sites) 

Gilgit Baltistan, 

Pakistan 

-- 0.0470-0.0968 [55] 
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2.2 Analysis of Past Work and Identification of Present Gap  

HRESs serve as a practical solution to provide electricity, especially to remote 

villages where traditional grid extensions could be unfeasible, as they are off-grid energy 

alternatives that are both sustainable and cost effective. As evident in many papers, these 

systems mainly rely on utilizing renewable energy resources, particularly solar and wind 

since they exist in abundance and have overall reasonable costs, thus they could also be 

viewed as solutions that provide clean energy and aid in reducing the CO2 emissions. It 

should be noted, non-renewable components, like a diesel generator, might be added to the 

system in some cases to reduce the costs and/or if the load is too high. Even though, the 

renewable fraction of the system would be reduced as a result, the CO2 emissions generated 

still pale in comparison to traditional power plants. In addition, being off-grid systems, 

battery systems are usually incorporated into the design in order to store any excess energy 

(increasing the system’s reliability), and to help cope with the peak demands. Moreover, 

in most papers, it could be inferred that there are three main factors of concern when 

designing an HRES including the net present cost (NPC), cost of energy (COE), and the 

amount of CO2 emissions avoided by implementing the system. HOMER software is the 

main tool used to model, and simulate the HRES, taking all the previously mentioned 

factors into consideration, until an optimum configuration is obtained. To improve the 

reliability of the results, other software like MATLAB could be used to help with the 

simulation, or artificial intelligence algorithms to aid with estimating and projecting the 

load profiles in a more accurate manner.  

As mentioned, solar energy is one of the most common sources utilized in HRESs 

because it is abundant, relatively cheap, and has mature technology. Over the years, solar 

technology has evolved in many ways and has yielded technologies that have substantially 

higher efficiencies. However, in all the research papers as of this writing, only regular PV 

cell technology was incorporated into the HRES and these have efficiencies that do not 

exceed 22%. Hence, the originality of this works lies in designing a HRES that uses CPV 

technology, which has efficiencies over 40%, as one of its renewable components along 

with wind energy and a diesel generator. The results would be compared to a similar system 

that utilizes regular PV, wind turbines, and diesel. 
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Chapter 3: Research Methodology 

3.1 Approach 

In order to design the HRES, the Hybrid Optimization of Multiple Energy 

Resources software (HOMER Pro) is used. The flowchart in figure 3.1 below shows a 

summary of the main stages needed for the processes of design, simulation, and 

optimization. 

 

Figure 3.1. Flowchart of the HRES design. 
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Steps: 

1) Selection of the site to be studied. 

2) General research should be conducted to obtain data about the climate of the 

selected site, and the average prices of the renewable energy components to be used, 

the load size of the desired application etc. 

3) An approximate estimation of the load size should be determined. 

4) Based on the geographical position of the site, the most appropriate renewable 

energy resources should be selected to start designing the HRES. 

5) After identifying the main components of the HRES (energy sources, inverters, 

battery system), the parameters of the system components should be entered in 

HOMER Pro software to start the simulation. 

6) After parameters such as capital, replacement, and operation costs as well as the 

model of the energy components are entered, HOMER Pro would provide various 

configurations for the system and the optimal solution is chosen (based on the 

lowest NPC and COE). 

3.2 Simulation & Optimization Software: HOMER Pro 

HOMER Pro is a standard optimization tool that is used for simulating and 

providing optimal configurations of various energy systems. Some of the most common 

applications of the software include calculating the power consumption for remote villages 

that require off-grid systems, and it is even capable of modelling grid-connected systems. 

The software also takes into consideration the energy economic aspects, which could be 

summarized into three main parameters that include the net present cost (NPC), cost of 

energy (COE), and the amount of CO2 emissions. In other words, HOMER is the perfect 

software that combines both the engineering and economic fields [56]. Figure 3.2 below 

shows a screenshot of HOMER Pro homepage. 
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Figure 4.2. HOMER Pro software homepage. 

HOMER Pro includes the following energy components: 

• Generator 

• Biomass 

• Hydroelectric 

• Wind Turbine 

• Solar Energy (PV and CPV) 

• Advanced Grid 

Since HRESs involve the usage of several energy sources having various capital, 

operational, and replacement costs, the HOMER software would attempt to provide the 

configuration that has the highest power output with the least costs. Therefore, the NPC 

represents the main objective to be minimized by HOMER. This is attained by utilizing 

two optimization algorithms. The first is the Grid Search algorithm, which simulates all 

the possible and feasible HRES configurations. This is then followed by the HOMER 

Optimizer, an algorithm that allows the selection of the configuration with the least costs 

that meet the load demands. 

To further improve the accuracy of the simulation, the optimization software also 

includes an option for adding a sensitivity analysis, in which the magnitude of the impact 

https://www.homerenergy.com/products/pro/modules/biomass.html
https://www.homerenergy.com/products/pro/modules/hydro.html
https://www.homerenergy.com/products/pro/modules/advanced-grid.html
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that a specific variable would have on the overall performance of the HRES is monitored. 

Hence, the variable under investigation is given a set of values while all other variables are 

kept the same in order to determine whether changing that variable or not would impose 

any drastic effects on the HRES. Thus, by accounting for such variables a more realistic 

representation of the system would be viable. Additionally, it would allow users to identify 

the variables that should be prioritized and in turn spend more effort and money to obtain 

more accurate data for them. 

3.3 Resources Data Evaluation 

Since the subunits of the proposed hybrid system primarily rely on utilizing solar 

and wind energy, it is imperative that the average solar irradiation, average temperature 

and average wind speed data for Al Qurayyat city is acquired, in order to determine if the 

selected site is appropriate for implementing these renewable energy technologies. Overall, 

the data, that is obtained from the National Aeronautics and Space Administration (NASA), 

shows incredible promise in terms of both solar and wind potential for the site under 

investigation. 

The monthly average global horizontal irradiance (GHI) and clearance index data 

for the selected site are shown in figure 3.3 and table 3.1 below. The GHI ranges from 2.8 

– 7.95 kWh/m2/day with a yearly average of 5.37 kWh/m2/day, indicating that the 

conditions are favorable for generating electricity through solar energy utilization. As 

expected, the lower boundary values stem from the winter months whereas the upper values 

arise mainly during the summer season. Moreover, the clearance index, which is an 

indicator of the atmosphere’s clearness (ranging from 0-1), lies between 5.28 – 6.94, thus, 

suggesting generally clear skies throughout the year. 
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Figure 3.3. Average monthly GHI for Al Qurayyat city. 

Table 3.1. GHI and clearance index monthly data. 

Parameter  Jan Feb  Mar April May June July Aug Sept Oct Nov Dec 

             

Daily 

Radiation 

 

Clearance 

Index 

3.14 

 

 

 

0.55 

3.96 

 

 

 

0.57 

5.04 

 

 

 

0.58 

6.15 

 

 

 

0.61 

7.1 

 

 

 

0.64 

7.95 

 

 

 

0.70 

7.76 

 

 

 

0.69 

6.92 

 

 

 

0.66 

5.92 

 

 

 

0.65 

4.41 

 

 

 

0.59 

3.26 

 

 

 

0.55 

2.8 

 

 

 

0.53 

 

Unlike the GHI, temperature, and average wind speeds, the data for the monthly 

average direct normal irradiance (DNI) was acquired from monitoring stations that belong 

to Al Jouf College of Technology [57]. The DNI is critical for simulating and evaluating 

the CPV potential as this solar technology can only utilize direct radiation as its input, and 

thereby, is only applicable at regions with DNI of at least 2,000 kWh/m2 /day and mostly 

clear skies. As illustrated in figure 3.4, the lowest DNI witnessed occurs in the month of 

November and stands at 4.207 kWh/m2/day, which is approximately double the minimum 

required value. In particular, cities located in the Northern region of KSA tend to enjoy 

higher levels of DNI, with the highest DNI achieved during the month of July at a value of 

8.77 kWh/m2/day and an annual average figure of 6.19 kWh/m2/day for the chosen site. 

Hence, it is evident that the area has tremoundous potential for CPV implementation. 
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Figure 3.4. Monthly average DNI for Al Quryyat city. 

Moreover, the chosen region has a maximum temperature of approximately 30oC, 

mainly during July and August, while demonstrating a minimum temperature around 8oC 

during the month of January. Hence, the annual average temperature is computed to be 

19.41oC. Further data can be found in figure 3.5 below. 

 

Figure 3.5. Monthly average temperature data for Al Qurayyat city. 

The average monthly wind speed data, shown in figure 3.6, has revealed that the 

selected area has very consistent, relatively high wind speeds all year round with minimal 
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variations as the maximum and minimum wind speeds fluctuate between 4.96 and 6.77 m/s 

with an annual average of 5.79 m/s. Therefore, the area is advantageous for the installation 

and operation of the wind turbines. 

 

Figure 3.6. Monthly average wind speed data for Al Qurayyat city. 

With all the resources data acquired, it would be possible to provide more accurate 

simulations when using the HOMER software and in turn more realistic optimization 

results for Al Qurayyat city. However, before designing the energy components another 

crucial step is determining the load size which would be discussed in the next section. 

3.4 Load Profile 

The HRES is designed to provide electricity to a residential load comprised of thirty 

houses located in the small city of Al Qurayyat, Al Jouf Province, Saudi Arabia. According 

to previous research conducted in KSA, it is found that estimating the load profile based 

on a two-bedroom household, would yield a reasonable representation [58]. Thus, the load 

size was designed logically by identifying the main electrical appliances that could be 

potentially found in a typical house and consume the most wattage. After that, the quantity 

of each appliance and its operating hours (over a 24-hour period) were sensibly assumed 

and their product was multiplied by each device’s corresponding wattage in order to 

compute the daily load size for each component.  The results are displayed in table 3.2 with 
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the daily load and monthly load distribution being illustrated in figure 3.7 and figure 3.8. 

It should be noted, that for each timestep a random variability of 10% was used to reflect 

the casual day to day variations in order to provide greater reliability. 

Table 3.2. Load distribution for a typical house. 

Electric 

Appliance     

Power 

(W) 

Quantity Operating 

Hours (h/d) 

Load Size 

(Wh/day) 

References 

      

Refrigerator 250 1 24 6000 [59] 

      

CFL Bulbs  15 5 8 600 [60] 

      

Washing Machine 

(7kg) 

500 1 1 500 [61] 

      

Small (Window) 

AC 

500 2 3 3000 [62], [63] 

      

LED TV (32”) 50 1 3 150 [64] 

      

Water Cooler 80 1 24 1920 [65], [66] 

      

Water Pump 250 1 3 750 [67], [68] 

 

Electric Kettle 

 

 

Daily Load for 1 

house (kWh/day) 

 

Total Daily Load 

for 30 houses 

(kWh/day) 

 

Peak Load (kW) 

 

600 

 

 

 

1 

 

0.1 

 

60 

 

 

12.98 

 

 

 

389.4 

 

 

82.71 

 

[69] 
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Figure 3.7. Daily load distribution. 

 

 

Figure 3.8. Monthly load profile. 

After calculating the daily energy consumption for each load in kWh, the total daily 

load for a single house would be determined and finally the result would be multiplied by 

a factor of thirty to account for the total number of houses. Thus, the load size for the 

system is evaluated to be 389.4 kWh/day. Furthermore, the peak load of 82.71 kW is 

obtained after considering a load factor of 0.2 [70]. The peak load (PL) can be calculated 

by using the following expression [71]: 

 
𝑃𝐿 =  

𝑇𝐷𝐿

𝐿𝐹
 

(1) 
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where TDL is used to denote the total daily load [kWh/day] and LF represents the 

load factor [dimensionless]. 

As can be noted from the Table 3.2, most of the power consumption stems from 

water pumps, window air conditioners, washing machines, and refrigerators as these 

devices have a rated power consumption range of 250-1400 W, 500-1440 W, 2000-2500 

W, 300-800 W respectively [59], [61], [62], [63]. However, the actual consumption 

wattage of most of these appliances is much lower as they keep alternating between the on 

and off states through their daily cycles. For refrigerators, the actual wattage is usually 

considered to be a third of the total wattage, while air conditioners and washing machines 

could be divided by a standard factor ranging between 3-5. Even though electric kettles 

demonstrate the highest power wattage, they are used for much shorter periods of time that 

could predictably span a few minutes per day. 

3.5 Proposed HRES Components and Parameters 

The proposed HRES has five main components mainly comprised of a diesel 

generator, PV arrays (PV or CPV), wind turbines, a converter (inverter), and a battery 

storage system. The parameters of each component, including but not limited to, the model 

type, costs, and efficiency, and their equivalent specification are showcased in table 3.3, 

table 3.4, table 3.5, table 3.6, and table 3.7. 

The model selected for the flat plate (monocrystalline) PV panels is SG300MBF 

manufactured by Peimar. The capital and replacement costs per kW is identified to be $650 

[72] whereas the annual operation costs are evaluated to be $10 [73]. Each panel covers an 

area of 1.627 m2 with a 19.1% efficiency. The PV panels yield a DC output and thereby 

require an inverter for AC conversion to accommodate the load. It should be noted, no solar 

tracking or cooling systems are needed for this type of PV. More detailed specifications 

are available in table 3.3. 

A Generic 3kW is the model chosen for the wind turbines used in this HRES. The 

wind turbines have an AC output. The economic cost parameters including the capital, 
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replacement, and operation costs are $4,000, $4,000, and $180 respectively [33, 76]. More 

detailed parameters could be found in table 3.4. 

Table 3.3. Photovoltaic parameters. 

PV Parameter Description     Specification References 

   

PV Panel Specification: 

Panel Type 

Model 

 

Flat Plate (monocrystalline) 

Peimar SG300MBF 

 

Rated Capacity 

PV Lifetime 

 

Cost: 

1 kW 

30 years 

 

Capital Cost $650/kW  [72] 

Replacement Cost $650/kW  [72] 

Operation & Maintenance Cost $10 [73] 

   

Temperature: 

Efficiency at STC 

Temperature Coefficient 

Nominal Operating Cell 

Temperature 

 

Other Factors: 

Derating Factor 

Annual PV Degradation 

Ground Reflectance 

Solar Tracking System 

 

19.1% 

-0.4%/oC 

25oC 

 

 

80% 

0.5%/year 

20% 

Not needed 

 

[74] 

[74] 

[74] 

 

 

[75] 

 

[75] 

 

Table 3.4. Wind turbine parameters. 

Wind Turbine Parameter 

Description 

Specification References 

   

Wind Turbine Specification: 

Turbine Type 

Model 

 

Horizontal Axis 

Generic 

 

Rated Capacity 

Turbine Lifetime 

 

Cost: 

3 kW 

20 years 

 

Capital Cost $4,000  [52] 

Replacement Cost $4,000  [52] 

Operation & Maintenance Cost $180  [76] 

   

Other Factors: 

Hub Height 

 

30m  

 

 

[52] 
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A Generac Protector diesel generator is chosen with a fixed rated capacity of 15 

kW and is connected directly to the AC load. The key properties of the diesel fuel used, 

represented by its density, carbon content, and sulfur content are 820 kg/m3, 88%, and 0.4% 

correspondingly. The 15-kW generator has a capital and replacement cost of $3,300 with 

a maintenance cost of $1.5 per operating hour [78,79,80]. The fuel price is listed at 

$0.168/liter according to the global petrol prices [81]. More specifications are shown in 

table 3.5. 

Table 3.5. Diesel generator parameters. 

Diesel Generator Parameter 

Description     

Specification References 

   

Diesel Generator Specification: 

Model 

Rated Capacity 

Fuel Type 

 

Generic 

15 kW 

Diesel 

 

Diesel Generator Lifetime 

 

Cost: 

15,000 hours 

 

[77] 

Capital Cost $220/kW [78], [79] 

Replacement Cost $220/kW [78], [79] 

Operation & Maintenance Cost 

Fuel Price  

$0.3/operating hour 

$0.168/liter 

 

[80] 

[81] 

A generic large converter is used that functions as both an inverter and a rectifier 

to convert from DC to AC (for PV to load) and from AC to DC (to store any excess energy 

into the battery system) correspondingly. The converter is largely used to help convert the 

DC power output from the PV panels and supply it in the form of AC to satisfy the load. 

This converter model does not require sizing as it is automatically sized based on the 

battery system capacity while ensuring that it is large enough to account for any potential 

bottlenecks that may arise during conversions. The capital, replacement and operation costs 

are $550, $450, $10/kW/year respectively [82, 83, 84]. The converter specifications are 

displayed in table 3.6. 

Any excess energy generated by the PV panels during the day, would be stored in 

the batteries in order to be satisfy the load demand at night. Simultaneously, the stored 

energy is also useful for aiding the system’s energy components in meeting the demand 

during the peak hours. 
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Table 3.6. Converter parameters. 

Converter Parameter 

Description     

Specification References 

   

Converter Specification: 

Converter Type 

Model 

 

Inverter / Rectifier 

Generic 

 

Converter Lifetime 

 

Cost: 

15 years  

Capital Cost $550/kW [82], [83] 

Replacement Cost $450/kW [84] 

Operation & Maintenance Cost $10/kW/year [82], [83] 

   

Other Factors: 

Efficiency 

 

 

85% for Inverter / 95% for 

Rectifier 

 

[84] 

The lead-acid batteries, manufactured by BAE, were selected over the Li-ion 

batteries due to being less costly, even though the latter has a longer lifetime and a slightly 

higher efficiency [85]. For a longer lifetime, it is recommended by the manufacturer that 

the depth of discharge (DOD) does not exceed 30%.  

Table 3.7. Energy storage system parameters. 

Energy Storage Parameter 

Description     

Specification References 

   

Energy Storage Specification: 

Battery Chemistry 

Model 

 

Lead-Acid 

BAE PVS70  

 

Nominal Capacity 

Maximum Capacity 

Nominal Voltage 

Battery Lifetime 

 

Cost: 

0.804 kWh 

67 Ah 

12V 

5 years 

 

 

 

[52] 

 

Capital Cost $62 [52] 

Replacement Cost $50 [52] 

Operation & Maintenance Cost $6/year [86] 

   

Other Factors: 

Initial State of Charge 

Minimum State of Charge 

String Size 

Roundtrip Efficiency 

Degradation Limit 

 

100 

20 

1 

85% 

30% 

 

[86] 

[86] 

[86] 

[86] 

[86] 
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The capital, replacement, and maintenance costs were found to be $62, $50, and 

$6/year respectively [52, 86]. More detailed specifications about the lead-acid battery are 

found in table 3.7. 

The HCPV model selected is assumed to have a concentration ratio of 700 suns. 

Being a high concentration CPV, an expensive multi-junction solar cell is utilized instead 

of the traditional Silicon based cells in order to absorb a wider range of wavelengths from 

the incoming solar radiation spectrum and in turn generate more output. Moreover, the 

solar cell is mounted on a solar tracking system that always operates to keep the cells 

perpendicular to the Sun for maximum performance and an efficiency of 40%. Also, a 

cooling system is incorporated to minimize the undesirable effects of the temperature on 

the output voltage. Thus, the costs of the HCPV are much higher as they account for all 

these components. The HCPV specifications are available in table 3.8. 

Table 3.8. HCPV parameters. 

HCPV Parameter 

Description     

Specification References 

   

PV Panel Specification: 

Panel Type 

Model 

 

Multi-junction 

Generic CPV 

 

Rated Capacity 

PV Lifetime 

Concentration Ratio (x) 

 

Cost: 

1 kW 

25 years 

700 

 

Capital Cost $1,800/kW [87] 

Replacement Cost $1,800/kW [87] 

Operation & Maintenance Cost $28/year  [88] 

   

 

Other Factors: 

Efficiency at STC 

Derating Factor 

Annual Degradation Rate 

Ground Reflectance 

Solar Tracking System 

DNI Rating Condition 

Annual Average DNI 

 

 

40%  

80% 

0.5%/year 

20% 

Dual-axis tracking 

0.85 

6.19 kWh/m2/year 

 

 

[89] 

 

 

 

 

 

[57] 

In addition to inputting the parameters of the five key system components, other 

general input parameters such as the inflation rates, discount rates, and project lifetime 
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where input in order to provide a more accurate calculation of the NPC. Moreover, the load 

factor and random variability are also identified to allow for a more realistic representation 

and distribution of the load size. The specifications of all these parameters can be viewed 

in table 3.9. 

Table 3.9. Other control parameters used in HOMER. 

Other Control Parameters     Specification References 

   

Nominal Discount Rate 

Real Discount Rate 

Inflation Rate 

Overall Project Lifetime 

Load Factor 

Random Variability (day-day) 

6.86% 

4.25% 

2.5% 

25 years 

0.2 

10% 

[58] 

 

[58] 

 

[70] 

 

The coming section would focus on the technical equations used for modeling the 

energy components incorporated in the HRES. Any constant values for certain parameters 

are given and the values of some other variables may be assumed or estimated in some 

instances. 

3.6 Technical Modeling 

A] PV Modeling  

The HOMER software is capable of computing the PV output power by utilizing 

the following equation [90]: 

 
𝑃𝑜𝑢𝑡 =  𝑃𝑜𝑢𝑡,𝑆𝑇𝐶 ∗  𝑓𝑑𝑒𝑟𝑎𝑡𝑖𝑛𝑔(

𝐼𝑇

𝐼𝑇,𝑆𝑇𝐶
)[1 + ∝𝑃 (𝑇𝐶 −  𝑇𝐶,𝑆𝑇𝐶)] 

(2) 

where Pout,STC represents the output power under standard test conditions (STC) 

[kW], fderating is the derating factor [%], IT is the incident solar radiation striking the PV 

panels [kW/m2], IT,STC is the incident solar radiation under STC [1 kW/m2], αp is the 

temperature coefficient of power [%/oC], TC is the temperature of the solar cell (on the 

surface of the PV array) [oC], and Tc,STC is the temperature of the solar cell under STC [oC].  
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The surface temperature of a PV panel, which is also referred to as cell temperature, 

is usually equal to the surrounding temperature at night. However, during the day when the 

PV panels are operating, it is common for a temperature difference of at least 30oC to exist 

between the PV modules surface and the ambient temperature. 

HOMER models the cell temperature by assuming that the amount of solar 

radiation absorbed equates to the electrical power output in addition to the dissipated heat. 

Thus, the cell temperature (Tc) [
oC] is measured by relating it to the ambient temperature 

and the amount of solar radiation, and the succeeding equation is obtained [91]: 

 𝑇𝑐 =  𝑇𝑎 +  𝐼𝑇(
𝜏𝛼

𝑈𝐿
)(1 −  

𝜂𝑐

𝜏𝛼
) (3) 

where Ta is the ambient temperature [oC], IT refers to the incoming solar radiation 

[kW/m2], τ denotes the PV cell solar transmittance [%], α corresponds to the PV cell solar 

absorptance [%], UL represents the heat transfer coefficient [kW/m2oC], and finally ηc 

symbolizes the electrical conversion efficiency [%]. 

In HOMER, the product of the surface solar transmittance, which corresponds to 

the portion of the sun’s radiation transmitted across a surface, and the surface solar 

absorptance, which indicates the amount of the sun’s radiation absorbed by a surface, is 

recommended to be 0.9 in reference to the Duffie and Beckman model [92]. Furthermore, 

the average solar radiation in KSA varies between approximately 4.5 – 7 kWh/m2, with the 

Northern regions exhibiting the minimum values and the Southern regions attaining the 

higher ones [93]. Based on that, an IT of 4.5 kWh/m2 is used for the location of study. 

Additionally, the ηc equals 0 when there is no load attached. 

Hence, the previous cell temperature equation could be simplified into the 

following expression [94]: 

 𝑇𝐶 =  𝑇𝑎 + (0.0002𝐼𝑇) (4) 

 

B] CPV Modeling  
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Unlike PVs, CPVs can only utilize DNI instead of GHI and as a result it was the 

main factor used when computing the amount of energy produced. In addition, other factors 

also include the CPV efficiency, the area covered by the module and the performance ratio, 

which is a measure of the system performance at various temperatures though it is not 

affected by the irradiance (the PR value is taken as 0.8 for the CPV). By sorting these 

factors, the following equation is obtained to calculate the output energy of the CPV [95]: 

 𝐸𝐶𝑃𝑉 = 𝐷𝑁𝐼 ∗ 𝑃𝑅 ∗ 𝐴 ∗ 𝜂   (5) 

 where DNI denotes the monthly direct normal irradiance [kWh/m2], PR 

symbolizes the performance ratio, A corresponds to the required module area that is 

estimated by dividing the desired CPV rated power (taken as 153 kW) by the insolation 

under STC (taken as 1000 W/m2) and η, and η represents the CPV efficiency (taken as 0.4). 

C] Wind Turbine Modeling  

In general, to calculate the electrical power generated by the wind turbines (Pwind) 

the following mathematical expression is used [96]: 

 
𝑃𝑤𝑖𝑛𝑑 =  

1

2
 𝐶𝑝 ∗  𝜌𝑎𝑖𝑟 ∗  𝐴𝑟𝑜𝑡𝑜𝑟 ∗  𝑣3 ∗ 10−3 ∗  𝜂𝑤𝑖𝑛𝑑 ∗  𝜂𝑔𝑒𝑛 

(6) 

where Cp denotes the power coefficient of the wind turbine, ρair is the air density 

[1.225 kg/m3], Arot represents the rotor blade swept area [m2], v is the wind speed [m/s], 

ηwind denotes the turbine efficiency [%], and ηgen indicates the generator efficiency [%]. 

Alternatively, the HOMER simulation software can compute the wind speed over 

three main stages. 

First, HOMER identifies the wind velocity at the desired hub height selected by the 

user (in this case 30m). The power law equation is utilized for this and it is expressed as 

follows [97]: 

 
𝑈ℎ𝑢𝑏 =  𝑈𝑎𝑛𝑒𝑚 ∗ (

𝑍ℎ𝑢𝑏

𝑍𝑎𝑛𝑒𝑚
)∝ 

(7) 



41 

 

where Uhub represents the wind velocity measured at the wind turbine’s hub height 

[m/s], Uanem denotes the wind velocity measured at the anemometer height [m/s], Zhub refers 

to the wind turbine hub height [m], Zanem corresponds to the anemometer height [m], and α 

indicates the dimensionless power law exponent (usually taken as 1/7 or 0.143). 

Next, HOMER will cross-reference the calculated wind velocity with the wind 

turbine power curve like the one in figure 3.9, which is a graph representing the expected 

theoretical power output at different wind velocities, in order to obtain the power output 

under standard pressure and temperature conditions [98]. 

   

 

Figure 3.9. Wind Turbine power curve for Al Qurayyat. 

Finally, after identifying the corresponding standard power output, the result would 

be multiplied by the air density ratio, a ratio of the actual air density against the standard 

air density that serves as a correction factor for the power, and the product would yield the 

actual power output under the operating conditions. Thus, the actual output power of the 

wind turbine (Pwind) is denoted by the subsequent equation [99]: 

 𝑃𝑤𝑖𝑛𝑑 =  𝑃𝑤𝑖𝑛𝑑,𝑆𝑇𝑃 ∗ (
𝜌

𝜌𝑜
) (8) 
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where Pwind, STP denotes the output power at standard pressure and temperature of 

the wind turbine [kW], ρ symbolizes the actual density of air [kg/m3], and ρo symbolizes 

the density of air at standard pressure and temperature [1.225 kg/m3]. 

D] Diesel Generator Modeling 

In order to compute the diesel generator output power (PDG, out), HOMER utilizes 

the succeeding formula [100]: 

 
𝑃𝐷𝐺,   𝑜𝑢𝑡 =

𝐹𝑐𝑜𝑛𝑠 − (𝑎 ∗ 𝑃𝐷𝐺,𝑟𝑎𝑡𝑒𝑑)

𝑏
 

(9) 

where Fcons symbolizes the rate of fuel consumed at a particular timestep [L/h], PDG, 

rated denotes the diesel generator rated capacity [kW], a represents the fuel curve intercept 

coefficient of the diesel generator [L/h/kWrated], and b indicates the fuel curve slope of the 

diesel generator [L/h/kWout]. 

3.7 Economic Modeling 

In order to identify the optimized system configuration, the HOMER software 

utilizes a series of economic parameters during its assessment. The common economic 

factors include the net present cost (NPC), capital recovery factor (CRF), the total 

annualized cost (ATC), and the levelized cost of energy (COE). 

First, the NPC [$], which represents the cost of each component in the system 

(including the initial investment costs, replacement costs, and any operational or 

maintenance costs throughout the system’s lifetime) to be subtracted from any revenues or 

cash inflows (to be taken at present value) such as the salvage value, is calculated through 

the following expression [101]: 

 𝑁𝑃𝐶 =  𝐶𝐶 + 𝑅𝐶 + 𝑂𝐶 − 𝑆𝑉 (10) 

where CC refers to the component’s capital cost [$], RC represents the replacement 

cost [$], OC is used to denote the operation and maintenance cost of the installed system 

[$], and SV stands for the salvage cost of each component [$]. 
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Consequently, the HOMER software operates on a linear model when evaluating 

the SV of each component, which signifies the fall in value of each component of the HRES 

by the end of the system’s lifetime, otherwise known as depreciation. Thus, the SV is 

computed as follows [102]: 

 
𝑆𝑉 =  

𝑅𝐶 ∗ 𝑅𝐶𝐿𝑇

𝐶𝐿𝑇
 

(11) 

where RC denotes the replacement cost of the component [$], RCLT corresponds 

to the remaining component lifetime at the end of the HRES tenure [years], and CLT 

represents the component’s lifetime [years]. It should be noted that the SV is subtracted 

from the other costs when calculating the NPC because it is regarded as a cash inflow. 

Next, the total NPC of the proposed HRES (NPCtotal) could be easily determined 

through the summation of each individual component’s NPC. Since the main components 

of the system consist of diesel generators, PV modules, wind turbines, inverters, and a 

battery storage system, the resulting expression is obtained [101]: 

 𝑁𝑃𝐶𝑡𝑜𝑡𝑎𝑙 = 𝑁𝑃𝐶𝑑𝑖𝑒𝑠𝑒𝑙 + 𝑁𝑃𝐶𝑃𝑉 +  𝑁𝑃𝐶𝑤𝑖𝑛𝑑 + 𝑁𝑃𝐶𝑐𝑜𝑛𝑣𝑒𝑟𝑒𝑡𝑟 +  𝑁𝑃𝐶𝑏𝑎𝑡𝑡𝑒𝑟𝑦

− (𝑆𝑉𝑑𝑖𝑒𝑠𝑒𝑙 + 𝑆𝑉𝑃𝑉 + 𝑆𝑉𝑤𝑖𝑛𝑑 + 𝑆𝑉𝑐𝑜𝑛𝑣𝑒𝑟𝑡𝑒𝑟 + 𝑆𝑉𝑏𝑎𝑡𝑡𝑒𝑟𝑦) 

(12) 

where NPCdiesel is the net present cost of the diesel generator component [$], NPCPV 

symbolizes the net present cost for the PV component [$], the NPCwind denotes the net 

present cost of the wind turbine component [$], the NPCconverter represents the net present 

cost of the converter [$], and finally the NPCbattery signifies the net present cost of the 

battery storage system [$]. Then, the SVdiesel represents the salvage value of the diesel 

generator [$], SVPV symbolizes the salvage value for the PV panels [$], SVwind showcases 

the salvage value of the wind turbines [$], SVconverter refers to the salvage value of the 

converter [$], and the SVbattery corresponds to the salvage value of the battery storage 

system [$]. 

After that, the dimensionless CRF ratio is computed by utilizing the following 

formula [103]: 
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𝐶𝑅𝐹 =  

𝑅𝐷𝑅(1 + 𝑅𝐷𝑅)𝐿𝑇

(1 + 𝑅𝐷𝑅)𝐿𝑇 − 1
 

(13) 

where RDR represents the real discount rate [%] which is used to account for 

inflation, and LT denotes the system lifetime [years].  

The purpose of the CRF is to determine the current value of all the annual cash flow 

payments made periodically, which are known as annuities, assuming equal installments 

are made. In other words, the ratio is implemented to identify the present value for each 

annuity to be paid within a certain number of years in order to recover the investment costs 

of the HRES after considering a specific interest rate. 

Subsequently, the NPCtotal is corrected by multiplying it with the CRF ratio in order 

to yield the annualized total costs (ATC) [$/year] and is represented by the consequent 

expression [104]: 

 𝐴𝑇𝐶 = 𝑁𝑃𝐶𝑡𝑜𝑡𝑎𝑙 ∗ 𝐶𝑅𝐹 (14) 

Finally, the levelized COE [$/kWh], which is an estimation of a system’s average 

costs incurred to produce one unit of energy (electricity), is regarded as the main objective 

function to be minimized by HOMER and could be identified by employing the subsequent 

equation [105]: 

 
𝐶𝑂𝐸 =  

𝐴𝑇𝐶

𝐴𝐸𝑃
 

(15) 

where AEP symbolizes the annual energy production [kWh] of the HRES generated 

from all its components.  

The COE value of the proposed HRES could then be compared with that of 

traditional power plants of a certain country and, based on that, the success of the system 

could be measured. Hence, the COE is considered to be the defining factor that establishes 

any energy project’s viability.  
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Chapter 4: Results and Discussion 

Upon selection and entry of all the components and parameters, all the possible 

configurations of the HRES, composed of PV/Wind/DG/Converter/BSS, would be 

presented by HOMER and the optimal configuration would be chosen for Al Qurayyat city, 

which is located in the northern region of KSA. The economic parameters are the primary 

deciding factors used when evaluating the optimal configuration. These mainly include the 

net present cost (NPC) of the system as well as the cost of energy (COE). In addition, the 

environmental impacts, represented by the renewable fraction percentage (RF) and the 

various yearly emissions produced, were also considered when choosing the most feasible 

result. The project lifetime is considered to be 25 years. 

4.1 HOMER Optimization Results 

By running thousands of simulations to account for the five hybrid system 

components, the HOMER software has yielded six possible configurations that would 

manage to meet the daily load requirements of 389.4 kWh/day with a peak of 82.71 kW. 

The results are displayed in ascending order, as evident in table 4.1, after being organized 

in such a way that the systems with the lowest NPC and COE are prioritized and displayed 

first. Ultimately, the optimized design is observed to consist of all the five elements, 

revealing a combination of the succeeding components: 153 kW PV, two 3 kW wind 

turbines, a 15 kW diesel generator, a 65 kW converter, and 503 strings of 12 V lead-acid 

batteries for storage, against a NPC and COE of $358,617 and $0.166/kWh respectively. 

A schematic of the proposed HRES is shown in figure 4.1. Furthermore, the proposed 

HRES has RF of 92.8%, indicating that only 7.2% of the total energy demands would be 

satisfied through non-renewable means, thereby, significantly reducing the emissions.  

On the other hand, upon further inspection of the results, it can be observed that 

attaining a 100% RF would require an arrangement of 172 kW PV, fifteen 3 kW wind 

turbines, a 75 kW converter, and 585 strings of 12V lead-acid batteries, which can be 

achieved at a reasonably higher NPC of $475,374 and COE of $0.22/kWh, in case the 

environmental impacts are prioritized over the economic costs. From another perspective, 
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the significance of including a diesel generator as a means to reduce the overall costs of 

the project is demonstrated through this case. 

Moreover, using wind turbines as the sole energy component is noted to be the least 

economic solution, as it generates the highest investment costs, where the NPC and COE 

are found to be $1.29 million and $0.599/kWh correspondingly. A considerably greater 

number of batteries are needed which also contributes the high costs. 

Table 4.1. Optimization results of the various HRES configurations. 

Configuration     PV 

(kW) 

No. of 

3kW 

wind 

turbines 

DG 

(kW) 

Converter 

(kW) 

No. 

of 

batte

ries  

NPC 

($) 

COE 

($/kWh) 

RF 

(%) 

         

 
153 2 15 65 503 358,617 0.166 92.8 

         

 
207 -- 15 65 506 382,298 0.177 93.7 
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Figure 4.1. Schematic of the proposed HRES. 
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In the next part, an in-depth discussion is provided that would tackle the selected 

optimized hybrid system from an economic perspective. 

4.2 Economic Analysis 

As previously stated, the optimized hybrid scheme selected has a NPC of $358,617 

whereas the COE, which includes the operational costs, stands at $0.166/kWh. A more in-

depth economic discussion and analysis of the results is provided in this section. Figure 4.2 

illustrates the net present costs of each individual component belonging to the proposed 

HRES with a more detailed breakdown of the costs displayed in table 4.2 and figure 4.3. 

 

Figure 4.2. Net present cost for each system component. 

As shown in figure 4.2, a bar chart is used to showcase a comparison of the total 

costs incurred by the various components of the hybrid system in dollars. It is clear that the 

storage system, based on lead-acid batteries, contributes the largest portion of the project 

cost, followed by the solar PV system, with a NPC of $138,493 and $116,854. The third 

largest cost share is represented by converters, having a NPC of $57,855, which is 

approximately half of the PV costs. Finally, the summation of the diesel generator and wind 

turbine costs, which constitutes around one third of the energy storage system costs, denote 

the lowest cost in the project overall, projecting a NPC of $29,970 and $15,444 

correspondingly.  
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Figure 4.3. Comparison of economic parameters among system components. 

The NPC for each component mainly embraces the capital, replacement, and 

operation and maintenance costs after deducting the salvage value (if any) of the 

component at the end of the project’s lifetime. The discrete costs of the previously 

mentioned economic parameters are collectively displayed in figure 4.3 for all the 

components. After drawing comparisons from the bar chart, it is noted that solar PVs 

contribute the major cost in terms of the initial capital costs, whereas the lead-acid batteries 

symbolize the more significant portion for the replacement, and operation and maintenance 

costs. Notably, the sole contender for the fuel costs is the diesel generator as it is the only 

non-renewable energy component. Regarding the salvage costs, it is almost evenly 

distributed among the PV, converters and wind turbines. 

The specific values for the various economic parameters for all the components can 

be found in table 4.2. It is worth mentioning that the PV panels have no replacement costs 

as the lifetime of the selected model is 30 years, which exceeds the project lifetime of 25 

years. As a result, they also have the highest salvage value of $5,850. Simultaneously, with 

a 5-year-lifetime and a lead-acid chemistry, the batteries account for the majority of the 

replacement and maintenance costs, with corresponding values of $61,399 and $45,908, as 

-50,000 0 50,000 100,000 150,000 200,000 250,000 300,000 350,000 400,000

Capital ($)

Replacement ($)

O&M ($)

Fuel ($)

Salvage ($)

Total ($)

Cost ($)

Ec
o

n
o

m
ic

 C
o

st
 P

ar
am

e
te

rs

Economic Cost Parameter Comparison Among 

Components 

Solar PV Diesel Generator (15kW) Wind Turbine (3kW)

Converter Lead-Acid Battery (12V)



49 

 

they are either required to be replaced at least five times throughout the project’s life and/or 

frequently repaired. 

Table 4.2. Various economic parameters for individual components. 

System 

Component     

Initial 

Capital ($) 

Replacement 

($) 

O&M 

($) 

Fuel 

($) 

Salvage 

($) 

Total ($) 

       

Peimar SG300 

 

Generac 15kW 

 

Generic 3kW 

 

99,433.79 

 

3,300.00 

 

8,000.00 

0.00 

 

1,388.85 

 

3,477.47 

23,269.85 

 

16,474.09 

 

6,084.61 

0.00 

 

9,734.71 

 

0.00 

(5,849.25) 

 

(927.91) 

 

(2,117.72) 

116,854.39 

 

29,969.74 

 

15,444.37 

Generic 

Converter 

 

BAE PVS70 

 

HRES 

35,750.00 

 

31,186.00 

15,658.72 

 

61,398.89 

9887.50 

 

45,908.40 

0.00 

 

0.00 

(3,441.30) 

 

0 

57,854.92 

 

138,493.29 

 

 

358,616.70 

In the coming part, a technical breakdown of the HRES is conducted that focuses 

on the operational hours and the amount of energy contributed by each subunit in the 

optimized HRES. 

4.3 Technical Analysis 

The optimized HRES yields an annual excess electrical energy output of 109,231 

kWh/year at the lowest cost. More detailed results are illustrated in figure 4.4 below with 

the contribution percentage of each energy component displayed in table 4.3. 

As indicated in figure 4.4, the electricity production generated by the energy 

components and their corresponding monthly total takes a nominal distribution shape. This 

is because the energy demand spikes from the beginning of May till the end of August, 

which represents the summer season where the residential load is at its peak, mainly due 

to the air conditioners. At the same time, the extremities at both ends, symbolized by the 

start of November till February, mark the lowest energy consumption due to this being the 

winter period, in which the weather is reasonable and does not mandate the usage of air 

conditioners. For the remaining months of the year, the demand for electricity lies in 

between these two seasons as it gradually increases or decreases. 
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Figure 4.4. Monthly electricity production by PV, wind, and a diesel generator. 

The three main energy components of the hybrid system directly responsible for 

electricity production involve the solar PV panels, the wind turbines, and a diesel generator. 

Thus, it can also be inferred, that the vast majority of the electricity demand, approximately 

91.2%, is satisfied mainly by the PV panels, which is equivalent to almost 260,620 

kWh/year, while the wind turbines and diesel generator only supply about 5.21% and 

3.58% respectively of the annual electricity demand. It is worth mentioning that the 

electricity generation contributed by wind turbines witnesses a great increase in the months 

of November and December as a consequence of higher wind speeds. More data is provided 

in table 4.3 below. 

Table 4.3. Annual electricity production contributed by each energy source. 

Energy Source     Annual Electricity Production 

(kWh/year) 

Contribution (%) 

   

Solar PV 

 

Diesel Generator  

 

Wind Turbines  

 

Total 

260,618 

 

10,241 

 

14,891 

 

285,750 

91.2 

 

3.58 

 

5.21 

 

100 

 

On the other hand, the HOMER simulation result has deemed that the proposed 

HRES has a capacity shortage of 133 kWh/year with an unmet yearly load of 51 kWh/year. 
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A capacity shortage mainly happens if a deficiency between the required operating 

capacity, which is comprised of both the actual load size and operating reserve, and the 

actual operating capacity exists [106]. At the same time, there is also an excess electricity 

production of 109,231 kWh/year. Although the excess electricity could not be utilized to 

cover for the capacity shortage as they both take place at different times [107].  

Other characteristics available for the HRES subunits (PV/wind/diesel/converter 

/battery) are summarized in table 4.4 below. These parameters mainly include the 

component’s rated capacity (size), yearly operating hours, the minimum and maximum 

electrical outputs, the individual renewable penetration, and the capacity factor. 

Based on the results, it is noticed that the inverter and the wind turbines have the 

highest annual operating hours of 8,195 and 7,451 h/year, signifying that these two units 

are functioning for the majority of the year (one year equates to 8,760 hours) while also 

verifying that the selected study place has consistent wind potential throughout the year. 

Moreover, the PV panels hold the record for the highest electrical output at 159 kW, 

making it the largest supplier of power in the system, while also attaining the highest 

renewable penetration of 183%. Therefore, with the high electrical output of the PV and 

the long operational hours of the wind turbine, this would have a radically positive effect 

on the environment as it helps to diminish the fuel-based diesel generator’s operational 

hours to only 722 h/year and in turn the quantity of emissions.  

Table 4.4. Detailed technical parameters of the proposed HRES. 

Component Size 

(kW) 

Annual 

Operating 

Hours 

(h/year) 

Min. 

Electrical 

Output 

(kW) 

Max. 

Electrical 

Output 

(kW) 

Renewable 

Penetration 

(%) 

Capacity 

Factor 

(%) 

       

PV 

 

Wind Turbine 

 

Diesel 

Generator 

 

Converter 

 

Battery 

153 

 

6 

 

15 

 

65 

 

 

503 

4,352 

 

7,451 

 

722 

 

8,195 (Inv) 

and 560 (Rec) 

 

-- 

-- 

 

-- 

 

3.75 

 

-- 

 

 

-- 

159 

 

6 

 

15 

 

64.9 (Inv) and 

15.1 (Rec) 

 

-- 

183 

 

10.5 

 

-- 

 

-- 

 

 

-- 

19.4 

 

28.3 

 

7.79 

 

21 (Inv) and 

0.5 (Rec) 

 

-- 
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In the coming section, the weight of the environmental impact that the proposed 

hybrid system would pose, will be analyzed. Also, a base case consisting of a diesel 

generator as the primary and sole energy source would be used to help draw environmental 

comparisons. 

4.4 Environmental Analysis 

In this section, an analysis of the environmental impacts of the proposed HRES 

configuration would be studied. The results would then be compared with another 

alternative system, consisting only of a diesel generator, to be used as the base case as it 

provides a sensible representation of the electricity generated by traditional power plants. 

Consequently, this would aid in reflecting the positive effects of the HRES on the 

environment. The optimization results of the base case system can be found in table 4.5 

below.  

First, the base case is already perceived to demonstrate a significantly higher NPC 

and COE of $745,259 and $0.345/kWh, almost double that of the hybrid system, but more 

importantly it has a zero RF which means that the amount of fuel used and in turn the 

amount of toxic emissions generated could be used as a reference for comparison.  

Table 4.5. Optimization result of using a diesel generator as a base case. 

Configuration 

(Base Case) 

PV 

(kW) 

No. of 

3kW 

wind 

turbines 

DG 

(kW) 

Converter 

(kW) 

No. 

of 

batte

ries  

NPC 

($) 

COE 

($/kWh) 

RF 

(%) 

         

 
-- -- 91 -- -- 745,259 0.345 0 

Next, a summary of the amount of annual fuel consumed by the proposed HRES 

and the base case is provided below in figure 4.5 and figure 4.6, respectively. 
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Figure 4.5. Annual fuel consumption details for proposed HRES. 

For the proposed HRES, the volume of fuel consumed by the diesel generator each 

year equates to 3,809 L/year, with a daily average of 10.4 L/day as indicated in figure 4.5. 

In comparison, figure 4.6 shows that the quantity of fuel used annually in the base case 

corresponds to 81,607 L/year, whilst attaining an average daily fuel consumption of 224 

L/day. Hence, the annual and daily fuel consumed by the base case is 21.5 and 21.4 times 

more, respectively, than the overall amount used by the proposed hybrid system, and this 

could be regarded as an indicator to showcase the degree of negative impact that the base 

case would have on the environment.  
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Figure 4.6. Annual fuel consumption details for diesel generator. 

The various harmful gases generated as a result of the diesel fuel used include 

carbon dioxide (CO2), carbon monoxide (CO), sulfur dioxide (SO2), nitrogen oxides 

(NOx), particulate matter, and some unburned hydrocarbons. 

Finally, the quantity of each pollutant generated by the base case and the proposed 

HRES is then compared and the results are indicated in figure 4.7. Accordingly, it is 

observed that the emissions that contribute to the highest pollution in descending order are 

CO2, followed by CO, then NOx and SO2 with negligible amounts of unburned 

hydrocarbons (UH) and particulate matter (PM). In addition, the base case is always 

responsible for the higher production of pollutants in all cases, approximately 20 times 

greater than the HRES for almost all gas types. The exact numbers for the quantity of 

emissions yielded by both systems in addition to the amount saved annually by the HRES 

is listed in table 4.6. 
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Figure 4.7. Analysis of the environmental impacts between DG and HRES. 

Consequently, it becomes clear that the utilization of solar and wind technologies 

as the primary sources of energy would help to drastically reduce the level of harmful 

emissions, traditionally generated by the combustion of the diesel fuel. This is achieved by 

reducing the operational hours of the diesel generator. At the same time, it is worth noting 

that the addition of the diesel generator aids in offsetting the total capital costs of the 

proposed HRES.  

Table 4.6. Emissions produced by the diesel generator and the proposed HRES. 

Emission Gas     Quantity 

Produced by 

DG (kg/year) 

Quantity Produced 

by proposed HRES 

(kg/year) 

Quantity of 

Emissions Saved 

(kg/year) 

    

Carbon Dioxide 

 

Carbon Monoxide 

 

Unburned Hydrocarbons 

 

Particulate Matter 

 

Sulfur Dioxide 

 

Nitrogen Oxides 

213,616 

 

1,347 

 

58.8 

 

8.16 

 

523 

 

1,265 

9,964 

 

67.6 

 

2.74 

 

4.10 

 

24.4 

 

76.8 

203,652 

 

1,279.4 

 

56.06 

 

4.06 

 

498.6 

 

1,188.2 

1,347.0

58.8 8.2

523.0
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In the next section, the optimization results for the CPV-HRES would be displayed. 

Then a techno-economic comparison would be drawn between the PV-HRES and the CPV-

HRES in order to verify the more economic solar technology to be incorporated in the 

proposed HRES configuration. 

4.5 PV-HRES vs CPV-HRES 

In this section, a HRES system that utilizes CPV technology instead of the 

traditional flat plate PV arrays is to be simulated and optimized using the HOMER 

software. The purpose is to draw an economic comparison between the two HRES systems 

so that, ultimately, the solar technology type that yields the more economic results would 

be identified. Additionally, the energy outputs and environmental impacts are touched 

upon. In order to make it a fair comparison, the new HRES (that incorporates the CPV) 

would utilize the same subunits with the same specifications as the previously proposed 

HRES. Moreover, the HOMER optimizer is not used in particular for sizing the CPV, and 

instead a size of 153 kW, which represents the optimum size suggested by HOMER when 

simulating the regular PV based HRES, is predefined in the HOMER search space. The 

optimization results are then indicated in table 4.7. 

For this simulation, only five different configurations were obtained instead of six 

(due to the absence of an exclusive CPV configuration). Once again, it is discovered from 

the results that the optimized arrangement of the new HRES is to contain all the energy 

components. Therefore, the optimum configuration specifically consists of 153 kW CPV, 

thirteen 3 kW wind turbines, a 15 kW diesel generator, a 60 kW converter, and 1,263 strings 

of 12V lead-acid battery storage system. The newly optimized hybrid system has a NPC 

and COE of $878,042 and $0.406/kWh, respectively. In addition, the RF is 91.2% or in 

other words, 8.8% of the output power is generated through non-renewable means. 

With these results, an initial assessment can be made as it can be gathered that the 

CPV based HRES is the more expensive alternative with the capital costs required being 

more than double that of the PV based HRES. Furthermore, the cost of energy produced 

by the second system is approximately 2.5 times more. 
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Table 4.7. Optimization results of HRES using CPV. 

Configuration     CPV 

(kW) 

No. of 

3kW 

wind 

turbines 

DG 

(kW) 

Converter 

(kW) 

No. 

of 

batte

ries  

NPC 

($) 

COE 

($/kWh) 

RF 

(%) 

         

 
153 13 15 60 1,263 878,042 0.406 91.2 

 

 
 

 
 

 

-- 

 

 

153 

 

32 

 

 

9 

 

15 

 

 

-- 

 

65 

 

 

75 

 

2,019 

 

 

1,742 

 

891,528 

 

 

956,454 

 

0.413 

 

 

0.443 

 

92.6 

 

 

100 

 
153 -- 15 65 1,818 986,179 0.456 78.1 

  

 

       

 
-- 65 -- 80 2,621 1.29M 0.599 100 

 

Hence, it is shown explicitly in figure 4.8 with further evidence from table 4.8, that 

the NPC for every individual component belonging to the CPV-HRES eclipses that of the 

PV-HRES save for the converter. Though, the largest margin differential is witnessed 

mainly in the BSS, the solar energy unit, and the wind turbines. Regarding the solar subunit, 

the significant difference in cost could be attributed to the expensive multi-junction solar 

cells utilized in the CPV technology as well as the need for those panels to be mounted on 

two-axis solar trackers with an active cooling system. With CPVs having higher efficiency 

and average power generation, more batteries would be required to store the excess energy 

as well, resulting in higher storage costs. Finally, the optimized configuration for the CPV-

HRES has revealed the inclusion of 11 more turbines and this contributed to the higher 

wind turbine costs.  
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Figure 4.8. Comparison of the NPC of the components of both systems. 

Table 4.8. Cost breakdown of the CPV based HRES. 

System 

Component     

Capital  

($) 

Rep.  

($) 

O&M  

($) 

Fuel  

($) 

Salvage 

($) 

Total  

($) 

       

Generic CPV 

 

Generac 15kW 

 

Generic 3kW 

 

275,400 

 

3,300.00 

 

52,000.00 

0.00 

 

1,609.14 

 

22,603.58 

65,166.20 

 

19,851.05 

 

39,549.98 

0.00 

 

11,815.87 

 

0.00 

(0.00) 

 

(640.61) 

 

(13,765.18) 

340,566.20 

 

35,935.46 

 

100,388.38 

Generic Conv. 

 

BAE PVS70 

 

HRES 

33,000.00 

 

78,306.00 

14,454.20 

 

154,168.57 

9126.92 

 

115,272.98 

0.00 

 

0.00 

(3,176.58) 

 

(0.00) 

53,404.54 

 

347,747.56 

 

878,042.13 

On the other hand, it could be said that both systems bear a similar trend in terms 

of their biggest contributors of cost, represented by the BSS and followed by the solar 

energy costs. 

In terms of energy production, the CPV-HRES is superior to the PV-HRES with 

respect to all its energy components, having an annual energy total of 434,731 kWh/year 

as tabulated in table 4.9, which is 1.5 times greater than what the PV-HRES yields. The 

greatest contributors to this increase are the solar CPV installations and wind turbines with 

325,497 and 96,791 kWh/year, respectively. 

$0 $50,000 $100,000 $150,000 $200,000 $250,000 $300,000 $350,000 $400,000
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Total ($)
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Table 4.9. Comparison of the electricity production and contribution by component. 

Energy Source     Annual Electricity Production 

(kWh/year) 

Contribution (%) 

   

PV solar 

CPV solar 

 

PV – DG 

CPV - DG 

 

PV – WT 

CPV - WT  

 

PV Total 

CPV Total 

260,618 

325,497 

 

10,241 

12,442 

 

14,891 

96,791 

 

285,750 

434,731 

91.2 

74.9 

 

3.58 

2.86 

 

5.21 

22.3 

 

100 

100 

Even though both the CPV and PV panels have the same rated capacity of 153 kW, 

the CPV still generates approximately 1.25 more energy than the regular PV. This is largely 

due to CPVs having a much higher electrical output and thereby increasing their yearly 

mean output. 

Regarding the monthly power generation shown in figure 4.9, the output of PVs is 

discovered to be more consistent overall, fluctuating only between 126 – 159 kW/month. 

Moreover, the higher values are obtained during the winter months while a slight decrease 

is unexpectedly noticed in the summer season. This is due to the PV suffering from the 

higher temperature effects of the summer which slightly reduces their voltage production.  

On the other hand, although the CPVs have a much higher monthly production 

overall, their electricity output displays more variations throughout the year, ranging 

between 606 – 1263 kWh/month. Furthermore, the highest recorded values are witnessed 

during the months of June and July, unlike the PV, which proves that CPVs are not affected 

by the higher temperature seasons due to the presence of cooling systems and higher-grade 

materials. Thus, they are able to utilize the extra DNI found in summer to increase their 

monthly electricity generation. 
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Figure 4.9. Comparison of the solar monthly power output between both HRESs. 

The fact that CPVs are more efficient in energy generation is further supported 

when comparing more technical parameters, shown in table 4.10. A striking difference is 

represented by the annual operation hours of both solar technologies. PVs are required to 

operate for 4,352 hours (around half a year) while CPVs can generate their desired output 

by operating for 365 hours only (approximately half a month), which is 12 times less. 

Additionally, with a maximum monthly electrical output of 1,263 kW/month, CPVs are 

capable of generating around 8 times more power than the PV, that has a peak value of 159 

kW/month. 

In summary, despite the traditional PVs being inferior in terms of energy 

production, they remain the more economic solution. This could be credited to several 

different factors. 

First, evolutions in solar technology have led to the manufacture of more efficient 

PV cells, with efficiencies that could reach up to 23% and at competitive prices. Next, the 

traditional flat plate cells do not require two-axis tracking devices, expensive multi-

junction cells made of various semiconductors, or cooling systems, which are some of the 

aspects that influence the higher cost of CPVs. Finally, CPVs are normally designed for 

large utility projects (usually greater than 10 MW) so that they could benefit from large 

economies of scale, thus, making them the more economic solution in that case.  
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Table 4.10. Comparison of more detailed technical parameters. 

Component Size 

(kW) 

Annual 

Operating 

Hours 

(h/year) 

Min. 

Electrical 

Output 

(kW) 

Max. 

Electrical 

Output 

(kW) 

Renewable 

Penetration 

(%) 

Capacity 

Factor 

(%) 

       

PV – Solar  

CPV – Solar  

 

PV – WT 

CPV – WT 

 

PV – DG 

PV – DG 

 

PV – Converter 

 

 

CPV – Converter 

 

 

PV – Battery 

CPV – Battery 

153 

153 

 

6 

39 

 

15 

15 

 

65 

 

 

60 

 

 

503 

1,263 

4,352 

365 

 

7,451 

7,451 

 

722 

870 

 

8,195 (Inv) and 

560 (Rec) 

 

5,769 (Inv) and 

2,851 (Rec) 

 

-- 

-- 

-- 

-- 

 

-- 

-- 

 

3.75 

3.75 

 

-- 

 

 

-- 

 

 

-- 

-- 

159 

1,263 

 

6 

39 

 

15 

15 

 

64.9 (Inv) and 

15.1 (Rec) 

 

54.5 (Inv) and 

42 (Rec) 

 

-- 

-- 

183 

229 

 

10.5 

68.1 

 

-- 

-- 

 

-- 

 

 

-- 

 

 

-- 

-- 

19.4 

24.3 

 

28.3 

28.3 

 

7.79 

9.47 

 

21 (Inv) 

and 0.5 

(Rec) 

14 (Inv) 

and 6 (Rec) 

 

-- 

-- 

 

Ultimately, it is concluded that for smaller scale projects,  the traditionl PV 

technology is the optimum and more econmoic choice. 
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Chapter 5: Conclusion and Recommendations 

5.1 Conclusion 

In conclusion, with the never-ending need for energy and the ever-increasing 

concern about the environment, the demand for renewable energy systems such as the 

HRES has peaked. Thus, the gradual increase of population and the proposition of energy 

and environmental focused policies like “Vision 2030” and “Net Zero Plan” in KSA, has 

driven the desert country to actively pursue sustainable and clean energy forms. In addition, 

to harboring vast amounts of oil reserves, KSA is also a goldmine of natural resources, 

showing tremendous potential for solar and wind-based energy systems.  

The novelty of this paper lies in its focus on evaluating the compatibility of 

applying a HRES specifically in Al Qurayyat city as well as determining the superior solar 

technology between traditional PVs and emerging CPVs. By obtaining the GHI, 

temperature and wind speed resource data of the designated site, it was established that 

there is great potential for solar and wind energy applications. Consequently, system 

optimization was achieved by employing HOMER and analyzed from an economic 

perspective to determine the most feasible configuration. A technical analysis was also 

conducted to identify the annual quantity of energy yielded by the system along with a 

study of the environmental impacts. The design and optimization results show the 

following: 

• Six configurations are revealed that would meet the load requirements, 

represented by 30 homes in Al Qurayyat city, where the energy demand is 

389.4 kWh/day with a peak load of 82.71 kW and a load factor of 0.2. 

• The optimized configurations include PV/WT/DG/Converter/BSS; 

PV/DG/Converter/BSS; PV/WT/Converter/BSS; PV/Converter/BSS; 

WT/DG/ Converter/BSS; and WT/Converter/BSS. 

• The PV/WT/DG/Converter/BSS arrangement is identified to yield the 

lowest NPC and COE with the values being $358,616 and $0.166/kWh 

respectively and a 92.8% RF. 
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• Alternatively, the PV/WT/Converter/BSS has a 100% RF, but at a higher 

NPC and COE of $475,374 and $0.22/kWh, correspondingly. 

• The annual energy generated by the PV arrays, wind turbines, and diesel 

generator is 260,618, 14,891, and 10,241 kWh/year.  

An environmental assessment regarding the amount of emissions generated by the 

proposed HRES was made, after simulating a diesel generator system for meeting the load 

requirements (to be used as a reference case). The results reveal that the HRES helps to 

save 203,652 kg of CO2, 1,279.4 kg of CO, 56.06 kg of unburned hydrocarbons, 4.06 kg 

of particulate matter, 498.6 kg of SO2, and 1,188 kg of NOx for each year. Hence, the HRES 

aids to annually save 206,678 kg of greenhouse gases. 

As of the writing of this thesis, the price of 1 kWh of electricity in KSA, based on 

information from the Saudi Electricity Company, is $0.048/kWh for residential 

consumption and $0.069/kWh for commercial use [108].  With a COE of $0.166/kWh for 

the HRES, this shows that, ultimately, KSA would have to introduce grants and policies 

that would help offset the costs of energy generation through renewable means in order to 

encourage more investment and shift to such projects.  

On the other hand, optimization of a CPV-HRES (similar to the PV-HRES) was 

made then an economic and technical analysis between the two systems was carried out. 

The NPC and COE of the CPV-HRES are $878,042 and $0.406/kWh, respectively, with 

an annual electricity output of 434,731 kWh/year. Therefore, the PV-HRES is deemed to 

be the more economic technology despite the CPV-HRES yielding a higher energy output. 

5.2 Recommendations  

 Finally, this thesis could be used as a framework for any future research concerning 

HRESs in KSA. One of the key aspects for obtaining realistic results from the HOMER 

software is through the entry of accurate data. Therefore, the installation of small 

meteorological stations at the site of investigation would aid in obtaining more precise 

values for the solar GHI and DNI, as well as wind speeds. Another improvement that could 

be done would be the implementation of artificial intelligence techniques or optimization 
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algorithms in order to provide more accurate and realistic sizing of the dynamic load and 

how it would keep progressively increasing. Accordingly, this would allow for a much 

better sizing of the hybrid system components, including the storage system, thereby, 

reducing the initial capital costs required. Additionally, other renewable energy 

components such as biomass could be added to the HRES to provide more possible 

configurations, and the economic feasibility and efficiency of the new system could be 

investigated to determine if the new arrangement would yield lower costs. 
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