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ABSTRACT 

This paper focuses on the development of methodology for the analysis of solar 

energy potential of a particular area for power generation. To achieve this, 

statistical analysis is carried out to determine the frequency distribution that 

best fits solar radiation data of some states in northern Nigeria. The distribution 

functions used include Weibull, Rayleigh, Logistics, Lognormal, Beta, and 

Gamma. The performance of the probability distributions was judged based on 

Kolmogorov-Smirnov, Anderson-Darling, and Chi-Square tests. The goodness 

of fit (GOF) tests shows that the Weibull and Beta distribution fitted the wind 

and solar radiation data. Output of the analyses could use as an input for 

optimum design and operations of solar energy microgrids in the study areas. 
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GENERAL INTRODUCTION 

The global energy demand increased along with the world population and the 

need for higher penetration of the renewable energy increased. Recent 

predictions by the International Energy Agency (IEA) have shown that the 

demand of energy will triple by 2050 [1]. Presently, renewable energy sources 

contribute less 20% of the world energy [2]. Future predictions have shown that 
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the percentage installed capacity of non-fossil energy system will increase to 

44.9 % by 2035.Also, the World Bank and International Energy Agency (IEA) 

have indicated the need to double the global installed energy capacity. This will 

help to meet the demand from the developing countries in the next 40 years. 

Many countries are targeting higher penetration of renewable energy, as a result 

of this by 2050; it is global share would be 15 to 82 % as shown in figure 1.2. 

Denmark generates 39.1% of its overall electricity from cleaner sources and 

targets 50% and 100 % by 2020 and 2050 respectively.  United Kingdom targets 

meeting 15% of the demand by 2020 in which Scottish and Northern Ireland 

Government introduced to achieve 100 % and 40% of renewable energy 

penetrations respectively. Welsh government indicated potentials of generating 

twice the amount of electricity it currently uses from the renewable energy 

sources by 2025. In 2014, Germany generates 26% of the country`s energy from 

the renewable energy sources. Greece presently generates10% of the total 

energy from the renewable sources and Spain targeted 40% penetration of the 

renewable energy by 2020. Ireland has one of the best resources wind and 

targets 40% penetration of the renewable energy resources by 2020. China is 

the global leader in renewable energy in all sense envisages that 15% of its 

energy needs will be from the renewable energy sources by 2050. More 

renewable energy development in Asian can be found in [3] and in Africa in 

[4]. The most widely use renewable energy resource includes wind farm, 

photovoltaic.  
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Figure 1: Electricity generation and future development of non-fossil system. 

 
Figure 2: Future renewable energy predictions [5] 
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It can be observed that the era of generating electricity from centrally large-

scale steam power stations is getting weaker by the day. This is due to the global 

concern about the environment as a result of centralised coal-fired generation. 

Different factors such as emissions, economy and technology are the main 

drivers towards a decentralize power system. This decentralization could be 

achieved with the help of a microgrid. The proposed decentralised system may 

be one of the inputs of achieving the Kyoto agreement of 50% reduction in the 

greenhouse gas emission by 2050. 

Recently, World Energy Council (WEC) has shown that about 1.5 billion people 

are known to have no access to the electricity.  Similarly, about three billion are 

forced to use fuels for their day to day activities [6]. Greater percentages of 

these people are from Sub-Saharan Africa, India and South Asia [7]. Most of 

these people live in the rural area where extending the grid may be challenging. 

People living in the isolated communities/loads are still in search of cost-

effective means of power generation. Therefore, more commitment is of 

paramount importance in order to increase the number of people with electricity 

access across the globe. WEC estimated that, if all the stakeholders are not 

committed there could still be about 880 Million by 2030 and 530 Million 

people by 2050 without electricity. In order to achieve this, the United Nations 

general assembly declared the decade of 2014-2024 as the decade of sustainable 

energy for all [8]. Due to the problems outlined above, the necessities to 

integrate the conventional and non-conventional systems in the form of 

microgrid have increased.  

Definition and Classification of Microgrid 

There are many definitions of the term ‘Microgrid’. It could be defined as an 

electrical network comprising of several distributed sources connecting 

multiple customers with the help of power electronics interfaces. Even though, 

it has been proposed as a solution to these problems, the technology has some 

unsolved problems. Some of the problems associated with microgrids include 

economy and reliability of power supply. It can be developed in many forms. 

Depending on the system configurations, micro-grid could be developed in 

standalone or grid-connected [9]- [10]. On the other hand, microgrids can be 

classified according to the source of energy. That is wind, solar, hydro and some 

cases in hybrid form. Another possibility is to classify microgrid according to 
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power level. In all these, microgrids are site specifics. Some of the possible 

factors that could hinder the operations of renewable energy microgrids include 

weather, renewable energy potentials, hydrology, energy storage system 

demand to mentioned just a few [11]. Therefore, in order to achieved higher 

penetrations at global scale, there is the need for all stakeholders to be 

aggressive [12] , [13]. Furthermore, it has been established in the literature that, 

the first step in the design of renewable energy systems is site renewable energy 

analyses. This step will allow system designers to establish and determine the 

amount of energy that could be obtain when the system is operational. In this 

paper site analyses of some selected locations in northern Nigeria have been 

analyse to determine suitability for development of microgrid in the areas. The 

rest of the paper is organised as follows.  Section 3 introduced the global outlook 

for solar PV systems, while section 4 defines mathematical models used for the 

determination of the output power of solar energy conversion system. In 

addition, sections 5 and 6 presents analysis of solar radiation data and 

conclusion respectively.  

PV Systems global outlook 

PV systems, convert directly the solar radiations into electricity. Some of the 

advantages of this source include inexhaustible, noise free and no rotating parts. 

In line with this development, the global predictions of the PV system have 

shown that 2014 witness an increased in 47 GW with a year-on-year growth 

rate of 24% as shown in figure 1.3 [5]. The actual output of the PV system is 

less than the predicted. Some of the factors responsible for higher penetration 

include a decrease in the cost of the solar panels, feed-in-tariff, investment tax 

credits, subsidies, renewable energy portfolio, financial facilitation, public 

investment, net metering, lower lifetime cost, government policies that actually 

contributes to the business feeling comfortable [14]. 
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Figure 3: World solar energy. 

 

Output Power of Solar energy conversion system  

This section presents the model used for the determination of the output power 

of the photovoltaic system (PV) system. In [15]- [16], many models are 

proposed depending on the application. In this case a model is proposed that 

uses several factors as parts of the input parameters.  The proposed model 

utilized factors such as temperature, number of series and parallel connected 

cells. Also, it operates under standard test condition, light intensity, and the 

ambient temperature [17], [18], [19]. This presentation enables to study the 

effects of other factor that were not analysed in the literature. The models used 

in the analysis are expressed according to the following expressions. Initially 

the short circuit current of the PV module is defined [20]- [21] 

𝐼𝑠𝑐(𝑡) = 𝐼𝑠𝑐𝑜 (
𝐸𝑒(𝑡)

𝐸𝑜
) [1 + 𝛼𝐼𝑠𝑐(𝑇𝑐(𝑡) − 𝑇𝑜)]    (1) 

Other models used in the determination of the PV output power include, 

maximum point current, open circuit voltage and maximum point voltage. 

These are defined in equations (2)-(4). 
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𝑉𝑜𝑐(𝑡) = 𝑉𝑜𝑐+𝑁𝑠𝛿𝑇𝑐(𝑡)ln(𝐸𝑒(𝑡)) + 𝛽𝑉𝑜𝑐𝑜𝐸𝑒(𝑡)(𝑇𝑐(𝑡) − 𝑇𝑜)    (2) 

𝐼𝑚𝑝(𝑡) = 𝐼𝑚𝑝𝑜(𝐶𝑜𝐸𝑒(𝑡) + 𝐶1𝐸𝑒(𝑡)
2)(1 + 𝛼𝐼𝑚𝑝)(𝑇𝑐(𝑡) − 𝑇𝑜)    (3) 

𝑉𝑚𝑝(𝑡) = 𝑉𝑚𝑝+𝐶2𝑁𝑠𝛿𝑇𝑐(𝑡)ln(𝐸𝑒(𝑡)) + 𝐶3𝑁𝑠𝛿𝑇𝑐(𝑡)ln𝐸𝑒(𝑡)
2 +

𝛽𝑉𝑚𝑝𝑜𝐸𝑒(𝑡)(𝑇𝑐(𝑡) − 𝑇𝑜)               (4) 

Since the PV panels cannot use all the wavelengths of light in the solar 

spectrum, effective isolation is utilized in the design and therefore defined in 

equation (5),  

𝐸𝑒(𝑡) =
𝐼𝑠𝑐(𝑡)

𝐼𝑠𝑐𝑜(1+𝛼𝐼𝑠𝑐(𝑇𝑐(𝑡)−𝑇𝑜))
         (5) 

In addition the thermal voltage per cell (𝛿𝑇𝑐(𝑡)) is defined in equation (6). 

𝛿𝑇𝑐(𝑡) =
𝑛𝑘(𝑇𝑐(𝑡)+275.15)

𝑞
         (6) 

Also, the temperature inside each cell (𝑇𝑐(𝑡))is also defined as 

𝑇𝑐(𝑡) = 𝑇𝑎(𝑡) +
𝑁𝐶𝑂𝑇−20

800
𝐸(𝑡)        (7) 

These equations combined together formulate the expression of the output 

power of the SECS as 

𝑃𝑆𝐸𝐶(𝑡) = 𝐼𝑚𝑝(𝑡) ∗ 𝑉𝑚𝑝(𝑡) ∗ 𝑁𝑃𝑉     

 (8) 

Equation (8) enables us to use the number of the PV panels as part of the design 

variable. The output of the SECS is made of a number of the PV panels 

connected in series (𝑁𝑃𝑉.) and parallel (𝑁𝑃𝑉.𝑃). Therefore, the model determines 

the total number of connected PV panels. Depending on the application the PV 

panels may be connected in parallel for higher current or in series for higher 

voltage. Table 1 shows the specifications of different types of PV panels 

available. 

where, 

𝑃𝑆𝐸𝐶 : PV output power 

𝐺𝑆𝑇𝐶: solar radiation at standard test condition  

𝐺𝑐:solar radiation of the operating point 

𝑃𝑆𝑇𝐶  : output power under standard test condition 

𝑇𝑐(𝑡): PVcell temperature 

𝑇𝑎(𝑡): Ambient temperature. 

𝑇𝑜 : reference temperature of the model,  
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𝑁𝐶𝑂𝑇 : nominal cell operating temperature 

𝑘: Boltzmann’s constant, 

𝑛 : empirically determined diode factor for each cell 

𝛼𝐼𝑠𝑐: normalized temperature for 𝐼𝑠𝑐 

𝛽𝑉𝑚𝑝𝑜:temperature coefficient for 𝑉𝑚𝑝 

𝛽𝑉𝑜𝑐𝑜:temperature coefficient for 𝑉𝑜𝑐 

𝐶0𝐶1: empirically determined coefficient  relating 𝐼𝑚𝑝 

𝐶2𝐶3:empirically determined coefficient  relating 𝑉𝑚𝑝 

 

Table 1: Specification of different PV models [21]- [22] 

Component AP1

20 

ASE

300 

KC1

20 

SAP

C165 

Cost ($) 630 1830 685 1300 

Area (m2) 0.98   2.4

3 

 0.93   

Number of cell connected in series Ns  72  36 36 36 

Number of cell connected in parallel Np  1  6 1 1 

short circuit current (A) 5.46 19.1 7.7 7.45 

open circuit voltage (V)  43.1 21.1 21 21.5 

current at maximum point (A)   4.77 17.4 7.2 7.1 

voltage at maximum point  (V)  34.6 17.2 16.9 16.9 

Normalised temperature coefficient for 

short circuit current oC+1 

 0.00

079 

0.00

09 

0.00

03 

0.000

4 

normalised temperature for current at 

maximum point oC-1 

 -

0.000

01 

0.00

04 

-

0.00

05 

-

0.000

6 

temperature coefficient at STC for open 

circuit voltage (V/ oC) 

 -

0.171 

-

0.07

56 

-

0.08

4 

-

0.089 

temperature coefficient at STC for  voltage 

a MPPT (V/ oC) 

 -

0.178 

 -

0.07

93 

-

0.08

4 

-

0.091 

diode factor of cell n  1.48

6 

 1.28

8 

1.40

4 

1.36 
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empirical coefficient relating between 

current at MPPT and isolation Co 

 0.98

8 

0.99

4 

0.99

7 

1.01 

empirical coefficient relating open circuit at 

MPPT and isolation C1 

 -

0.012 

0.00

6 

0.00

3 

-0.01 

empirical coefficient relating voltage at 

MPPT to isolation C2 

 0.20

456 

0.00

63 

-

0.17

75 

0.028

9 

empirical coefficient relating voltage at 

MPPT to isolation C3 (V-1) 

 -

5.478

8 

-

7.69

01 

-

11.0

652 

-

5.979

1 

 

Analyses of solar radiation 

This section explains the procedure used for the analysis of the solar-energy 

potentials. The probability distribution functions and the goodness of fit tests 

used in the analysis of solar-radiation data are discussed. Finally, the results are 

presented, accordingly followed by general discussion. 

Lognormal distribution 

The lognormal distribution is a probability density function of a random 

variable that has a logarithm that is normally distributed with mean 𝜇 and 

standard deviation𝜎. The lognormal distribution can be applied once the natural 

log transformation results in a normal distribution [23]. Mathematically, the 

corresponding density function of 𝑋 is defined in Equation (9). 

𝑓(𝑋, 𝜎, 𝜇) = {
1

√2𝜋𝜎x
𝐸𝑋𝑃 −

1

2𝜎2
[𝐼𝑛(𝑋) − 𝜇]2

0, 𝑒𝑙𝑠𝑒𝑤ℎ𝑒𝑟𝑒, 𝑋 < 0
}                                                 (9) 

The mean and variance of this distribution is given in Equations (10) and (11) 

respectively. 

𝜇 = 𝑒𝜇+
𝜎2

2                                                               (10) 

and 

𝜎2 = 𝑒2𝜇+𝜎
2
(𝑒𝜎

2
− 1)                                                        (11) 
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Beta distribution 

The beta distribution function is usually used to model the uncertainty of some 

event with parameters α > 0𝑎𝑛𝑑𝛽 > 0. The corresponding density function is 

defined in Equation (12) [24] 

𝑓(𝑥) =
Γ(α+β)

Γ(α)Γ(β)
𝑥α−1(1 − 𝑥)β−1  𝑓𝑜𝑟0 ≤ 𝑥 ≤ 1                             (12) 

the mean of this distribution is given by 

𝐸(𝑋) = 𝜇 =
𝛼

𝛼+𝛽
                                        (13) 

and the variance is defined in Equation (2.32) 

𝑉𝑎𝑟(𝑋) =
𝛼𝛽

(𝛼+𝛽)2(𝛼+𝛽+1)
                                     (14) 

Logistic distribution 

A logistic distribution has a curve that is symmetrical about the mean of the data 

and is defined mathematically as [24].  

𝑔(𝑥)
𝑒𝑥𝑝[−

(𝑥−𝑥)̅̅ ̅
𝛼⁄ ]

𝛼{1+𝑒𝑥𝑝[
(𝑥−𝑥)̅̅ ̅

𝛼⁄ ]}2
                                    (15) 

𝛼 is the scale parameter of the distribution calculated using the Equation (16), 

𝛼 =
√3𝜎

𝜋
                                                 (16) 

 

Goodness of fit test. 

Different goodness of fit tests are used to check how well the proposed 

probability distribution functions fit the site solar radiation. The tests used 

include Kolmogorov-Smirnov, Anderson-Darling and chi-square tests [25].  

Kolmogorov-Smirnov test 

This test is used to decide if a sample comes from a continuous distribution. It 

is based on the empirical cumulative distribution function (ECDF). 

Mathematically, it is assumed that the sample consists of 𝑥1, 𝑥2, − − −𝑥𝑛 from 

the same distribution of cumulative distribution function (𝐹(𝑋). The ECDF is 

defined as 

𝐹𝑛(𝑥) =
1

𝑛
[𝑛𝑢𝑚𝑏𝑒𝑟𝑜𝑓𝑜𝑏𝑠𝑒𝑟𝑎𝑡𝑖𝑜𝑛 ≤ (𝑥)]                                (17) 

Kolmogorov-Smirnov statistics (𝐷) are based on the largest vertical difference 

between the theoretical and the ECDF. Its mathematical expression is given in 

Equation (18) 
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𝐷 = max
1≤𝑖≤𝑛

[(𝐹(𝑥𝑖) −
𝑖−1

𝑛
,
𝑖

𝑛
− 𝐹(𝑥𝑖)]                                           (18) 

 

Anderson-Darling test. 

This procedure is a general test to compare the fit of an observed cumulative 

distribution function to an expected cumulative distribution function. The test 

gives more weight to the tail than Kolmogorov-Smirnov statistics. The 

Anderson-Darling test (𝐴2) is defined as 

𝐴2 = −𝑛 −
1

𝑛
∑ (2𝑖 − 1) × [𝑖𝑛𝐹(𝑥𝑖) + 𝑖𝑛(1 − 𝐹(𝑥𝑛−𝑖+1)
𝑛
𝑖                                

(19) 

Chi-square test. 

This test is applied to a sample in order to ascertain whether the sample comes 

from a specific probability distribution. The statistical definition of a chi-square 

test is given by 

𝑋2 = ∑
(𝑂𝑖−𝐸𝑖)

2

𝐸𝑖

𝑘
𝑖=1                                                     (20) 

where 𝑂𝑖 is the observed frequency and 𝐸𝑖 is the expected frequency for the bin 

𝑖 defined in Equation (21) 

𝐸𝑖 = 𝐹(𝑥2) − 𝐹(𝑥1)                                                 

(21) 

where 𝐹 denotes the cumulative distribution function of the distribution being 

tested, and 𝑥1 and 𝑥2 are the upper and lower limits for bin 𝑖. Application of the 

proposed procedure is tested on the solar-radiation data for the sites under 

consideration. The results obtained are presented in table 2 and Figures 4-8.  

 

Table: Statistical parameters of some selected sites   
JOS kaduna Kano Katsina Lafiya 

Beta   a1 2.5852   5.8699   4.2664   25.767  12.897   

a2 1.6078 2.5923 2.4106 5.8269 14.052 

A 8.6254   2.7209   8.4808   -22.629   -1.3778   

B 28.752 29.492 30.404 32.519 43.327 

Gamma a 23.032   28.217  33.893   35.555   22.33   

b 0.91418 0.75422 0.66393 0.62855 0.89625 

Logistic s 2.4188   2.2089   2.131   2.0663   2.335   

m 21.055 21.282 22.502 22.348 20.013 
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Lognormal s 0.22437   0.20568  0.18283   0.18605   0.22253   

m 3.0233 3.0381 3.0977 3.0908 2.9728 

Weibull a 5.5198   6.048   6.8075   6.6409   5.5624   

b 22.779 22.911 24.063 23.948 21.63 

 

 
Figure 4: Annual average solar radiation of Jos 
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Figure 5: Annual average solar radiation of Kaduna 

 
Figure 6: Annual average solar radiation of Kano 
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Figure 7: Annual average solar radiation of Katsina 

Probability Density Function

Histogram Beta Gamma Logistic Lognormal Weibull

x
30282624222018161412108

f(
x
)

0.32

0.28

0.24

0.2

0.16

0.12

0.08

0.04

0



 

 

          International Journal of Engineering and Technology Research  

                     Published by Cambridge Research and Publications 

 

                                                                  IJETR ISSN-2329-7309 (Print) 

 

 

36 

Vol. 21 No.5 

June, 2021. 

 
Figure 8 : Annual average solar radiation of Lafia 

 
Figure 9: Zonal solar Radiation Map of Nigeria 
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GENERAL DISCUSSION  

Looking at the solar map shown in figure 9, it can be seen that the solar intensity 

in Nigeria can be subdivide into three zones. Zone one comprised of North-east 

and solar intensity is in the range of 5500-6500 whm-2. In the same way, zone 

two usually experienced intensity of around 4500-5500 whm-2  for north-west 

and north-central. on the other hand, zone three is for south-west, south-east and 

south-south with solar intensity of 4000-4500 whm-2. Looking at the results and 

the comparison, it can be seen clearly that the sites used in the analysis have 

reasonable solar radiation that could be sufficient for the development of 

microgrid. In addition, Nigeria is targeting 20 MW by 2030 in line with global 

solar energy agenda of the international energy agency. Finally, it can be seen 

that the country is located in a solar advantage, therefore the country only 

requires commitments in the sector for full actualizations of her energy 

requirements. Therefore, when resources are committed, it possible to 

manufacture PV modules locally and this could assist the country in the 

development of small/microgrids and these would assist the country to produce 

more power from roof top solar and eventually integrate such systems to the 

national grid 

 

CONCLUSION 

This paper is aimed at comparing different probability distribution function 

models on fitting the wind-speed and solar-radiation data. The probability 

distribution functions used includes the Weibull, Rayleigh, gamma, lognormal, 

logistic, beta and gamma distributions. The goodness of fit for wind-speed data 

was judged based on Kolmogorov-Smirnov, Anderson-Darling and chi-square 

tests. In this paper, the following conclusions can be drawn, as follows:  

1. The analysis of solar-radiation data indicated a better performance of 

beta compared to gamma, logistic, lognormal and Weibull distributions 

2. Nigeria is located in a favourable position on global solar favourable 

countries of the world and the country need commitments in order to 

realised its full potentials of more renewable energy penetrations in line 

with international energy and its local set targets of more renewable 

energy penetrations by 2030 

3. Power generation from solar energy is possible in all the analysed sites. 
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