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Abstract 
 

There is need to always obtain the realistic outdoor performance variables of Photovoltaic (PV) module in a location for efficient PV 

power system sizing and design. Outdoor performance evaluation was carried out on three types of commercially available silicon PV 

modules rated 10 W each, using CR1000 software-based Data Acquisition System (DAS). The PV modules under test and meteorologi-

cal sensors were installed on a metal support structure at the same test plane.The data monitoring was from 08.00 to 18.00 hours each day 

continuously for a period of one year, from December 2014 to November 2015. Maximum values of module efficiencies of 5.86% and 

10.91% for the monocrystalline and polycrystalline modules were respectively recorded at irradiance of 375 W/m2, while the amorphous 

efficiency peaked at 3.61 % with irradiance of 536.5 W/m2. At 1000 W/m2 the efficiencies reduced to 3.30 %, 6.20 % and 2.25 % as 

against manufacturer’s specifications of 46 %, 48 % and 33 % for the monocrystalline, polycrystalline and amorphous modules respec-

tively. The maximum power output achieved for the modules at irradiance of 1000 W/m2 were 0.711 W, 1.323 W and 0.652 W for the 

monocrystalline, polycrystalline and amorphous PV modules, respectively. Accordingly, Module Performance Ratios for the PV modules 

investigated were 0.07, 0.13 and 0.07, respectively. The rate of variation of module response variables with irradiance and temperature 

was determined using a linear statistical model given as Y= a + bHg+ c Tmod. The approach performed creditably when compared with 

measured data. 
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1. Introduction 

The need to characterise and evaluate the performance of photo-

voltaic modules in order to ensure optimal performance and tech-

nical quality in photovoltaic power systems has been pointed out 

[1]. Standard Test Condition (STC) hardly occur outdoors, there-

fore the effect of deviation of meteorological parameters from 

STC together with the fact that PV modules with actual power 

smaller than the nominal value can still be found in the market 

lend credence to this. Essentially, PV power system design in-

volves electrically-matching power components and ultimately, 

the power supply to the load. STC are easily recreated in a factory, 

and allow for consistent comparisons of products, but need to be 

modified to estimate output under common outdoor operating 

conditions. Module output power reduces as module temperature 

increases. The rate of decrease of output power with temperature 

for a particular locality ought to be understood and the loss factor 

for each module type in every location established. These loss 

factors need to be documented and applied in order to effectively 

estimate system output and sizing before installation. This will 

lead to the design and installation of efficient PV power system 

that is reliable, dependable and durable. In developed world such 

as the United States of America (USA) which is a lead actor in PV 

research, there have been efforts to conduct outdoor tests of mod-

ules and array performance since 1976 through the Sandia Nation-

al Laboratory [2]. The US has effectively established and docu-

mented loss factors for all losses affecting PV power systems for 

all PV module types and for every location.  

Realistic outdoor performance analysis of various types of mod-

ules is needed in developing countries such as Nigeria, in order to 

be able to effectively design and size arrays for different applica-

tions and sites. It is no longer news that Nigeria is an energy re-

source rich country, blessed with both fossil fuel reserves such as 

crude oil, natural gas, coal, and renewable energy resources like 

solar, wind, biomass, biogas and hydropower resources. It is also 

true that despite the abundance of these energy resources in Nige-

ria, the country is in short supply of electrical power. There is 

supply-demand gap particularly in view of the growing energy 

demand in the domestic, commercial and industrial sectors of the 

economy, and the reason for this is not farfetched. The National 

energy supply is at present almost entirely dependent on fossil 

fuels, firewood (which are depleting fast) and hydropower. The 

capacity utilisation of hydropower plants over the recent years has 

been reduced at about 30% only [3]. According to Umar (1999), 

Grid power generation capacity in Nigeria as at 1990s was about 

1,800 MW or 31% of the installed capacity and according to 

Okafor and Joe-Uzuegbu (2010), less than 40% of the 150 million 

Nigerians in the country were supplied electricity from the nation-

al grid in the urban centres while in the rural centres, where about 

70% of the population live, the availability of electricity dropped 

to 15% [4]. Nigeria with an annual population growth rate of 

about 2.8% (according to 2006 population census), the total Elec-

tricity generation capacity as at 2010 stood at less than 4000 MW 

with per capita consumption of 0.03 kW. With these figures, the 

level of shortage in Electricity supply becomes evident, resulting 

in consistent unreliability and epileptic nature of electricity supply 

in the country. While the initial capital investment may be higher, 
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PV power system provides electrical power at less cost than elec-

tricity from generator, based on life-cycle cost. Because it has an 

added advantage of requiring little maintenance, low running costs 

and being environmentally friendly. PV power is the most reliable 

source of electricity ever invented and it is portable, easily in-

stalled, and virtually maintenance-free [5]. Therefore, this study 

was carried out with the-state-of-the-art DAS to determine the 

realistic outdoor performance of the three types of commercially 

available silicon PV module in Minna and its environs for effec-

tive design and sizing of PV power system. 

2. Materials and method 

2.1. Monitoring stage 

The performance response of the silicon PV modules to ambient 

weather parameters; solar irradiance, temperature, wind speed and 

relative humidity, was monitored in Minna environment, using 

CR1000 software-based data logging system with computer inter-

face. The PV modules under test, and meteorological sensors, 

were installed on support structure at the same test plane, at about 

three metres of height, so as to ensure adequate exposure to insola-

tion and enough wind speed, since wind speed is proportional to 

height. The elevation equally ensures that the system is free from 

any shading from shrubs and also protected from damage or inter-

ference by intruders. Also, the whole experimental set up was 

secured in an area of about four metres in diameter. The modules 

were tilted at approximately 10o (since Minna is on latitude 09o37' 

N) to horizontal and south-facing to ensure maximum insolation 

[6] [7]. The data monitoring was from 8.00 am to 6.00 pm local 

time, each day continuously for a period of one year, spanning 

from December 2014 to November 2015, so as to cover the two 

distinct and well defined climate seasons of the area. The experi-

ment was carried out near Physics Department, Federal University 

of Technology, Minna (latitude 09o37' N, longitude 06o32' E and 

249 metres above sea level). The sensors were connected directly 

to the CR1000 Campbell Scientific data logger, while the modules 

are connected to the logger via electronic loads. The logger was 

programmed to scan the load current from 0 to 1 A at intervals of 

50 mA every 5 minutes, and average values of short-circuit cur-

rent, Isc, open-circuit voltage, Voc, current at maximum power, 

Imax, voltage at maximum power, Vmax, power and maximum pow-

er obtained from the modules together with the ambient parame-

ters are recorded and logged.Data download at the data acquisition 

site was performed every 7 days to ensure effective and close 

monitoring of the DAS. At the end of each month and where nec-

essary, hourly, daily and monthly averages of each of the parame-

ters - solar irradiance, solar insolation, wind speed, ambient and 

module temperatures, and the output response variables (open-

circuit voltage, VOC, short-circuit current, ISC, voltage at maximum 

power, Vmax, current at maximum power, Imax, efficiency, Eff and 

fill factor, FF) of the photovoltaic modules were obtained. The 

global solar radiation was monitored using Li-200SA M200 Pyra-

nometer, manufactured by LI-COR Inc. USA, with calibration of 

94.62 microamperes per 1000 W/m2. The ambient temperature and 

relative humidity were monitored using HC2S3-L Rotronic Hy-

groClip2 Temperature/Relative Humidity probe, manufactured in 

Switzerland. Wind speed was monitored using 03002-L RM 

Young Wind Sentry Set. And module temperature was monitored 

using 110PV-L Surface-Mount Temperature probe. All sensors 

were installed in the CR1000 Campbell Scientific data logger with 

measurement and control module. Plate I shows the data acquisi-

tion set up. 

 

 

 
Plate 1: The Experimental Set Up (Near Physics Department, FUT Minna). 

 

2.2. Data analysis 

Performance responses for each of the modules type to ambient 

weather parameters was investigated in terms of open-circuit volt-

age, Voc, short-circuit current, Isc, voltage at maximum power 

point, Vmax, current at maximum power point, Imax , efficiency, Eff 

and fill factor, FF. Fill Factor, FF, Efficiency, Eff, and Module 

Performance Ratio (MPR) were evaluated using the following 

expressions: 
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Fill Factor, FF = ImaxVmax/IscVoc                                               (1) 

 

Efficiency, Eff = ImaxVmax/Pin = IscVocFF/Pin= IscVocFF/AEe    (2) 

 

Module Performance Ratio (MPR) = Effective Efficien-

cy/Efficiency at STC                                                         (3) 

Statistical analysis was carried out with the aid of statistical pack-

age; Minitab 17 to determine the rate of variation of module re-

sponse variables with irradiance and temperature, and linear statis-

tical models for prediction of performance variables are presented. 

Multiple regression models, analysis of variance (ANOVA) and 

correlation between the variables were considered with the aim of 

establishing the statistical significant relationship between the 

variables and the goodness of fit of the models for the research 

study. The regression equation is; 

 

Y = a + bHg+ c Tmod,                                                                 (4) 

 

Where Y is the output response parameter being predicted, Hg is 

global radiation (solar irradiance) and Tmodis module tempera-

ture.The coefficients b and c are the rates of variation of output 

variables with respect to irradiance and module temperature, re-

spectively while a is intercept on the Y axis. 

The I-V curves were produced by plotting current against voltage 

produced by the logger in scanning the electronic load current 

from 0 to 1 A at intervals of 50 mA. The maximum power point, 

Pmax, which is the operating point of the module, was equally rec-

orded by the logger. 

3. Results and discussion 

Figures 1 to 3 show the output characteristics of monocrystalline, 

polycrystalline and amorphous silicon PV modules respectively as 

functions of global irradiance. These output characteristics are 

expressed in the form of I-V curves. 

However, the I-V characteristics of the amorphous module is wor-

thy of note because it does not depict diode characteristics that is 

usually associated with solar modules. This is because the manu-

facturer’s specifications are particularly too unrealistic that its 

actual performance is far below the range of the electronic load 

designed for it, which was based on the specifications of the man-

ufacturer. Although it recorded the highest open-circuit voltage 

compared to the monocrystalline and polycrystalline, and its short-

circuit current is 0.62 amperes according to the manufacturer, but 

it could not deliver 0.05 amperes of current. This explains the 

sudden descent in the characteristic curve immediately it was 

loaded, giving slanting line instead of curve as seen in Figure 3. 

Generally, open-circuit voltage, Voc, is seen to increase slowly 

with increase irradiance. Its increase is not commensurate with 

increase in irradiance and this explains the bunching of the I-V 

characteristics curves along voltage axis compared to relative 

regular spacing along the current axis. This is due to high tempera-

ture associated with increase in irradiance which is parasitic to 

open-circuit voltage and is more noticeable in monocrystalline and 

polycrystalline than in amorphous. On the contrast, the short-

circuit current increased generally with irradiance. This contrast in 

open-circuit voltage and short-circuit current is more glaring in 

Figures 4 to 9 where these performance variables are compared 

with module temperature at various irradiance levels. 

 

 

 
Fig. 1:I-V Characteristics for the Monocrystalline Silicon Module as A Function of Global Irradiance. 

 

 
Fig. 2:I-V Characteristics for the Polycrystalline Silicon Module as A Function of Global Irradiance. 
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Fig. 3:I-V Characteristics for the Amorphous Silicon Module as A Function of Global Irradiance. 

 

 
Fig. 4:Variation of Open-Circuit Voltage and Module Temperature as A Function of Global Irradiance for the Monocrystalline Module. 

 

 
Fig. 5:Variation of Open-Circuit Voltage and Module Temperature as A Function of Global Irradiance for the Polycrystalline Module. 

 

 
Fig. 6:Variation of Open-Circuit Voltage and Module Temperature as A Function of Global Irradiance for the Amorphous Module. 
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Fig. 7:Variation of Short-Circuit Current and Module Temperature as A Function of Global Irradiance for the Monocrystalline Module. 

 

 
Fig. 8:Variation of Short-Circuit Current and Module Temperature as A Function of Global Irradiance for the Polycrystalline Module. 

 

 
Fig. 9:Variation of Short-Circuit Current and Module Temperature as A Function of Global Irradiance for the Amorphous Module. 

 

It can be observed that the three module types do not have uniform 

module temperature range, this is because they do not have uni-

form module architecture and so the position of the 110PV-L sur-

face-mount temperature probes were at different levels of module 

back surface with the monocrystalline module having closest to 

the module substrate material and this explains why the monocrys-

talline module recorded the widest module temperature range. 

Generally speaking, it can be said that the short-circuit current for 

the three module types showed steady increase with increase in 

module temperature, at least for the range of solar irradiance 

measured but unlike the open-circuit voltage which decreased 

after attaining maximum value, mainly in the crystalline modules, 

the short-circuit current increased steadily. It is obvious then that 

the open-circuit voltage do not have linear relationship with mod-

ule temperature and hence solar irradiance, as its plot is seen with 

a dip after attaining maximum value (in the crystalline modules), 

as against short-circuit current that increased steadily. Also this 

effect of temperature on open-circuit voltage is more significant in 

the monocrystalline and polycrystalline than in the amorphous 

silicon module, signifying that amorphous silicon is less affected 

by temperature variations. This result is in agreement with Ug-

wuoke and Okeke (2012) and other researchers in the field [8]. 

The relationship of maximum power point to temperature varia-

tions was investigated and shown in Figures 10 to 12 for the 

monocrystalline, polycrystalline and amorphous modules respec-

tively. 
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Fig. 10:Variation of Maximum Power Point (MPP) and Module Temperature at Different Levels of Irradiance for the Monocrystalline Module. 

 

 
Fig. 11:Variation of Maximum Power Point (MPP) and Module Temperature at Different Levels of Irradiance for the Polycrystalline Module. 

 

 
Fig. 12:Variation of Maximum Power Point (MPP) and Module Temperature at Different Levels of Irradiance for the Amorphous Module. 

 

It was observed that the maximum power, like the short-circuit 

current, increased steadily with increased solar irradiance and 

module temperature for the monocrystalline and polycrystalline, 

suggesting that maximum power point is more correlated to cur-

rent than voltage for the measured range of solar irradiance. While 

for the amorphous, maximum power is seen to be reluctant initial-

ly and thereafter increased rapidly between irradiance of 400 

W/m2 and 700 W/m2 and again slows down between irradiance of 

700 W/m2 and 835 W/m2, showing symmetrical structure at 550 

W/m2. As shown in these Figures the maximum power point in-

creases with increase in solar irradiance and module temperature. 

This explains the inclusion of Maximum Power Point Tracker 

(MPPT) in some photovoltaic power system components. 

Further dependence of module output parameters, like efficiency 

on global irradiance and module temperature was equally investi-

gated and shown in Figures 13 to 15 for the three photovoltaic 

modules. 
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Fig. 13:Variation of Efficiency and Maximum Power Point as A Function of Global Irradiance and Module Temperature for the Monocrystalline Module. 

 

 
Fig. 14:Variation of Efficiency and Maximum Power Point as A Function of Global Irradiance and Module Temperature for the Polycrystalline Module. 

 

 
Fig. 15:Variation of Efficiency and Maximum Power Point as A Function of Global Irradiance and Module Temperature for the Amorphous Module. 

 

 

It is seen that maximum power point curves still show slight linear 

relationship with solar irradiance and module temperature with an 

extended data plots, particularly for the monocrystalline module. 

Efficiency curves are approximately symmetrical at irradiance of 

about 600 W/m2, particularly for the crystalline modules. This is 

in agreement with some earlier works [9] [10]. 

Monthly hourly averages of open-circuit voltage, short-circuit 

current, power output and maximum power are investigated and 

the plots for a typical dry season month (January) and a typical 

rainy season month (August) are shown in Figures 16 to 27. 
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Fig. 16:Hourly Average Variation of Open-Circuit Voltage and Short-Circuit Current of Monocrystalline Silicon Module as A Function of Time for the 

Month of January 2015. 

 

 
Fig. 17:Hourly Average Variation of Power and Maximum Power of Monocrystalline Silicon Module as A Function of Time for the Month of January 

2015. 

 

 
Fig. 18:Hourly Average Variation of Open-Circuit Voltage and Short-Circuit Current of Polycrystalline Silicon Module as A Function of Time for the 
Month of January 2015. 

 

 
Fig. 19:Hourly Average Variation of Power and Maximum Power of Polycrystalline Silicon Module as A Function of Time for the Month of January 
2015. 
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Fig. 20:Hourly Average Variation of Open-Circuit Voltage and Short-Circuit Current of Amorphous Silicon Module as A Function of Time for the Month 

of January 2015. 

 

 
Fig. 21:Hourly Average Variation of Power and Maximum Power of Amorphous Silicon Module as A Function of Time for the Month of January 2015. 

 

 
Fig. 22:Hourly Average Variation of Open-Circuit Voltage and Short-Circuit Current of Monocrystalline Silicon Module as A Function of Time for the 

Month of August 2015. 

 

 
Fig. 23:Hourly Average Variation of Power and Maximum Power of Monocrystalline Silicon Module as A Function of Time for the Month of August 

2015. 
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Fig. 24:Hourly Average Variation of Open-Circuit Voltage and Short-Circuit Current of Polycrystalline Silicon Module as A Function of Time for the 

Month ofAugust 2015. 

 

 
Fig. 25:Hourly Average Variation of Power and Maximum Power of Polycrystalline Silicon Module as A Function of Time for the Month of August 

2015. 

 

 
Fig. 26:Hourly Average Variation of Open-Circuit Voltage and Short-Circuit Current of Amorphous Silicon Module as A Function of Time for the Month 

of August 2015. 

 

 
Fig. 27:Hourly Average Variation of Power and Maximum Power of Amorphous Silicon Module as A Function of Time for the Month of August 2015. 
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month of January and then for the typical rainy season month of 

August, open-circuit voltage peaks at 2:00 pm local time. On the 

other hand the short-circuit current of the monocrystalline main-

tains a steady peak time of 2:00 pm local time for the two seasons. 

This is in the afternoon time when the module temperature is high, 

confirming that short-circuit current has a linear relationship with 

module temperature and solar irradiance. In the case of the poly-

crystalline module, the open-circuit voltage equally peaks at noon 

time for the month of January but for the rainy season month of 

August the peak time of open-circuit voltage shifts to 1:00 pm 

local time. The short-circuit current of the polycrystalline, like the 

monocrystalline, maintains its peak time at 2:00 pm local time. It 

is equally observed that power output peak time coincides with 

open-circuit voltage peak time and maximum power point peak 

time coincides with short-circuit current peak time for the 

monocrstalline and polycrystalline silicon modules, confirming 

earlier suggestion that current is more correlated to maximum 

power point than voltage and the well known fact that output volt-

age and power of crystalline silicon photovoltaic modules de-

creases at high temperatures as their module temperature increas-

es. For the amorphous silicon module, as stated earlier, all the 

performance variables peak at the afternoon time for the two cli-

matic seasons, at 2:00 pm and 3:00 pm local time, which is the 

peak time of module temperature for all the module types, again 

confirming that amorphous silicon module performance variables 

are less affected by high temperature. Its power output curves 

overlap with the maximum power curves, their scales are slightly 

made different in order for the two curves to be visible. 

Hourly average values of the modules performance variables and 

ambient parameters for the one year duration of this study are 

shown in Tables 1 – 3 for the monocrystalline, polycrystalline and 

amorphous silicon modules respectively. 

 

 
Table 1: Annual Hourly Averages of Ambient Parameters and Performance Variables for the Monocrystalline Silicon Module 

T (Hours) Hg (W/m2) Ta (
oC) Tmod(

oC) Voc(V) Isc(A) Power (W) Pmax(W) RH (%) WS (m/s) 

9:00 AM 258 26.5 28.2 0.58 0.030 0.032 0.031 65.3 1.99 

10:00 AM 427 27.8 32.2 3.13 0.057 0.163 0.176 61.8 2.18 
11:00 AM 569 29.1 36.1 5.27 0.085 0.269 0.330 54.5 2.17 

12:00 PM 666 30.3 39.6 5.69 0.109 0.289 0.443 53.2 2.08 

1:00 PM 708 31.3 42.3 5.90 0.124 0.299 0.502 51.5 2.02 
2:00 PM 696 32.2 43.9 5.95 0.130 0.301 0.521 48.8 1.93 

3:00 PM 608 32.7 43.5 5.67 0.120 0.290 0.484 47.3 1.87 

4:00 PM 482 33.0 42.1 5.41 0.101 0.276 0.408 45.7 1.82 
5:00 PM 309 32.9 38.9 4.33 0.068 0.224 0.246 44.9 1.71 

6:00 PM 139 31.9 33.8 0.80 0.030 0.057 0.053 46.2 1.59 

 
Table 2: Annual Hourly Averages of Ambient Parameters and Performance Variables for the Polycrystalline Silicon Module 

T (Hours) Hg (W/m2) Ta (
oC) Tmod(

oC) Voc(V) Isc(A) Power (W) Pmax(W) RH (%) WS (m/s) 

9:00 AM 258 26.5 27.6 3.30 0.056 0.169 0.186 65.3 1.99 
10:00 AM 427 27.8 30.6 6.12 0.099 0.306 0.461 61.8 2.18 

11:00 AM 569 29.1 33.5 6.52 0.143 0.324 0.724 54.5 2.17 

12:00 PM 666 30.3 36.3 6.61 0.178 0.327 0.920 53.2 2.08 
1:00 PM 708 31.3 38.4 6.66 0.202 0.331 1.064 51.5 2.02 

2:00 PM 696 32.2 39.9 6.62 0.208 0.330 1.089 48.8 1.93 

3:00 PM 608 32.7 40.0 6.46 0.190 0.324 0.990 47.3 1.87 
4:00 PM 482 33.0 39.3 6.43 0.161 0.321 0.827 45.7 1.82 

5:00 PM 309 32.9 37.4 5.98 0.110 0.301 0.536 44.9 1.71 

6:00 PM 139 31.9 33.8 2.83 0.052 0.154 0.170 46.2 1.59 

 
Table 3: Annual Hourly Averages of Ambient Parameters and Performance Variables for the Amorphous Silicon Module 

T (Hours) Hg (W/m2) Ta (
oC) Tmod(

oC) Voc(V) Isc(A) Power (W) Pmax(W) RH (%) WS (m/s) 

9:00 AM 258 26.5 27.4 0.02 0.017 0.001 0.001 65.3 1.99 

10:00 AM 427 27.8 30.3 0.42 0.030 0.023 0.023 61.8 2.18 

11:00 AM 569 29.1 32.9 2.11 0.043 0.113 0.112 54.5 2.17 
12:00 PM 666 30.3 35.4 5.02 0.054 0.264 0.262 53.2 2.08 

1:00 PM 708 31.3 37.3 6.99 0.060 0.366 0.364 51.5 2.02 

2:00 PM 696 32.2 38.5 7.29 0.061 0.382 0.379 48.8 1.93 
3:00 PM 608 32.7 38.6 5.89 0.054 0.316 0.313 47.3 1.87 

4:00 PM 482 33.0 38.0 1.99 0.044 0.112 0.109 45.7 1.82 

5:00 PM 309 32.9 36.4 0.06 0.028 0.003 0.003 44.9 1.71 
6:00 PM 139 31.9 33.2 0.02 0.013 0.001 0.002 46.2 1.59 

 

For the monocrystalline and amorphous modules, all their perfor-

mance variables are seen to peak at 2:00 pm local time while the 

polycrystalline module maintains the trend it has for the hourly 

monthly averages; its open-circuit voltage peaks earlier in the day 

than the short-circuit current with the power output and maximum 

power point tracking the open-circuit voltage and short-circuit 

current profiles respectively. For the ambient parameters, solar 

irradiance (global radiation) peak time is at 1:00 pm, ambient 

temperature (Ta) is at 5:00 pm, wind speed is at 10:00 am and 

relative humidity is at 9:00 am local time.  

The monthly average values of solar irradiance, wind speed and 

relative humidity together with open-circuit voltage, short-circuit 

current, maximum power and module temperature for the three 

module types are presented in Table 4. 

It was observed here that wind speed peaked in the month of Janu-

ary, during the dry season of the study area, normally character-

ised by strong North-East trade wind and favours open-circuit 

voltage more than short-circuit current (amidst other factors) for 

the three module types. Also it is observed that module tempera-

ture recorded relatively low value, vis-a-vis their irradiance levels, 

for the three modules during this month. This is because high 

wind speed leads to increased rate of heat transfer from the mod-

ules to the ambient resulting in the low module temperature that 

favours open-circuit voltage more than short-circuit current. Rela-

tive humidity peaked in the month of August, which is the peak of 

rainy season of the study area and leads to lowest insolation level 

also witnessed in this month because increased water content in 

the atmosphere gives rise to cloudy weather and scattering of 

sun’s rays. Other factors being equal, high relative humidity 

brings about low module temperature which would normally fa-

vour open-circuit voltage more than short-circuit current, but with 

such very high value of relative humidity as recorded in August, 

its effect becomes domineering and results in very low insolation 

level that dictates the results of other parameters as is shown in the 

Table, and that explains the lowest recorded values of all the per-
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formance variables for the monocrystalline, polycrystalline as well 

as amorphous silicon modules. 

The performances of the three photovoltaic modules at different 

levels of solar irradiance (global irradiance) for the period studied 

were summarised in Table 5. Fill factor and efficiency at the dif-

ferent levels of irradiance for the modules were also computed and 

inserted. 

 

 

 
 

 
 

For comparison between the modules performances and the STC 

specifications, module performance ratio (MPR), module tempera-

ture and maximum power at 1000 W/m2 is equally presented. The 

maximum power output achieved for the modules at 1000 W/m2 

were 0.711 W, 1.323 W and 0.652 W representing 7.11 %, 13.23 

% and 6.52 % of the manufacturer’s power specifications for the 

monocrystalline, polycrystalline and amorphous photovoltaic 

modules respectively. Module efficiency for the three module 

types are seen to decrease steadily as solar irradiance increased 

with maximum value of 5.86% and 10.91% for the monocrystal-

line and polycrystalline respectively recorded at irradiance of 375 

W/m2 while the amorphous efficiency peaked at irradiance of 

536.5 W/m2 with the value of 3.61 %. These maximum values 

then decreased steadily with increased irradiance and at 1000 

W/m2 the efficiency reduced to 3.30 %, 6.20 % and 2.25 % as 

against manufacturer’s specifications of 46 %, 48 % and 33 % for 

the monocrystalline, polycrystalline and amorphous respectively. 

Open-circuit voltages at 1000 W/m2 were 6.514 V, 6.996 V and 

12.5 V as against manufacturer’s specifications of 21.6 V, 21.6 V 

and 21.2 V for the monocrystalline, polycrystalline and amor-

phous respectively, while the short-circuit currents were 0.16 A, 

0.255 A and 0.80 A as against manufacturer’s specifications of 

0.65 A, 0.67 A and 0.62 A for the monocrystalline, polycrystalline 

and amorphous respectively. Maximum voltage, Vmax, which ac-

cording to the manufacturer’s STC specification is 17.4 V each for 

the three modules, recorded 4.687 V, 5.646 V and 12.500 V at 

1000 W/m2respectively, while maximum current, Imax recorded 

0.152 A, 0.234 A and 0.052 A respectively for the monocrystal-

line, polycrystalline and amorphous, as against STC values of 0.57 

A, 0.59 A and 0.55 A. Therefore, module performance ratios for 

these PV modules under investigation are 0.07, 0.13 and 0.07 for 

the monocrystalline, polycrystalline and amorphous respectively 

and it was equally observed here that none of these PV modules 

recorded module temperature of 25 oC at 1000 W/m2 solar irradi-

ance as usually assumed for STC condition, rather, as seen in Ta-

ble 5, all recorded module temperatures are well beyond 25 oC in 

the local environment. It is then quite clear and obvious, given the 

enormous margin of deviation of the outdoor characterised values 

from the manufacturer’s STC specifications, that STC data is sus-

pect; it is only handy in making comparison among solar modules. 

Designing with manufacturer’s STC data will produce an unrelia-

ble and defective PV power system. Judging from all indications, 

the polycrystalline module performed best in the Minna local en-

vironment. In addition, over specified modules are flooding our 

local market. 

3.1. Results of statistical analysis and models 

The prediction models for Voc, Isc, P and Pmax at different levels of 

irradiance and module temperature for the performance variables 

resulting from this work are all good, judging by statistical index, 

and are as follows: 

Monocrystalline 

 

Voc= - 3.40 +0.00672 Hg + 0.115 Tmod 

 

Isc = - 0.0616 + 0.000115 Hg + 0.00233 Tmod 

 

P = - 0.156 + 0.000320 Hg + 0.00577 Tmod 
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Pmax = - 0.389 + 0.000579 Hg + 0.0110 Tmod 

 

Polycrystalline 

 

Voc=1.11 + 0.00564 Hg + 0.0523 Tmod 

 

Isc = - 0.0759 + 0.000219 Hg + 0.00298 Tmod 

 

P = 0.106 + 0.000258 Hg + 0.00156 Tmod 

 

Pmax = - 0.49019 + 0.00130 Hg + 0.0151 Tmod 

 

Amorphous 

Voc = - 6.46 + 0.0109 Hg + 0.110 Tmod 

 

Isc = - 0.0159 + 0.000072 Hg + 0.000577 Tmod 

P = - 0.316 + 0.000578 Hg + 0.00515 Tmod 

 

Pmax = - 0.324 + 0.000567 Hg + 0.00542 Tmod 

3.2. Comparison between measured and predicted per-

formance variables 

For the purpose of comparison between measured and predicted 

data, the predicted performance variables at different levels of 

irradiance and module temperature were plotted with the measured 

variables and the result for short-circuit current is presented in 

Figures 28 – 30 for the three module types. 

 

 
Fig. 28:Measured and Predicted Short-Circuit Current with Module Temperature as A Function of Solar Irradiance for the Monocrystalline Module. 

 

 
Fig. 29:Measured and Predicted Short-Circuit Current with Module Temperature as A Function of Solar Irradiance for the Polycrystalline Module. 

 

 
Fig. 30:Measured and Predicted Short-Circuit Current with Module Temperature as A Function of Solar Irradiance for the Amorphous Module. 

 

4. Conclusion 

The outdoor characterisation and performance evaluation of dif-

ferent types of photovoltaic modules in Minna local environment 

reveals that actual values of performance variables of the modules 

differ greatly from the manufacturer’s specifications. The magni-

tude of the difference between STC specification and the realistic 

outdoor performance, in this particular study, points to the fact 

that over rated modules are entering our local market. The maxi-
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mum power output achieved for the modules at irradiance of 1000 

W/m2 were 0.711 W, 1.323 W and 0.652 W representing 7.11 %, 

13.23 % and 6.52 % of the manufacturer’s power specifications 

for the monocrystalline, polycrystalline and amorphous photovol-

taic modules respectively. While module efficiency for the three 

module types peaked at irradiance of 375 W/m2 with the values 

of5.86% and 10.91% for the monocrystalline and polycrystalline 

respectively, and the amorphous efficiency peaked at irradiance of 

536.5 W/m2 with the value of 3.61 %. These maximum values 

then decreased steadily with increased irradiance and at 1000 

W/m2 the efficiency reduced to 3.30 %, 6.20 % and 2.25 % as 

against manufacturer’s specifications of 46 %, 48 % and 33 % for 

the monocrystalline, polycrystalline and amorphous respectively. 

Similarly, it was observed that the modules did not record 25oC 

module temperature at irradiance of 1000 W/m2 as used in STC 

specifications by the manufacturer. Module temperature was 

therefore observed to have significant influence on the general 

performances of the modules. In addition to the temperature ef-

fects on the performance of the module, some non-intrinsic effects 

like module mismatch, dust and ohmic losses can contribute to 

some fraction of the observed reduction in output performances 

[8] [11].  

It is recommended that outdoor characterisation and performance 

evaluation of all commercially available PV modules be carried 

out in every location of developing countries where this is lacking. 

Results should be collated, adopted and installers of PV power 

systems made to abide by the regulations thereof to ensure tech-

nical quality. Also government should put adequate mechanism in 

place to checkmate over rated PV modules and dumping.  
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