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ABSTRACT: Partial shading affects the performance and reliability of thin-film and crystalline-silicon (c-Si) 
photovoltaic (PV) modules. In this paper, the thin-film and c-Si modules are experimentally benchmarked by 
introducing various partial shading patterns over the modules. More specifically, experiments are performed using SPI-
SUN 5600 SLP-based test-rig. The benchmarking reveals that thin-film and c-Si technologies behave differently under 
the same shading patterns. Furthermore, thermographic images are also presented to explore the effect of partial shading 
on both modules. 

Keywords: PV module, shading, thin film, crystalline silicon, system performance, solar architecture, 
electroluminescence 
 

 
1 INTRODUCTION 
 

Generation and utilization of solar photovoltaic (PV) 
energy have been growing continuously due to the 
decreasing cost of solar PV modules and increasing 
environmental concerns [1]. The solar PV energy 
applications are also increasing, e.g., in residential 
rooftops, streetlights, and remote telecommunication 
systems. The installed capacity of solar PV energy is over 
500 GWp [2] according to the International Energy 
Agency (IEA), where the crystalline-silicon (c-Si) 
technology shares over 90% of the market. However, the 
deployment of other technologies, especially the thin-film 
technology [3], is also growing rapidly due to the 
improved performance. Nonetheless, the c-Si technology 
is still dominating with around 450 GWp installed capacity 
[4].  

In practice, the performance ratio (PR) of PV systems 
is lower [5]. Degradation in performance normally appears 
in the early years and continue to increase with aging, 
resulting in lower PRs [6]. The performance, as well as the 
life of PV modules, are greatly affected by partial shading, 
which in turn increases the temperature of the PV modules. 
The high-temperature part(s) of the PV modules is known 
as a hotspots, which can affect the entire PV system by 
damaging the PV modules [7]-[10]. Therefore, numerous 
inspection methods have been presented in the past to 
inspect hotspots, where the thermography [11] is the most 
widely employed one [12].  

The effect of partial shading is different for c-Si and 
thin-film PV modules due to their distinct internal 
structures. Typically, c-Si solar PV modules have 60-72 
PV cells in series [13], as shown in Fig. 1(a). Each cell 
behaves as an individual DC power source. During partial 
shading, the output power from the series shaded PV cells 
is affected and lowered. The shaded cells start acting as a 
load and dissipate the extra power generated by the un-
shaded series-connected PV cells. To limit this, bypass 
diodes (two or three per PV module) are connected across 
20-24 series PV cells, as indicated in Fig. 1(a). The reverse 
voltage across the shaded cells is limited by the bypass 
diodes D1, D2, and D3 to bring it to a safe level [14], [15]. 

On the other hand, thin-film PV modules have long, 
narrow, and rectangular cells with a two (2D) dimensional 
current flow structure. These cells in thin-film PV modules 

 
are connected in series. The current flow is 2D in thin-film 
PV modules because of the internal structure, which has 
series-connected PV cells, as shown in Fig. 1(b) [16]. In 
thin-film, multiple PV sub-cells are present within each 
cell, which are further connected in parallel and 

 

 
Figure 1: Internal structure of solar PV modules: (a) 
crystalline silicon (c-Si) and (b) thin-film. 
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represented by Nparallel, as shown in Fig. 1(b). 

In thin-film PV modules, the parallel-connected sub-
cells depend upon the width and area of the PV module. 
The number of series-connected PV cells is represented as 
Nseries depending on the PV module length [17], as 
observed in Fig. 1(b). The thin-film PV module has a 
completely different physical internal structure in 
comparison to the c-Si. Therefore, the effect of partial 
shading on both technologies also varies. A single bypass 
diode is connected across the thin-film PV module to limit 
the effect of shading when connected in series with other 
PV modules. 

Experimental comparisons among thin-film and c-Si-
based PV modules under various partial shading scenarios 
should be performed to further explore the impact. 
Therefore, in this paper, different partial shading cases are 
developed and studied experimentally by using the SPI-
SUN 5600 test-rig, which is shown in Fig. 2(a). Both PV 
modules, i.e., the c-Si (SV36-150) in Fig. 2(b) and thin-
film (SF150-S) in Fig. 2(c) are shaded vertically and 
horizontally to explore the effect of partial shading. The 
rest of this paper is arranged as follows. In Section II, the 
partial shading cases are described, which are used to 
analyze the partial shading effect on the above-mentioned 
PV modules. In Section III, experimental results are 
discussed. Finally, conclusions are drawn in Section IV. 
 
 
2 PARTIAL SHADING CASES  
 

To study the effect of partial shading on thin-film and 

c-Si modules, various cases (in total six cases) are 
developed. The first three cases are for vertical shading 
with different shading percentage, i.e., 33%, 66%, and 
100%. Similarly, the other three cases are for horizontal 
shading, i.e., 33%, 66%, and 100%, as shown in Fig. 3. In 
Case 1, both PV modules (i.e., thin-film and c-Si) are 33% 
horizontally shaded by an object, as exemplified in  
Fig. 2(c). In Case 2 and Case 3, the PV modules are 66% 
and 100% shaded with the same shading object, as shown 
in Figs. 3(b) and (c). Similarly, for the cases from 4 to 6, a 
shading object (see Fig. 2(b)) shades the PV modules 
vertically up to 33%, 66%, and 100%, respectively, as 
shown in Figs. 3(d)-(f). 

In order to evaluate the performance of thin-film and 
c-Si PV modules, experiments are performed based on the 
above-discussed cases. The SPI-SUN 5600 SLP apparatus 
is used for experimentation. A 150-Wp thin-film and  
150-Wp c-Si PV modules are used in the experiments. The 
rating of PV modules under test is given in Table I. The 
performance of both PV modules under various partial 
shading cases are evaluated by analyzing the power-
voltage (P-V) curves. The experimental results are shown 

in Fig. 4. 
As shown in Fig. 4, the output power from both 

technologies is around 148 W without shading. Under 
various shading scenarios, PV modules behave differently, 
which can be seen from Fig 4. Figs. 4(a) and (b) show the 

 

 
Figure 2: Experimental test setup: (a) SPI-SUN 5600 SLP 
apparatus used for experiments, (b) vertical shading on the 
c-Si solar PV module (SV36-150), and (c) horizontal 
shading on the thin-film solar PV module (SF150-S). 
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Figure 3: Partial shading cases for the thin-film and c-Si  
PV modules: (a) case 1: 33% horizontal shading, (b) case 
2: 66% horizontal shading, (c) case 3: 100% horizontal 
shading, (d) case 4: 33% vertical shading, (e) case 5: 66% 
vertical shading, and (f) case 6: 100% vertical shading. 
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Table I: Rating of the c-Si PV module at STC 
 

Rating c-Si Thin-film 
Rated power 150 W 150 W 
Power tolerance + 4.9 W +10% / -5.0% 
Short circuit current (Isc) 8.82 A 2.20 A 
Open circuit voltage (Voc) 22.6 V 110.0 V 
Rated current (Imax) 8.27 A 1.88 A 
Rated voltage (Vmax) 18.3 V 80.0 V 
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P-V characteristics under the horizontal shading on the 
thin-film and c-Si PV modules, respectively. In Fig. 4(a), 
the maximum output power obtained for the cases, i.e., 
Case 1, Case 2, and Case 3, is 115 W, 107.6 W, and  
103.4 W, respectively. For the thin-film PV module, the 
output power decreases with an increase of the shading but 
still, it produces more than 100 W even for Case 3, where 
the PV module is completely (100%) horizontally shaded 
from the bottom. On the other hand, the c-Si module shows 
a significant decrease in the output power during 
horizontal shading, which can be seen from Fig. 4(b). 
More specifically, the c-Si PV module produces around 
1.4 W power when it is 100% horizontally shaded, 92.6 W 
for Case 1, and 39.1 W for Case 2. In all, under the 
horizontal shading cases, the c-Si module consumes 
power, which increases with shading, as shown in  
Fig. 4(b). It is due to the placement of series cells within a 
c-Si PV module. The current flow is blocked by covering 
the area horizontally, as shown in Fig. 1(a). 

For the vertical shading, the output from the thin-film 
PV module decreases with an increase of shading, as 
shown in Fig. 4(c). The output power is near to 2.2 W 
during 100% shading (i.e., Case 6) on the thin-film PV 
module. However, the output power for Case 4 and Case 5 
for the thin-film PV module is 104.2 W and 53.7 W, 
respectively. Despite this, there is no power consumption 
in the thin-film module. Hence, the possibility of hotspot 
occurrence is not severe in the thin-film module. In the 

vertical shading, the c-Si still produces power even for 
100% vertical shading (i.e., Case 6) because of its internal 
structure, which consists of bypass diodes. These bypass 
diodes start to operate and maintain the power from other 
un-shaded PV sub-modules by bypassing the shaded PV 
sub-module(s). Therefore, the output power for the Case 5 
and Case 6 is around 92.5 W for the c-Si PV module. 

To analyze the shading effect, thermography is used. 
A FLIR Vue 640 pro is used to capture thermal images, 
which are used to assess hotspots for the c-Si and thin-film 
PV modules, as shown in Fig. 5. During normal conditions 
(no-shade) in a c-Si PV module, the PV module has no 
hotspots, which is shown in Fig. 5(a). The consumption of 
power in the c-Si produces hotspots, which can be seen 
from the thermal images, as shown in Fig. 5. However, the 
hotspot occurring is not severe in thin-film PV modules 
due to the internal structure, as discussed previously. The 
temperature of the PV module during no-shade is about 49 
°C at 860 W/m2 solar irradiance. The thermal image for 
the c-Si PV module with a bottom left cell (cell 10 in Fig. 
1(a)) is half-shaded by a thick sheet, as shown in Fig. 5(b). 
During this case, a bypass diode bypasses the sub-module. 
Hence, the sub-module (cell 1–20 in Fig. 1(a)) is now 
completely bypassed. Therefore, there is no contribution 
to the power output from this PV sub-module. The power 
produced by these cells is dissipated within it, which 
appears as a hotspot in Fig. 5(b). The hotspot temperature 
in Fig. 5(b) is measured around 86 °C, while the shaded 

 
Figure 4: P-V characteristics for thin-film and c-Si PV modules under various partial shading cases: (a) horizontal shading on 
the thin-film PV module, (b) horizontal shading on the c-Si PV module, (c) vertical shading on the thin-film PV module, and 
(d) vertical shading on the c-Si PV module. 
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part reduces to 33 °C. The temperature of the further two 
un-bypass PV sub-modules remains around 49 °C, which 
is measured by a temperature gun.  

Since, thin-film PV modules have a 2D current-flow 
structure, the behavior of thin-film modules is different 
under shading conditions. The thin-film module is also 
shaded by using a thick sheet. During shading, the shaded 
portion appears as a darker having a low temperature of  
44 °C. However, the un-shaded PV sub-cell has a slightly 
higher temperature at 48 °C, which can be seen in  
Fig. 5(d). Hence, the un-shaded portion of the thin-film PV 
cell can contribute to the module current, since the current 
has multiple directions to flow.  

In Fig. 6, the measured temperatures during different 
situations of shading for above-discussed PV modules are 
shown. It can be observed in Fig. 6 that in no-shade 
condition both c-Si and thin-film modules are working at 
a similar temperature. However, during shading, the 

temperature of the hotspots in the c-Si module is higher up 
to 90o, which may possibly affect the reliability of the PV 
modules. As the short-circuit current in c-Si PV modules 
is higher, the effect of hotspots during shading is severe 
than c-Si. Usually, the open-circuit voltages of thin-film 
PV modules are higher, and have lower short-circuit 
currents. Therefore, hotspots temperature is lower in thin-
film PV modules. 
 
 
3 CONCLUSIONS 
 

In this paper, the effect of partial shading on two PV 
module technologies, i.e., thin-film and c-Si, was 
explored. Experimental results for six partial shading cases 
were presented in this paper. The results have shown that 
both technologies are affected by the designed partial 
shading scenarios. In all, the c-Si PV module is 
significantly affected due to the consumption of power 
produced by un-shaded series PV cells. Hence, it produces 
more stresses, which in-turn affects the overall life and 
performance of the c-Si PV module than the thin-film PV 
module. Moreover, experimental results based on 
thermography show that the occurrence of hotspots in the 
c-Si module is severe. 
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