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Abstract  This work involves evaluating direct solar radiation by applying Kasten’s semi-empirical mathematical 
model and comparing the results with measurements taken at the University of Agadez experimental site (Agadez 
urban commune), with the aim of sizing a 20 MWe thermodynamic solar power plant. This study was conducted 
under three different atmospheric conditions (overcast, average, and clear skies) and using three solar collector tilt 
angles (0°, 17°, and 30°). Radiation calculations were performed using Excel software by incorporating appropriate 
equations into a program based on the Kasten model. As for the measurements, they were conducted over ten (10) 
typical days using two pyranometers. After correcting for the Linke turbidity factor, the resulting direct solar 
radiation and theoretical annual irradiation are 680 W/m² and 2,979 kWh/m²/year, respectively, compared to 
measured values of 767 W/m² and 3,010 kWh/m²/year. This study confirms Agadez's strong solar potential for CSP. 
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1. Introduction 

To harness solar energy for electricity generation, two 
main approaches are generally favored: photovoltaics 
(PV), which involves directly converting solar photons 
into electricity, and concentrating solar thermal power, 
which converts solar radiation into heat using a solar 
concentrator and subsequently into electricity via a 
thermodynamic cycle [1,2]. 

Of these two solar electricity generation systems, 
photovoltaics represent a favorable solution for individual 
consumption but are very limited for large-scale 
production due to the high cost of storage systems and the 
short lifespan of batteries (3 to 7 years on average); in 
contrast, solar thermal technology offers heat storage 
capabilities that enable continuous electricity generation 
(even under cloud cover or at night) [3]. This technology 
offers good efficiency. It is cost-effective and robust [4]. 

Previous similar studies in this field have shown, on the 
one hand, that in the Sahel-Sahara region, daily DNI is 
greater than or equal to 5 kWh/m² [5,6] and, on the other 
hand, that cloud cover has a significant impact on solar 
radiation [7]. The objective of this work is to assess the 
direct solar potential at the University of Agadez 

experimental site with a view to sizing a 20 MWe 
concentrated solar power plant. This DNI is determined 
using two methods: measurement with appropriate 
instruments and the use of mathematical simulation 
equations,specifically, the Kasten mathematical model [8]. 
This model will employ a large number of semi-empirical 
formulas to estimate the solar irradiation received by a 
surface of arbitrary orientation placed at ground level [9,10].  

However, the reliability of semi-empirical models such 
as Kasten’s in the Saharan context, characterized by high 
atmospheric turbidity, is poorly documented [11]. The aim 
of this work is therefore to validate this model using in-
situ measurements and to quantify its deviation. 

2. Materials and Methods  

2.1. Location 
The study was conducted at the University of Agadez’s 

experimental site in the urban commune of Agadez, Niger. 
The Agadez region is the largest in Niger, covering an 

area of 667,799 km², with 52.6% of the national territory. 
It is located in the north of Niger, between 15° and 23.23° 
North latitude and between 4° and 16° East longitude. 
This region is bordered to the north by Algeria and Libya 
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with which it shares borders of 970 km and 350 km, 
respectively to the east by Chad (600 km), to the west by 
Mali (60 km) and the Tahoua region, and finally to the 
south by the Zinder and Maradi regions [12]. The 
experimental site is located at 16.90° North latitude and 
7.94° East longitude. It is at an elevation of 483 meters 
above sea level. 

2.1. Theoretical Study of a Semi-empirical 
Model 

All curves were plotted using ORIGIN software 
(version 2018, 64-bit), and theoretical calculations were 
performed using EXCEL by incorporating appropriate 
equations in the form of a program. Given that the site's 
latitude is 16.90° North, the proposal is to calculate direct 
solar radiation for three concentrator tilt angles (0°, 17°, and 
30°) under three different atmospheric conditions (clear sky, 
moderately clear sky, and heavily overcast sky). This 
approach will make it possible to analyze not only the 
influence of the solar collector's tilt angle but also that of 
environmental conditions [13,14]. The model used makes it 
possible to evaluate the instantaneous direct solar radiation 
received by a flat surface perpendicular to the sun's rays. 

For a flat surface inclined at an angle β to the horizontal 
and facing a direction that makes an angle γ with south 
(with γ measured positively towards the west), direct solar 
radiation is given by the following relationship 1 [15]: 

 ( ) ( )1β, γ I (cosh.sin β. cos a γ sin h.cos βI =    − +       (1) 

h : angular height; 𝑎𝑎: azimuth  
1I is the direct incident solar radiation received by a 

surface normal to the solar rays [9], given by equation 2. 
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The solar constant 0I  is also a function of the location's 
declination δ and is defined by equation 3[16]: 
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This radiation is a function of the Linke turbidity factor 

LT  and the atmospheric air mass am  [16] 
This atmospheric mass is calculated using the Capderou 

formula, through equation 4 [9]: 
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Linke turbidity as a function of the Ångström 
coefficient BA and the precipitable water content 𝜔𝜔  is 
given by equation 5. 

 2,5 16 0,5LT BA lnω= + +  (5) 

The Ångström coefficient is defined based on the 
number of aerosols contained within the atmospheric 
column a vertical unit at the measurement site determined 

by sky conditions and the precipitable water content. 
These coefficients are presented in Table 1. 
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Finally, the direct normal irradiance (DNI) is obtained 
by equations 7. 

 .moyDNI I LOD=  (7) 

Using LOD (length of day), which is determined as 
follows: 

•  At sunrise, sin(h) = 0; the hour angle ω₁ can be 
derived from the following equation 8. 

 ( ) ( )( )1
1 tan .tan

15
acosω δ ϕ = × −   (8) 

•  Similarly, at sunset, the hour angle ω₀ is the 
opposite of the hour angle at sunrise. We obtain 

1 0ω ω= − , and consequently, the length of day 
(LOD) is given by equation 9. 
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Table 1. Number of aerosols contained in the atmospheric mass [10] 

Sky conditions Water level 𝛚𝛚(𝐜𝐜𝐜𝐜) Angstrom coefficient 
BA 

Overcast sky 5 0.2 
Average sky 2 0.1 

Clear sky 1 0.05 
 
To obtain the instantaneous direct normal irradiance 

(DNI), it suffices to determine the maximum value of 
direct solar irradiance maxI  and derive its average value 

moyI  by integrating the following equation 6. 

2.2. Expérimental Study 
Measurements were taken over 10 ordinary days in 

2026, specifically May 8, May 29, June 5, June 12, June 
15, June 16, June 18, June 19, June 24, and June 25. 

These are the diffuse (D) and global (G) radiation 
readings from which direct radiation (I) will be derived by 
calculating the difference between the measurements 
obtained from these two pyranometers. 

The two pyranometers used are model BGT-TBQ (L-B), 
with an output signal ranging from 0 to 20 mV, a 
sensitivity of 11.120 μV/W/m², and a measurement range 
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of 0 to 2000 W/m² (Figure 1). 

 
Figure 1. Pyranometers used for global and diffuse radiation 
measurements 

 
Figure 2. Mounting bracket used for the installation of pyranometers 

 
Figure 3. Data acquisition system 

 
Figure 4. Measurement device and data acquisition system installed 

 
Figure 5. Ultrasonic anemometer 

 
Figure 6. Variation of measured global, diffuse, and direct solar 
radiation 

 
Figure 7. Variation of instantaneous direct solar radiation as a function 
of atmospheric sky conditions 

 
Figure 8. Instantaneous direct radiation as a function of tilt angle 
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Figure 9: Theoretical and measured instantaneous direct radiation curve 
for May 29, 2026 

These pyranometers are placed horizontally and 
mounted on a support with a north-south orientation. One 
of the pyranometers is equipped with a shade for 
measuring diffuse radiation (D), while the other, without a 
shade, directly measures global radiation (G). These 
pyranometers are mounted on a metal support (Figure 2). 
To obtain the direct normal irradiance (DNI), the average 
value (Imoy) of the direct radiation is first determined 
from its maximum value. With Imax obtained from the 
various daily readings by calculating by equations 10. 
Various readings indicate that the sun rises around 5:00 
a.m. and sets around 5:30 p.m. at the site, representing 12 
hours and 30 minutes of sunshine Furthermore, the 
calculated average theoretical value for the length of day 
(LOD) at the site is 12 hours. The theoretical day length 
calculated using equations 8 and 9 will be used to 
calculate the experimental DNI. 

To obtain measurement results, these pyranometers are 
connected to a data acquisition system featuring a manual 
display and 48 channels configurable as logic 
inputs/outputs (Figure 3). It is characterized by: 

•  Input: DC curent 4 à 20 mA; 0 à10 mA; 0 à 20 mA; 
•  Input voltage: 0 à 20 mV; 0 à 100 mV; 0 à 5 V; 1 à 

5 V; 
•  Input resistor: Res (0 à 400Ω); 
•  Input thermocouple: S, B, K, T, R, E, N, G; 
•  Input: Thermistance: PT100, Cu50, G53, Cu100, 

BA1, BA2; 
•  Output:current 4 à 20 mA; 
•  Output: transmission output 4 port current;  
•  Capacité de la charge 750 Ω; 
•  Alimentation de sortie 24 V DC 
 
This data acquisition system is installed on the same 

mounting as the two pyranometers described previously 
(Figure 4). 

The Linke turbidity factor was corrected based on the 
site's hygrometric data. These hygrometric data were 
collected using an ultrasonic anemometer designed to 
measure eight parameters: rainfall, wind speed, ambient 
temperature, sound intensity, wind direction, ambient 
humidity, atmospheric pressure, and ambient air density. It 
is the RIKA ELECTRONIC Tech Co., Ltd. model; power 

supply 12–24 VDC, RS-485 output, with measurement 
ranges corresponding to the eight (8) physical quantities 
listed below: 

•  Ambient Temperature: 40 a 100 C;`− + °  
•  Wind seeped: 0 a70m / s;`  
•  Wind direction: 0 a360 ;` °  
•  Hygrometry or relative humidity: 0 a100%;`  
•  Atmospheric pressure: 300 a1100hPa;`  

•  Air particule in atmosphere: 30 a5000μg / m ;`  
•  Sound pressure: 30 a130db;`  
•  Rainfall: 0 a4mm / min` . 
Humidity measurements yielded an annual average 

value of 20% for the area; more specifically, the average 
values for the months selected for this experiment (May 
and June) were 7% in May 2026 and 17% in June 2026, 
respectively. Based on these results, we proposed values 
for the precipitable water content to replace those found in 
the literature (Table 2). By incorporating this value into 
the Linke turbidity factor, we arrived at a robust 
formulation of Kasten’s mathematical model that yields a 
tangible result. 

Table 2. Number ajusted of aerosols contained in the atmospheric 
mass 

Sky conditions Water level 
𝛚𝛚(𝐜𝐜𝐜𝐜) 

Water level 
ajusted 𝛚𝛚(𝐜𝐜𝐜𝐜) 

Angstrom 
coefficient BA 

Overcast sky 5 0.5 0.2 
Average sky 2 0.2 0.1 

Clear sky 1 0.1 0.05 

2.3.Error Calculation  
To estimate incident solar irradiation, daily on-site 

measurements and Kasten's mathematical model—which 
employs semi-empirical equations—were used [17]. This 
model is formulated in terms of correlations. Measured 
and calculated values are compared, with the measured 
values serving as the reference for calculating the mean 
relative deviation. The comparison was based on the mean 
values of direct solar radiation. This allows for the 
calculation, in this case, of the relative root mean square 
error (RMSE) and the mean relative error (MRE) [18]. 
These deviations are determined by equations 11 and 12. 

3. Results and Discussion 

3.1. Results 
Solar radiation values measured by pyranometers made 

it possible to plot their variations in order to observe the 
pattern and behavior of each component, as shown in 
Figure 6. A sharp drop in direct radiation is observed after 
3:00 PM, which led to an increase in diffuse 
radiation(Figure 6). 

When atmospheric conditions are taken into account, the 
plot of the evolution of direct solar radiation determined 
theoretically for clear, moderately overcast, and heavily 
overcast sky conditions is presented in Figure 7. 

If the tilt angle of the concentrator is varied, the 
calculated direct solar radiation retains its initial profile 
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but undergoes a slight variation. It is observed that the tilt 
angle yielding the highest solar radiation is 17°, which is 
closest to the location's latitude (Figure 8). 

Finally, based on the assumptions yielding the best 
estimates of direct solar radiation specifically, a 17° tilt 
angle under clear-sky conditions the variation of the 
calculated theoretical radiation and that obtained from 
experimental measurements was plotted in Figure 9. 

The results obtained by taking into account sky 
conditions and the tilt angle, combined with data from 
actual conditions during the ten (10) days mentioned 
above, made it possible to determine the average direct 
radiation and average annual irradiation values 
summarized in Table 3. 

Table 3. Values of mean direct solar radiation and mean annual 
theoretical and experimental irradiation 

Features Evaluation 
conditions Imoy (W/m2) DNI (kWh/m2/ 

an) 

Clear sky -
Angle of 

inclinaison  

0° 647,59 2836,46 
17° 680,23 2979,39 
30° 658,09 2882,42 

Nature of sky - 
angle of 

inclinaison 17° 

Clear sky 680,23 2979,39 
Average sky 610,85 2675,52 

Overscast sky 503,59 2205,74 
Ciel dégradé -

Angle 
d'inclinaison 

0° 452,04 1979,93 

Measured values Measures 766,87 3358,90 

3.2. Discussions 
Kasten’s model had underestimated the direct radiation 

values for the area. This necessitated simulation work to 
correct the Linke turbidity factor—specifically regarding 
the precipitable water vapor content proposed in Kasten’s 
model—since humidity in this area is actually very low. 

Errors calculated based on sky type—using clear-sky 
results as the reference—yield a relative root mean square 
error (RMSE) of 3.27% between clear and average skies 
and 8.21% between clear and degraded skies, as well as a 
mean relative error (MRE) of 10.20% between clear and 
average skies and 25.97% between clear and degraded 
skies. The RMSE of 3.27% indicates that under 
moderately clear skies, solar radiation is slightly low but 
acceptable. However, the ERM of 25.97% obtained when 
comparing degraded-sky conditions to clear-sky 
conditions shows that solar radiation under degraded-sky 
conditions may not meet the requirements for installing a 
concentrated solar power (CSP) plant. An analysis of 
errors regarding tilt angles, using the 17° angle as a 
reference, yields a relative root mean square error (RMSE) 
of 1.52% between the values obtained at 17° and 0°, and 
1.03% between those obtained at 17° and 30°; it also 
yields a mean relative error (MRE) of 4.80% between the 
values obtained at 17° and 0°, and 3.25% between those 
obtained at 17° and 30°. These differences are relatively 
small; therefore, it can be stated that the tilt angle between 
0° and 30° does not have a significant influence on the 
results. However, it is observed that this difference is 
smaller between the values obtained at 17° and 30°. This 
implies that, although the tilt angle between 0° and 30° 
does not significantly affect solar radiation, selecting an 
angle between 17° and 30° yields optimal values. Based 

on the measured and calculated values, and taking into 
account the correction applied to the Linke turbidity factor, 
a relative root mean square error (RMSE) of 4.57% and a 
mean relative error (MRE) of 11.30% are obtained, 
respectively. An RMSE of 4.57% is acceptable, but the 
MRE value of 11.30% is relatively high. It is evident that 
certain values are erroneous and should be excluded from 
the calculation. For instance, readings from June 24, 2026, 
showed a peak global solar radiation value of 1,666 W/m² 
at 11:34, with several other instances that day where 
radiation exceeded 1,450 W/m², even though diffuse 
radiation remained at its normal level of around 200 W/m². 
These results show not only that the two methods used to 
determine direct solar radiation are consistent, but also 
that the proposed correction to the turbidity factor makes 
Kasten’s semi-empirical model applicable to the Agadez 
region. Prior to the correction of this coefficient proposed 
by Kasten, the model underestimates the approximate 
value of the radiation at the location. The initial use of this 
coefficient, as proposed in the literature, stems from the 
fact that no precise data on these coefficients existed for 
the Agadez region. Indeed, the Linke turbidity factor is a 
parameter that influences the extinction and absorption 
coefficients. It also affects the meteorological parameters 
used in irradiation calculations—specifically temperature, 
which is very high in the area, and relative humidity, 
which is very low. The influence of this phenomenon 
results in relatively low levels of diffuse radiation (Figure 
6), indicating less radiation attenuation in this area (due to 
lower levels of water vapor and aerosols). The peaks of 
the various observed curves show that, with a completely 
clear sky and a collector tilt angle of 17° (Figures 7 and 8), 
the instantaneous direct solar radiation is very high and 
can exceed 1,200 W/m² at certain times of the day. These 
high values can be explained by the fact that the relative 
humidity in the area is very low. Consequently, there is 
less atmospheric absorption of solar radiation. However, 
the curve shown in Figure 9 reveals the presence of cloud 
cover or rain and thunderstorm activity, given that it is the 
winter season. The peak instantaneous direct solar 
radiation is consistently observed around noon local time 
(GMT+1), with a typical value of approximately 1250 
W/m². Another very important observation for the study of 
solar irradiation is that, during certain periods of the year, 
the sun can rise at 5:00 a.m. and set after 7:00 p.m. This 
results in very long daylight hours, and therefore a high 
level of sunshine for the area. 

4. Conclusion 

These results clearly demonstrate that Kasten’s semi-
empirical model is applicable in this area for estimating 
direct solar radiation, provided appropriate corrections are 
made to the Linke turbidity factor—specifically regarding 
the precipitable water content of the Agadez region. To 
achieve optimal direct radiation, it is best to calculate it 
under clear-sky atmospheric conditions and tilt the 
collector at an angle close to the site's latitude. The 
theoretical irradiation calculated under the most favorable 
conditions (clear sky with optimal tilt) is 2,979 
kWh/m²/year. In the worst-case scenario (overcast sky and 
horizontal collector position), it is 1,979.93 kWh/m²/year. 
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Its measured value under real-world conditions is 3,359 
kWh/m²/year. The irradiation value obtained under the 
most unfavorable conditions is well above the minimum 
requirement of 1,800 kWh/m²/year for a CSP system to be 
economically and socially viable. It can be concluded that 
the Agadez region possesses exceptional solar potential, 
with daylight hours sometimes exceeding twelve (12) 
hours. The tilt angle within the 0° to 30° range does not 
significantly affect the calculated values. The fact that a 0° 
tilt angle yields very high radiation values implies that, in 
this zone, the sun's direction is seasonal; in other words, 
the collector needs to be oriented towards the south or 
north, with even positioned horizontally and depending on 
the season. It is therefore possible to consider a more in-
depth feasibility study not only to map the solar radiation 
in this area but also to assess the feasibility of constructing 
a concentrated solar thermal power plant. 
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