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Degradation and Projected Lifetime of Polycrystalline Silicon Photovoltaic Modules After
10 Years of Field Exposure in the Atacama Desert

Abstract

This study quantifies degradation and projects the useful lifetime of polycrystalline silicon photovoltaic modules operating in the Atacama Desert,

using [-V measurements taken after ten years of field exposure. The methodology included a visual inspection, outdoor I-V curve measurements,
STC correction by IEC 60891 standard, and the evaluation of four key parameters Vo, Iy, Pmpp, and FF by comparing 2024 data with initial
manufacturer specifications and ten long-term field studies conducted in comparable desert climates. Statistical analysis of the large-sample
dataset (64 strings encompassing 1,216 modules) yielded a mean degradation rate of 1.32%/year in Py, corresponding to a projected lifetime
of 15.15 years to the 80% power threshold, while a sensitivity analysis of realistic commissioning-time deviations in the initial power broadens
the degradation rate to the range 0.87-1.58%/year and the associated lifetime to approximately 13-23 years. Common failure modes included
cell cracking as an irreversible structural failure at the cell level, and environmental soiling as an optics-driven loss mechanism affecting the
module frontsheet. These results emphasise the need for operation and maintenance strategies adapted to Atacama conditions and provide an
STC-normalised benchmark that can support reliability assessment and warranty evaluation of PV plants in hyper-arid and other high-irradiance
desert environments.
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1. Introduction summarised in Figure Al (Appendix A), mechanical (e.g., wind,
hail, installation stress), thermal (irradiance and elevated temperature),
chemical (H,0, O,, and corrosive species), and electrical stressors act
on the components of the PV module, triggering chemical reactions
such as corrosion or bond scission. These processes lead to diverse
failure modes, including cell cracking, potential-induced degradation
(PID), and delamination, which ultimately manifest as reduced current,
power losses, and safety risks such as hotspots or arcing [10]. For
conceptual clarity, this study uses the term ‘degradation modes’ in
a broad sense to describe observable manifestations that lead to
performance losses, including both phenomena driven by environmental
stressors and structural failures.

The discrepancy between STC and outdoor conditions has motivated
the development of climate-specific modelling approaches to improve
the prediction of real-world behaviour [11]. Consequently, evaluating
the long-term performance of PV modules remains a complex but
essential task to complement warranty-based expectations and improve
the design, maintenance, and reliability assessment of PV systems
in diverse operating environments. To address this challenge, the
scientific literature categorises the performance metrics for evaluating
the degradation of PV technologies into four main groups [8]: (1)
electrical parameters obtained from the current-voltage relationship

During the past two years, worldwide photovoltaic capacity (PV)
has experienced significant expansion, reaching an installed capacity of
1,406.7 gigawatts (GW) in 2023 and 1,858.6 GW in 2024 [1], primarily
driven by the dominance of crystalline silicon (c-Si) PV technologies,
which remain the leading choice on the market, representing 98%
in 2024 [2]. The Chilean government proposed the target to reduce
greenhouse gas emissions by 30% below 2007 levels by 2030 [3]. To
achieve this, Chile has reached an operationally installed PV capacity
exceeding 6.4 GW in 2023; concurrently, around 44.1 GW were planned
for addition, with approximately 4.9 GW already under construction [4].

Most solar power plants are located in the north-central region of
Chile due to the significant impact of the Atacama Desert. Considered
the driest desert in the world, it experiences an annual solar irradiation
that exceeds 2,700kW h/m? [5]. Characterised by its high-altitude
areas and exceptionally arid conditions, it leads to the highest levels of
solar radiation worldwide [6]. One of the critical concerns is the harsh
climate, which significantly affects the encapsulant materials, leading
to the degradation of c-Si PV modules after prolonged exposure [7].

Assessing the performance of PV modules is crucial for comparing
it with the degradation rates declared in the warranty. Manufacturers
usually provide a 25-year power warranty characterised by two distinct
zones, as shown in Figure 1. The linear warranty promises 90% of
the nominal maximum power by the 10th year, whereas the stepped 100 -

warranty ensures 80% by the 25th year. In the initial year, the warranty = 97 Warranty,
datasheet typically specifies an allowable 3% of the nominal power £ T \Warranty
loss [8]. The output power is specified in the datasheet under Standard 9 0 B stepped
Test Conditions (STC), defined by irradiance Ggrc = 1,000 W/m? E
and cell temperature Tsrc = 25°C, as stated in the International i‘: 8O |- rmm oo SRR -....
Electrotechnical Commission (IEC) 60904-3 standard [9]. However, H
STC does not reflect the full range of degradations that occur in real & 3
outdoor environments, particularly in regions with extreme climatic 700 5 10 15 20 25
Stressors. Module lifetime, t (year)

The degradation results from the complex interaction between
environmental stressors and material-specific vulnerabilities. As Figure 1. Degradation through the lifetime of a typical ¢-Si PV module.
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Nomenclature

Acronyms

BWh  Hot desert climate

BWk  Cold desert climate

1IEC International Electrotechnical Commission

IRT Infrared Thermography
PV Photovoltaic

STC Standard Test Conditions
Uv Ultraviolet

Symbols

1% Temperature coefficient for /. (A/°C)

B Temperature coefficient for V. (V/°C)

X Mean value

o Standard deviation value

a Irradiance correction factor (dimensionless)

95% confidence interval
Dx Degradation (%)
Degradation rate (%/year)
FF Fill Factor (dimensionless)

G Irradiance (W/m?)
1 Current (A)
T Current at maximum power point (A)

I Short-circuit current (A)
LD Degradation limit of Py, (%)
n Number of I-V curves

Pﬁg}p Effective STC power (W)

Py, Power at the maximum power point (W)
Ry Series resistance (£2)

SE Standard error (%)

t Exposure time (year)

n Useful lifetime (year)

% Voltage (V)

Vmpp ~ Voltage at maximum power point (V)
Ve Open-circuit voltage (V)

Other symbols

c-Si  Crystalline silicon

m-Si  Monocrystalline silicon

p-Si  Polycrystalline silicon

(I-V) measured in outdoor or indoor environments and corrected
to STC; (2) regression models such as Photovoltaics for Utility
Scale Applications (PVUSA), Photovoltaic Geographical Information
System (PVGIS) and Sandia models; (3) normalised ratings such as
Performance Ratio (PR); and (4) scaled ratings such as Ppyp/Prax;
Pac/Puax and kWh/kW p.

The first group, particularly the outdoor I-V curve measurements,
has been extensively used. Manufacturers provide five key electrical
parameters identified on the I-V curve under STC: open-circuit voltage
Ve, maximum power point Py, short-circuit current /., voltage Viypp
and current I, at the maximum power point. Figure 2 illustrates the
normalised [-V (green) and power-voltage (P-V) (magenta) curves,
Prpp is reached for the coordinate points (Vinpp, Impp)- Five key electrical
parameters are highlighted by points and a dashed rectangular area that
helps to calculate the fill factor (FF) in Equation (1) [12].

Vinpp * Tmpp
Voc . Isc

By definition, FF is a dimensionless quantity in the [0,1] interval
or as a percentage. A practically efficient conversion process in c-Si
modules is generally associated with FF 2 0.7, however, FF = 1is
not physically attainable [13].

The mentioned definitions establish the measurement framework
adopted here, which includes I-V curves and metrics derived from their
electrical parameters. The key contributions are summarised as follows:

FF = (D

- Document the main degradation modes through a visual inspec-
tion campaign.

- Conduct a statistical analysis of cumulative degradation for four
key electrical parameters (Voc, Iy, Pmpp and FF) using I-V curves
measured after 10 years of outdoor exposure in a grid-connected
PV plant located in the Atacama Desert. This analysis leverages
one of the largest STC-corrected datasets reported for hyper-
arid desert conditions, enabling the quantification of degradation
trends and variability in c-Si modules.
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Figure 2. Normalised characteristic curves observed in c-Si PV modules.

- Provide a comparative assessment of the implications concerning
warranty expectations and earlier studies conducted in desert
climates.

The paper is structured as follows: Section 2 synthesises evidence on
PV performance in Atacama and other desert-climate studies; Section 3
describes the characteristics of the PV plant studied, the instrumentation,
the dataset, and the methodology used; Section 4 presents and discusses
the main findings, offering a detailed comparison with manufacturer
data and the literature; finally, Section 5 provides concise conclusions
from degradation and reliability analysis.

2. Literature review
Key research in the Atacama Desert focusses on PV technology

performance and soiling effects, with Ferrada et al. [14] linking
soiling composition to local microclimate and deposition mechanisms,



and Olivares et al. [15] assessing the impacts of desert dust and
operational variability. Dust characterisation studies by Ferrada et al.
[14] identified saline-fine particulates and cementation on module
frontsheets, while Olivares et al. [16] studied the microstructural
cementation and its climatic drivers. Additionally, Cordero et al. [17]
quantified sub-regional soiling losses, and Tobosque et al. [ 18] provided
spatially resolved data on performance penalties to inform maintenance
scheduling.

By Koppen-Geiger Photovoltaic Climate classification [19], Ata-
cama Desert is classified as a BWk (cold desert) climate, whereas other
desert sites fall into the BWh (hot desert). Studies conducted in BWk
climates have been documented, such as Fezzani et al. [20] which
determined the degradation rate of 2%/year in m-Si modules after 10
years of exposure in Algeria. Bayandelger [21] reported degradation
rates of 1%/year for m-Si modules and 1.3%/year for p-Si modules over
14 years in Mongolia; the leading cause of the decrease in Pp,, was
identified as the reduction in /., mainly attributed to dust accumulation
on the frontsheet. Mahammed et al. [22] examined the degradation
of three PV systems over 11 years in Algeria; the results showed a
higher degradation rate for m-Si modules (1.53%/year) than for p-Si
modules (0.37%/year). Huang et al. [23] analysed the degradation
and reliability evaluation of the c-Si modules installed in China over 7
years. It proposed a relationship between power guarantee, degradation
rate, and tolerance of Py, over 30 years. Dahesh et al. [24] evaluated
the degradation of c-Si modules after 38 years of operation in Yemen,
revealing a median power degradation of 0.77%/year.

Similarly, in BWh climates Kahoul et al. [25] demonstrated that the
degradation of the p-Si modules was significantly higher than that of
m-Si modules after 6 to 11 years of operation in Algeria. Hassan Daher
et al. [26] revealed a degradation rate of 0.70-0.74%/year, consistent
with PR estimates of 1.0%/year, while standard PTC showed non-
significant trends. Bouaichi et al. [27] evaluated for 36 months the early
degradation of 76 modules in Morocco, reporting average annual power
decrease rates of 2.6%/year (m-Si), 1.45-3.41%/year (p-Si, according
to the manufacturer data), 2.21%/year (micromorph) and 0.05%/year
(CIS). Adothu et al. [28] recently conducted an extensive review of
degradation modes affecting c-Si PV modules in 11 different desert
environments and proposed a novel testing protocol.

The methodologies identified in the literature are: measurements
of I-V curves in outdoor/indoor environments; visual inspection; and
advanced diagnostic techniques such as Infrared Thermography (IRT),
Ultraviolet Fluorescence (UVF), insulation tests, and Electrolumines-
cence (EL) imaging. Particularly in Atacama Desert, the degradation
analyses leveraging I-V-corrected curves as primary performance
metrics remain scarce.

3. Materials and methods

3.1. Framework for degradation analysis

Since no commissioning-time outdoor/indoor [-V measurements
were available for this PV plant, the nominal STC power was adopted
as the initial reference data. However, the impact of this assumption
was subsequently quantified through a sensitivity analysis (Section 4.4).
Accordingly, the four-step methodology illustrated in Figure 3 was
adopted.

The first step involved a field visual inspection campaign. The second
step involved measuring the outdoor I-V curves, ensuring accuracy by
cleaning the selected PV modules before conducting the measurements.
The third step involved STC-corrected I-V curves, according to the
IEC 60891 standard [29]. Finally, the fourth step encompassed
statistical analysis and degradation assessment, including (i) estimation

Step 1.
Visual inspection
Dataset
Step 2.
7 G, T, (64x2) Measuring
Ve Ioo, Py FF (64x4) I-V curves
64 strings -V oc sc» L'mpp»
PV modules  curve tracer
] - DT - -~ F-—-——-—----
Voer Ise» Pmpp- FF (IEC 60891 standard) Step 3.
Egs. (1-6) STC correction
1 ailc;lagons_ __________________
Statl;tlcal 3n;11y51s Step 4.
as- (7-9) Assessing degradation
Degradation analysis Comparison Conclusions
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Figure 3. Framework of the four-step methodology used for degradation analysis.

of cumulative and annualised degradation of STC—corrected parameters
after 10 years of exposure, (ii) calculation of mean values, standard
deviations, and standard errors, (iii) linear trend fitting to derive
degradation rates, and (iv) uncertainty quantification through confidence
intervals and extrapolated module lifetimes. Then, these results were
compared with the initial manufacturer specifications and similar case
studies.

3.2. Characteristics of the PV plant and modules

The solar power plant is a grid-connected PV system located in
Atacama Desert (Figure 4a) and was commissioned in 2014. It
features a mechanical solar tracking system that optimises the tilt
angle, ensuring maximum reliability and accuracy in the collected
data. The system includes SunEdison p-Si modules, each consisting of
72 series-connected solar cells. Under STC, the nominal parameters
are Prpp, = 305W £ 3%, Voo =45.29V, Vi = 3577V, I = 8.95 A,
Inpp = 8.53 A. The temperature coefficient of Iy, is @ = 0.044,75 A/°C,
and for V. is 8 = —-0.149,45V/°C.

3.3. Visual inspection procedure

A structured ad hoc visual inspection campaign was carried out
as the first step of the methodology. The campaign had a dual
purpose: (i) to document the dominant degradation modes across the
PV plant and (ii) to pre-select modules without severe visible defects for
subsequent electrical characterisation. Each module was examined for
frontsheet, frame, and cell defects, including cell cracks, glass breakage,
delamination, encapsulant discolouration, junction-box damage, and
visible soiling. Two trained inspectors walked all accessible rows
and screened approximately 2,000 modules, recording the presence
or absence of each defect type and modules with any damage for
exclusion from measurements. PV strings containing modules with
any defects were excluded from I-V measurement dataset to avoid
biassing the statistical analysis. Finally, 64 strings (each with 19
series-connected modules) from the pool of visually accepted were
then selected, totalling 1,216 PV modules.



Figure 4. Overview of (a) PV strings operating in Atacama Desert, (b) I-V curve tracer connected to the junction-box and (c) sensors of irradiance (top) and cell
temperature (bottom) connected to a PV string.

3.4. Instrumentation and data collection

The MI 3109 EurotestPV Lite instrument (Figure 4b) was used.

Table 1 provides the technical specifications. The device includes
the tests required by the IEC 60891 standard [29] to characterise PV
modules/strings by obtaining the I-V curve and subsequently converting
the measured maximum power to nominal STC power.

Table 1. Technical specifications of the I-V curve tracer.

Parameter Measuring range  Resolution ~ Accuracy
Voltage 0-999 vV 1V +1%

Current 0-15A 0.01 A +1%

Power 0-15kW 10W +2%
Irradiance 0-2,000W/m®> 1W/m? +4%+5 digits
Temperature -10°C-+85°C 0.1 °C +5 digits

Measurements were taken between October 1st and 4th, 2024
(Chilean spring), under clear-sky conditions. The curve tracer was
connected between 2:00 PM and 3:00 PM when irradiance exceeded
G > 900 W/m?. Cell temperature was measured with a sensor attached
to the backsheet for tight contact (Figure 4c, bottom), and the irradiance
was measured with a sensor placed parallel to the frontsheet (Figure 4c,
top).

3.5. Data processing

The dataset is structured as a 64x6 matrix, divided into 64x4
for electrical and 64x2 for climate-related parameters, as shown
in the second step of Figure 3. The data processing adopted here
complies with IEC 60891 [29] and aligns with studies reported in BWk
climates [20, 22], which facilitate comparisons with both manufacturer
specifications and published results.

3.5.1. Correcting I-V curves to STC

Through Equations (2)-(6) the IEC 60891 standard provides a robust
procedure to minimise uncertainties in I-V curve measurements. It
enables the extrapolation of the measured data of PV modules/strings
to STC, normalising the results (of outdoor conditions) for direct

comparison with nominal values. Furthermore, the procedure reduces
the impact of fluctuations in irradiance and non-standard temperatures,
thereby enhancing the consistency and comparability of the results.
In addition, the electrical parameters (Section 3.2) specified in the
datasheet are required.

ho =l o[t ra- - 1)) @
G,
G,
Voez = Vacr |1+ a- (22 ) + 6+ (T2 = T) 3)
1
[sc,2
L=1- m 4
V2 = Vl + (Vac,Z - Voc,l) + Rs . (12 - Il) (5)
Pmpp,2 = VZ . 12 (6)

where subscripts 1 and 2 denote the measured and corrected values.
T, and T, (°C) are the measured and reference cell temperatures,
respectively. G, and G, (W/m?) are the measured and reference
irradiances, respectively. @ (A/°C) and 8 (V/°C) are the temperature
coeflicients for I, V., respectively. a is an irradiance correction factor
(dimensionless), used to account for the logarithmic dependence of V.
on irradiance. a = 1 was adopted for the p-Si modules measured above
900 W/m?. R, is the series resistance (Q). FF, and FF, are calculated
by Equation (1), for the measured and corrected curves, respectively.

3.5.2. Degradation and uncertainty calculations

A statistical framework is used to quantify degradation and its
associated uncertainty from the I-V curves, which are assumed to
be a statistically representative sample of the entire PV plant. The
degradation rates are reported to two decimal places to facilitate
statistical comparison; however, their absolute accuracy is limited by
the specifications of the I-V curve tracer listed in Table 1. A Gaussian
probability density function (Equation (7)) was used to model the
dispersion of electrical parameters (Voc, Isc, Pmpp, and FF), validated by
the approximately unimodal distributions observed in the histograms of
Section 4.2. Mean values (Y, Equation (8)) and standard deviations (o,
Equation (9)) were calculated to assess central tendency and variability,
minimising sampling biases.
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where, X is a random variable describing the values of electrical
parameters (€.g. Vo, Iy, Pmpp, 0 FF), t is the exposure time (year), X(1)
is the value of one of the electrical parameters at time 7, i € {1,2,...,n}
with n representing the total number of I-V curves.

Equations (10) and (11) were used to calculate degradation Dy (%)
and the degradation rate DRy (%/year), which quantify the relative
loss in values of electrical parameters due to outdoor exposure [23].

_X(0)-X()
Y= xq 100 (10)
DRy = DTY (11

where, X(0) is the value of the electrical parameter X at the initial time
t = 0 (considered the first year of PV plant commissioning).
Statistical precision was reached by computing the standard error
of the mean degradation (S EDY’ Equation (12)) and the annualised
degradation rate (S E DRg» Equation (13)), with 95% confidence intervals
(Clysq,, Equation (14)) using a t-distribution critical value of 1.998 for
n = 64. This methodology supports reliable degradation estimates for
reliability modelling and warranty validation in desert conditions.

o
SEp. = — 12
%= (12)

SEDY
SEpry = — (13)
Closq, = Xpr + to/2.n-1 'SEDRY (14)

The suitability of the Gaussian distribution was validated using a
Kolmogorov—Smirnov test applied to the measured values of V., I,
Prpp and FF, yielding p-values of 0.2483, 0.4608, 0.8050, and 0.0605,
respectively.

Based on the manufacturer warranty in Figure 1, the useful life of
the c-Si PV modules was estimated using Equation (15) [30].

100% — LD

= ——
DRy

where, #; is the useful life (year) and LD is the degradation limit (%)

of Pypp. Typically, the latter parameter is specified in the datasheet by
LD = 80%.

15)

4. Results and discussions

4.1. Visual inspection

Primary degradation modes were identified, such as cracked cells
detected sporadically in several modules, with a random distribution
(Figure 5a), dust accumulation affecting the entire PV module popu-
lation (Figure 5b), and isolated bird droppings observed in only four
modules, indicating a minimal occurrence (Figure 5c). In contrast,
dust accumulation was observed across almost all visually inspected
modules, representing a widespread degradation mode. These findings
align with prior studies in arid climates around the world, as summarised

in Table 2. Dust accumulation and cracked cells are commonly reported,
while bird droppings, although less frequent, also represent a risk to PV
performance [31, 21].

4.2. Analysing the measured I-V and P-V curves

Figure 6 shows the 64 curves, including measured (red),
STC—corrected (blue) and the manufacturer reference (green). The
maximum power points are marked by circles. Their relative displace-
ment visually illustrates the cumulative degradation effects and the
partial compensation achieved through STC correction. The progressive
reduction in rectangular areas (delineated by dashed lines) further
confirms the long-term decline in FF. The manufacturer’s curve is
considered the first year of solar plant commissioning studied under
STC. It serves as a baseline for assessing degradation over time. The
application of Equations (2)-(6) successfully extrapolated the measured
data to STC. Each I-V curve was measured within an irradiance range
of Gpin1 = 920 W/m? and Gpay; = 964 W/m?. The mean irradiance
was G| = 946.64 W/m?, with o =10.51W/m”.  Similarly, the
temperature varied within Ty = 46.9°C and Ty = 55.7°C. The
mean temperature was T_1 =52.41°Cand o= 2.36°C.

During the measurement, G, levels were observed close to stan-
dard irradiance (G, = Gsre = 1,000 W/m?), while T, levels were
significantly higher, exceeding twice the standard temperature
(T = Tsrc =25°C). Figure 6a shows that the measured /. values
are relatively unaffected by elevated values of 7 due to their strong
dependence on G, whereas V. drops significantly at higher tempera-
tures 7T';. Similarly, Figure 6b reveals that Py, was reduced due to the
combined effects of decreased voltage and a slight reduction in current.

The decline in PV performance illustrated in Figure 6, aligns
with expectations resulting from the cumulative impacts of long-term
exposure, as listed in Table 2. Although the STC—corrected curves show
improved values compared to the measured curves, the key points of
the I-V curve still fall below the original manufacturer’s parameters.
Therefore, despite standardisation, a significant loss in the primary key
electrical parameters remains on the I-V curve. The findings show that
the environmental stressors affect not only the PV performance but also
the long-term reliability of the solar plant.

The statistical summary in Table 3 illustrates the disparity be-
tween the values of four key electrical parameters for the measured,
STC—corrected, and manufacturing curves. The data obtained from
the PV strings were normalised by dividing the voltage of each
PV string by 19; which is practical since the initial performance
listed in the datasheet is specified per module. V,. decreased from
45.29 V to 44.57 V in STC—corrected, representing a degradation of
1.61%. Similarly, I, dropped from 8.95 A to 8.19 A, reflecting a
degradation of 8.45%, primarily attributed to long-term optics-related
losses (e.g., cementation and frontsheet transmittance degradation).

Table 2. Summary of the three degradation modes identified in this study and
previously reported in the Atacama Desert and other desert regions.

Reference, Atacama

[31, 32]

Degradation modes

Cracked cells

Reference, Country

[21], Mongolia

[24], Yemen

[33], Qatar

[34], Morocco

[35], Algeria

[36], Saudi Arabia

[37], MENA*

Bird droppings [31, 15] [22], Algeria
*Countries located in the Middle East and North Africa.

Dust accumulation [31, 15-18]
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Figure 5. Degradation modes such as (a) cell crack, (b) dust accumulation, and (c) bird droppings observed on the PV modules.
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Figure 6. Characteristic curves of 64 PV strings after 10 years of operation: (a) [-V and (b) P-V. Measured (red), STC—corrected (blue), the manufacturer reference
(green) curves and their respective Py points (circle) are shown. Dashed lines delineate the rectangular areas used to compute FF.

Prpp exhibited the highest degradation of 13.22%, reducing from 305 W
to 264.66 W in STC—corrected. The variability of Py, values is modest
(0(10) = 4.44 W), suggesting that the selected strings form a relatively
homogeneous subset. FF also decreased in STC—corrected, showing a
reduction of 3.60%. Since FF exceeded 70%, the PV performance can
be considered acceptable, with consistently stable [-V curves.

4.3. Assessing the degradation of key electrical parameters

Figure 7 illustrates the histograms along with their Gaussian
distributions for each parameter. V,. and F'F show low degradation,
while the most significant degradation occurred in I, and Py, which
is consistent with the main stressors in harsh environments, such
as dust accumulation, causing optical deterioration. The shape of

the histograms suggests that degradation processes have occurred
uniformly, validated by the Kolmogorov-Smirnov tests, which confirm
the suitability of the Gaussian assumption. This uniformity provides a
reliable foundation for evaluating long-term performance [23].

Table 4 summarises the degradation rates of four electrical param-
eters, statistically derived using Equations (8)—(14). Manufacturers
typically report maximum degradation rates of DRp,,, < 1%/year in
the 10th year and DRp,, < 0.5%/year between the 10th and 25th
year of operation [30], as shown in Figure 1. In contrast, the data
in Table 4 reveal that after 10 years of outdoor exposure, the cumulative
degradation of Py, reaches a value of 13.22%, corresponding to a
mean annual degradation rate of 1.32%. Significant degradation in
I, (mean 8.45%, o = 1.26%) is identified as the main contributor to

Table 3. Statistical summary of four key electrical parameters obtained from the measurements after 10 years, STC—corrected and the manufacturer reference.

Individual module

String of 19 series-connected modules

Data Parameter Voo (V) I (A)  Pupp (W) FF (%) Voe (V) I (A)  Pppp (W) FF (%)
NTUNIF RPN X 4077 7.93 22924  70.92 77467 793 435560  70.92
casured {7 = 1U years o 047  0.09 4.07 0.85 885  0.09 77.39 0.85
X 4457 819 26466  72.49 84681  8.19 502860 72.49

STC-corrected (IEC 60891) o 060  0.11 4.44 0.84 1142 011 84.39 0.84
Manufacturer reference at STC X 4529 895 30500 7520 860.70 895  5795.00  75.20

6



400 — : : : : :
[ Measured (t=10 years) [l STC-corrected (IEC 60891) 1 0.05

w
o
o

Number of PV modules
S
o
Probability density function

0.04
10.03

10.02 :

=
o
o

10.01

760 780 800 820 840 860
Open-circuit voltage, Vo V)

(a)

x1073
400 . . . . . .
I Measured (t=10 years) [ STC-corrected (IEC 60891) 16 -
g g
5300 g
S S
O N
£ 2
> @
2200 k5
° >
2 =
3
€100 s
z e
[a
0

4200 4400 4600 4800 5000 5200
Power, P (W)
mpp

©

400 T T T T 6

M Measured (t=10 years) [l STC-corrected (IEC 60891) -

2 S
= (&}
3 300 =
o Y—
£ 2
> @
2200 g
° >
g =
o)

£100 ]
z <
o

7.8 8 8.2 8.4
Short-circuit current, Isc (A)

(b)

400 F T T T T T T
M Measured (t=10 years) [ STC-corrected (IEC 60891) 10.6

w
o
o

Number of PV modules
= N
o o
o o

Probability density function

69 70 71 72 73 74
Fill Factor, FF (%)

(d)

Figure 7. Distributions between measured and STC—corrected for (a) Vo, (b) Isc, (€) Pmpp, and (d) F'F, after 10 years of exposure in the Atacama Desert.

the reduction in Py, which subsequently impacts F'F (mean 3.60%,
o = 1.11%). The narrow confidence intervals and low standard errors
(e.g..SE DRy = 0.02 for Py,p,) indicate high precision in these estimates,
reinforcing the reliability of the observed trends despite the challenging
environmental conditions.

Based on Equation (15) and the mean performance degradation rate,
the expected lifetime of the PV modules is illustrated in Figure 8.
The green curves delineate the linear warranty, specifying 80% power

retention at 25 years and 90% at 10 years. The red dashed line represents
the degradation after a 10-year period and indicates an outdoor exposure
lifetime of 15.15 years. The dotted red line shows lifetime estimates
ranging from 14.81 to 15.50 years. These results are consistent with
observations by Bouaichi et al. [34], Osterwald and McMahon [30],
who reported a linear decline in PV module output power over long-
term exposure.

Analysing the narrow confidence intervals (Figure 8) under the
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Figure 8. Expected lifetime as a function of DRp,,,, with uncertainty bands. The solid green lines represent degradation limits of 80% and 90% at STC, while the
dashed lines and points indicate measured and manufacturer reference degradation rates. The dotted lines depict Clysq, = 1.29-1.36%/year, with a corresponding
lifetime of #;, = 14.81-15.50 years.



Table 4. Statistical summary of degradation of four key electrical parameters.

Degradation Parameter Voe I Progp FF

max 4.33 10.73 17.58 7.01

Ds (%) min 0.82 4.92 9.15 0.94

X 1.61 8.45 13.22 3.60

o 1.33 1.26 1.46 1.11

X 0.16 0.84 1.32 0.36

DRy (%/year) S Epry 0.02 0.02 0.02 0.01
Clysg, 0.13-0.19 0.80-0.87 1.29-1.36 0.33-0.39

assumed nominal STC power at commissioning, the linear warranty will
be satisfied within the initial 15.15 years. However, projecting this trend
linearly over the remaining 9.85 years to reach the 25-year warranty
period yields a cumulative degradation of approximately Dp,,,, = 33%
(i.e., 1.32% - 25), exceeding the guaranteed 20% loss threshold (LD =
80% (green curve with a solid circle). This discrepancy highlights
a significant deviation from the datasheet projections, underscoring
unexpectedly pronounced declines in power performance beyond the
manufacturer specifications.

4.4. Sensitivity analysis of initial nominal STC power

The absence of in situ I-V curve measurements during the first
year of operation prevents a direct determination of the initial power,
therefore, long-term degradation analysis must account for missing or
incomplete baseline information [38]. In addition, recent field-based
studies have quantified deviations between the STC nominal power
and the effective STC power inferred from in situ measurements. For
example, in a PV plant in Spain, the inferred nominal power after 10
years of exposure showed a deficit of approximately 5% relative to STC
[39]. In contrast, for a grid-connected plant in Peru, the effective power
rating inferred from field measurements was nearly 7% lower than the
nominal STC power, mainly due to module mismatch, resistive wiring
losses and spectral differences with respect to the AM1.5 reference
spectrum [40]. These cases illustrate that the nominal STC power
used for performance assessment may differ from the true effective
baseline, and they motivate the sensitivity-based treatment adopted in
the remainder of this section.
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Figure 9. Degradation rate DRp,,,, as a function of the effective initial STC
power P?nf{)p,O for four scenarios: spectral/mismatch/soiling (—5%), optimistic
(—3%), baseline (manufacturer nominal at STC), and pessimistic (+3%). Error
bars indicate the 95% confidence interval (Closg,) of the sample mean.

To explicitly account for this baseline uncertainty, the notation P;‘T)pﬁo
is introduced to denote the effective initial STC power used as input
to the degradation model. Thus, Equations (10)—(15) become explicit
functions of P:f (o> such that any perturbation in this effective baseline
is analytically propagated into the estimated degradation rate and useful
life. Then, Pf;; »0 18 perturbed according to four scenarios, as shown
in Figure 9. The scenarios +3% are consistent with the datasheet
tolerance, while a scenario —5% is added as a conservative envelope for
the effective STC power, to account for residual optical and mismatch
losses not explicitly captured by the field I-V calibration. This choice is
consistent with Atacama-specific evidence showing that local spectral
conditions can modify the current by several percent relative to standard
AM1.5 spectra, and that soiling can induce substantial power losses
[41].

For each scenario, DR(P‘:T)[),O) and ’L(Piﬁ)p,o) were recalculated using
the STC—corrected values (Pypp2). Reducing anf; 00 by —3% (optimistic
scenario) lowers the estimated rate to 1.05%/year and extends the
lifetime to ¢, = 19.05 years, while increasing it by +3% (pessimistic
scenario) raises the rate to 1.58%/year and shortens the lifetime to 7, =
12.66 years. The scenario in —5% further reduces the mean degradation
rate to 0.87%/year with the expected corresponding lifetime of 7, =
22.99 years, which is longer than the baseline estimated in Figure 8.
These results are provided in Appendix A (Table Al) to explicitly
quantify how the commissioning-time uncertainties in anﬂ;p’o propagate
to the degradation rate and the lifetime estimates: perturbations within
+3% to —=5% broaden DRp,,,, to 0.87-1.58%/year and the associated

lifetime to approximately 13 to 23 years.

4.5. Comparative analysis

To perform a reliable comparative analysis, it is essential to
standardise the evaluation of PV degradation in regions with comparable
climate conditions and/or PV technology. There appears to be no
prior research on identical PV cell technology analysed in Section 3.2
(i.e., manufacturer, series, and model). Additionally, the limited
number of research studies conducted within arid zones sharing the
same climatic parameters restricts comparison. Following the review
of the literature (Section 2), five studies focused on the long-term
deterioration of c-Si PV modules located in the BWk climate were
chosen for a comparative analysis, as shown in Table 5. In addition,
these studies were selected based on their methodology, specifically
those that align with the approach adopted in this research, such as
using I-V curves as performance metrics, conducting visual inspections
to detect degradation modes, and c-Si PV technologies.

Despite variability between manufacturers and tolerances, Table 5
shows the degradation patterns in desert climates, where each study
contributes distinctly. In Gobi Desert, Bayandelger [21] analysed m-
Si and p-Si PV modules for 14 years and reported a decline in Py,
linked to reductions in ;. consistent with glass abrasion. In Algerian
Desert over 11 years, Mahammed et al. [22] reported backsheet and
junction-box damage and identified encapsulant discolouration and
corrosion as prevalent drivers. Over a 38-year assessment in Sana’a
(Yemen), Dahesh et al. [24] attributed peak-power losses primarily
to reductions in I, and documented multi-mode failures in the most
affected modules. The present study analysed a large sample of 64
strings (1,216 PV modules), which substantially exceeds the sample
sizes (1-100 modules) typically reported for BWh/BWk climates
(Table 5). This larger dataset reduces small-sample uncertainty and
enables more robust parameter-specific degradation estimates.

As can be seen, the degradation observed in the Atacama Desert
aligns with the levels reported in similar arid environments, where
the degradation rates range from DR = 2.47%/year over 12 years



Table 5. Comparison between the findings of the present research and previous studies conducted in BWk climates.

Present study

[22]

Case 3

[21]

[20]

[23]

[24]

Reference

Case 5

Case 4

Case 2

Case 2 Case 1

Gobi

Case 1

Atacama
Chile

Ghardaia®*
Algeria

Ghardaia™*
Algeria

Ghardaia™*
Algeria
25

Ghardaia*
Algeria
20

50

11

Ghardaia™*
Algeria
10

Gobi

Ghardaia
Algeria

Jinchang

China
100

Sana’a

Desert

Mongolia

Mongolia

Yemen
16

Country

1,216

Sample (PV modules)
Prpp at STC (W)

305 +3%

10

50

11

55
11
5.

110
11

100
11

75

80
14

245 + 3% 50
1

37 + 10%

38

14

12

Exposure time (year)

13.22
1.32

15.79 - 90

2.36

68

20.63

21.97

17.9

15.2

29.64
247

5.79

29.22

wop (70)

Dp,

1.99 1.87 0.37

Isofoton

1.62

1.09

1.29
*

0.83 - 1.07

*

0.77

o (Z0/year)
Manufacturer

DRp,

TEAS500 UDTS50 SunEdison

Isofoton

Isofoton

Jumao photon-

ics

Arco Solar

m-Si m-Si p-Si m-Si p-Si

m-Si

p-Si m-Si

m-Si

m-Si m-Si

Technology (c-Si)
Key parameters

Voesses Pmpps

Voes Isc, Pmpp Voes Ise Pmpp Voes Ises Pmpp
FF

Voes Ises Pmpp

Voes Ises Pmpp

Voes Ises Vmppy
Tinpp> Prnpp:

FF

Voes Ises Vmpps
Tinpp> Prnpp:

Voes Ises Vmpps
Tinpp> Prnpp:

Prapp
FF,n

Pmpp

PVPM2540C PVPM2540C PVPM2540C PVPM2540C PVPM2540C MI 3109

outdoor

MP-160 I-V

indoor

MP-160 I-V

indoor

PVA-600

PVKLA4.4 XJTU-9M

outdoor

Curve tracer (model)
Testing condition

outdoor outdoor outdoor outdoor

outdoor

outdoor

outdoor

*No detailed data were available in [23] and [21]. *Climatic zone encompassing BWk and BWh regions.

[20] to DR = 0.37%/year over 11 years [22], both in the Ghardaia
Desert. Furthermore, in terms of c-Si technology, the degradation rate
calculated in this study closely resembles that reported by Bayandelger
[21], who analysed PV modules of the same technology in the Gobi
Desert over 14 years. This consistency could reinforce the reliability
of the degradation trends in similar desert environments, albeit slightly
higher than the manufacturer’s specifications at STC.

Although most studies on PV degradation tend to focus mainly on
the decline in Py,,,, comprehensive analyses that include additional
key electrical parameters are considerably less common. In this
context, Table 5 shows that two researchers investigated the same
four electrical parameters examined in the present study [20, 21].
Consequently, Table 6 provides a detailed and comprehensive evaluation
of the findings. The moderate values of Dy, and Dgr suggest that
the dominant degradation mechanisms in the Atacama Desert mainly
involve optical losses. Dpp exhibits a moderate decrease, falling
between the value reported by Fezzani et al. [20] and the lower value
observed by Bayandelger [21]. Previous research conducted in Gobi
[21] and Ghardaia [22] also showed a higher value of DR, compared
to the other parameters, which are identified as the main reasons for
the decrease in power degradation, reflecting the impact of stressors
(e.g., dust, UV radiation, thermal cycling) in BWk-classified climates.
Although the degradation measured in this study does not reach the
higher values reported in Tables 5 and 6, it still exceeds the standard
warranty threshold of the initial maximum power.

4.6. Integrated discussion and implications

The PV modules analysed in this study use low-iron tempered
glass in the frontsheet; therefore, the terms frontsheet and glass are
interchangeably used in Figure Al. Accordingly, the plant-wide
reduction in current and output power is interpreted mainly as a
consequence of widespread dust accumulation and optical losses
on the glass/frontsheet, while cracked cells are understood as local
irreversible structural failures associated with mechanical and thermo-
mechanical stressors [42] that affect only a fraction of the modules.
This environmental context, where Atacama typically receives less than
6 mm/year of rainfall and thus offers very limited natural cleaning of PV
modules [15], helps to understand the results summarised in Table 4.

The campaign for diagnosis relied exclusively on ad hoc visual
inspection; therefore, latent sub-cell/interconnect defects and thermally
driven anomalies may have gone undetected. As a result, three
degradation modes were identified in the present study (Table 2), a
relatively low number compared to other desert environments [24].
Complementing visual inspection with IRT, EL imaging, and stan-
dardised I-V measurements enables a better diagnosis of PV module
degradation and improves the attribution of underlying mechanisms
[43, 44]. Furthermore, Islam et al. [45] demonstrated that correlating
EL with -V curves provides a quantitative link between optical defect
mapping and electrical performance losses, establishing a reliable
bridge between in situ and laboratory conditions.

The four scenarios adopted for the effective initial STC power
(Figure 9) fall within the uncertainty bands reported for effective power
rating procedures applied to utility-scale PV arrays [39, 40], and there-
fore should be interpreted as reflecting realistic commissioning-time
uncertainty rather than extreme deviations in the underlying degradation
process. Sensitivity analysis shows that plausible commissioning-
time uncertainties in anf; 00 are explicitly propagated into the group of
degradation rate and lifetime pairs (Table A1), broadening the range of
DRp,,, and generating a spread of more than ten years in the projected
lifetime at the 80% power threshold (Figure 8).

Even in the most conservative scenario of the sensitivity analysis, the
estimated lifetime is shorter than that provided in the linear warranty. A



Table 6. Comparison between the degradation of four key electrical parameters of the present study and previous studies conducted in BWk climates.

Degradation (%)

Degradation rate (%/year)

Reference Technology ¢ (year) Dy, Dy, Pupy  DFF DRy, DRy, DRp,, DRrr
[20] m-Si 12 0.32 219 29.64 28.03 0.03 0.18 247 2.34
1] Case 1 p-Si 14 0.90 11.30 18.10 1.40 0.06 0.81 1.29 0.10
Case 2 m-Si 14 2.80 1040 1520 140 020 0.74 1.09 0.10
Present study p-Si 10 1.61 845 1322 3.60 0.16 0.84 1.32 0.36

recent study conducted in a BWh climate within the Pacific coastal
desert belt of South America reported module-level performance

loss rates for c-Si technologies in the range of 0.9-1.6%/year [46].

Although site-specific conditions and performance metrics differ
between sites, the similarity in the order of magnitude between the
reported degradation range and the values estimated for the plant under
study (0.87-1.58%/year) reinforces the plausibility of these estimates
and supports their representativeness for desert environments. From a
methodological standpoint, the current estimates are inferred from a
single measurement campaign after 10 years of operation. Therefore,
uncertainty can be reduced in future studies by repeating identical I-V
characterisation campaigns after an additional operating period (e.g., 5
years) and applying a consistent IEC 60891 standard, which improves
the temporal convergence of the degradation rate and reduces sensitivity
to baseline assumptions, as shown for long-term datasets with missing
initial references [38].

The linear warranty provided by manufacturers appears optimistic
for Atacama deployments and underscores the need for stringent
qualification tests and a stronger correlation between IEC accelerated
ageing tests under STC and real-world measurements. Evidence from
arid-desert campaigns converges on this view, but from complementary
angles such as: Kahoul et al. [25] (Algeria) ties elevated losses to
desert stressors and -V parameter drift; Bouaichi et al. [27] (Morocco)
quantifies above-expected losses and motivates site-tailored cleaning;
Bouaichi et al. [34] shows that adding IR, EL, and outdoor I-V exposes
non-visual defects that cause performance losses; and Adothu et al. [28]
argues for desert-orientated test cycles beyond current IEC standards.

5. Conclusions

This study quantified the long-term degradation of polycrystalline
silicon PV modules under the hyper-arid conditions of Atacama Desert,
using outdoor I-V curves as the primary performance metric and
providing a statistical benchmark. The observed reduction in current
and power output is dominated by soiling affecting the glass/frontsheet,
which induces optics-driven losses and appears as a sustained decline
in I, with only moderate changes in V,,. and FF. Meanwhile, thermo-
mechanical stressors leading to cell cracking constitute a secondary and
irreversible degradation mode.

The annual degradation rate in output power lies within a plausible
range of 0.87 to 1.58%, estimating a useful lifetime of roughly 13 to 23
years at the power threshold of 80%. Even under the most conservative
scenario, these values are higher than those implied by typical linear
warranty assumptions, indicating that standard manufacturer guarantees
are optimistic for hyper-arid desert deployments.

The findings imply that PV plants operating in BWk/BWh climates
should explicitly prioritise strategies that preserve the optical path and
limit soiling-related losses, alongside careful monitoring of current and
power trends as primary indicators of degradation. At the same time,
they support the need for reliability assessments and warranty schemes

that are explicitly tailored to desert climates rather than extrapolated
from moderate-condition test protocols.

The analysis is constrained by the focus on a single PV plant and
the absence of advanced diagnostic techniques for detailed failure
attribution. Future work should combine outdoor I-V measurements
in commissioning-time with indoor STC characterisation and integrate
infrared thermography, electroluminescence, and multi-site monitoring
in Atacama to refine degradation models and reduce systematic
uncertainty in long-term lifetime projections.
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