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                                                                              Abstract 

 

Assessment Of Solar Energy And Wind Potential In The Red Sea State,                 

Sudan 

 

Mohamedalmojtba Hamid Ali Abdalla 

MA, Department of Mechanical Engineering 

 

December, 2021, 86 pages 

   

 

This research investigated the potential and economic validity of wind and 

solar energy at 17 selected locations in the Red sea state, Sudan, for the first time. To 

this aim, NASA database was utilized. The results demonstrated that vertical axis wind 

turbines would be a good solution for electricity generation for building in the selected 

locations.  Additionally, it is found that the chosen areas are suitable for installing 

photovoltaic (PV) systems due to the high-value solar radiation. Moreover, the 

economic viability of small-scale wind and PV systems for rooftop buildings in the 

selected regions is investigated. For a financial analysis of wind turbines, the 

performance of different characteristics of vertical axis winds was evaluated based on 

the determination of capacity factor and energy production cost. For the economic 

validity of installing PV systems, RETScreen Expert software was used. The results 

indicate that the annual production energy from wind turbines and solar power is 

within the range of 158.50-29063.93kWh and 6648-15533 kWh, respectively. This 

amount of energy output would help to reduce the effect of global warming and 

enhance the sustainable technological development of the country. Moreover, the 

results indicate that model#9 (Vertical Axis Wind Generator-V) with a capacity of 

5kW has the lowest cost value (0.08703-0.01025 $/kWh) compared to the other 

selected turbines for the studied locations. Besides, the average energy production cost 

is within the range of 0.036-0.049 $/kWh for PV systems. In the end, it is concluded 

that using small-scale renewable energy systems will help reduce the dependency on 

fossil fuels, the effect of global warming, and enhance the country's sustainable 

technological development.   
 
 

Key Words: Red Sea state; Sudan; grid-connected; rooftop PV system; RETScreen  

Software. 
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CHAPTER I 

 

Introduction 
 

 
This chapter includes the background, purpose of the study, limitations 

related descriptions of the research 

 
Background 
 

Humanity has always needed energy. Conventional fossil fuels served this 

purpose until recently. As a result of greenhouse gas emissions, the use of fossil 

fuels has polluted the environment and contributed to climate change (Riahi et al. 

2017). According to Vijayavenkataraman et al. (2012) and Arreyndip and Joseph 

(2018), utilizing renewable energy as an alternative energy source will help to 

reduce the environmental problems, essentially air pollutions due to increasing 

fossil fuel consumption. Research has shown that renewable energy like solar and 

wind reduces greenhouse gas emissions (GHG) significantly. For instance, 

Schnitzer et al. (2007) the use of solar thermal energy was found to be an essential 

step toward achieving sustainable zero-emission production in the sector. 

Shahsavari and Akbari (2018) found that Renewable energy sources offer a strong 

potential for supplying a growing share of future energy growth while reducing 

greenhouse gas emissions, according to the study.Shahsavari et al. (2018) 

concluded that generating electricity via solar systems could help Iran safeguard its 

environment. Recently, solar energy has long been regarded as one of the best 

renewable energy sources due to its economic viability and environmental benefits. 

There have been numerous studies that have looked into the possibility of solar 

energy in order to generate power in various countries around the world. For 

example, Adnan et al. (2012) Pakistan's solar energy potential was assessed using 

data from fifty-eight meteorological sites spread across the country. Researchers 

found that power could be generated every month in the southern Punjab, Sindh, 

and Balochistan regions on an area of 100 m2. Martín-Pomares et al. (2017) In 

Qatar, the potential for solar energy as a source of electricity was examined. The 

findings revealed that a large-scale grid-connected PV system is a viable option for 

power generation in the country. Kassem et al. (2019) Wind and solar energy 

potential was investigated in three Northern Cyprus cities. Based on the results of 
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the study, it appears that solar energy can generate large amounts of electricity in 

urban areas.   

Kassem et al. (2018) studied a grid-connected wind/PV project in two 

regions of Northern Cyprus with a capacity of 12MW. According to the results, the 

selected regions are more likely to benefit from wind energy than other types of 

energy. A 50MW wind/PV system was evaluated at various locations throughout 

Libya by Kassam et al. (2020a). Based on the results, the PV system is an economic 

option compared to the wind system for electricity generation in the country. 

 
 

Purpose of the Study 

 
In addition to reducing electricity consumption and dependence on utility 

power, grid-connected systems are an attractive way to increase electricity 

generation from renewable energy sources. Solar and wind energy are examples of 

renewable energy sources for household electricity. The findings of the literature 

review reveal a clear lack of utilizing wind and solar systems for households in 

Sudan. In addition, according to the authors’ review, no studies are evaluating the 

viability of grid-connected wind and PV systems as building power sources in the 

country. Thus, the purpose of this study is to find out whether grid-connected wind 

and PV have a long-term technological, economic, and environmental significance, 

systems in 17 selected regions in the Red Sea state of Sudan. 

 To achieve this, meteorological data from the National Aeronautics and 

Space Administration (NASA) database has been utilized to identify a suitable zone 

for constructing wind and PV systems in the chosen state. For the feasibility of the 

PV system, several economic indices, such as net present value, payback duration, 

yearly life cycle savings, and internal rate of return, are available, In terms of 

performance indicators for electrical power generation facilities, the Levelized Cost 

of Energy has been considered.  

The study used the RETScreen Experts software in order to achieve these 

goals. Furthermore, when a wind turbine is used to generate energy, the present 

value of costs technique is utilized to calculate the cost of production. 
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Limitations 

 
In this study, it is essential to acknowledge the limitations of this work. First, 

the financial parameters were assumed based on historical values in the literature. 

Second, the influence of various parameters such as dust, irradiation intensity, air 

temperature, and relative humidity was neglected due to the limitation of 

RETScreen software.  
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CHAPTER II 

 

Sudan 
 
 

Research related conceptual definitions, descriptions and information related 

to the subject that already exists in the literature are given in this chapter. 

 
 

Sudan 

 
Sudan (Figure 2.1), is a country in northeast Africa that is officially known 

as the Republic of Sudan. Among its borders are Chad, the Central African 

Republic, Eritrea, Libya, Egypt, Ethiopia, South Sudan, and the Red Sea. In terms 

of population, it has approximately 45,233,702 million residents and occupies 

1,886,068 square kilometres (728,215 square miles), making it Africa's third-largest 

country in terms of area. Until the secession of South Sudan in 2011, it was Africa's 

and the Arab League's largest country by area. Since then, Algeria has held both 

titles. Khartoum, Khartoum Bahri, and Omdurman are the three cities that compose 

Sudan's capital. Sudan's capital is the city of Khartoum. Sudan is one of the 

developing countries in Africa. 

Sudan, which stretches across the Red Sea, is geographically located at the 

crossroads of Sub-Saharan Africa and the Middle East. Sudan is bordered on three 

sides by Libya and Egypt, on the other by Chad, Central African Republic, South 

Sudan, Ethiopia, and Eritrea, and on the east by Libya and Egypt. Sudan's capital 

Khartoum is where the white and blue Niles meet and combine to form The Nile 

River, which flows through Sudan and Egypt to the Mediterranean Sea. South 

Sudan's separation brought with it a series of economic shocks since the Nile basin 

is from Darfur to Kassala via the Blue Nile and the Kordofan States, with deserts 

in the far north, fertile land in the Nile valleys, the Gezira region, and across the 

remainder of the country for farming and livestock breeding. Over half of Sudan's 

government revenue, as well as 95% of its exports, came from oil money. 

Consequently, the economy has not grown as fast and consumer prices have 

increased at a double-digit rate, which has led to low economic growth. Along with 

higher gasoline prices, has resulted in lower economic growth. 
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Figure 2.1 

Map of Sudan 
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There are different kinds of climates in Sudan, including hyperacid climates 

in the north and tropical wet-and-dry climates in the southwest. Regardless of the 

place, temperatures do not change much by season; the most important climatic 

variables are precipitation and the length of the wet and dry seasons. There are two 

kinds of airflows that dominate the wet and dry seasons: dry northern winds from 

the Sahara and the Arabian Peninsula or moist southwesterly winds from the Congo 

River basin and southeasterly winds from the Indian Ocean in January and March. 

There has been little rain in Sudan, except in an area of northeastern Sudan where 

breezes from the Mediterranean have brought a little precipitation. 

Southern Sudan experienced severe rain and thunderstorms by early April, 

due to the wet south westerlies. Humid air will reach Khartoum in July, and by 

August, its usual northern limit will be near Abu Hamad, though it may approach 

the Egyptian border in certain years. Humid air flow is weaker as it moves north. 

During September, the northeasterlies move south, and they reach their peak by the 

end of December. In Khartoum the rainy season lasts three months (July, August, 

September), when the yearly rainfall averages 161 millimetres. In Atbarah the rains 

last only for two months (August, 74 millimetres). It is possible that the arrival of 

south-westerly may be delayed or cancelled in central Sudan. Sometimes 

completely absent. 

 When the dry season comes to a close, temperatures are at their highest. 

The sky is clear and the air is dry. The further south, on the other hand, enjoys year-

round high temperatures despite having just a short dry season. May and June are 

the warmest months in Khartoum, The average high temperature is 43 °C with a 

maximum temperature of 49 °C. Sudan's north has extremely hot daytime 

temperatures all year, besides in the northwest, the winter months of January and 

February get some precipitation. The highlands are normally colder, and central and 

northern Sudan's high midday temps during the dry season fall swiftly after dusk. 

In January, Khartoum's lows average 15 degrees Celsius. (59 degrees Fahrenheit) 

and have sunk to as low as 6 degrees Celsius (42.8 degrees Fahrenheit) during the 

passage of a cold front. When the moist southwesterly flow initially arrives in 

central Sudan, the haboob, a powerful sandstorm, might occur (May through July). 

By the afternoon heat, the moist, unstable air condenses into thunderstorms.  

The first down flow of air of an approaching storm creates a huge yellow/red 

wall of sand and clay, which temporarily causes vision to dim. In Sudan's central 
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and northern deserts, there is year-round sunshine that reaches over 4,000 n degrees, 

which makes it one of the driest and sunniest places on Earth hours Cloudless skies 

are most likely to occur in the best of situations, or approximately 91 percent of the 

time. It is possible for decades to pass without rain in the areas surrounding Wadi 

Halfa and next to the Egyptian border.  

During their summers, they also experience some of the hottest temperatures 

in the world. Average high temperatures rise above 40 °C during four to nearly six 

months each year, with peaks at around 45 °C (113 °F). 

 

Energy situation in Sudan  
 

Sudan's electric power sector has a substantial generation shortfall, resulting 

in frequent power outages, As a result, the electricity demand outweighs the present 

supply. At present, the country's electricity-generating (see Table 2.1) capacity 

consists of 13,133 GWh (64% from hydro, 23% from steam, 10% from combined 

cycle, 2% from Diesel, 1% from interchange) according to Sudanese Electricity 

Distribution Company Ltd (SEDC). Electrical energy is transmitted through two 

portions that are interconnected called the Blue Nile network and the western 

network (White Nile network). Most of the regions, such as the Red Sea state are 

suffering from power outages in the summer season, particularly Portsudan city, an 

industrial city and needs regular electrical stability, that has heavy power outages, 

over six hours, during the daytime due to the schedule of the Sudanese Electricity 

Distribution Company Ltd (SEDC), schedule. Due to this reason, the residential are 

using generators as power sources during the outage of power.    

In addition, west of Sudan such as Darfur states, Al Fashir city, Nyala city, 

Al Junaynah city, Kordofan states, El Obeid City, and El Fula city, Kaduqli city and 

so on are suffering from outage of power. Furthermore, the national electrical 

network does not cover some regions, mainly rural areas. Thus, these regions rely 

on small-diesel fuel power generators.  

In general, citizens suffer because of power outages, especially in the 

summer period, where the outages sometimes extend to about 6 hours per day. 

Besides, the industrial sector suffers from the instability of the electric current 

because the instability of the current affects the production process costs. As result, 

most commercial factory owners rely on huge generators to provide electricity in 

times of power outages.  
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Table 2.1  

 The Country’s Electricity Generating Capacity in Sudan 

 

  
Type 

Generation 

Plant Capacity 

Thermal  13 thermal power plants with a different type 

of generation steam turbines, gas turbines, 

combined cycle, and diesel 

1,650 MW 

Hydro  Sinnar Dam Power plant 15 MW 

El Girba Dam  Power plant 17.8 MW  

Roseires Dam  Power plant 280 MW 

Jabel Awlia Dam Power plant 30.4 MW  

Merowe Dam Power plant 1250 MW 

   
  

 
 
In order to solve the electricity crisis in the country, renewable energy 

sources such as wind and solar energy can be a viable alternative. As shown in 

Figures 2.1-2.3, the direct normal irradiation (DNI) values and the global horizontal 

irradiation (GHI) values vary from 1800 kWh/m2 to 2500 kWh/m2 and 1700W/m2 

to 2300W/m2, respectively (see Figures 2.1-2.3). Based on GHI and DNI values, 

the country has high solar resources and was categorized as good, excellent, or 

outstanding based on Kassem et al. (2020). Moreover, according to the wind atlas 

map, it is discovered that the density of wind power is within the range of 17-

700W/m2 at 10m height (Figures 2.4 and 2.5). The highest values of wind energy 

density have been observed in the red sea state of Dongola and Northern Kordofan, 

Sudan. 

Furthermore, Researchers have studied the potential of solar and wind 

energy in various regions of Sudan (Omer. 1997; Elagib et al.  1998; Elagib and 

Mansell 1999; Omer. 1999; Omer. 2000; Williams et al. 2000; Omer. 2000; Omer 

and Braima 2001; Omer. 2002; Omer. 2003; Omer. 2005; Omer. 2006; Omer. 2006; 

Omer. 2008; Chong-Yu Xu et al. 2009; Omee. 2013; Salih et al. 2014; Salih and 

Aydrous. 2015; Khadam et al.  2016; Rabah et al. 2016; Elzubeir. 2016; Omer. 

2016; Langodan et al. 2016; Ali. 2018; Abdelgadir et al. 2018; Elkadeem et al. 

2019; Osman and Sevinc. 2019; Abdeen et al. 2019; Smieee et al. 2019; Saeed et 
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al. 2019; Hamza and Abdelatif. 2020; Fadlallah and Serradj. 2020; Fadlallah et al. 

2021; Abdalla and Özcan. 2021). Taking into account the previous scientific 

studies, the following conclusions can be drawn:  

Researchers found that utilizing the solar power system in Sudan is limited 

to simple applications like water pumping systems for irrigation in agriculture. 

• The hybrid system (diesel fuel-renewable energy) would help to          

           Reduce fuel consumption and lead to be more Sustainable   

           Development. 

• Researchers indicated that the solar power system could solve the       

           Electricity crisis and reduce the CO2 emissions in the country. 

• It has never been studied whether wind and solar energy at a small     

           Scale can be viable in Sudan's Red Sea state. 
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Figure 2.2 

Global Horizontal Irradiation Map In Sudan 
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Figure 2.3  

Direct Normal Irradiation Map In Sudan 
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                   Figure 2.4 

                   PV Power Output Map in Sudan 
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                Figure 2.5 

                Mean Wind Speed Map in Sudan 
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Figure 2.6 

Mean Wind Power Density Map in Sudan 

 

 

 

 

Renewable Energy in Sudan 
 

Sudan is known around the world for its abundant sunshine and pleasant 

environment, making it an ideal location for solar energy. During Sudan's summer, 

the average daily solar radiation is 5.8 - 7.2 kWh/m2, which could be an important 

source of energy to substitute oil, electricity, wood, and charcoal, and to assist in 

rural development and to improve rural living conditions.  

Solar irradiance, which is required to generate solar electricity, is abundant 

in practically all parts of Sudan. Irradiation from the sun is highest in the north and 

east of Sudan. In the Red sea state, Dongola, and Northern Kordofan, Sudan, the 

highest values of wind power density have been observed. Sudan has a 780-

kilometer-long coastline with significant solar radiation and wind potential, which 

could be advantageous if wind turbines ranging from 10 to 100 meters in height are 

employed to generate electricity. It was found that Sudan's energy sector contributes 
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significantly to total carbon dioxide emissions and total sulfur dioxide emissions.  

Consequently, renewable energy projects are resulting in a worldwide 

decline in carbon dioxide levels. Renewable energy is derived from continuously 

and sustainably regenerated natural resources. Generally, photovoltaics, wind and 

hydropower are the most interesting sources to examine in Sudan. According to 

previous statements, hydropower stations generate approximately 64% of total 

energy from hydropower and 23% from steam. Sudan has the potential to benefit 

from other resources, particularly solar and wind, although hydropower is the only 

renewable energy source capable of producing electricity. Sudan has some projects 

in renewable energy in the west such as, Al Fashir 5 MW Solar PV Power Plant and 

2X5MWp Solar Projects (Al Fashir & Al Deain). This project located in 9 km east 

of AlFashir city, Latitude: 13.37° N, Longitude: 25.2° E. the area of this Project 

about 135,000 square meters and the Capacity around 5.27 MW (Figure 2.6).  

Furthermore, this area receives a lot of sunlight. Especially the Solar 

Radiation in this project about 2,392.20 Kwh/m2. Also Some citizens use solar 

energy, and solar energy is also used in the agricultural field, particularly for water 

pumps. 
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   Figure 2.7 

    Al Fashir 5 MW Solar PV Power Plant 
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CHAPTER III 

 

Methodology 
 
 

This chapter provides information about the data collection and analysis 

procedures as well as how the findings are analysed. 

 

Material and Methods  

 
In this section, the potential for solar and wind energy is examined in 

Sudan's Red Sea state. In addition, the economic validity of grid-connected solar 

and wind systems is investigated. This study's methodology is schematically shown 

in Figure 3.1.   
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Figure 3.1 
 
Schematic Description for the Proposed Methodology 
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Data and Study Area  

 
As the third-largest country in Africa (see Figure 3.2), Sudan covers an area 

of 1.8 million square kilometres. Sudan's coastline measures 853 meters long. It has 

a tropical climate, with large daily and seasonal temperature changes. The climatic 

zones range from arid desert in the north to semi-arid in the far south, which is 

influenced by the monsoons. The maximum temperature in summer ranges from 

37°C to 44°C, and between 18°C and 21°C in the coldest months. In Table 3.1, the 

selected regions are described, as well as their coordinates and altitude. Several 

studies evaluated the wind energy potential (Arreyndip et al. 2016, Rafique et al. 

2018, Gökçekuş et al. 2019) and solar energy potential (Owolabi et al, 2019; 

Kassem et al. 2019; Kassem et al. 2020c; Kassem et al. 2018; Kassem et al. 2020d)  

in different locations using the NASA database.  

Moreover, there is good agreement between NASA's database and 

measurement data of global solar irradiation according to the previous scientific 

researches (Kassem et al. 2020b; Belkilani et al. 2018; Gairaa and Bakelli 2013). 

Therefore, NASA average monthly wind and solar data are used for estimating wind 

and solar energy potential. 
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Figure 3.2 

Map of Sudan (Red Sea State) 
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Table 3.1 

 Geographical Coordinates and Altitude of 17 Locations 

 

Location 

number 
Name of location 

Latitude 

[°N] 

Longitude 

[°E] 

Elevation 

[m] 

Location 1 Bi'r Shalatayn 23.040 35.508 42 

Location 2 Aalaba Nature Reserve 22.998 35.565 28 

Location 3 Bi'r al Hasa 22.960 35.660 2 

Location 4 Sudanese Halayeb petrol 22.614 35.952 22 

Location 5 Halaib Sudan 22.430 36.341 28 

Location 6 Abdo Coffee 22.401 36.420 1 

Location 7 Halayeb 22.220 36.641 11 

Location 8 Fudukwan 21.750 36.738 216 

Location 9 Marsa Oseif 21.768 36.862 15 

Location 10 Dungunab 21.1058 37.1192 9 

Location 11 Muhammad Qol 20.9052 37.1587 4 

Location 12 Arb'at 19.8667 37.1833 21 

Location 13 Portsudan 19.5903 37.1902 13 

Location 14 Suakin 19.1040 37.3293 2 

Location 15 Trinkitat 18.6833 37.7167 5 

Location 16 Tokar 18.4260 37.7275 24 

Location 17 Afflanda 18.0500 38.4167 10 

 

 

Procedure of wind energy analysis 

 
The wind speed characteristics at the specific location have been studied by 

several scientific researchers (Alayat et al. 2018; Kassem et al. 2019; Khan et 

al.2019; Alavi et al.2016; Masseran et al. 2015; Ouarda et al. 2015). In the literature, 

the most used distribution functions are Weibull, Gamma, Lognormal, Logistic, 

Log-Logistic, Inverse Gaussian, Generalized Extreme Value, Nakagami, Normal, 

Rayleigh, generalized Gamma distribution, exponential, and Kappa distribution 

functions. Therefore, 37 distribution functions are utilized to evaluate the 

characteristics of the wind speed at the selected locations. The probability density 

function (PDF) and cumulative distribution function (CDF) expressions for the 

various distribution models are listed in Appendix A. Furthermore, the maximum-

likelihood technique was used to compute the parameters of the chosen distribution 

models. 
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 Goodness-of-Fit test 

 
The expression of the Kolmogorov-Smirnov (K-S) test, the Anderson-

Darling (A-D) test, and the Chi-squared (C-s) test are given in Eqs. (3.1)- (3.3). 

These tests were used to find a suitable model for analyzing the wind speed 

distribution.  

Kolmogorov-Smirnov (K-S) test 

𝐷 = max
1≤𝑖≤𝑛

(𝐹(𝑥𝑖) −
𝑖 − 1

𝑛
,
𝑖

𝑛
− 𝐹(𝑥𝑖))                                                                     (3.1) 

𝐹𝑛(𝑥) =
1

𝑛
× (𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑜𝑏𝑠𝑒𝑟𝑣𝑎𝑡𝑖𝑜𝑛 ≤ 𝑥)                                                       (3.2) 

Anderson-Darling (A-D) test 

𝐴2 = −𝑛 −
1

𝑛
∑(2𝑖 − 1) × [𝑙𝑛𝐹𝑋(𝑥𝑖) + 𝑙𝑛(1 − 𝐹𝑋(𝑥𝑛−𝑖+1))]

𝑛

𝑖=1

                        (3.3) 

Where 𝐹𝑋(𝑥𝑖) is the cumulative distribution function of the proposed 

distribution at 𝑥𝑖, for i = 1, 2, . . . , n.  

Chi-squared (C-s) test   

𝒳2 =∑
(𝑂𝑖 − 𝐸𝑖)

2

𝐸𝑖

𝑘

𝑖=1

                                                                                                     (3.4) 

Where 𝑂𝑖 is the observed frequency for bin i, and 𝐸𝑖 is the expected 

frequency for bin i calculated by 

𝐸𝑖 = 𝐹(𝑥2) − 𝐹(𝑥1)                                                                                                   (3.5) 

Where 𝐹 is the cumulative distribution function of the probability 

distribution being tested, and 𝑥1, 𝑥2 are the limits for bin i. 

Moreover, for designing the wind farm, the wind power density (WPD) is 

calculated to assess the potential of wind power. Eqs. (3.6) and (3.7) are utilized to 

determine the WPD.   

𝑃

𝐴
=
1

2
𝜌𝑣3                                                                                                                         (3.6) 

𝑃

𝐴
 =

1

2
𝜌𝑣3𝑓(𝑣)                                                                                                               (3.7) 

Furthermore, the average WPD can be determined using Eq. (3.8) 

�̅�

𝐴
=
1

2
𝜌�̅�3                                                                                                                         (3.8) 
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where P is wind power density in W, �̅� is mean wind power density in W, 

A is swept area in m2, ρ is the air density in kg/m3, 𝑓(𝑣) is the probability density 

function (PDF), and 𝑣 ̅is the mean wind speed in m/s. 

Moreover, the ratio of average power output (𝐸𝑜𝑢𝑡) to the rated power of 

wind turbine (𝐸𝑟) is called the capacity factor (𝐶𝑓) and it can be calculated as given 

below.  

𝐶𝑓 =
𝐸𝑜𝑢𝑡
𝐸𝑟

=
𝑀𝑒𝑎𝑛 𝑜𝑢𝑡𝑝𝑢𝑡 𝑝𝑜𝑤𝑒𝑟 𝑜𝑣𝑒𝑟 𝑎 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑝𝑒𝑟𝑖𝑜𝑑 

𝑟𝑎𝑡𝑒 𝑝𝑜𝑤𝑒𝑟 𝑜𝑓 𝑤𝑖𝑛𝑑 𝑡𝑢𝑟𝑏𝑖𝑛𝑒
                         (3.10) 

𝐸𝑜𝑢𝑡  = ∑𝑃𝑤𝑡(𝑖)

𝑛

𝑖=1

𝑡                                                                                                      (3.11) 

𝑃𝑤𝑡(𝑖) =

{
 
 

 
 𝑃𝑟

𝑣𝑖
2 − 𝑣𝑐𝑖

2

𝑣𝑟2 − 𝑣𝑐𝑖
2
(𝑣𝑐𝑖 ≤ 𝑣𝑖 ≤ 𝑣𝑟)

1

2
𝜌𝐴𝐶𝑝𝑣𝑟

2(𝑣𝑟 ≤ 𝑣𝑖 ≤ 𝑣𝑐𝑜)

0             (𝑣𝑖 ≤ 𝑣𝑐𝑖𝑎𝑛𝑑𝑣𝑖 ≥ 𝑣𝑐𝑜)

                                                           (3.12) 

𝐸𝑟 = 𝑃𝑟 . 𝑡                                                                                                                      (3.13) 

𝐶𝑝 = 2
𝑃𝑟

𝜌𝐴𝑣𝑟
3                                                                                                                 (3.14) 

where t is the number of hours in the period under consideration, where 𝑣𝑖 

is the vector of possible wind speed at a given site, 𝑃𝑤𝑡(𝑖) is the vector of the 

corresponding wind turbine output power (W),𝑃𝑟 is the rated power of the turbine 

(W), 𝑣𝑐𝑖 is the cut-in wind speed (m/s), 𝑣𝑟is the rated wind speed (m/s) and 𝑣𝑐𝑜 is 

the cut-out wind speed (m/s) of the wind turbine.  

Moreover, the energy production cost (EPC) from the wind turbine can be 

calculated based on the present value of costs (PVC) and capacity factor as shown 

in Eq. (3.15).   

𝐸𝑃𝐶 =
𝑃𝑉𝐶

𝐸𝑟 × 𝐶𝐹
                                                                                                           (3.15) 

𝑃𝑉𝐶 = [𝐼 + 𝐶𝑜𝑚𝑟 (
1 + 𝑖

𝑟 − 𝑖
) × [1 − (

1 + 𝑖

1 + 𝑟
)
𝑛

] − 𝑆 (
1 + 𝑖

1 + 𝑟
)
𝑛

]                            (3.16) 

where r is the discount rate, i is the inflation rate, n is the machine life as 

designed by the manufacturer, 𝐶𝑜𝑚𝑟is the cost of operation and maintenance, I is 

the investment summation of turbine price and other initial costs, including 

provisions for civil work, land, infrastructure, installation and grid integration and 

S is the scrap value of the turbine price and civil work. 
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Solar energy analysis procedure  

 
This work examines how grid-connected PV systems can be utilized for 

electricity generation in selected buildings. A PV system's power generating factor, 

energy demand, solar PV energy requirement, PV module sizing, and inverter sizing 

are all essential factors (Kassem et al. 2020). 

 

𝑃𝑜𝑤𝑒𝑟 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑛𝑔 𝑓𝑎𝑐𝑡𝑜𝑟 =
𝑠𝑜𝑙𝑎𝑟 𝑖𝑟𝑟𝑎𝑑𝑖𝑎𝑛𝑐𝑒 × 𝑠𝑢𝑛𝑠ℎ𝑖𝑛𝑒 ℎ𝑜𝑢𝑟

 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑡𝑒𝑠𝑡 𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛 𝑖𝑟𝑟𝑎𝑑𝑖𝑎𝑛𝑐𝑒
      (3.17) 

𝐸𝑛𝑒𝑟𝑔𝑦 𝑑𝑒𝑚𝑎𝑛𝑑 = 𝐸𝑛𝑒𝑟𝑔𝑦 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 𝑜𝑓 𝑎𝑙𝑙 𝑙𝑜𝑎𝑑𝑠                              (3.18) 

𝑆𝑜𝑙𝑎𝑟 𝑃𝑉 𝑒𝑛𝑒𝑟𝑔𝑦 𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑 

= 𝑝𝑒𝑎𝑘 𝑒𝑛𝑒𝑟𝑔𝑦 𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑚𝑒𝑛𝑡

× 𝑒𝑛𝑒𝑟𝑔𝑦 𝑙𝑜𝑠𝑡 𝑖𝑛 𝑡ℎ𝑒 𝑠𝑦𝑠𝑡𝑒𝑚                                                      (3.19) 

𝑡𝑜𝑡𝑎𝑙 𝑤𝑎𝑡𝑡 𝑝𝑒𝑎𝑘 𝑟𝑎𝑡𝑡𝑖𝑛𝑔 =
𝑆𝑜𝑙𝑎𝑟 𝑃𝑉 𝑒𝑛𝑒𝑟𝑔𝑦 𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑

 𝑝𝑎𝑛𝑒𝑙 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟
                               (3.20) 

𝑃𝑉 𝑚𝑜𝑑𝑢𝑙𝑒 𝑠𝑖𝑧𝑒 =
𝑡𝑜𝑡𝑎𝑙 𝑤𝑎𝑡𝑡 𝑝𝑒𝑎𝑘 𝑟𝑎𝑡𝑡𝑖𝑛𝑔

𝑃𝑉 𝑜𝑢𝑡𝑝𝑢𝑡 𝑝𝑜𝑤𝑒𝑟 𝑟𝑎𝑡𝑖𝑛𝑔
                                                   (3.21) 

𝐼𝑛𝑣𝑒𝑟𝑡𝑒𝑟 𝑠𝑖𝑧𝑖𝑛𝑔 = 𝑝𝑒𝑎𝑘 𝑒𝑛𝑒𝑟𝑔𝑦 𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑚𝑒𝑛𝑡 × 1.3                                     (3.22) 
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                                                                   CHAPTER IV 

 

Findings and Discussion 
 
 

This chapter presents the findings based on the collected data. 

 
 

Wind energy characteristics 
 
 

A summary of the descriptive statistics for each region (mean, maximum, 

minimum, SD, CV, skewness, and kurtosis) can be found in Table 4.1. It was 

observed that the mean wind speed was between 2.88 and 5.17 m/s. Wind speed 

values are highest and lowest respectively at locations 7 and 5. Based on Table 4.1, 

the coefficients of variation also range from 2.23 to 7.19.  

Furthermore, the lowest and highest values of wind speed are recorded at 

locations 11 and 5, respectively, with a value of 1.87m/s and 6.16m/s, respectively, 

as shown in Figure 4.1. Additionally, location 5 has the highest annual wind speed 

(i.e. 5.17 m/s) in comparison to the other locations. 
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Table 4.1 

 Descriptive Statistics of Wind Speed Data for the Investigation Period 

 

Location 

Number 

Mean SD CV Min. Max. S K 

1 4.6049 0.1805 3.92 4.2854 5.1048 0.58 0.33 

2 3.964 0.1151 2.9 3.7759 4.2943 0.96 0.9 

3 3.9641 0.1147 2.89 3.7709 4.2957 0.93 0.88 

4 4.7299 0.171 3.61 4.4624 5.1653 0.81 0.3 

5 2.8818 0.2073 7.19 2.6045 3.3957 0.66 -0.35 

6 4.1134 0.1303 3.17 3.9122 4.444 0.91 0.13 

7 5.1663 0.2269 4.39 4.768 5.7092 0.86 0.52 

8 4.6142 0.2109 4.57 4.2785 5.1831 0.97 0.69 

9 4.8441 0.2247 4.64 4.5117 5.4086 0.92 0.31 

10 4.4569 0.1929 4.33 4.1887 4.9288 0.84 0.04 

11 4.1524 0.1505 3.62 3.9144 4.4964 0.66 -0.17 

12 3.9672 0.1035 2.61 3.7262 4.1601 0.14 -0.16 

13 3.9964 0.0889 2.23 3.7498 4.1212 -0.68 -0.16 

14 4.2882 0.1305 3.04 4.0387 4.5212 0.02 -1.02 

15 4.4097 0.1088 2.47 4.1452 4.6134 -0.32 -0.14 

16 4.6621 0.171 3.67 4.2737 4.9758 -0.06 -0.61 

17 4.9694 0.1616 3.25 4.6413 5.2729 -0.15 -0.78 

Min. : Minimum 

Max.: Maximum 

S: Skewness 

K: Kurtosis 
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Figure 4.1 

Average Wind Speed; (a) Annual Wind Speed and (b) Monthly Wind Speed 

Data 
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As mentioned previously, the parameters of the selected distribution models 

were calculated using the maximum-likelihood approach. Also, K-S, A-D, and C-s 

tests were used to find the best distribution function. Generally, the minimum value 

of K-S, A-D, and C-s tests will define the best distribution that fits the wind speed 

data.  

The parameter of the used models and K-S, A-D, and C-s tests are 

summarized as shown in appendix B. Besides, Table 4.2 summarizes the best 

distribution functions that gave the best fit to the actual data. Based on the findings, 

it is observed that Wakeby distribution has the lowest value of K-S, A-D, and C-s, 

which is considered as the best distribution function to analyze the characteristics 

of wind speed for all selected locations.  
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Table 4.2 

The Best Model (Rank #1) For Studying the Characteristics of Wind Speed 

 

Location 

 

Distribution 

function 
Goodness of Fit 

K-S A-D C-S 

1 

Gen. Pareto      - 0.3256        - 

Wakeby 0.10717       -        - 

Weibull      -       - 2.85E-06 

2 

Wakeby 0.12866       -        - 

Wakeby       - 0.26023        - 

Pearson 5       -       -     9.77E-06 

3 

Wakeby       - 0.2426       - 

Wakeby 0.2426       -       - 

Longnormal       -       - 4.6E-06 

4 

Beta       -       - 9.39E-06 

Wakeby       - 0.2567      - 

Dagum (4P) 0.13964      -      - 

5 

Gen.Extreme       - 0.23376      - 

Weibull (3P) 0.14415      -      - 

Log-Logistic       -      - 2.20E-04 

6 

Wakeby 0.13024      -      - 

Wakeby       - 0.31623      - 

Gumbel Min       -      - 4.84E-04 

7 

Gen.Extreme 0.09977      -      - 

Gen. Extreme       - 0.2033      - 

Rayleigh       -      - 5.96E-04 

8 

Gumbel Min 0.13513      -      - 

Wakeby       - 0.24862      - 

Beta       -      - 2.79E-08 

9 

Wakeby 0.13104      -      - 

Wakeby       - 0.34034      - 

Weibull       -      - 4.14E-06 

10 

Wakeby 0.17057      -      - 

Wakeby       - 0.46282      - 

Burr       -      - 0.01582 

9 

Wakeby 0.13104       -        - 

Wakeby        - 0.34034        - 

Weibull        -       - 4.14E-06 

10 

Wakeby 0.17057       -       - 

Wakeby       - 0.46282       -  

Burr       -       - 0.01582 

11 

Wakeby 0.11742       -      - 

Wakeby       - 0.31179      - 

Beta       -       - 1.40E-04 

12 

Wakeby 0.13715       -     - 

Wakeby       - 0.36497     - 

Pareto       -       - 0.02431 
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Table 4.2 (Continued) 

 

Location 

 
Distribution function 

Goodness of Fit 

K-S A-D C-S 

13 

Log-Logistic 0.16815       -     - 

Wakeby       - 0.35794     - 

Exponential       -       - 0.06183 

14 

Cauchy 0.13568       -      - 

Gen. Extreme       - 0.24203      - 

Weibull       -       - 0.00249 

15 

Log-Gamma 0.13893       -      - 

Gen. Extreme        - 0.25506      - 

Weibull        -       - 0.00847 

16 

Log-Logistic 0.13467       -      - 

Wakeby        - 0.21704      - 

Beta        -       - 7.52E-08 

17 

Gen.Extreme 0.12468       -      - 

Wakeby        - 0.2546      - 

Beta        -       - 1.71E-05 
 

 

According to the previous studies, the air density value is assumed to be 

1.23kg/m3. Hence, the average value of WPD is determined by using Eq. (3.8). 

Table 4.3 summarized the value of mean, SD, CV and WPD for the best distribution 

models (Table 5). Based on the results of WPD, ranging from 13.950 W/m2 

(location 5) to 84.459 W/m2 (location 7), consequently, the wind energy potential 

at the selected location is categorized as poor (class 1) (Kassem et al., 2019). The 

buildings can therefore be equipped with a small-scale wind turbine for generating 

electricity from wind energy. 
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Table 4.3 

 Parameter Values of the Best Distribution Functions over the Investigated 

Period at 10 m Height. 

 

No. 
Distribution 

functions 

Parameters 

mean [m/s] SD [m/s] CV S K 
 WPD 

[W/m2] 

#1 

Actual 4.605 0.181 3.920 0.580 0.330 59.809 

Wakeby - - - - - - 

Gen. Pareto 4.605 0.379 0.082 -0.287 -1.173 59.809 

Weibull 4.544 0.445 0.098 -0.723 0.802 57.448 

# 2 

Actual 3.964 0.115 2.900 0.960 0.900 38.151 

Wakeby 3.964 0.275 0.069 0.093 -1.163 38.151 

Wakeby 3.964 0.275 0.069 0.093 -1.163 38.151 

Pearson 5 3.964 0.257 0.065 0.260 0.127 38.151 

#3 

Actual 3.964 0.115 2.890 0.930 0.880 38.154 

Wakeby 3.964 0.272 0.069 0.130 -1.142 38.154 

Wakeby 3.964 0.272 0.069 0.130 -1.142 38.154 

Longnormal 3.964 0.252 0.064 0.191 0.065 38.154 

# 4 

Actual 4.730 0.171 3.610 0.810 0.300 64.813 

Beta 4.730 0.393 0.083 -0.009 -1.429 64.813 

Wakeby 4.730 0.404 0.085 0.090 -1.164 64.813 

Dagum (4P) 4.758 0.466 0.098 1.673 12.553 65.967 

# 5 

Actual 2.882 0.207 7.190 0.660 -0.350 14.659 

Weibull (3P) 2.882 0.615 0.213 0.534 0.080 14.654 

Gen.Extreme 2.882 0.676 0.235 0.472 0.203 14.659 

Log-Logistic 2.835 0.812 0.286 1.569 8.526 13.950 

#6 

Actual 4.113 0.130 3.170 0.910 0.130 42.629 

Wakeby 4.113 0.293 0.071 -0.495 -1.023 42.629 

Wakeby 4.113 0.293 0.071 -0.495 -1.023 42.629 

Gumbel Min 4.113 0.283 0.069 -1.140 2.400 42.629 

# 7 

Actual 5.166 0.227 4.390 0.860 0.520 84.459 

Gen.Extreme 5.166 0.540 0.104 -0.667 0.315 84.459 

Gen. Extreme  5.166 0.540 0.104 -0.667 0.315 84.459 

Rayleigh 5.166 2.701 0.523 0.631 0.245 84.459 

# 8 

Actual 4.614 0.211 4.570 0.970 0.690 60.172 

Gumbel Min 4.614 0.451 0.098 -1.140 2.400 60.172 

Wakeby - - - - - - 

Beta 4.614 0.451 0.098 -0.019 -1.266 60.172 
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Table 4.3 (Continued) 

 

No. 
Distribution 

functions 

Parameters 

mean 

[m/s] 
SD [m/s] CV S K 

WPD 

[W/m2] 

# 9 

Actual 4.844 0.225 4.640 0.920 0.310 69.622 

Wakeby 4.844 0.614 0.127 -0.428 -1.083 69.622 

Wakeby 4.844 0.614 0.127 -0.428 -1.083 69.622 

Weibull 4.760 0.720 0.151 -0.523 0.306 66.050 

#10 

Actual 4.457 0.193 4.330 0.840 0.040 54.226 

Wakeby 4.457 0.650 0.146 -0.072 -1.213 54.226 

Wakeby 4.457 0.650 0.146 -0.072 -1.213 54.226 

Burr 4.466 0.617 0.138 -0.569 0.408 54.558 

#11 

Actual 4.152 0.151 3.620 0.660 -0.170 43.853 

Wakeby 4.152 0.722 0.174 0.126 -1.144 43.853 

Wakeby 4.152 0.722 0.174 0.126 -1.144 43.853 

Beta 4.152 0.703 0.169 0.050 -1.553 43.853 

#12 

Actual 3.967 0.104 2.610 0.140 -0.160 38.244 

Wakeby 3.967 0.747 0.188 0.455 -0.790 38.244 

Wakeby 3.967 0.747 0.188 0.455 -0.790 38.244 

Pareto 4.032 1.264 0.313 5.841 217.230 40.148 

#13 

Actual 3.996 0.089 2.230 -0.680 -0.160 39.094 

Log-Logistic 3.944 0.901 0.228 1.190 5.089 37.577 

Wakeby 3.996 0.740 0.185 0.391 -0.883 39.094 

Exponential 3.996 3.996 1.000 2.000 6.000 39.094 

# 14 

Actual 4.288 0.131 3.040 0.020 -1.020 48.298 

Cauchy - - - - - - 

Gen. Extreme 4.288 0.752 0.175 -0.601 0.190 48.298 

Weibull 4.187 0.849 0.203 -0.343 -0.009 44.962 

# 15 

Actual 4.410 0.109 2.470 -0.320 -0.140 52.521 

Log-Gamma 4.416 0.751 0.170 0.763 1.101 52.761 

Gen. Extreme 4.410 0.745 0.169 0.000 -0.283 52.521 

Weibull 4.299 0.796 0.185 -0.403 0.083 48.657 

#16 

Actual 4.662 0.171 3.670 -0.060 -0.610 62.066 

Log-Logistic 4.567 0.930 0.204 1.043 4.111 58.352 

Wakeby 3.496 0.856 0.184 0.681 -0.361 26.162 

Beta 4.662 0.820 0.176 0.367 -1.255 62.066 

# 17 

Actual 4.969 0.162 3.250 -0.150 -0.780 75.165 

Gen.Extreme 4.969 0.804 0.162 0.023 -0.277 75.165 

Wakeby 4.969 0.790 0.159 0.026 -1.192 75.165 

Beta 4.969 0.768 0.155 0.089 -1.483 75.165 
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Solar energy characteristics 

 
The amount of solar radiation, such as Global horizontal irradiation (GHI) 

and direct normal irradiation (DNI), and air temperature (AT) are important factors 

in evaluating the performance of PV systems. Based on the value of GHI and DNI, 

the solar resource at a specific location is categorized in Table 4.4. 

 
 

Table 4.4 

Classification of Solar Energy 

 

Class Annual GHI [kWh/m2] 

1 (Poor) <1191.8 

2 (marginal) 1191.8-1419.7 

3 (fair) 1419.7-1641.8 

4 (good) 1641.8-1843.8 

5 (excellent) 1843.8-2035.9 

6 (outstanding) 2035.9-2221.8 

7 (superb) >2221.8 

Class Annual DNI [kWh/m2] 

1 (Poor) <936.9 

2 (marginal) 936.9-1255.7 

3 (fair) 1255.7-1546.8 

4 (good) 1546.8-1840.9 

5 (execllent) 1840.9-2149.9 

6 (outstanding) 2149.9-2533.7 

7 (superb) >2533.7 

 

 

Tables 4.5 and 4.6 summarize the average monthly of GHI and DNI for all 

selected locations. It is found that the monthly GHI values are varied from 

2189kWh/m2 to 2421 kWh/m2. It is observed that locations 2 and 16 have the 

maximum and minimum value of GHI and DNI with a value of 2412 kWh/m2 and 

2594 kWh/m2 and 2189 and 1943 kWh/m2, respectively.  

Moreover, as indicated in Tables 8 and 9, the solar resources in the selected 

sites are classed as good, exceptional, or terrific potential classes. The solar resource 

in location 2 and location 7 were classified as superb (class 7). As a result of the 

high GHI and DNI values, it is concluded that the selected locations are suitable for 

establishing large-scale or small-scale solar systems. As a result, Solar PV/flat-plate 

and CSP systems are suitable for installation in all of the specified regions. 
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Moreover, location 17 and location 1 had the maximum and minimum AT values 

of 32.47 and 28.35 °C, respectively, as shown in Table 4.7. 

 

Table 4.5 

Value of GHI for All Locations 

 

Month 
Location 

#1 #2 #3 #4 #5 #6 #7 #8 #9 

1 151 152 152 149 146 144 145 148 151 

2 164 165 164 162 160 159 160 163 165 

3 214 215 215 211 210 210 210 212 214 

4 228 228 228 227 226 224 223 223 223 

5 242 243 243 242 242 238 238 237 235 

6 244 244 244 242 239 236 236 235 231 

7 246 246 246 243 241 236 234 233 229 

8 232 233 232 230 227 225 223 223 220 

9 211 211 211 210 209 207 206 206 205 

10 188 188 188 186 186 186 186 187 188 

11 154 154 153 151 149 148 150 153 155 

12 144 143 143 138 136 135 138 142 144 

Annual 2418 2421 2420 2393 2372 2347 2348 2363 2359 

Classification 
Class 

6 

Class 

6 

Class 

6 

Class 

6 

Class 

6 

Class 

6 

Class 

6 

Class 

6 

Class  

6 

Month 
Location 

#10 #11 #12 #13 #14 #15 #16 #17  

1 147 149 147 139 135 127 119 131  

2 162 164 161 154 148 140 135 147  

3 211 214 215 209 207 200 187 195  

4 219 222 223 219 222 219 213 215  

5 234 235 235 230 233 234 230 225  

6 228 227 224 218 219 220 216 215  

7 225 222 217 210 213 214 212 210  

8 216 214 209 205 206 208 205 204  

9 201 202 202 197 201 203 201 200  

10 186 192 193 189 193 190 191 192  

11 152 157 154 148 148 148 150 153  

12 141 143 140 133 132 126 129 138  

Annual 2321 2340 2320 2253 2257 2229 2189 2224  

Classification 
Class 

6 

Class 

6 

Class 

6 

Class 

6 

Class 

6 

Class 

6 

Class 

6 

Class 

6 
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Table 4.6 

 Value of DNI for All Locations 

 

Month 
Location 

#1 #2 #3 #4 #5 #6 #7 #8 #9 

1 197 196 197 186 174 170 172 177 182 

2 197 198 196 189 182 176 178 183 187 

3 237 238 236 229 223 221 221 226 226 

4 227 229 230 228 224 215 214 216 215 

5 223 225 227 225 222 212 211 210 208 

6 236 237 237 233 223 214 211 210 201 

7 235 236 236 229 220 208 202 201 192 

8 215 216 214 210 202 195 189 191 184 

9 216 217 216 212 206 202 198 197 192 

10 209 209 208 201 200 197 197 199 199 

11 200 197 194 186 177 175 181 186 187 

12 200 197 195 180 170 167 173 182 183 

Annual 2592 2594 2587 2508 2423 2351 2347 2379 2357 

Classification 
Class 

7 

Class 

7 

Class 

7 

Class 

6 

Class 

6 

Class 

6 

Class 

6 

Class 

6 

Class  

6 

Month 
Location 

#10 #11 #12 #13 #14 #15 #16 #17 
 

1 177 170 159 149 128 116 105 130 
 

2 188 180 174 164 142 127 120 144 
 

3 231 224 222 220 203 191 167 185 
 

4 221 213 216 218 211 209 193 204 
 

5 219 206 209 211 206 212 203 201 
 

6 208 193 186 186 177 184 175 180 
 

7 197 177 167 165 159 165 162 166 
 

8 186 169 160 161 152 158 153 157 
 

9 193 184 181 180 176 182 178 180 
 

10 202 203 204 204 198 193 195 203 
 

11 185 184 174 167 154 154 160 171 
 

12 181 173 162 152 137 126 134 156 
 

Annual 2389 2277 2214 2176 2045 2017 1943 2076 
 

Classification 
Class 

6 

Class 

6 

Class 

6 

Class 

6 

Class 

5 

Class 

5 

Class 

5 

Class  

5 
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Table 4.7 

Value of Average Temperatures for All Selected Locations 

 

Month 
Location 

#1 #2 #3 #4 #5 #6 #7 #8 #9 

1 20.23 20.27 20.27 21.68 21.92 21.94 22.01 22.49 23.18 

2 21.92 21.94 21.94 23.01 23.33 23.35 23.38 23.73 24.18 

3 24.58 24.59 24.59 24.93 25.7 25.71 25.76 25.81 26.18 

4 27.66 27.66 27.66 27.66 28.76 28.78 28.79 28.78 28.86 

5 31.09 31.09 31.09 30.48 32.05 32.06 32.08 32.21 32.51 

6 33.83 33.83 33.83 33.08 34.83 34.83 34.83 35.08 35.73 

7 35.23 35.23 35.23 34.59 36.06 36.07 36.08 36.36 36.86 

8 35.64 35.65 35.65 34.83 36.55 36.58 36.58 36.73 37.38 

9 32.97 32.98 32.98 32.73 33.99 34 34.05 34.27 34.92 

10 29.43 29.45 29.45 29.93 31.02 31.02 31.05 31.05 31.06 

11 25.73 25.77 25.77 26.7 27.32 27.33 27.39 27.48 27.89 

12 21.93 21.97 21.97 23.61 23.74 23.77 23.84 24.26 24.91 

Annual 28.35 28.37 28.37 28.6 29.6 29.62 29.65 29.85 30.3 

Month 
Location 

#10 #11 #12 #13 #14 #15 #16 #17 
 

1 23.28 23.35 23.66 24.67 24.64 24.67 24.64 25.64 
 

2 24.54 24.57 24.61 25.62 25.61 25.38 25.34 26.15 
 

3 26.4 26.45 26.25 27.1 27.1 27.09 27.09 27.68 
 

4 29.11 29.13 28.69 29.08 29.08 29.79 29.75 30.28 
 

5 32.9 32.92 32.35 32.34 32.33 32.83 32.83 33.66 
 

6 36.48 36.51 36.05 36.47 36.47 36.3 36.28 37.66 
 

7 38.39 38.45 37.89 38.38 38.36 37.7 37.66 40.21 
 

8 39.03 39.08 38.65 39.2 39.18 38.16 38.12 40.68 
 

9 35.52 35.54 35.09 35.64 35.64 35.4 35.39 37.22 
 

10 31.26 31.29 30.79 31.69 31.69 31.67 31.67 33.27 
 

11 27.65 27.69 27.51 28.56 28.54 28.66 28.64 29.91 
 

12 24.77 24.83 24.98 25.93 25.9 25.98 25.98 27.32 
 

Annual 30.78 30.82 30.54 31.22 31.21 31.13 31.12 32.47 
 

 
 

 

Economic analysis 

 
The economic validity of wind and solar systems is examined in this section. 

On the basis of recent market data in the country and cost prices in the literature, it 

has been estimated that both systems will cost around USD 3300. 

As mentioned previously, low-cut-in wind turbines are being considered as 

one of the most attractive approaches to reducing electricity crises, and they can be 

installed on the roofs of buildings. In this study, a comparison of different types of 

wind turbines was conducted before selecting the selected turbine. In this research, 
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ten small vertical axis wind turbines are being tested. Table 4.8 summarizes the 

characteristics of the selected wind turbines.  

A typical household area in this study ranges from 400m2 to 600m2, while 

the average number of floors varies between 2 and 6. Hence, assume that the 

selected building consists of two floors, i.e. the household's height is about 10 

meters. All models are shown in Figure 5 with the annual output energy, the 

capacity factor, and the energy unit cost per kWh based on the PVC method. 

The wind turbine model of #9, with its annual output of 158.50 kWh, and 

the wind turbine model of #1, with its annual output of 29063.93 kWh, respectively, 

achieve the highest and lowest values of annual energy output. In addition, as 

illustrated in Figure 4.2, the maximum capacity factor is 58.10% with model #2. 

It is important to estimate the cost of energy ($/kWh) prior to determining 

which model is the most suitable. 

Because of the difficulty of gathering precise information about wind 

turbine costs, the literature was consulted to get a sense of wind turbine costs. A 

cost comparison was conducted with the other selected turbines for the investigated 

locations and found that model #9 (Vertical Axis Wind Generator-V) has the lowest 

cost value. 
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Table 4.8 

Specifications of Small-Scale Vertical Wind Turbines 

 

Model No. #1 #2 #3 

Model WS-4B & 4C  

1-2 kW 

3000W Vertical 

Axis Wind 

Turbine 

10kw H-Type 

Vertical Axis Wind  

Rated power 

[kW] 

1 kW 3kw 10kw 

Rated wind 

speed [m/s] 

18 m/s 9.0m/s 12m/s 

Cut-in wind 

speed [m/s] 

2 m/s 1.0m/s 2.5m/s 

Model No. #4 #5 #6 

Model 1kw AC 

Three-Phase 

Vertical 

2kw AC Three-

Phase Vertical 

3 kW AC Three-

Phase Vertical 

Rated power 

[kW] 

1kw 2kw 3kw 

Rated wind 

speed [m/s] 

12m/s 12m/s 12m/s 

Cut-in wind 

speed [m/s] 

2m/s 2m/s 2m/s 

Model No. #7 #8 #9 

Model 5kw AC 

Three-Phase 

Vertical 

10kW AC 

Three-Phase 

Vertical 

Vertical Axis Wind 

Generator  V 

Rated power 

[kW] 

5kw 10kw 5KW 

Rated wind 

speed [m/s] 

12m/s 12m/s 10m/s 

Cut-in wind 

speed [m/s] 

2m/s 2.5m/s 2.5m/s 

Model No. #10 
  

Model AC-120V 5kw 

Vertical Axis 

Wind  

Rated power 

[kW] 

5 kw 
  

Rated wind 

speed [m/s] 

12m/s 
  

Cut-in wind 

speed [m/s] 

2m/s 
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Figure 4.2 

Annual Output Energy, the Capacity Factor, and Energy Production Cost 

for All Locations 
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Moreover, by using a grid-connected system, residential electricity users can 

reduce their electricity consumption and dependence on utility power, while 

generating more electricity through renewable energy sources like solar energy. The 

findings of the literature review reveal a clear lack of proposed solar PV systems 

for households living in Sudan.  

SUNTECH-450 Watt, a grid-connected PV system manufactured by 

Suntech Power, was selected for the proposed small-scale system. Considering its 

efficiency and availability, it was chosen for this study. Table 4.9 summarizes the 

specification of the selected module.  

The total number of modules and the area required for the proposed system 

is 12 modules and 27m2. The proposed PV system is equipped with a 5kW, 93% 

efficient, and directly connected to the grid through an inverter (Kassem et. al 2021). 

 

 

Table 4.9 

 PV Module Specification 

 

Item Specification 

Manufacturer Suntech Power (China) 

Model STPXXXS-B72/Vnh 

Nominal power [W] 450 W 

Open-circuit voltage [V] 49.2 V 

Short-circuit current [A] 11.61 A 

Maximum system voltage 1500 V DC (IEC) 

Maximum series fuse rating 20 A 

Module area [m2] 2.18 

Efficiency [%] 20.7% 

Warranty [Year] 25-year  

Cost [USD] 210  

 

 

According to the literature, PVGIS (Photovoltaic Geographical Information 

System) simulation tools can provide optimal orientation angles (tilt and azimuth). 

In PVGIS, the best azimuth and slope angles were found to be 35° and 0° 

respectively. As Mehmood et al. (2014) and Khandelwal and Shrivastava (2017) 

indicate, solar radiation and the number of clear sunny days have the greatest impact 

on the annual energy and capacity factor of PV systems. Consequently, the 
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economic feasibility of the developed system was investigated using RETScreen 

software.  

Table 4.10 shows the performance of the 5kW grid-connected solar system 

including the annual Electricity Exported to the grid (AEEG) in kWh, capacity 

factor (CF) in %, simple payback (EP) in year, equity payback (EP) in year, net 

present value (NPV) in USD, annual life cycle savings (ALCS) in USD/year, energy 

production cost (EPC) in USD/kWh, gross annual GHG emission reduction (GAER 

GHG) in tCO2, GHG reduction cost (GHG RC) in tCO2/USD, Car and light trucks 

not used (CALTNU) in tCO2, Litters of gasoline not consumed (LOGNC) in tCO2, 

Barrels of crude oil not consumed  (BOCONC) in tCO2, People reducing energy 

use by 20% (PREUB) in tCO2, Acres of forest absorbing carbon  (AOFAC) in 

tCO2, Hectares of forest absorbing carbon (HOFAC) and Tons of waste recycled 

(TOWR) in tCO2. It is found that the value of EG is within the range of 6648-

15533kWh for the proposed system. The highest value of EG is found in Location 

14, while the lowest value is found in Location 17.  

Furthermore, as indicated in Table 4.11, the CF values among both systems 

range from 16.63 % up to 20.14 %. These findings can be backed up by other 

scientific researchers who investigated the possibility of a grid-connected PV 

system. For example, Kazem and Khatib (2012) discovered that the projected 

Photovoltaic system in Oman had a CF of 16-23 %. Obeng et al. (2020) also 

discovered that the CF of grid-connected PV systems using various technologies 

ranged from 15.37 % up to 15.75. 

Furthermore, Mohammadi et al. (2018) discovered that the CF of grid-

connected Photovoltaic systems with various sun-tracking modes ranged from 

17.54 to 27.42 %. As a result, the value obtained from the current investigation for 

each location can be determined to be compatible with acceptable values.  

As a result, installing a grid-connected rooftop PV system throughout the 

Red Sea state's 17 locations is technically feasible. 

Furthermore, the economic and environmental elements are estimated to 

assess the effectiveness of the aforementioned proposed systems. Financial metrics 

such as inflation rate (10.13%), discount rate (12.68%), reinvestment rate (16.01%), 

debt ratio (70%), and debt interest rate (5.88%) are used as input variables in this 

study. Table 4.11 summarizes the major findings of the designed system's economic 

performance of a 5kW grid-connected rooftop PV system.  
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The acquired results revealed that the suggested systems had a positive net 

present value, indicating that the project is viable. According to Owolabi et al.  

(2019) and Mohammadi et al. (2019), it must be fiscally and economically 

feasible (2018). Furthermore, based on the internal rate of return, which is a measure 

of a project's profitability, the proposed projects in the selected sites are deemed to 

be economically viable (Owolabi et al. 2019, Rehman et al. 2017). Furthermore, the 

equity payback (EP) and simple payback (SP) periods are between 1.4 and 2.0 years 

and 3.7 and 5.0 years, respectively. These findings suggest that photovoltaic 

systems in all regions are financially viable.   

Moreover, the Emission Analysis Worksheet is used to measure the 

reduction of greenhouse gas (GHG) emissions resulting from the solar PV system. 

In addition, it is utilized to estimate the revenue that may occur from the sales of 

the GHG reduction emission as shown in Table 4.10. 

Furthermore, the electricity production cost (EPC) varies between 0.036 

USD/kWh and 0.049 USD/KWh. In comparison with the literature (Adaramola 

(2015), Sinha and Chandel (2016), Bahrami et al. (2017), Hammad et al. (2017), 

Bhakta and Mukherjee (2017), Talavera et al. (2019), Fakher Alfahed et al. (2019), 

Martinopoulos (2020), Tarigan (2020), Abada et al. (2020), Kassem et al. (2019), 

Kassem et al. (2020a), Çamur et al. (2021), Current study). 

The EPC values of the suggested systems are determined to be within the 

range of the literature's highest (3.165$/kWh) and lowest (0.0199$/kWh) LCOE 

values. It has been observed that the established systems provide a very great insight 

into the project's financial viability for all regions.  

Moreover, the acquired findings revealed that the suggested 5kW 

Photovoltaic power system may be developed at a reasonable cost due to the good 

economic results. 
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Table 4.11 

 Financial Parameters Performance of 5kW Grid-Connected Of Solar System 

 

Parameter  
Location 

1 

Location 

2 

Location 

3 

Location 

4 

Location 

5 

Location 

6 

AEEG 9014 9014 8989 8988 8962 8959 

CF 19.10 19.10 18.76 18.76 19.00 19.00 

SP 3.7 3.7 3.7 3.7 3.7 3.7 

EP 1.4 1.4 1.4 1.4 1.4 1.4 

NPV 5332 5485 5454 5331 5432 5429 

ALCS 712 729 728 712 725 725 

ENC 0.038 0.036 0.036 0.038 0.036 0.036 

GAER GHG 1.8 1.8 1.8 1.8 1.8 1.8 

GHG RC  -387 -396 -396 -387 -396 -396 

CALTNU 0.3 0.3 0.3 0.3 0.3 0.3 

LOGNC 789.8 790.1 789.7 789.6 787.5 787.2 

BOCONC 4.3 4.3 4.3 4.3 4.3 4.3 

PREUB 1.8 1.8 1.8 1.8 1.8 1.8 

AOFAC 0.4 0.4 0.4 0.4 0.4 0.4 

HOFAC 0.2 0.2 0.2 0.2 0.2 0.2 

TOWR 0.6 0.6 0.6 0.6 0.6 0.6 

Parameter  
Location 

7 

Location 

8 

Location 

9 

Location 

10 

Location 

11 

Location 

12 

AEEG 8953 8737 8696 8644 8329 8284 

CF 19.00 18.95 18.85 18.80 18.70 18.65 

SP 3.7 3.8 3.8 3.8 4 4 

EP 1.4 1.4 1.5 1.4 1.5 1.5 

NPV 5421 5234 5074 5152 4876 4837 

ALCS 724 699 678 688 651 646 

ENC 0.036 0.037 0.039 0.037 0.039 0.039 

GAER GHG 1.8 1.8 1.8 1.8 1.7 1.7 

GHG RC  -396 -391 -381 -389 -382 -381 

CALTNU 0.3 0.3 0.3 0.3 0.3 0.3 

LOGNC 786.4 767.6 763.8 759.4 731.8 727.8 

BOCONC 4.3 4.2 4.1 4.1 4 3.9 

PREUB 1.8 1.8 1.8 1.8 1.7 1.7 

AOFAC 0.4 0.4 0.4 0.4 0.4 0.4 

HOFAC 0.2 0.2 0.2 0.2 0.2 0.2 

TOWR 0.6 0.6 0.6 0.6 0.6 0.6 

Parameter  
Location 

13 

Location 

14 

Location 

15 

Location 

16 

Location 

17 
 

AEEG 8243 15533 6689 6671 6648  

CF 18.56 20.14 17.56 17.42 16.63  

SP 4 3.8 4.9 4.9 5  

EP 1.5 1.4 2 2 2  

NPV 4801 5242 3439 3423 3406  

ALCS 641 700 459 457 455  

ENC 0.039 0.037 0.048 0.048 0.049  

GAER GHG 1.7 1.8 1.4 1.4 1.4  

GHG RC  -380 -391 -336 -335 -335  

CALTNU 0.3 0.3 0.3 0.2 0.2  

LOGNC 724.2 768.4 587.5 586 584.2  

BOCONC 3.9 4.2 3.2 3.2 3.2  

PREUB 1.7 1.8 1.4 1.4 1.4  

AOFAC 0.4 0.4 0.3 0.3 0.3  

HOFAC 0.2 0.2 0.1 0.1 0.1  

TOWR 0.6 0.6 0.5 0.5 0.5  
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Table 4.12 

Electricity Tariffs in the Sudan and Electricity Production Cost Wind and 

Solar Systems 

 

Power 

generation  

User type Tariff 

(US$c/kWh) 

Comments 

Grid Residential and agricultural  1.8 For 0-100kWh 

2.3 For 100-200 kWh 

2.7 Above 200 kWh, for each 

3.80kWh 

Industrial 5.4 Flat rate 

Commercial 3.6 Flat rate 

Wind system Residential, agricultural, 

Industrial and Commercial 

87.03-10.25  Flat rate and depends on 

the location 

Solar system Residential, agricultural, 

Industrial and Commercial 

36.00-49.00 Flat rate and depends on 

the location 
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CHAPTER V 

 
 

Conclusion and Recommendations 
 
 

This study investigated the potential and validity of grid-connected wind 

and PV systems in the Red Sea state in Sudan.  For wind energy potential, it was 

investigated how well 37 distribution functions predicted wind speed characteristics 

at various locations. The distribution parameters were calculated using the 

maximum likelihood method. Moreover, the power-law model and present value 

cost method were used.  For solar energy potential, the annual value of global solar 

radiation and direct normal radiation were calculated to classify the solar resource 

in the selected locations. Additionally, the feasibility of a small-scale PV system 

was evaluated using RETScreen software. In the end, it conclude that:  

•        The lowest value, based on the goodnesfit, the lowest value was  

          Obtained by Wakeby model.  

• Rooftop wind turbines are regarded as a good option for producing  

           Electricity from the wind for buildings that have low cut-in points,  

           Primarily because they have low wind power densities. 

• The selected areas are appropriate for installing large-scale/small-  

           Scale solar systems.  

• The annual electrical energy from wind turbines and solar energy is  

           Within the range of 158.50-29063.93kWh and 6648-15533 kWh,  

           Respectively, which help to reduce GHG emissions.  

• The results showed that model #9 (Vertical Axis Wind Generator- 

           V) With a capacity of 5kW has the lowest EPC value, ranging from  

            0.08703 to 0.01025 $/kWh, compared to the other selected  

            Turbines.  Furthermore, PV systems had cost estimates ranging  

            From 0.036 to 0.049 $/kWh on average. As a whole, the proposed  

            Systems provide more energy for the same price as those offered    

            By electricity companies. 

However, the utilization of small-scale renewable energy systems will help 

reduce the dependency on fossil fuel, the effect of global warming, and enhance the 

sustainable technological development of the country. 

Finally, the results of this paper demonstrate that a small-scale grid-

connected rooftop wind and PV system in the Red seas state can solve the electricity 
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crisis, reduce the consumption of fossil fuel and environmental pollution by 

minimizing the emission of CO2. Investing in the energy and building sectors can 

benefit from the findings of this research, as can speeding up the transition towards 

a more sustainable future. 

 

Limitations and Future work 

 
In this study, it is essential to acknowledge the limitations of this work. First, 

the financial parameters were assumed based on historical values in the literature. 

Second, the influence of various parameters such as dust, irradiation intensity, air 

temperature, and relative humidity was neglected due to the limitation of 

RETScreen software.  

The financial criteria were first assumed based on published historical 

values. Second, because to the limitations of RETScreen software, the impact of 

different characteristics such as dust, irradiation intensity, air temperature, and 

relative humidity was overlooked. 

There was no consideration of land availability in the present study. Future 

studies will determine whether land is available for massive grid-connected PV 

systems as a result of this. Future studies should also examine the impact of 

financial parameters, such as discount rates and inflation rates, on investment. 

Furthermore, the interaction between the distribution grid and the PV system should 

be examined in order to understand the impact of grid-connected PV systems on the 

distribution grid. 
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