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Abstract – The IEC61215 TC200 is a rigorous approval thermal cycling test process that 

assesses the reliability of solar photovoltaic modules and offers a 25-year lifetime guarantee. 

However, previous research has shown that installed solar photovoltaic modules experience 

different rates of degradation depending on the location and climate with most research focused 

on crystalline silicon. In this study, outdoor weathering data obtained from a rig set up in Kumasi, 

Ghana for the year 2014, is used to generate thermal cycles for 5 different technologies including 

monocrystalline, polycrystalline, and amorphous silicon, Copper Indium Gallium Selenide (CIGS) 

and Heterojunction-With-Intrinsic-Thin-Layer (HIT). From the results, the highest yearly average 

of the maximum and minimum temperatures, and ramp rates of 54.8
o
C, 26.1

o
C, and 6.05

o
C/h 

respectively are recorded in CIGS. Polycrystalline recorded the least temperatures of 45.2
°
C and 

23.9
°
C while HIT recorded the least ramp rate of 4.45

°
C /h. A comparison between the 2014 and 

the IEC61215 thermal cycles show extremely wide differences which could explain the higher 

degradation rates and shorter life of installed solar photovoltaic modules. The procedure adopted 

in this research can be repeated at different locations to obtain technology-specific thermal 

cycling profiles to evaluate the thermomechanical damage and predict the life of different solar 

photovoltaic modules. 
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I. Introduction 

The commercial viability of PV systems is strongly 

dependent on the field performance, cost, and life. It is 

imperative for engineers to study and minimize 

degradation and failure modes exposed to PV systems 

during their operational lifetime to improve commercial  

viability [1]. PV modules are expected to function at 90% 

power capacity for the first 10 years of operation and 

80% power capacity after 25 years [2]. However, these 

estimations are not guaranteed due to the various external  

 

 

stresses PV modules are exposed to during field 

operation. These include temperature changes, moisture, 

humidity, mechanical stress, and irradiance [3].  

One of the common failure modes in solar modules is 

thermo-mechanical fatigue. Solder joints are the most 

susceptible layers to thermal damage and contribute to 

40.7% of failures reported in field operations. This can 

result from exposure to high temperatures during the 

soldering process at manufacturing. Also, the difference 

in the coefficient of thermal expansion induces expansion 
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and contraction in the various layers of solar modules at 

different rates during day and night temperature changes. 

The growth of intermetallic compounds (IMC) in the 

solder joints also contributes to thermomechanical 

damage [4]. 

To study reliability in PV modules, the choice of thermal 

cycling is an important factor. It is characterized by 

temperature fluctuations between peak day temperatures 

and low night temperatures, ramp rates, and dwell times 

[5]. Many researchers have resorted to the use of the IEC 

61215/IEC 61646 TC 200 thermal cycles to study 

thermochemical damage [4, 6, 7]. The IEC 61215/ IEC 

61646 involves subjecting solar modules to temperatures 

ranging between -40 °C to +85 °C, with ramp rates of 

100 °C /h and 10-minute dwells [8]. It is most commonly 

seen with researchers varying parameters of the TC 200 

in the course of their research. This includes an increased 

number of cycles, higher temperature gradients, ramp 

rates, and dwell times [4, 6, 7]. However, these 

conditions do not properly define the thermal conditions 

that the solar modules are exposed to during field 

operation, which varies from place to place.  

On the other hand, the use of field data to study 

degradation in PV modules is essential to generating 

more accurate results since their actual lifetime are 

climate and location dependent [3]. Cuddalorepatta et al. 

[9] reported the use of field conditions between the 

temperature ranges of 17 °C to 63 °C in their study on 

the durability of lead-free solder in crystalline silicon 

solar modules. One study used data obtained from two 

days of weather exposure in Doha, Qatar to represent a 

summer day and a winter day in the study of the 

reliability of PV modules [10]. 

There are different types of solar modules with a wide 

range of efficiencies, which depends on the types of 

semiconductor that were adopted during manufacture 

[11]. These include mono-crystalline silicon, 

polycrystalline silicon, microcrystalline silicon, copper 

indium selenide, cadmium telluride, amorphous silicon, 

gallium arsenide, and HIT solar modules [2, 12]. The 

most commonly used solar module is monocrystalline 

silicon, which dominates the market by 85%. This 

supports the fact that the majority of research carried out 

on solar module reliability involved monocrystalline 

silicon [10, 13, 14]. Some researchers adopted 

polycrystalline in their studies on thermomechanical 

reliability [4, 15]. A research used four different solar 

modules which include monocrystalline silicon, 

multicrystalline silicon, amorphous silicon, and CIGS 

solar modules to study the performances in the field [16]. 

The study also used data obtained from three consecutive 

days in Malaysia. From the literature, it can be seen that 

there is limited use of field data in studies on solar 

module reliability. Moreover, most of this research is 

focused on crystalline silicon solar modules and an even 

lesser number on thin films. There is also limited 

research on the inclusion of different technologies in one 

test site.  

The purpose of this study is to generate an in-situ thermal 

cycle profile for five (5) different solar PV module 

technologies in Kumasi, Ghana. This involves the use of 

data obtained in the year 2014 for solar modules 

including monocrystalline silicon, polycrystalline silicon, 

CIGS, amorphous silicon, and HIT to develop 

temperature profile cycles and subsequently generate five 

different thermal cycles to represent the different 

technologies at the test site. 

 

II. Material and method 

This study makes use of secondary data that was 

obtained from an outdoor climate monitoring rig. Figure 

1(a) shows a number of solar photovoltaic modules that 

make up the rig. It involves monocrystalline silicon, 

polycrystalline silicon, CIGS, amorphous silicon, and 

HIT solar photovoltaic modules. Figure 1(b) shows the 

data collection substation. The list of solar photovoltaic 

module specifications and capacities is shown in Table 1. 

The rig was installed in 2012 through the African 

Renewable Energy Access program financed by the 

World Bank under the project title:" Capacity Upgrading 

for West African Partners in Renewable Energy 

Education". The rig can be found at the College of 

Engineering KNUST, Kumasi, Ghana, West Africa. Its 

site location is latitude 64000 N and longitude 13700 W, 

250m above sea level. They are mounted on a rooftop 

inclined at an angle of 5 degrees, facing southwards. The 

rigs are connected to the grid by a 4 kW SMA Sunny 

Boy DC-AC inverter (SB 3800). Using a Bluetooth ad-

hoc connection, five inverters are connected and 

configured to communicate with a SMA Sunny WebBox, 

to log and transfer data from the various photovoltaic 

technologies to a server to be stored. Using the university 

network, an online monitoring system is established for 

the SMA Sunny portal created on the server. To measure 

the module temperatures, calibrated platinum sensors 

with ±0.5 °C measurement accuracy, and 0.1 °C 

resolution, placed on the backside center of each module 

are used. The data recorded by the system included 

environment temperature, module temperature, total 

insolation, operating current and voltage, wind speed, 

and total output power. The data captured starts in March 

2012 and ends in May 2015. However, the point of focus 
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in this research was the year 2014 since it provided the 

greatest amount of data as compared to the other years. 

 

 
Figure 1. (a) Outdoor climate monitoring rig involving five different 

solar photovoltaic technologies. (b) Data collection substation [13]. 

 

Table 1. Solar photovoltaic module specifications and capacities. 

 
 

II.1. Generating Daily Temperature Profile 

The 288 data points of module temperature recorded at 

intervals of 5 minutes were extracted for the various 

photovoltaic technologies according to their days. The 

module temperature columns for the various technologies 

were extracted and arranged by days of the month to 

match their respective times at which data was recorded 

in a new excel sheet according to the type of photovoltaic 

technology. Subsequently, this was repeated for all 

months of the various years. The monthly temperature 

average was computed for all the months. With the help 

of a simple MATLAB program, the monthly averages 

were extracted and plotted against time to obtain the 

plots of the daily temperature profiles.  

 

II.2. Generating Thermal Cycles 

 

To obtain thermal cycles, six data points per cycle were 

to be selected: the first point being the first temperature 

to be recorded in a given day, the second point being the 

temperature at the end of the first cold dwell, the 3
rd

 point 

being the temperature at the end of the ramp up or the 

beginning of the dwell, the 4
th

 point being the 

temperature at the beginning of the ramp down or the end 

of the dwell, 5
th

 being the temperature at the end of the 

ramp down and the 6
th

 point being the temperature at the 

end of the second cold dwell. Figure 2 demonstrates a 

labeled thermal cycle and the 6 points selected for 

simulation. In order to obtain these points, the ramp 

rate/rate of change from one point to another was 

computed for all months of the given years. The 

calculated ramp rates in conjunction with graphical linear 

fitting were used to identify these points which signify 

the turning points in the daily temperature cycles. The 

temperature and time at these points were noted and used 

to plot a graph with the help of a simple MATLAB 

program.  

The Dwell times were also obtained as follows.  

The hot dwell time was given by: 

 

𝑇ℎ𝑜𝑡  𝑑𝑤𝑒𝑙𝑙 = 𝑇4 − 𝑇3   
            (1)                                                              

The first cold dwell was given by:    

                       (2)                            

The second cold dwell was given by:  

                             (3)

                                             

Where T1, T2, T3, T4, T5, and T6 are the respective times 

obtained from the thermal cycle. 
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Figure 2. Sample of a daily thermal cycle[17]. 

III. Results and Discussions 

The rig setup transmits data recorded at the 5-minute 

interval and stored on a server from March 2012 to May 

2015. The study and data analysis is limited to the year 

2014 and the technologies included are monocrystalline 

silicon, polycrystalline silicon, CIGS, amorphous silicon, 

and HIT solar modules. This section presents and 

discusses the results obtained from data analysis for the 

generation of temperature cycle profiles for the five 

technologies in the year 2014.    

 

III.1. Modeling procedure 

The 288 data points obtained from the test rig were used 

to plot the monthly average of the daily temperatures 

against time to generate the temperature cycles for the 

various technologies of the various years. Table 2 

summarizes the statistics of the data obtained from the 

daily temperature of the various technologies in the year 

2014. CIGS recorded the highest maximum temperature 

of 77.1 °C while polycrystalline silicon recorded the least 

minimum of 15.7 °C. The maximum mean temperature 

of 35.4 °C was recorded in CIGS and the lowest mean 

temperature of 30.9 °C was recorded in polycrystalline.  

 

Table 2. Data summary for all solar module technologies in the year 

2014. 

 
 

Figure 3 shows the daily temperature profiles for the year 

2014 for all technologies. 

 

 

 

 

 
Figure 3(a). Monthly averaged Daily Temperature profiles for January 

2014 to April 2014. 
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Figure 3(b). Monthly averaged Daily Temperature profiles for May 

2014 to October 2014. 

 

 
Figure 3(c). Monthly averaged Daily Temperature profiles for 

November 2014 to December 2014. 

 

High temperatures contribute significantly to reducing 

the life of a solar module. It results in high stress formed 

in the solar module due to different coefficients of 

thermal expansion of module materials which eventually 

leads to failure. This means that solar modules with 

higher temperatures are expected to have shorter life 

[18]. 

The variation in the difference in coefficient of thermal 

expansion among the various technologies, along with 

other material properties may be the reason for different 

temperature readings in the various technologies despite 

being installed in the same geographical location under 

the same solar radiation. The method of manufacturing 

could also be a contributing factor. 

 

III.2. Temperature Gradient 

The change in temperature between the high 

temperatures in the day and low temperatures at night is 

referred to as the temperature gradient. It was obtained 

by identifying the highest and lowest temperatures 

observed in a given month and finding the difference 

between them. Hence the temperature gradient is given 

by  

ΔT=TMAX - TMIN                                (4) 
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Table 3 shows a summary of the frequency of occurrence 

for temperature gradient expressed in percentage of 

occurrence for the various technologies for the year 

2014. It can be observed that the monocrystalline silicon 

and the HIT solar module had their temperature gradients 

within the range of 35 °C -to 49.99 °C and CIGS solar 

module had temperature gradients within the range of 40 

°C -to 59.99 °C. The polycrystalline recorded 

temperature gradients within the range of 25 °C -to 44.99 

°C which was slightly similar in the amorphous silicon 

solar module which also recorded some temperature 

gradient occurrence in the range of 55 °C -to 59.99 °C. 

All the technologies with exception of CIGS recorded the 

most temperature gradients in the limits of 40 °C -49.99 

°C. CIGS recorded the most temperature gradients in the 

limits of 50°C -to 54.99°C which shows it recorded the 

highest temperature gradients amongst the other solar 

modules. Figure 4 shows a frequency distribution of the 

daily temperature gradients obtained in the year 2014 for 

all the technologies. 

 

Table 3. Summary of frequency of occurrence of temperature gradient 

distribution for the year 2014 for all technologies. 

 
 

 
Figure 4.  Frequency distribution of the monthly average of daily 

temperature gradients for various technology module temperatures in 

the year 2014. 

 

Table 4 shows the mean temperature gradients of all the 

various technologies in the year 2014. The highest 

temperature gradient was observed at 51.8 °C in CIGS 

and the least at 38.4 °C was observed in polycrystalline 

silicon.  

 

Table 4. Mean temperature gradients of the various technologies in the 

year 2014. 

 

 

III.3. 3.3 Thermal Cycles  

The thermal cycles were obtained using the average ramp 

rates in conjunction with linear curve fitting of the daily 

temperature profiles. The six points were obtained and 

their respective times and temperatures were used to plot 

the thermal cycles. For example, in January 2014 shown 

in Figure 3(a), it was observed that the average ramp rate 

between point 1 and point 84 was a very small negative 

decimal approaching zero. This number authenticated the 

graphical nature of the first cold dwell, which is 

characterized by a horizontal line. Beyond point 84, it 

was observed that ramp rates began to increase 

significantly till it reached point 146. The average ramp 

rate was a significant positive value which implied a very 

steep upward slope, equal to that of a ramp-up. Between 

point 146 and point 172 was a dwell. After point 172, the 

ramp rate was seen to be a significant negative value 

which implied a steep downward slope, equal to that of a 

ramp down. After point 227 the average ramp rate was 

seen to be a small negative value hence the slope became 

less downward steep up to point 288, which was equal to 

that of the second cold dwell. Hence these points were 

translated into time steps for the 6 data points required 

for the simulations; 0:00 GMT, 6:55 GMT, 12:05 GMT, 

14:15 GMT, 18:50 GMT, and 23:55 GMT respectively. 

The temperatures recorded at these times were also 

noted. The temperature at point 3 was equated to point 4 

to emulate the dwell. This procedure was repeated for all 

the months and years for the various technologies. The 

times and temperatures were extracted with help of a 

MATLAB program and used to plot a yearly module 

temperature cycle for the various photovoltaic 

technologies.  

Figure 5 shows the thermal cycles of the various 

technologies for the year 2014. The maximum 

temperatures slightly increased from January to March, 

reduced till August, and then increased till December. 

The trends of the thermal cycles for the various 

technologies are a result of the weather changes 

associated with the climate seasons in Ghana, namely the 

dry season and the rainy season. The dry season occurs 

from November to March, which explains the 

observation of high peak temperatures during these 

months, in the thermal cycles. The rainy season, on the 

other hand, occurs from April to September/November 
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which explains the low peak temperatures recorded 

during these months in the thermal cycles [21]. 

 

Figure 5. Thermal cycles for the year 2014 

 

III.4. Ramp Rate  

The ramp-up rate signifies the rate at which temperature 

rises at a significant amount from the 1
st
 cold dwell to the 

dwell. It can then be referred to as the heating rate. The 

ramp-down rate signifies the rate at which temperature 

reduces at a significant rate from the dwell to the 2
nd

 cold 

dwell hence can also be referred to as the cooling rate. 

Table 5 shows a summary of the ramp rates in the year 

2014 for all technologies. The highest mean heating rate 

of 5.95
 °

C /h was found in CIGS solar module with a 

maximum heating rate of 7.76
 °
C /h and the least heating 

rate of 4.31 was observed in HIT solar module with a 

maximum heating rate of 5.39
o
C/h. The highest mean 

cooling rate of 6.09
 °

C /h was observed in CIGS with a 

maximum cooling rate was 7.67
 °
C /h and the least mean 

cooling rate of 4.45
o
C/h with a maximum cooling rate of 

5.29
 °

C /h was observed in amorphous silicon solar 

module. 

The results on the ramp rates are graphically presented in 

Figure 6 which shows the distribution of the mean and 

maximum for the ramp-up and ramp-down rates in the 

year 2014 for the various technologies 

 

Table 5. Ramp Rates for the various technologies in the year 2014. 

 

 

Figure 6. Distribution of the mean and maximum ramp rates in the year 

2014 for the various technologies.  

 

It was observed that ramp rates for CIGS solar modules 

were consistently the highest among all the other solar 

modules. This was then followed by monocrystalline. 

HIT, polycrystalline silicon, and amorphous silicon 

modules were often in varying positions. The mean ramp 

rates obtained in this study were slightly lower than the 

ramp rates observed in a similar study  [15]. 

Observing the ramp-up and ramp-down rates shows that 

their respective values relate closely to each other which 

is similar to the IEC thermal cycle with ramp-up and 

ramp-down rates both at 100C/h [8]. This means that the 

rate at which temperatures rise to the peak of the day is 

the same rate from after the peak to the night. The study 

showed that faster ramp rates led to more damage in the 

solder joint than slower ramp rates [22]. Another study 

expected that the solar module with the highest ramp 

rates should have the shortest life [20]. 

 

III.5. 3.5 Temperature Dwell Times 

In theory, the temperature dwell time refers to the time in 

the temperature cycle profile when there is no increase in 

temperature hence zero ramp rates. In practical 

application, the hot dwell occurs at the time when there is 

a significant decrease in the ramp-up/heating rate. The 1
st
 

and 2
nd

 dwell occur at the time when there are minimal 

ramp rates before ramp-up starts and after ramp-down 

ends respectively.  The dwell times were obtained using 

equations (1) (2) and (3) mentioned in section 2. 

With respect to all the solar module technologies 

(monocrystalline, polycrystalline, amorphous silicon, 

CIGS, and HIT), it was observed that dwell times were 

the same each month. However, across the months of the 

year 2014, different hot and cold dwell times were 

recorded. Figure 7 shows the mean monthly distribution 

for the hot dwell, 1
st
, and 2

nd
 cold dwell times in the year 

2014 for all the technologies. The mean hot dwell time 

was observed to be 190 minutes with a maximum of 265 
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minutes in April and a minimum of 130 minutes in 

January. The mean 1
st
 and 2

nd
 cold dwell times were 398 

and 320 minutes respectively. The maximum for the 1
st
 

and 2
nd

 cold dwell times were 420 and 350 minutes 

respectively, with both recorded in February and the 

minimum for the 1
st
 and 2

nd
 cold dwell times were 375 

and 300 minutes respectively, with both recorded in 

June. The trend of dwell times correlates with the trend 

of the thermal cycles and climate in Ghana [21]. This 

implies that dwell times are longer during dry seasons 

and shorter in the rainy seasons. 

 

 
Figure 7. Monthly mean distribution of hot dwell, 1st and 2nd cold dwell 

times for the year 2014 for all technologies. 

 

The mean hot dwell and cold dwell times in this study 

were about 3 hours and 6 hours respectively which are 

closely related to dwell times obtained in a similar study 

[15]. Longer dwell times contributed significantly to 

reducing the fatigue life of solder joints by causing more 

creep [22].  

Although dwell times for the various technologies are the 

same, dwells were seen to occur at different 

temperatures.  

Table 6 shows the mean hot dwell temperatures (HDT) 

and mean cold dwell temperatures (CDT) in the year 

2014 for the various technologies. The highest mean hot 

dwell temperature was observed in CIGS with the 

highest of them being 54.78
 °

C. The lowest hot dwell 

temperature of 45.15
 °

C was seen in HIT. The highest 

cold dwell temperature of 26.12
 °

C was seen in CIGS 

with the lowest cold dwell temperature of 23.88
 
°C seen 

in polycrystalline. 

 

Table 6. Summary of Mean Hot Dwell Temperatures (HDT) and Mean 

Cold Dwell Temperatures (CDT) for the various technologies in the 

year 2014. 

 

III.6. Comparison between IEC 61215 and 2014 

thermal cycle 

The thermal cycles of the various technologies were 

compared with IEC 61215 thermal cycle and the 

percentage differences for the parameters evaluated 

above were obtained.  

Table 7 shows a summary of the percentage difference of 

parameters between the thermal cycles of the various 

technologies in the year 2014 and the IEC 61215 thermal 

cycle. The IEC 61215 is characterized by high ramp 

rates, short dwell times, and a high-temperature gradient. 

It is performed over a short cycle time(10200s). On the 

other hand, the thermal cycles of the various technologies 

had low ramp rates, long dwell times, low-temperature 

gradients, and longer cycle times (86400s).  

 

III.6.1. Ramp Rates 

The percentage difference in ramp-up and ramp-down 

rates between the monocrystalline silicon and IEC 61215 

was -95.1% and -95.0% respectively. The ramp-up and 

ramp-down rates of polycrystalline silicon compared to 

the IEC 61215 were both -95.5%. The ramp-up and 

ramp-down rates of HIT compared to the IEC 61215 

were -95.7% and -95.4% respectively. The ramp-up and 

ramp-down rates of CIGS compared to the IEC 61215 

were -94.1% and 93.9% respectively. The ramp-up and 

ramp-down rates of amorphous compared to the IEC 

61215 were -95.4% and 95.6% respectively.  The highest 

percentage difference was seen in HIT while the lowest 

was seen in CIGS. This shows that the ramp rates of the 

IEC 61215 were extremely larger than that of the various 

technologies with the CIGS having the highest ramp 

rates among the other technologies. 

 

III.6.2 Dwell Times 

Dwell times were the same across the various 

technologies. Compared with the IEC 61215, the hot 

dwell and cold dwell from all the technologies had a 

difference of 1796% and 3489.5% respectively. This 

shows that the dwell times of the various technologies 

were significantly higher compared to IEC 61215. This is 

because the nature of the weathering conditions is such 

that daytime temperatures remain fairly constant for 

about 3 hours nearing the highest day temperatures and 

nighttime temperatures remain fairly constant for about 7 

hours nearing the lowest night temperatures. 

 

III.6.3 Maximum, Minimum, and Temperature Gradient 

The maximum, minimum, and temperature gradients of 

the mono-crystalline silicon thermal cycle compared to 

that of the IEC 61215 had percentage differences of -

43.6%, -161.6%, -81.4% respectively. The maximum, 
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minimum, and temperature gradients of the 

polycrystalline crystalline silicon thermal cycle 

compared to that of the IEC 61215 had percentage 

differences of -46.8%, -159.7%, -82.9% respectively. 

The maximum, minimum, and temperature gradients of 

the HIT thermal cycle compared to that of the IEC 61215 

had percentage differences of 46.9%, -160.9%, and -

83.4% respectively. The maximum, minimum, and 

temperature gradients of the CIGS thermal cycle 

compared to that of the IEC 61215 had percentage 

differences of -35.6%, -165.3%, and -77.1% respectively. 

The maximum, minimum, and temperature gradients of 

the mono-crystalline silicon thermal cycle compared to 

that of the IEC 61215 had percentage differences of -

45.9%, -160.4%, and -82.6% respectively.  

The highest difference in maximum temperature was 

observed in polycrystalline while the lowest difference 

was seen in CIGS as shown in Table 7. With minimum 

temperature, the highest difference was seen in CIGS 

with the lowest difference in polycrystalline. The greatest 

difference in temperature gradient was seen in HIT with 

the least difference seen in CIGS. This shows that the 

temperatures of the various technologies were 

significantly lower than that of the IEC 61215. 

 

Table 7. Summary of the percentage difference between thermal cycles 

of the various technologies in the year 2014 and the IEC 61215 thermal 

cycle. 

 
 

IV. Conclusion and Recommendation 

In this study, outdoor weathering data from a rig setup in 

Kumasi was used to generate thermal cycles for 5 

different technologies namely Monocrystalline silicon, 

Polycrystalline silicon, Heterojunction with an intrinsic 

thin layer (HIT), Copper Indium Gallium Selenide 

(CIGS), and Amorphous silicon solar modules in the year 

2014. Key parameters which included maximum, and 

minimum temperatures, ramp rates, and hot and cold 

dwell times were obtained.  

The thermal cycles in the year 2014 had the most amount 

of data and hence were the most suitable to be used for 

further studies on thermomechanical reliability. The 

maximum, minimum, and ramp rates for the various 

technologies in the year 2014 were 47.9
 °
C, 24.6

 °
C, 4.95

 

°
C /h for Monocrystalline silicon, 45.2

 °
C, 23.9

 °
C, 4.55

 

°
C /h for Polycrystalline silicon, 45.2

 °
C, 24.4

 °
C, 4.45

 °
C 

/h for HIT, 54.8
 °
C, 26.1

 °
C, 6.05

 °
C /h for CIGS and 46.0

 

°
C, 24.2

 o
C,4.55

 °
C /h for Amorphous silicon solar 

modules respectively. Parameters in CIGS were 

constantly the highest, followed by monocrystalline 

silicon and then polycrystalline silicon, amorphous 

silicon, and HIT which were closely related. Hot dwell 

and cold times were 189 minutes and 359 minutes 

respectively for all the technologies. A comparison 

between the thermal cycles of the various technologies 

and the IEC 61215 thermal cycle showed massive 

differences.  The percentage differences of the various 

technologies were in the ranges of -35.6% to -46.9% for 

maximum temperatures, -35.6% to -46.9% for minimum 

temperatures, -159.7% to -165.3% for minimum 

temperatures, -94% to -95.55% for ramp rates, and 

1796% and 3489.5% for the hot and cold dwell times.  

In light of the findings obtained from this research, the 

author recommends that the thermal cycling for the 

various technologies under outdoor weathering in 

Kumasi may be used to carry out reliability testing to 

assess thermomechanical fatigue in the solder joints of 

the solar modules. This is necessary to evaluate the 

damage exposed to the solder joints by thermal stress and 

provide knowledge on the expected life. Thermal cycling 

is location-dependent hence similar research may be 

repeated to obtain thermal cycles in various test sites in 

Ghana. 
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