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This paper investigates the outdoor performance of a 20 W monocrystalline silicon solar 
module in relation to air mass (AM) in Kakamega. Direct measurement of air mass and 
module output parameters from experimental set up was done in Kakamega at a location 
0.2827

0 
N and 34.7519 E. Open circuit voltage and short circuit current was found to 

decrease with increasing air mass. Experimental results showed a decrease in ISC and VOC 
with increasing AM. The maximum output power produced by the module reduced with an 
increase in AM. Maximum power was therefore seen to be produced at noon in this region. 
The highest value of VOC obtained was 20.04 V at noon while ISC was 1.19 at noon. VOC 
increased from 19.47 to 20.04 then decreased to 19.49 V while ISC increased from 0.36 to 
1.19 then decreased to 0.48A.  It was observed that both the FF and η   of a monocrystalline 

solar module increase with an increase in air mass. The module performs better during the 
afternoon than morning and evening hours with the peak performance observed close to AM 
1.  
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1. INTRODUCTION 16 

 17 
In modern world today, much of the energy is generated in power plants from fossil fuels 18 
which are naturally exhaustive, thus the need to switch to the use of renewable energy is 19 
increasing worldwide.  20 
In Kenya, renewable energy sources include hydro, wind, solar, biomass and geothermal. 21 
Currently, Kenya heavily depens on hydro as the main source of electricity averaging to as 22 
high as 70% [1]. Due to persistent droughts, electricity generation have has been affected. 23 
This leads the country to ration the energy generated in most of her its industrial zones, 24 
where continous power supply is vital. Therefore, there is a need to generate clean and 25 
reliable energy from solar energy sources. Here the authors should include how favourable 26 
solar radiation is in Kenya, giving some data if available. This can give some reference of the 27 
importance of mainly developing solar energy sources. 28 
The performance characterization of a photovoltaic module does not take into consideration 29 
the impact of ecological factors such as solar spectrum, the level of insulation, and other 30 
climatic conditions. Solar cell devices are natural spectral sensitive, therefore solar spectrum 31 
is among the environmental factors which strongly affect the performance of a solar cell 32 
module.   33 
This paper sought to determine the effect of air mass on the performance of mono-crystalline 34 
silicon solar module whose characterization will provide sufficient information for PV system 35 
design in the Kakamega. 36 
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2. THEORY OF PHOTOVOLTAICS 39 

 40 
The air mass is the path length medium which light takes through the atmosphere 41 
normalized to the shortest possible path length (that is, when the sun is directly overhead) 42 
[2]. It quantifies the reduction in the power of light as it passes through the atmosphere and 43 
is absorbed by air and dust. 44 
 

Air mass, A.M =
θcos

1
                                           [1] 

 45 
The actual solar spectrum is commonly quantified using air mass factor which describes the 46 
shape of solar spectrum [3]. Air mass shows the effect of wavelength distribution on the flow 47 
of photons which varies depending on weather conditions such as water vapour and dust 48 
hence it affects transfer intensity of electron flow in the PV module [4]. AM at 1.01 49 
corresponds to shortwalength radiation of high intensity resulting to high photon flow leading 50 
to high voltage registered as well as current. Increasing AM leads to increasing wavelength 51 
of radiation hence reduction of photon transfer intensity that causes voltage and current to 52 
reduce as indicated in this study. Climatic or Seasonal variations shifts the air mass spectral 53 
profile [3,4] and impose variations in the spectrum & light intensity, reflection of unpolarized 54 
light, polarization and the temperature [5]. Since, the solar illumination serves as the input to 55 
the solar module operation, any variation in the solar illumination due to geographical 56 
location results in a profound output change [5]. Hence, geographical location matters? I 57 
think it does. So it is important to enhance that this study is for a particular location 58 
(Kakamega in this case), but may be different in other parts of the world. 59 

   

 60 
The module conversion efficiency, fill factor, maximum power, short circuit current and open 61 
circuit voltage are the key parameters used in characterising the perfomance of a solar 62 
module. These parameters are obtained from the I-V characteristic curve.  is the current 63 
generated when the circuit load is zero [6]. It is mathematically expressed as: 64 

 
 

                       (2) 

Where q represents an electron charge, m denotes the diode quality factor [7]. 65 
The PV voltage measured when the device terminals are isolated is called the open circuit 66 

voltage ( ). It correlates to the voltage occurring when no current is passing through the 67 
solar cell [6,7]. It is mathematically expressed as: 68 

 

 

                       (3) 

Where T is the temperature, Io denotes the dark saturated current, k represents the 69 
Boltzmann constant and Isc denotes the current generated [2]. 70 
FF determines the quality of the solar cell with the range 0.7 to 0.8 representing a good 71 
panel and 0.4 representing a bad panel [8]. 72 

 

 

                       (4) 

The ratio of electrical output power output and solar input power input is called the efficiency 73 
[6]. The solar module efficiency is mathematically expressed as  74 

 

 

                       (5) 

Where power in, Pin = Irradiance (W/m
2
) * cross-sectional area of solar cell (m

2
) 75 
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3. MATERIAL AND METHODS  78 
 79 
Materials 80 
 81 
The module parameters used in this study are illustrated in Table 1. In addition to the 82 
module, the following equipment and apparatus were used in this study: a straight metal post 83 

of length 2.8 m, a meter rule, two digital multimeters, and a 50 Ω  variable resistor.  84 
 85 
Table 1: Module parameters 86 
 87 

 Module parameters 

  [V] 

 

  [A]   [V]   [A]   [W] Fill Factor Efficiency 

21.6 1.2 18 1.1 20 0.764 14.69% 
 88 
Methodology 89 
 90 
Outdoor performance characterization was carried out at Kakamega located 0.2827

0 
N and 91 

longitude 34.7519
0 

E. Air mass was determined using the shadow method. An upright post 92 
was erected at a suitable flat surface in an open field at the site as illustrated by figure 2. The 93 
length of the post was measured using a meter rule. The length of the shadow cast by the 94 
post was measured using the metre rule from 9 a.m. to 3 p.m. at an interval of one hour. 95 
From the values obtained, the zenith angle, Ɵ was obtained from trigonometric ratios and 96 
the air mass calculated using equation 1. 97 
To obtain short circuit current at given values of air mass the module was connected directly 98 
to the multimeter and the pointer adjusted to read the corresponding value of current. The 99 

same procedure was used to obtain open circuit voltage. For I-V characterization, a 50 Ω  100 
variable resistor was connected in series with the module and values of current and voltage 101 

obtained in steps of 10 Ω  as illustrated in figure 1. This study was conducted over a period 102 
of six months and the average data used for analysis.  103 
 104 

 105 
Figure 1. Block diagram for I-V measurement 106 



 

 

 107 
Figure 2. Air mass measurement 108 

 109 

4. RESULTS AND DISCUSSION 110 

 111 

Figure 3 reports the I-V characteristic of a mono-crystalline solar module obtained between 112 
AM 1.04 and AM 1.85. Figure 3 reports a decrease in open circuit voltage and short circuit 113 
current as the AM is increased. The reduction in both open circuit voltage and short circuit 114 
current is attributed to the decrease in photo-generation at higher AM resulting from 115 
attenuation of the active component of the incident radiation which is vital for PV effect. The 116 
atmospheric attenuation is mainly due to scattering and absorption of incident radiation by 117 
aerosols and constituent gases such as carbon dioxide, water vapor, ozone and oxygen [3]. 118 
This causes the reduction in power of the incident radiation [9]. Therefore, the photon 119 
transfer intensity reduces at higher AM, leading to lower open circuit voltage and and short 120 
circuit current. This result agrees with those obtained by [4]. 121 
 122 
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Figure 3. Variation in I-V characteristics with air mass 124 

Figure 4 report a decrease in maximum output power produced with increase in AM. This 125 
reduction in maximum power produced is attributed to the increase in scattering by air 126 
pollutants like aerosols and clouds when AM increases leading to a reduction in the intensity 127 
of the incident radiation [10]. This result is in agreement with those obtained by [11]. 128 
 129 

 130 
Figure 4. Maximum output power variation with air mass 131 

From Table 2, on in average, it can be deduced that FF of a monocrystalline solar module 132 
increases with an increase in air mass. This indicates that monocrystalline solar module 133 
responds favorably to short wavelength radiation. The fill factor depends on both the Isc and 134 
Voc, and as they both reduce with air mass increase, this result is acceptable. This result is 135 
in agreement with those obtained by [4,12]. 136 

Closely related to FF, Isc and Voc is module efficiency, . The efficiency of a 137 

monocrystalline solar module increases by 30.78% as air mass increase from 1.04 to 1.32. 138 
This behavior is caused by the good response of monocrystalline solar module to short 139 
wavelength radiation as well as increases in FF. Studies by Otakwa [12] have also reported 140 
similar behavior.  141 
 142 

Table 2. Effect of air mass on the efficiency and FF of a monocrystalline module 143 

AM 1.04 1.06 1.18 1.22 1.32 1.39 1.85       

 
8.78 9.07 9.67 9.69 11.48 10.64 11.43 

FF 0.61 0.61 0.60 0.65 0.66 0.64 0.65 

 144 
From figure 5 it was observed that the module performs better during the afternoon than 145 
morning and evening hours. This is attributed by to the presence of more atmospheric 146 
gaseous absorbers such as water vapor, oxygen and carbon dioxide during the morning and 147 
evening hours [13]. The presence of these gaseous absorbers increases the Rayleigh 148 
scattering and atmospheric turbidity, leading to the extinction of solar beam [14], which 149 
influences the values of air mass by varying the active component of the incident radiation 150 
reaching the surface of the earth [9]. 151 



 

 

In the morning, the radiation from the sun strikes the earth’s surface at an oblique angle, the 152 
irradiance is of low intensity, hence the path lenghth length is longer which is the reason for 153 
the larger value of A.M recorded. At around 12.30 p.m the suns rays are overhead, the 154 
irradiance is of highest intensity, the solar hour angle is close to zero and the path lenghth 155 
for the radiation is short, hence the least value of A.M recorded. Beyond noon, the solar hour 156 
angle increases and sohence the irradiance strikes the surface at an oblique angle with low 157 
intensity, hence therefore the higher path length recorded. The peak performance was 158 
observed at 12.30 PM where AM is the shortest [10]. Keep uniformity defining Air Mass 159 
since you are using AM and A.M. for the same parameter. 160 

 161 
Figure 5 Effect of AM on efficiency and power produced by the module 162 

 163 

5. CONCLUSION 164 

 165 

The performance of a monocrystalline solar module was evaluated in terms of its response 166 
variables (VOC, ISC, FF, and η ) as a function of A.M. The following is the summary of the key 167 

observations: 168 
1. Experimental results showed a decrease in ISC and VOC with increasing AM. This 169 

reduction is caused by a decrease in photo-generation at higher AM resulting from 170 
attenuation of the active component of the incident radiation by aerosols and 171 
constituent gases such as carbon dioxide, water vapor, ozone and oxygen.  172 

2. The maximum output power produced by the module reduced with an increase in 173 
AM due to the increase in scattering by air pollutants like aerosols and clouds. 174 
Maximum power was therefore seen to be produced at noon in this region. 175 

3. It was observed that both the FF and η   of a monocrystalline solar module increase 176 

with an increase in air mass. The efficiency of a monocrystalline solar module 177 
increases by 30.78% as air mass increase from 1.04 to 1.32.  This indicates that 178 
monocrystalline solar module responds favorably to short wavelength radiation.  179 

4. The module performs better during the afternoon than morning and evening hours 180 
with the peak performance observed close to AM 1. 181 
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ABBREVIATIONS 227 

 228 
FF: Fill factor 229 
NASA: National Aeronautic Space Administration 230 
VOC: Open circuit voltage 231 
ISC: Short circuit current 232 
PMAX: Maximum power 233 



 

 

VMP:  Voltage at maximum power 234 
IMP: Current at maximum power 235 
 236 
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