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Abstract: 
This study embarked on an extensive exploration of the degradation impacts on ethylene vinyl 
acetate (EVA) components within solar panels, which have been operational since 1997 in the arid 
expanses of the Adrar region, Algeria. Employing scanning electron microscopy (SEM) and X-ray 
diffraction (XRD) methodologies, we meticulously assessed EVA samples procured from solar panels 
subjected to the relentless assault of sunlight, heat, sand, and wind endemic to desert environments. 
The investigation revealed pronounced physical alterations over time, notably a discernible reduction 
in crystallinity and homogeneity in EVA layers located on the solar cells' upper surfaces in contrast to 
those positioned beneath. SEM analyses unveiled the emergence of cracks, inter-component 
heterogeneity, and a conspicuous accumulation of carbon particulates on the EVA surfaces. 
Additionally, it was observed that the EVA composition, typically ranging between 25% to 33% vinyl 
acetate contingent upon the application, deviated in the solar panels examined—registering at 19% 
vinyl acetate for layers above the cells and 17% beneath them. This deviation underscores the 
potential for further compositional optimizations to bolster durability. The investigation conclusively 
highlighted that the harsh desert climes instigate complex chemical transformations within the EVA 
layers, culminating in extensive structural and compositional changes over prolonged durations of 
solar panel operation. In light of the burgeoning global reliance on solar energy, these findings 
advocate for the innovation of alternative encapsulant materials, specifically engineered to 
withstand severe environmental conditions, thereby heralding substantial enhancements in the 
operational efficiency and longevity of solar panels. 
Keywords: Solar Panels, EVA, Degradation, Desert Conditions, Photovoltaic Efficiency, SEM, XRD. 
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1- Introduction: 
Solar energy stands at the forefront of 
sustainable solutions to the global energy 
dilemma and the fight against climate change 
[1]. Within this context, Algeria, blessed with 
abundant sunlight from the Sahara Desert, has 
positioned itself as a central figure in 
harnessing solar power to drive economic, 
energy, and environmental advancements [2-
4]. 
The vast, sunlit expanses of the Algerian 
desert offer a prime environment for solar 
energy generation [5]. The province of Adrar, 
in particular, showcases significant solar 
capacity, boasting an annual energy potential 
exceeding 1,800 kWh/m2 [7]. Despite this, the 
severe desert conditions, marked by extreme 
heat and pervasive dust, present formidable 
challenges to the performance and longevity 
of traditional solar cells. 
Addressing these challenges, extensive 
research has been undertaken to explore the 
impact of desert climates on solar panel 
efficiency. Studies by Younce Mohammed et 
al. have pinpointed the hot, arid climate of 
desert areas as particularly detrimental to 
photovoltaic (PV) panel performance, with 
climate extremes such as intense heat and 
ubiquitous dust straining standard solar cells 
and jeopardizing their long-term reliability and 
lifespan [8-10]. Furthermore, these studies 
have identified that major degradation 
mechanisms include both physical and 

chemical alterations of the materials, leading 
to premature failures or undesirable physical 
defects, with common failure modes 
encompassing discoloration of the EVA 
encapsulant and delamination above the cell 
[11]. 
W. Czanderna et al. have discussed the 
implications of heat and thermal stress for PV 
installation performance and reliability in hot 
desert climates, highlighting the connection 
between polymeric component degradation in 
crystalline silicon PV modules and climatic 
conditions [12]. Understanding the causative 
factors behind PV panel degradation in desert 
climates is crucial for developing effective 
mitigation strategies, while the exploration 
and advancement of new resilient materials 
and technologies represent an emerging 
research domain. 
Figure 1 illustrates a typical commercial 
crystalline silicon (c-Si) PV module's schematic 
architecture, comprising a front cover glass, 
EVA encapsulant, serially connected Si cells, a 
back sheet, edge sealant, and an aluminum 
frame. The EVA encapsulants in PV modules 
often incorporate various additives such as 
peroxide (as a curing agent), UV absorbers, UV 
stabilizers (like hindered amine light 
stabilizers, HALS), phosphonite (as an 
antioxidant or radical scavenger), and silane 
coupling agents to enhance adhesion at the 
EVA-glass interface [13]. 

 

Figure 1: Multilayered Architectural Configuration of the Photovoltaic Module 
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Packaging materials perform several vital 
functions that enable solar modules to 
operate effectively throughout their intended 
lifespan. Firstly, they provide structural 
support and positioning of solar cells during 
manufacture, handling, storage, installation, 
and operation. Secondly, they facilitate and 
maintain optimal optical coupling between 
the solar cell and the glass cover, ensuring 
minimal solar radiation transmittance loss. 
Thirdly, they protect fragile solar cells and 
electrical components from environmental 
degradation mechanisms caused by moisture, 
gases, chemicals, and exposure to ultraviolet 
radiation. Fourth, they insulate the solar cells 
and circuit elements electrically with suitable 
insulating materials. Finally, the packaging 
maintains the integrity of the cell circuitry, 
enabling the reliable generation of electrical 
current and voltage when exposed to light 
over decades of field operation [12]. 
In our comprehensive study, we examined the 
degradation of the ethylene vinyl acetate 
(EVA) jacket layers above and below the 
photovoltaic cell of a field solar panel 
operating under harsh desert conditions in the 
Adrar region of Algeria since approximately 
1997. The two layers of EVA above and below 
the photovoltaic cell were microscopically 
analyzed and compared in terms of 
degradation rate using scanning electron 
microscope (SEM) techniques combined with 
X-ray diffraction (XRD) techniques. We 
revealed that after years of intense exposure 
to ultraviolet and thermal radiation, high 
altitude, and sandstorms, SEM imaging 
highlighted cracks, heterogeneity, and 
noticeable layer separation in the upper EVA 
layers above the cells. Moreover, 
abnormalities were evident in the EVA below 
the cells as well. These structural changes can 
lead to color changes, especially in the upper 
EVA above the cells, blocking the passage of 
light rays to the photovoltaic cell and leading 
to a decrease in electricity production, as well 
as cracks that allow moisture ingress over 
time. Meanwhile, XRD analyses indicated 
reductions in crystallinity for both the top and 
bottom EVA samples compared to control 

samples, indicating that complex chemical 
changes occurred in the EVA after prolonged 
deployment in the desert. Overall, this multi-
technique analytical approach has provided 
critical insights into the long-term durability 
issues facing solar panel enclosures in extreme 
environments—issues that must be addressed 
for the continued expansion of solar energy 
systems in desert climate regions. 
 
2- Exprimental 
This study undertook a meticulous analysis of 
the degradation phenomena affecting 
ethylene-vinyl acetate (EVA) encapsulant 
materials derived from field-aged photovoltaic 
panels. Employing advanced imaging and 
analytical techniques, the study leveraged 
scanning electron microscopy (SEM) [14] and 
X-ray diffraction (XRD) to unravel the 
microstructural and compositional 
transformations within the EVA matrix. The 
SEM analysis was facilitated by a Zeiss DSM 
960A scanning electron microscope, which, 
operating at an electron acceleration voltage 
of 20 kilovolts, allowed for the detailed 
examination of the EVA's particle size 
distribution and morphological features 
[15].Concurrently, the phase composition of 
the EVA encapsulants was elucidated through 
XRD, utilizing an ADRX 
benchtopdiffractometer equipped to generate 
Cu-Kα radiation (λCu = 0.15418 nm). The 
diffraction patterns obtained were 
subsequently analyzed using Origin Lab 2024 
software [16], enabling precise phase 
identification and structural refinement. This 
analysis incorporated a comparison of 
measured diffraction peaks with the 
comprehensive database provided by the 
International Centre for Diffraction Data 
(ICDD) PDF-4+ 2019, thus facilitating the 
accurate determination of the crystalline 
phases present within the samples. 
Furthermore, the Scherrer equation, as 
implemented in Origin 2024, served to 
estimate the crystallite sizes by interpreting 
the broadening of diffraction peaks. 
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3- Results and Discussion 

3.1- X-ray Diffraction (XRD) Analysis 
X-ray diffraction (XRD) emerges as a pivotal 
analytical method for elucidating the 
crystalline phase formation, atomic 
configurations, and degree of crystallinity 
within a myriad of materials [17]. This 
technique has found extensive application in 
the microscopic examination and 
characterization of crystalline structures 
across diverse domains, including 
semiconductors [17], pharmaceuticals, metals 
[18], polymers [19], and ceramics [18], due to 
its profound ability to provide detailed insights 
into material properties at the molecular level. 
In our investigative study, XRD was employed 
to probe the ethylene-vinyl acetate (EVA) 
encapsulant layers of aged solar panels, which 
have been in operation since 1997 under the 
intense solar irradiance characteristic of the 
Adrar region, Algeria. This analysis unveiled 
suboptimal crystallinity levels within the EVA 
layers, indicative of potential degradation 
impacts on the panel's functionality. 
The crystalline microstructure of the EVA, 
both above and below the photovoltaic cells, 
was meticulously analyzed using XRD (Figure 
2). The analysis, facilitated by Origin software, 
quantitatively assessed the crystallinity, 
revealing a mere 19.54% crystallinity in the 
upper EVA layer (Figure 2. a) and 17.34% in 
the lower layer (Figure 2. b). These findings 

fall significantly short of the assumed optimal 
crystallinity range of 25-33%, essential for 
peak solar panel performance. Such 
diminished structural order potentially 
precipitates mechanical integrity issues, 
including cracking, embrittlement, and 
discoloration, with pronounced effects 
observed in the upper layer. These defects not 
only compromise the mechanical stability but 
also impede the efficient transmission of light 
to the photovoltaic cells, thereby detracting 
from the overall energy production capacity. 
Moreover, the presence of cracks facilitates 
moisture ingress, exacerbating corrosion and 
further diminishing the panel's performance. 
Through the deconvolution of integrated 
regions beneath the crystal diffraction peaks 
and the expansive amorphous halo observed 
in the XRD patterns, quantifiable crystalline 
fractions were determined. This analytical 
endeavor underscores the necessity for 
continued research to refine the methodology 
linking in-lab polymer structural analyses with 
empirical data on long-term field reliability. 
These preliminary findings lay the groundwork 
for a systematic approach to understanding 
the durability challenges faced by solar panel 
materials in harsh climatic conditions, paving 
the way for the development of more resilient 
solar energy technologies. 
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Figure 2: X-ray Diffraction Analysis of EVA Layer Degradation in Solar Panels 
(a) XRD pattern from EVA layer above the photovoltaic cell. 
(b) XRD pattern from EVA layer below the photovoltaic cell. 

 

3.2- Application of Scanning Electron 
Microscopy (SEM) in Material Analysis 
Scanning Electron Microscopy (SEM) stands as 
a cornerstone technique in the microscopic 
examination of materials, bridging the gap 
between micro and nanoscale structural 
analysis. Through the application of a focused 
beam of high-energy electrons, SEM elicits a 
complex interplay with the sample surface, 
yielding a diverse array of signals reflective of 

the sample's composition, topography, and 
crystalline structure. The technique's ability to 
capture secondary electrons, backscattered 
electrons, and X-rays from the sample 
facilitates the generation of high-resolution 
images, providing intricate details on 
morphology, composition, and crystalline 
properties [20]. 
SEM's contributions to materials science are 
multifaceted, offering insights into: 
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- Surface Topography: Leveraging SEM's 
extensive depth of field and high 
magnification capabilities, which can reach up 
to 500,000 X, the technique, reveals nuanced 
topological features. These include textural 
details, grain boundaries, erosion patterns, 
pores, fractures, and surface roughness, 
among others. 
- Defect Identification: SEM is instrumental in 
visualizing a range of defects such as 
dislocations, delamination, particle 
contamination, and micro-cracks. This 
capability is crucial for diagnosing material 
failures and ensuring quality control. 
In the context of our study on the degradation 
of ethylene-vinyl acetate (EVA) encapsulant 
materials in photovoltaic panels, a 
complementary analysis was conducted using 
SEM to further elucidate the degradation 
phenomena observed via DRX technology. 
This subsequent examination aimed to detail 
the morphological changes within the EVA 
layers positioned above and below the 
photovoltaic cells, employing varying 
resolutions for a comprehensive comparison 
(1 mm, 100 µm, 50 µm, 10 µm). 

Figure 3 illustrates SEM images at 1-millimeter 
resolution, capturing the contrasting 
conditions of the EVA layers. Figure 3.a 
highlights the layer above the photovoltaic 
cell, marked by a notably uneven and rough 
surface adorned with white spots of various 
sizes, indicative of severe degradation or 
contamination. Visible cracks and potential 
delamination underscore the advanced 
deterioration present in this layer. Conversely, 
Figure 3.b depicts the layer beneath the cell, 
characterized by a relatively uniform surface 
with minor irregularities, suggesting less 
pronounced degradation. 
The comparative analysis between Figures 3.a 
and 3.b underscores the differential 
degradation patterns between the EVA layers, 
with the upper layer exhibiting more 
pronounced signs of wear and damage. This 
discrepancy may be attributed to differential 
exposure to environmental stressors such as 
moisture, thermal cycling, and UV radiation, 
alongside potential variances in mechanical 
and chemical resilience within the solar 
panel's structural composition. 

 

 

(a) 
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(b) 
Figure 3: SEM Imaging of EVA Degradation in Solar Panels at 1 mm Resolution 

(a) EVA layer above the photovoltaic cell, showing surface degradation. 
(b) EVA layer below the photovoltaic cell, with a more uniform surface. 

 

In this study, we utilized Scanning Electron 
Microscopy (SEM) at a 100 µm resolution to 
scrutinize the ethylene-vinyl acetate (EVA) 
encapsulation layers from a solar panel 
exhibiting signs of degradation. Through SEM 
imaging, we conducted a comparative 
assessment of the EVA layers positioned 
above (Figure 4.a) and below (Figure 4.b) the 
photovoltaic (PV) cells. 
Figure 4.a captures the EVA layer above the 
PV cell with a magnification of 587x and a 
working distance of 12.16 mm. The image 
reveals a surface rich in textural complexity, 
populated by an array of white particles 
varying in size and shape, indicative of 
advanced material deterioration. Notably, 
some particles and larger, flatter sections 
seem to be detaching from the substrate, 
suggesting significant material breakdown 
potentially attributed to sustained 
environmental stressors including UV 
radiation, thermal cycling, or moisture ingress. 

Conversely, Figure 4.b presents the EVA layer 
beneath the PV cell at a magnification of 618x 
and a working distance of 11.96 mm. This 
surface exhibits a markedly more uniform and 
intact appearance compared to its upper 
counterpart. Despite the presence of white 
spots, their distribution is more homogeneous 
and the instances of material peeling are 
notably reduced, indicating a relatively 
preserved material integrity in the lower EVA 
layer. 
The juxtaposition of Figures 4.a and 4.b 
underscores a discernible disparity in 
degradation levels between the EVA layers, 
with the layer atop the PV cell manifesting 
more pronounced degradation effects. This 
disparity likely stems from the direct exposure 
of the upper layer to environmental elements 
that precipitate accelerated degradation 
processes. 
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(a) 
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(b) 

Figure 04: SEM microstructure study of EVA degradation in solar panel construction with (100 µm -B) 
resolution 

(a): above the photovoltaic cell. 
(b): under the photovoltaic cell 

 

Figure 5 encompasses scanning electron 
microscope (SEM) images at a 50 μm 
resolution, elucidating the state of 
degradation in the ethylene-vinyl acetate 
(EVA) layers integral to a solar panel's 
structure. 
Figure 5.a focuses on the EVA layer atop the 
photovoltaic panel, revealing a surface marred 
by rough textures and a scattering of debris 
and particles of disparate sizes and shapes. 
This visual evidence of a heterogeneous 
distribution underscores the irregular and 
coarse nature of the layer, symptomatic of 

material deterioration. The observed 
disintegration or compromised quality of the 
EVA is quantitatively supported by the image's 
capture at a magnification of 1.01 thousand 
times (kx), highlighting the scale of 
degradation. 
Conversely, Figure 5.b provides a glimpse 
beneath the panel, where the EVA layer 
exhibits a markedly more homogeneous and 
smoother condition. The small particles 
present display a uniform distribution, a stark 
contrast to the larger, more erratic debris 
characterized in Figure 5.a. The absence of 
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large, scale-like formations further 
distinguishes this layer's finer surface texture. 
Captured at a higher magnification of 1.15 
thousand times (kx), this image suggests a 
relatively preserved material state beneath 
the panel. 
Comparative Analysis: 
- The discernible damage and heterogeneity of 
the EVA layer above the panel, evidenced by 
larger debris and a coarser texture, denote 
advanced degradation. 
- In contrast, the EVA layer below the panel 
maintains a better condition, characterized by 
a finer texture and a uniform particle 
distribution, indicating lesser degradation. 

- The variance in degradation levels between 
these layers can largely be attributed to 
differential exposure to environmental 
aggressors such as UV radiation, thermal 
cycling, and general environmental conditions, 
with the upper layer facing more direct 
exposure. 
This comparative SEM analysis at 50 μm 
resolution starkly highlights the differential 
impact of environmental conditions on the 
degradation processes affecting EVA layers in 
solar panels, underscoring the importance of 
considering protective strategies against such 
environmental stressors. 

 

 

(a) 
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(a) 

Figure 05:SEM Insights into EVA Layer Degradation at 50 μm Resolution 

(a): above the photovoltaic cell. 
(b): under the photovoltaic cell 

 

Figure 6 unveils the microstructural 
characteristics of ethylene-vinyl acetate (EVA) 
layers within solar panel constructions, 
discerned through Scanning Electron 
Microscopy (SEM) at a detailed resolution of 
10 µm. 
Figure 6.a delves into the EVA layer positioned 
atop the photovoltaic (PV) panel, revealing a 
notably rough and uneven surface texture. 
This image is distinguished by the presence of 
chip-like formations and numerous 
protrusions, with the flakes exhibiting a 
layered overlap and presenting in a range of 
sizes, including some conspicuously larger 
pieces. The pronounced texture and depth 
variation across the surface underscore a 
significant degree of material degradation. 
This analysis was conducted at a magnification 
of 4.95 thousand times (kx), highlighting the 
intricate details of the deteriorative processes. 
Conversely, Figure 6.b explores the EVA layer 
beneath the PV panel. While this layer also 
exhibits a rough texture, the degree of peeling 
and the size of the surface bumps are 
markedly less severe than those observed in 
the layer above. Despite the presence of 

textural nuances, this surface manifests a 
comparatively cleaner and more uniform 
appearance. The imaging was performed at a 
slightly higher magnification of 5.08 thousand 
times (kx), facilitating an acute observation of 
the surface morphology. 
Comparative Insights: 
- The EVA layer atop the PV panel is 
characterized by more significant peeling and 
larger surface anomalies, suggesting 
intensified degradation likely due to increased 
exposure to harsh environmental conditions 
such as UV radiation, thermal cycling, and 
environmental stressors. 
- In contrast, the EVA layer beneath the panel, 
though also exhibiting signs of deterioration, 
shows less pronounced peeling and a more 
coherent surface texture, indicating a lesser 
degree of degradation. 
- The similar magnification levels employed in 
the imaging of both layers enable a direct and 
detailed comparison of their surface 
morphologies, shedding light on the 
differential impacts of environmental 
exposure. 
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The higher magnification applied in Figure 6 
provides an intricate view into the 
degradation patterns affecting EVA coatings, 
elucidating the variegated impact of 
environmental conditions on these critical 
components of photovoltaic cells. Such 

detailed analysis of degradation variability is 
instrumental in assessing solar panel 
performance, forecasting longevity, and 
guiding the development of more resilient 
materials and protective strategies against 
environmental degradation. 

 

(a) 
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(b) 

Figure 6:SEM Analysis of EVA Degradation in Solar Panel Construction at 10 µm Resolution 

(a): above the photovoltaic cell. 

(b): under the photovoltaic cell 
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4- Conclusion: 
In this comprehensive investigation, we 
meticulously analyzed the degradation 
phenomena affecting ethylene vinyl acetate 
(EVA) encapsulants within solar panels 
subjected to the arduous desert conditions of 
Adrar, Algeria. Our findings elucidate a 
discernible disparity in the rates of 
crystallization between the EVA layers, 
exhibiting 19% reduced crystallization in the 
layer above the solar cells and 17% reduction 
below. This variance in crystallinity distinctly 
underscores the pronounced impact of direct 
solar irradiance and elevated temperatures on 
the EVA material. 
Employing Scanning Electron Microscopy 
(SEM), we observed significant carbon particle 
deposition, increased surface roughness, crack 
propagation, and compositional heterogeneity 
within the EVA exposed to sunlight. Moreover, 
the degradation observed in the outermost 
layer above the cells was markedly more 
severe than that in the layer below, indicating 
that the observed alterations extend beyond 
mere surface changes to encompass 
substantial structural modifications. Such 
degradation markedly diminishes the 
operational efficiency of photovoltaic (PV) 
systems; notably, discoloration and opacity in 
the upper EVA layer may obstruct light 
penetration to the solar cells, thereby 
curtailing electricity production. These 
microscopic analyses afford critical insights 
into the intricate dynamics between 
environmental stressors and material 
degradation. 
Integrating findings from both Scanning 
Electron Microscopy (SEM) and X-ray 
Diffraction (XRD) analyses, this study 
accentuates the extent of EVA degradation 
under desert conditions and underscores the 
imperative for encapsulant materials 
specifically engineered to endure such harsh 
environments. The primary aim is to augment 
the durability and efficacy of solar panels, 
ensuring sustainable, efficient, and reliable 
functionality over prolonged durations, even 
within challenging climates. 
This research imparts essential knowledge on 
the patterns of EVA degradation in field-
deployed solar panels, highlighting the urgent 

need for more resilient packaging solutions in 
the realm of renewable energy systems. The 
outcomes of this study lay the groundwork for 
future innovations in solar panel technology, 
particularly in crafting designs optimized for 
deployment in hostile desert environments. 
Consequently, this study marks a significant 
stride towards the realization of sustainable 
and dependable solar energy solutions 
tailored for arid and inhospitable regions 
globally. 
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