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A B S T R A C T

This study assessed the variability of solar radiation and its impact on photovoltaic (PV) energy generation in Kano, a Sahelian city

in Nigeria located at latitude 12.05◦N and longitude 8.20◦E. Thirty-one years (1990–2020) of meteorological data obtained from

the Nigerian Meteorological Agency (NiMet) were used. Monthly, seasonal, and annual variations in global solar radiation (GSR),

sunshine duration, and mean temperature were analysed to evaluate their influence on solar-energy output. The average annual

GSR was 17.86 MJ m−2 day−1, the mean sunshine duration was 7.55 h day−1, and the mean annual temperature was 26.78◦C. Using

a 21.9%-efficient monocrystalline panel with an area of 2.58 m2, the estimated mean monthly energy output was 2721.44 kWh,

with peak generation occurring during the rainy season. Correlation analysis showed a strong positive relationship between GSR

and energy output. Among the empirical models tested, Garcia’s temperature-based model performed best, with R2
= 92.2%. The

findings confirm that solar-radiation variability significantly influences PV generation and that temperature-based models provide

superior estimation accuracy in Sahelian climates, supporting large-scale solar deployment in northern Nigeria.

Keywords: Solar radiation, Variability, Photovoltaic energy, Kano, Empirical models.

DOI:10.61298/pnspsc.2026.3.275

➞ 2026 The Author(s). Production and Hosting by FLAYOO Publishing House LTD on Behalf of the Nigerian Society of Physical Sciences (NSPS). Peer review under the responsibility of

NSPS. This is an open access article under the terms of the Creative Commons Attribution 4.0 International license. Further distribution of this work must maintain attribution to the

author(s) and the published article’s title, journal citation, and DOI.

1. INTRODUCTION

Solar radiation is the primary energy source that powers photo-

voltaic (PV) systems; consequently, its assessment is fundamen-

tal to solar-energy research. PV technology converts solar irra-

diance directly into electricity through semiconductor materials.

The efficiency of this process depends on the quantity and quality

of solar radiation reaching the Earth’s surface, which vary across

time and space. As global energy demand continues to increase

∗Corresponding Author Tel. No.: +234-903-2575-278.

e-mail: abbababagana325@gmail.com (Abba Babagana)

amid concerns about fossil-fuel depletion and climate change,

the assessment of solar radiation for PV energy generation has

become an important area of scientific inquiry.

Solar energy drives nearly all life-supporting systems on Earth,

including climate and weather processes such as atmospheric

wind patterns and ocean currents [1]. The Sun also powers the

hydrological cycle that replenishes rivers used for hydroelectric-

ity generation [2]. Petroleum resources are derived from ancient

plant and animal remains that originally stored solar energy [3].

Mamman et al. [4] assessed solar-radiation models and measure-

ment techniques for Nasarawa State, Nigeria, using a pyranome-

ter and nine 12 V, 5 W polycrystalline solar panels. Their mea-
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surements were taken daily between 12:00 and 15:00, and the

Angstrom–Prescott model was used to estimate solar radiation,

yielding regression constants a = 0.53 and b = 0.052. They re-

ported the highest radiation value inApril (29.86 MJ m−2) and the

lowest in August (16.68 MJ m−2). Their findings indicated a sig-

nificant potential for harnessing solar energy in Nasarawa State,

with consistently high atmospheric transmission coefficients or

clearness indices throughout the year.

The aim of this study is to investigate how variations in global

solar radiation and temperature affect estimated PV electricity

output in Kano, Nigeria.

2. MATERIALS AND METHODS

2.1. DATA COLLECTION

Meteorological parameters, including solar radiation, sunshine

duration, and maximum and minimum temperature, were ob-

tained from the Nigerian Meteorological Agency (NiMet) for

Kano over a 31-year period (1990–2020). The Gunn–Bellani

solar-radiation data were converted to MJ m−2 day−1. A Sun-

rise Energy SR-72M565HLPro monocrystalline PERC solar-

panel datasheet, with a panel efficiency of 21.9% and an area

of 2.58 m2, was used as the reference for PV energy-generation

parameters.

In Kano, the rainy season is generally not cold but is char-

acterised by mixed weather, oppressive humidity, and mostly

cloudy conditions. The dry season is hot, humid, and partly

cloudy. The hot season lasts approximately four months, from

February toMay, with the hottest days usually occurring in April.

The cool season also lasts about four months, from September

to December. The rainy period spans seven months, from April

to October, with the heaviest rainfall occurring around August.

The rainless period lasts about five months, from November to

March.

2.2. SOLAR-RADIATION MODELS

The empirical models used in this study are based on sunshine

duration and temperature. The models of Bashahu and Ndacay-

isaba [5] and Ampratwum and Dorvlo [6] represent the sunshine-

based models, whereas the models of Akpootu et al. [7] and

Chen et al. [8] represent the temperature-based models:
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whereH is the daily global solar radiation on a horizontal surface

(MJ m−2), Ho is the daily extraterrestrial radiation (MJ m−2), ∆T

is the temperature difference (◦C), S is the day length or sunshine

duration (h), So is the maximum possible sunshine duration (h),

and a and b are empirical coefficients specific to the location.

2.3. PHOTOVOLTAIC POWER-OUTPUT MODELS

The PV power-output model [9] is given by

P = G × A × η, (5)

where P is the PV power output (W), G is the solar irradiance

(kW m−2), A is the area of the PV array (m2), and η is the PV

efficiency (%). The total energy model [9] used to estimate total

energy output is

E = P × t , (6)

where E is the total energy output (Wh) and t is the time duration

(h).

The parameters Ho, δ, ωs, and So were obtained using the fol-

lowing expressions [10]:
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where Gsc is the solar constant (1367 W m−2), n is the day num-

ber, ωs is the sunrise hour angle, φ is the latitude of the site, and

δ is the declination angle:

δ = 23.45 sin

[

360

(

284 + n

365

)]

, (8)

ωs = cos−1(− tan φ tan δ), (9)

So =
2

15
ωs. (10)

If temperature correction is applied to PV efficiency, ηSTC, τ, Tc,

and TSTC denote the reference PV efficiency, temperature coeffi-

cient of power (%/◦C), cell temperature (◦C), and reference tem-

perature (25◦C), respectively.

2.4. STATISTICAL ANALYSIS

2.4.1. Correlation analysis

The relationship between solar radiation and power output was

analysed using Pearson’s correlation coefficient [11]:

r =

∑N
i=1(Hi − H̄ )(Pi − P̄)

√

∑N
i=1(Hi − H̄ )2

∑N
i=1(Pi − P̄)2

, (11)

where r is Pearson’s correlation coefficient, Hi is solar radiation,

Pi is power output, H̄ is the mean solar radiation, P̄ is the mean

power output, and N is the number of observations.

2.4.2. Standard deviation and coefficient of variation

Solar-radiation variability was assessed using the standard devi-

ation and coefficient of variation (CV), following Palmer et al.

[12]:

σ =

√

√

√

1

N

N
∑

i=1

(Hobs,i − Hest,i)2, (12)

where N is the number of observations and σ is the standard de-

viation. The CV was calculated as

CV =
σ

Hest

× 100. (13)
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Figure 1. Annual mean variation of global solar radiation for Kano.

2.4.3. Seasonal energy-yield comparison

The seasonal variation in solar-energy output was analysed as

[12]

∆E =
Edry − Ewet

Ewet

× 100, (14)

where ∆E is the percentage change in energy output, and Ewet

and Edry are the energy yields in the rainy and dry seasons, re-

spectively.

2.4.4. Model validation and accuracy assessment

The accuracy of the empirical models was assessed using perfor-

mance metrics reported by Akpootu et al. [7]. The models were

ranked according to their performance; the model with the lowest

error was considered the best-performing model. The mean bias

error (MBE), root mean square error (RMSE), and mean percent-

age error (MPE) are given by

MBE =
1
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3. RESULTS AND DISCUSSION

Figure 1 shows the annual variability in solar radiation in Kano

over the 31-year study period (1990–2020). The average solar-

radiation value for the period was 17.8567 MJ m−2 day−1. The

maximum value, 19.3833 MJ m−2 day−1, was observed in 2000,

whereas the minimum value, 15.7750 MJ m−2 day−1, was ob-

served in 1990. The results show year-to-year fluctuations in

global solar radiation. The higher value recorded in 2000 may

be associated with reduced aerosol loading and clearer sky con-

ditions during that year.

Figure 2. Annual mean variation of sunshine duration for Kano.

Figure 3. Annual mean variation of temperature for Kano.

Figure 2 shows the annual variability in sunshine duration for

1990–2020. The average sunshine duration was 7.5465 h. The

maximum sunshine duration was 8.5333 h in 1999, whereas the

minimum was 6.8167 h in 2015.

Figure 3 shows the annual mean temperature variation for

1990–2020. The average mean temperature was 26.7798◦C.

The maximum annual mean temperature, 27.6958◦C, occurred

in 1997 and 2007, whereas the minimum, 25.6042◦C, occurred

in 1999 and 2009. This pattern suggests periodic variability in

temperature over the study period.

Figure 4 shows the monthly and seasonal variability in mea-

sured solar radiation for 1990–2020. The monthly average mea-

sured solar radiation was 22.9637 MJ m−2 day−1. The maximum

value, 25.3342 MJ m−2 day−1, occurred in March, whereas the

minimum value, 20.8539 MJ m−2 day−1, occurred in December;

bothmonths are in the dry season. The results indicate high solar-

radiation values at the study location, with lower fluctuations dur-

ing the rainy season than during the dry season, except in March,

when the annual maximum was recorded. Average global so-

lar radiation during the dry and rainy seasons was 22.8244 and

23.0633 MJ m−2 day−1, respectively. The slightly higher rainy-

season value may be attributed to reduced dust and aerosol con-
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Figure 4. Monthly mean variation of global solar radiation for Kano.

Figure 5. Monthly mean variation of sunshine duration for Kano.

centrations, which generally decrease incoming solar radiation

during the dry season [7].

Figure 5 shows the monthly and seasonal variability in mea-

sured sunshine duration. The annual monthly average was

7.5465 h. The maximum sunshine duration, 8.1452 h, occurred

in June, whereas theminimum, 6.9871 h, occurred inMarch. The

results indicate greater fluctuation and higher sunshine duration

during the rainy season, and slightly more stable but lower sun-

shine duration during the dry season. Average sunshine duration

was 7.4497 h during the dry season and 7.6157 h during the rainy

season.

Figure 6 shows the monthly and seasonal variability in

measured mean temperature. The monthly average mean

temperature was 26.7798◦C. The maximum mean temper-

ature, 31.6871◦C, occurred in April, whereas the minimum,

21.4323◦C, occurred in January. The results indicate relatively

stable high temperatures during the rainy season and greater

fluctuations, with lower temperatures, during the dry season.

Mean temperature averaged 24.1590◦C during the dry season and

28.6518◦C during the rainy season.

Figure 7 compares measured global solar radiation with esti-

mates from the sunshine-based models. The Angstrom–Prescott

model underestimated measured global solar radiation from Jan-

Figure 6. Monthly variation of mean temperature for Kano.

Figure 7. Comparison of estimated sunshine-based models and measured

global solar radiation for Kano.

Table 1. Correlation between solar radiation and power output for Kano.

Parameter CAS1 CAS2 CAT1 CAT2

Correlation 1.00 1.00 1.00 1.00

Table 2. Coefficient of variation for Kano.

Parameter CV1 CV2 CV3 CV4

Value (%) 4.039348 6.252597 1.319007 7.922727

Table 3. Seasonal energy-yield comparison for Kano.

Parameter SV SV1 SV2 SV3 SV4

Value (%) 3.392559 10.87523 10.87978 3.103323 4.062376

uary to April and in December, overestimated it from May to

September, and produced comparable values in October and

November. The Ampratwum–Dorvlo model showed the same

pattern. Thus, there was no major difference in the overesti-

mation or underestimation behaviour of the two sunshine-based

models. In general, the measured global solar radiation exceeded
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Table 4. Tested performance of each empirical model for Kano.

Model R2 MBE RMSE MPE

Angstrom–Prescott (H1) 42.7 0.0215 1.4285 -0.3083

Ampratwum–Dorvlo (H2) 42.7 0.0333 1.4303 -0.3579

Garcia (H3) 92.2 0.0070 0.5133 -0.0951

Chen et al. (H4) 87.2 0.0422 0.6702 -0.1845

Table 5. Ranking of the estimated models based on the statistical tests for Kano.

Model R2 MBE RMSE MPE Total

Angstrom–Prescott (H1) 3 2 3 3 11

Ampratwum–Dorvlo (H2) 3 3 4 4 14

Garcia (H3) 1 1 1 1 4

Chen et al. (H4) 2 4 2 2 10

Figure 8. Comparison of estimated temperature-basedmodels andmeasured

global solar radiation for Kano.

Figure 9. Monthly mean variation of total energy output for Kano.

the estimates during the dry season and was lower than the es-

timates during the rainy season, except in April, October, and

November.

Figure 10. Comparison of total energy output with estimated total energy

output from sunshine- and temperature-based models for Kano.

Figure 11. Comparison of total energy output with global solar radiation for

Kano.

Figure 8 compares measured global solar radiation with es-

timates from the temperature-based models. The Garcia model

overestimated measured global solar radiation in January, April,

July, September, and December, and underestimated it in March,

May, June, August, October, and November, with little or no de-
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Figure 12. Comparison of total energy output with mean temperature for

Kano.

viation in February. The Chen et al. model overestimated mea-

sured global solar radiation in January, April, June, July, and

September, and underestimated it in March, May, and Decem-

ber. Both temperature-based models therefore showed random

patterns of overestimation and underestimation across the rainy

and dry seasons.

Figure 9 shows the monthly total energy output for Kano. The

mean monthly total energy output was 2721.4354 kWh. The

highest total energy output occurred in May, with a value of

3078.2938 kWh, as solar irradiance and sunshine duration in-

creased to 6.7964 kW m−2 and 8.0161 h, respectively. The min-

imum output, 2402.5827 kWh, occurred in January, when solar

irradiance and sunshine duration decreased to 5.8769 kW m−2

and 7.2355 h, respectively.

Figure 10 compares total energy output with the outputs esti-

mated using the sunshine- and temperature-based models. The

estimated total energy output from sunshine-based model 1

(TEOSBM1) underestimated the measured total energy output

from January to April and in December, overestimated it from

May to September, and produced comparable values in October

and November. Sunshine-based model 2 (TEOSBM2) showed

the same behaviour. Thus, no major difference was observed

between TEOSBM1 and TEOSBM2 in terms of overestimation

or underestimation. Temperature-based model 1 (TEOTBM1)

overestimated measured total energy output in January, April,

July, September, and December, and underestimated it in March,

May, June, August, October, and November, with little or no de-

viation in February. Temperature-based model 2 (TEOTBM2)

overestimated the measured total energy output in January, April,

June, July, and September, and underestimated it in March, May,

and December.

Figure 11 shows the effect of monthly solar-radiation variabil-

ity on energy generation in Kano. As solar radiation increased

from 21.1568 MJ m−2 day−1 in January to 23.9279 MJ m−2 day−1

in February, monthly energy generation also increased from

2402.5827 to 2832.3614 kWh. In March, the maximum solar-

radiation value of 25.3342 MJ m−2 day−1 coincided with a lower

total energy output of 2778.2113 kWh. Similarly, total energy

output increased in April, May, and November despite slight de-

creases in solar radiation. Overall, total energy output increased

with increasing solar radiation and decreased when solar radia-

tion declined, although deviations occurred in months affected

by aerosols, clear-sky conditions, and variations in sunshine du-

ration.

Figure 12 shows the effect of monthly mean-temperature vari-

ability on energy generation. In most months, energy generation

corresponded with temperature; however, in March, energy gen-

eration decreased despite an increase in temperature. Maximum

energy output occurred in May, likely because of clear-sky con-

ditions, whereas output decreased substantially between July and

August because of increased cloud cover.

Table 1 shows the correlation between solar radiation and en-

ergy output for Kano. The results indicate that all parameters

have a strong positive correlation; as solar radiation increases,

power output increases proportionally. Table 2 presents the co-

efficient of variation in solar-energy output. CV3, corresponding

to temperature-based model 1, had the lowest variation (1.32%),

indicating highly stable solar-energy output, whereas CV4, cor-

responding to temperature-based model 2, had the highest varia-

tion (7.92%), indicating greater fluctuations in energy output.

Table 3 shows the percentage variation in energy output be-

tween the dry and rainy seasons. SV1 and SV2, corresponding

to sunshine-based models 1 and 2, showed significant seasonal

variation of approximately 10.88%. The measured seasonal vari-

ation (SV) and SV3 showed low seasonal variation of about 3%,

whereas SV4 showed a moderate change of 4%. The signifi-

cant drops in energy generation for SV1 and SV2 indicate that

temperature-based models are more appropriate for the Sahelian

region of Nigeria.

Table 4 presents the statistical errors for each empirical model

used to estimate global solar radiation in Kano. Based on MBE,

RMSE, and MPE, the Garcia model (H3) had the lowest values,

0.0070, 0.5133, and −0.0951, respectively, with a coefficient of

determination of R2
= 92.2%. Based on the MPE, all models

fell within the acceptable range (MPE ≤ ±10%). Table 5 ranks

the models according to the validation results. The total ranks

ranged from 4 to 14. Overall, the Garcia model (Equation 3)

was the best and most suitable model for estimating global solar

radiation in Kano.

The following regression equations for the sunshine-based

models (Equations 18 and 19) and temperature-based models

(Equations 20 and 21) are recommended for estimating global

solar radiation in Kano where measured global solar radiation is

unavailable. These equations were obtained by regression anal-

ysis using Minitab software:

H
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= 0.059 + 0.945

(

S
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H
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H
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= 0.123 + 0.210 ln(∆T ). (21)
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4. CONCLUSION

The analysis of solar-radiation variability over Kano demon-

strated significant seasonal and inter-annual fluctuations and

confirmed the city’s strong potential for photovoltaic energy gen-

eration. Energy output increased proportionally with solar radi-

ation and sunshine duration, although occasional deviations oc-

curred because of atmospheric conditions such as aerosols and

cloud cover. Seasonal analysis indicated slightly higher solar

radiation during the rainy season than during the dry season,

a pattern attributed to reduced dust and aerosol concentrations.

Among the models tested, the Garcia temperature-based model

(Equation 3) provided the most accurate estimate of global so-

lar radiation, with the highest coefficient of determination (R2
=

92.2%). These results indicate that temperature-based models

are more reliable for predicting solar radiation in Kano and, by

extension, the Sahelian region. The study concludes that Kano

possesses abundant and consistent solar resources suitable for

large-scale photovoltaic deployment, making it a viable hub for

sustainable energy generation. The findings contribute to im-

proved solar-energy forecasting and provide a framework for pol-

icymakers, engineers, and energy developers seeking to enhance

renewable-energy utilisation in Nigeria.
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