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 Abstract – The main contribution of this paper is focused on the evaluation of crystalline silicon solar 

cells performance that operated in extreme environmental conditions. The following study was carried out 

at research unit of renewable energy in Saharan middle (urerms.cder.dz), Adrar, in the extreme south 

Algeria. The evaluation usually consists of I-V curves field measurements and visual inspections. The 

studied PV modules have been subjected to long-term outdoor exposure for over 11 years in particular 

geographic region, where the sun at maximum power, the modules were often exposed to the 

extraordinary constraints; extreme temperatures (with peaks around 63 C° in July, in outdoor), high 

illumination (exceeds 1000 w/m²) and sandstorm. Thereafter they have been tested for assessing their 

long-term reliability. Obtained results show a great disparity compared to the results obtained in the 

literature. Experimental analysis revealed some defects, such as, increase in the cell series resistance and 

physical material defects.     
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1. Introduction – As more than two-thirds of Algeria's area is desert, this reason leads our country to turn

to the photovoltaic (PV) solar installation as clean energy, where these regions with the much sunshine

seem optimal for solar energy and the deployment of photovoltaic applications. However, Algerian desert

climate is known by its harsh conditions. The exposure of crystalline silicon photovoltaic (c-si PV)

module during the period of operation under these climatic factors can reduce its performances and

consequently the overall efficiency. Algerian desert climate characterized by a high ambient temperature

(more than 50°C in the summer, fig. 1), high solar irradiance potential, low humidity rate and presence of

dust storm days. These factors create big challenges for PV installation performance, reliability and

energy forecasting.

Today, the majority of standard solar cells are made of silicon, for its abundance on earth and low cost

[1]. Standard cells are produced using two types monocrystalline and polycrystalline silicon [1]. The

production process from raw silicon to solar cells involves a range of steps, starting with the recovery and

purification of silicon, followed by its slicing into wafers that are further processed into solar cells. The

manufacturing process consists of melting silicon ingots then cooling them to keep a homogeneous

(monocrystalline) crystal, or a multiple crystals (polycrystalline). These ingots are then cut into

photovoltaic cells, with a thickness of about 300 µm. Polycrystalline cells are less efficient (13-16%) than

monocrystalline cells (15-20%), but they are also less expensive [1-2-3]. Nevertheless, the standard cells

are made for regions with a moderate climate and all promises for performance and durability are based

on moderate weather conditions. But the long-term exposure of these modules under desert climatic

conditions can lead to degradation performance, appearance of defects and failure during their operational

life-time [4]. The following study is a review on the degradation of crystalline silicon PV technology in

desert environmental and how temperature stress effect on performance of photovoltaic cells over time.

The main contribution of this paper is focused on the evaluation of c-Si PV modules performance that

operated during a period in desert area for identifying research gaps for long term reliability of crystalline

silicon photovoltaic modules and improving the photovoltaic qualification standards for various

geographical and climatic conditions.

2. Performance of c-Si PV modules – Photovoltaic module performance in outdoor conditions depends

on several factors like type of PV technology used and the environmental conditions of the site where the

module is installed [5-6]. In the photovoltaic technology, it is clear that c-Si PV modules do not

necessarily maintain their initial performances throughout the periods of exposition. Most panels have a
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warranty to produce 80% of its capacity after 20 years [7]. This is not quite as impressive as it seems. It’s 

likely the panels output decrease within a few years, as, some modules are prone to degrading much more 

quickly or even fail when operating outdoors [8]. Degradation mechanisms may involve either a gradual 

reduction in the output power of a PV module over time or an overall reduction in power due to failure of 

an individual solar cell in the module 9]. Degradation of solar PV modules performance is manifested by 

a change in electrical parameters and/or by defects that was created by physical material defects and/or 

structural defects [4−10]. These defects can also appear when module has been exposed to extreme hail or 

heat stress for extended period like as the case of PV modules deployed outdoors under extreme weather 

conditions of the desert environment. The intensity of the sunlight pressing down in desert makes the area 

ideal for generating solar power. On other hand, several studies affirmed that these areas have adverse 

effect on PV panels [11]. Following data are climate characteristics of particular area in Sahara Desert. 

Measurements were carried out at Adrar (27◦ 520 0000 Nord, 0◦ 170 0000 Ouest) in the extreme south 

Algeria [4]. It is clear that the site is always characterized by high temperature values, typically average 

ambient temperature above 40◦C, with peaks around 60◦C. The annual average irradiation measured on 

inclined plane exceeds 7kWh/m2.  

Fig. 1 Maximum and minimum average ambient temperature in Algerian desert. 

3. Degradation and failure modes in desert environment – our previous studies have shown that there

are several modes of the degradation which can be determined only by testing the modules in real

operating conditions. In addition, degradation study of PV modules in the field need several years of field

exposure in order to yield credible results [12]. The following study carried out on the degradation and

failure modes observed in field aged module suggest that the various modes of degradation in desert

environment which are finally responsible for performance loss and failure can be of five types:

3.1 Early degradation – Solar cell degradation can be caused by two factors resulting in an early 

degradation in module performance [5-13]. These factors will lead to an increase in the cell’s series 

resistance, Rs; a decrease in the cell’s shunt resistance, Rsh. These specific degradation modes are 

important factors in analysing PV cell performance and module degradation and failures [12]. Table 1 

describes the evaluation of c-Si PV modules performance that operated during 11 years in the Saharan 

region. Experiments were carried out at research unit of renewable energy in Saharan middle 

(urerms.cder.dz), Adrar in the southern part of Algeria. These modules have been used for different 

application such as water pumping system, public lighting at research unit analysis of tested modules 

revealed some defects, such as, increase in the cell series resistance Rs, decrease in the cell shunt 

resistance Rsh and physical material defects. 

Experimental electrical characteristics have been obtained for different values of solar irradiation and 

ambient temperature. Measurements have been performed by the MP-160 I-V curve tracer. During 

exposure tests, automatic measurement can be scheduled for continuous data recovering and do an 

automatic conversion to standard test conditions (STC) of measurable parameters, as shown in figure 2. 

This operation corresponds to the translation to standard conditions, it allow comparing the I-V 

characteristics obtained experimentally and those provided by the manufacturer [10].  
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Table 1 Measured parameters 

c-Si Mono-c-Si Multi-c-Si 

Parameters Datasheet 

UDTS-

50 

MV09 MV01 MV04 MV06 MV07 MV03 Datasheet 

PWX-

500 

PV03 PV04 PV02 PV06 PV05 PV07 

      𝑃𝑚 50 47.10 45.25 42.09 6.38 9.86 23.21 50 31.56 32.28 33.32 36.08 37.78 39.16 

𝑅𝑠 0.25 0.65 0.93 0.93 …. …. …. 0.37 0.78 0.85 0.57 0.53 0.51 0.54 

𝑅𝑠h 198.11 36.79 69.24 66.55 …. …. …. 172.61 114.90 119.91 120.86 111.64 77.25 128.28 

The electrical parameters Rs and Rsh in table 1 are computed from the I-V characteristic under illumination [4-14], 
using the classical one-diode equivalent circuit. From results in table 1, we conclude that the increase of Rs and 

decrease of Rsh have mainly contributed to the degradation of the modules performances.  

Fig. 2 The MP-160 I-V curve tracer. 

3.1.1. Increase in the cell’s series resistance – The series resistance; Rs, of a PV module arises from 

resistances in cell solder bonds, cell metallization, cell-interconnect busbars and resistances in junction-

box terminations [4-8-13]. Table 1 shows the values of series resistance experienced significant variations 

resulting in degradation in module performance. Increase in series resistance reduces the voltage 

produced by the cell, which ultimately reduces the PV cell performance and hence the module. 

3.1.2. Decrease in the cell’s shunt resistance – The shunt resistance; Rsh, represents parallel high-

conductivity paths through the solar cell or on the cell edges. Decrease in the cells shunt resistance would 

be due to crystal damage and impurities in the junction, and give rise to the shunt current [4-8-13]. A 

solar cell is forward bias in operation, any shunt current reduces the efficiency of the solar cell.  

3.1.3. Defects in the anti-reflective coating – Anti-reflective coating (ARC) was added in order to 

maximize the light that reaches the active area of the cell to improve its performance [15]. When a PV 

module is operating outdoors, the ARC receives radiation that could induce a change in the ARC 

colouring [8-13], as shown in figure 3. Also, the degradation of these AR coatings after time may be 
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attributed to an oxidation of the ARC. This oxidation could cause loss of adherence between the cells and 

the glass [8]. 

3.2 Yellowing and browning – This phenomenon usually consists of a degradation of the EVA or the 

adhesive material between the cells and the glass [13]. It is a discoloration in the material from white to 

yellow and from yellow to brown. It causes a change in the transmittance of the light reaching the solar 

cells and thus a decrease in the power generated from these cells [8], which ultimately reduces the 

performance of the PV module. In the Saharan environment, the main cause of yellowing and browning 

of the encapsulating material (EVA) is ultraviolet (UV) exposure combined with high temperature (above 

50◦C) [5-15]. Figure 3 shows an example of how the browning effects appears on PV module. This 

browning of the encapsulant can decrease the module performance by as much as 50% [8]. 

Fig. 3   Some tested Multi-c-Si modules. 

3.3 Cracks in cells – The main cause of crack in cells is heat stress [8-13-16], physical material defects or 

it may be formed during processing and assembly. Crack in the cell removes a part of the cell from its 

electrical circuit resulting in a relatively decrease in produced current. 

This crack in a cell could reduce more than 10% of the cell’s area from the electrical circuit of the module  

[8-13]. 

3.4 Hot spot – Hot-spot phenomenon in c-Si cells has been widely documented [15-16]. A hot spot is an 

area of a PV module that has a very high temperature that could damage the cell or the encapsulant within 

a short time of operating. Hot spot heating occurs when there is one low current solar cell in a string of at 

least several high short-circuit current solar cells. The cause of the hot-spot could be a variety of cell 

failures, including cells mismatch or an error in the interconnection between cells [17]. 

3.5 Corrosion of interconnectors – Corrosion of cell-interconnect busbar led to separate the affected cell 

from the others, hence it will have the effect of large mismatch in current produced by the module.  

Corrosion of silicone based adhesive sealing may result in consequential loss of insulation properties as 

well as adhesive strength. Corroded contacts may ultimately cause DC arcing and hence potentially forms 

a fire and can cause a hazard to human beings and animals or the infrastructure [18]. Figure 4 shows an 

example of corrosion of interconnectors. 

Fig. 4   Corrosion of interconnectors 

4. Methods used for defects detection – The failure mode analysis techniques to understand degradation

modes are discussed by Phinikarides et al [19] and M.A. Munoz [8] et al. The following methods are the

widely methods used for analyzing the degradation and failure modes of PV modules in desert

environment.
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4.1 Comprehensive visual inspection – Visual inspection is considered as the step of analysis. It is 

usually the first step in deciding whether a PV module must be subjected to further tests. The visual 

inspection will reveal defects such as cracked or corrosion cell-interconnect busbar, yellowing and the 

formation of hot spots [4-20]. Among the most common visible defects encountered, we can highlight: 

- Yellowing and browning.

- Corrosion of interconnectors.

- Cracked, broken and burnt cells.

- Defects in the anti-reflective coating.

4.2 Outdoor performance measurements – An I-V curve can clearly describe the PV module 

performance under different climatic conditions such as temperature and solar irradiation [21]. 

The characteristic equation I-V is given by: 

 (1) 

The evaluation of PV performance in the field typically includes the recording of measurements such as: 

voltage and current at the maximum power point (MPP) of the panel, Vmp, Imp, Maximum power Pm, 

open-circuit voltage, Voc, short-circuit current, Isc, fill factor, FF, series resistance, Rs, shunt resistance, 

Rsh, from I-V curves of modules and the meteorological measurements such as solar irradiance intensity, 

G and module temperature, T. This evaluation will give a diagnosis of electrical parameters that 

contribute to the degradation effect [4-21]. Therefore, a degradation factor was defined for various PV 

module performance parameters to estimate theoretically, the change rate of its value according to the 

initial value. 

The degradation factor is calculated by the following expression [4-11]: 

Where: 

* F D:  Degradation factor for the considered parameter. 

* V Pini:   Initial value of the considered parameter (Pm, Rs,...). 

* V Pdeg:  Parameter value after degradation 

 Table 2.  Degradation factors 

c-Si Mono-c-Si Multi-c-Si 

Parameters MV09 MV01 MV04 MV06 MV07 MV03 PV03 PV04 PV02 PV06 PV05 PV07 

 Δ𝑃𝑚 4.85 8.59 14.97 87.11 80.08 51.22 36.88 35.44 33.36 27.84 24.44 21.68 

Δ𝑅𝑠 -32.6 -89.8 -89.8 …. …. …. -110.81 -129.7 -54.05 -43.24 -37.84 -45.96

Δ𝑅𝑠ℎ 81.43 65.05 66.41 …. …. …. 33.43 30.53 29.98 35.32 55.25 25.68 

Overall, table 2 shows a significant reduction in maximum power of these tested modules that compared 

to some module PWX500 tested in laboratory (STC). This suggests that tested PV modules have most 

probably undergone a degradation phenomenon in performances. The increase in series resistance and 

decrease in shunt resistance are responsible for the loss in performance of PV module in the field.   

4.3 Infrared images (IR) - This technique most widely used for identifying the degradation/failure site 

[8]. It is also known as thermography, as it detects areas with higher temperature than the rest and 

generates a graph of the surface. It consists of a camera sensitive to infrared radiation. With the use of IR 

thermography, hot-spots can be located [22].  

The different methods used for diagnosing a photovoltaic module are summarized in table 3  
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Methods Defects Measures 

Visual inspection 

- Yellowing, browning and burning

- Corrosion of cell-interconnect busbar

- Cracked and broken cells

- Defects in the anti-reflective coating

- Hot spot

Vision 

I-V curves analysis

- Degradation performance

- Increase in the cell’s series resistance

- Decrease in the cell’s shunt resistance

- Mismatch

- Cracked and broken cells

- ΔPm 

- ΔRs 

- ΔRsh 

- I-V curve

- ΔImp 

IR thermography 

- Hot spot

- Burning cells

- Corrosion of cell-interconnect busbar

Image 

5. Conclusions and summary - Understanding crystalline silicon PV module degradation in different

climate zones is crucial for predicting life span of the module and its reliability. In this study the real-life

performance of crystalline silicon PV technology in actual desert climatic conditions was examined.

Where, the performance analysis of these modules provides an insight in the operational behavior of this

technology in actual Saharan conditions. Overall, this work conducted on degradation effects of

crystalline Silicon photovoltaic modules in desert environment, indicate that several aspects of crystalline

silicon PV module design should be improved for improving the photovoltaic qualification standards for

various geographical and climatic conditions. The identification of the origin of degradation and failure

modes and how they affect the SPV modules is necessary to improve the reliability of photovoltaic

installations in desert environment. Also, degradation rates measurements are essential in assessing the

reliability and the effective life span of a PV module. It relies on the analysis of chronological ratings of

module performance.
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