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Closing the UV-Induced Photodegradation Gap
Through Global Scale Modeling of Fixed Tilt

and Tracking Photovoltaic Systems
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Abstract—Ultraviolet (UV) radiation accelerates the degrada-
tion of photovoltaic (PV) modules, both at the cell and mod-
ule levels, leading to reduced efficiency and a shorter lifespan.
While reliability testing has advanced, current standards often
fail to reflect real-world UV exposure, especially across diverse
climates. Global UV irradiance varies widely, from <30 W/m2 in
high-latitude regions to >80 W/m2 in arid zones, while standard
tests such as IEC-61215 only test up to a dose of 15 kWh /m2

that can be reached in less than 50 days in some locations. This
study develops a high-precision model to estimate UV radiation on
tilted surfaces and assesses the influence on UV photodegradation.
The model shows minimum bias (<±3.87 W/m2, i.e., <±4.28%
) when compared with observations. Results show notable global
variation in UV irradiance on tilted surfaces between single-axis
tracking (SAT) and fixed-tilt systems, hence affecting degradation
rates. SAT systems experience approximately twice the degrada-
tion in arid and semi-arid climates compared to fixed-tilt systems,
where UV exposure is most intense. These findings highlight the
critical need for climate-specific degradation assessments even for
identical module technologies. To ensure outdoor durability and
long-term performance, advanced regionally adaptive reliability
testing thresholds should be adapted for better-informed material
selection and manufacturing.

Index Terms—Degradation modeling, fixed tilt, single-axis
tracking (SATs), ultraviolet (UV)-irradiance modeling, UV
photodegradation.

I. INTRODUCTION

SOLAR photovoltaic (PV) system deployment and grid in-
tegration has surged globally to meet energy demands and

net zero targets. In order to meet the target of constraining
global warming to 1.5 °C by 2050, renewable energy should
account for 91% of total energy consumption, with a growing
share of electricity in the energy mix [1]. Among renewables,
solar PV is expected to be one of the largest contributors [2].
The lifetime and durability of a PV system directly affect the
levelized cost of energy and return on investment. Therefore, to
ensure a successful energy transition, it is crucial to thoroughly
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investigate the various degradation modes affecting the reliabil-
ity of the PV systems and, in particular, the PV modules. PV
modules typically have a performance warranty of 25–30 years
[3], guaranteeing at least 80% of the rated power at the end of
this period. Apart from an initial power drop of 1% –2% in the
first year, the subsequent power decline is expected to occur
uniformly throughout the module’s remaining lifetime. How-
ever, previous studies have reported that the modules degrade
at varied rates depending on their location globally [4]. This is
due to the influence of regional climate on the modules that can
initiate climate-specific degradation modes, such as encapsulant
discoloration, corrosion, internal circuit failure, delamination,
and light-induced degradation.

There has been extensive research showing that prolonged
exposure to ultraviolet (UV) radiation can lead to encapsulant
discoloration, delamination, backsheet cracking, and premature
aging of the module materials, including degradation of the PV
cells due to a decrease in surface passivation [4], [5], [6], [7], [8].
Most of the surface solar radiation falls within the 300–2500 nm
wavelength range, encompassing UV light (<380 nm), visible
light (380–780 nm), and infrared light (>780 nm). UV light
consists of photons with short wavelengths and high energies,
typically leading to shallow penetration depths. The amount of
surface reaching solar radiation is affected by the presence of
atmospheric components, such as clouds, aerosols, atmospheric
gases, etc., that can lead to scattering or absorption of solar
radiation [9]. Depending on the location, the surface reaching
UV radiation can vary significantly due to the presence of ozone,
clouds, and other atmospheric components.

It is reported that UV-induced degradation is more common
in hot climates [4], [10]. The UV irradiation mainly affects
the encapsulant [for example, ethyl-vinyl acetate (EVA)] and
semiconductor material. Historically, EVA was preferred for the
majority of the modules due to its lower cost, optical properties,
and long-term field experience [11]. Exposure of EVA to heat,
humidity, and UV radiation can produce acetic acid, which
causes the encapsulant to turn yellow or brown. As a result,
EVA absorbs more high-energy visible light, particularly in the
blue and violet wavelengths, thereby reducing the module’s
efficiency [12]. This effect can further be intensified by elevated
temperatures and result in localized hot spots. The discolored
encapsulant reduces light transmission, leading to a reduction
in short-circuit current [13] and a drop in power generation [5].
More recent modules utilize newer materials, such as polyolefin

2156-3403 © 2026 IEEE. All rights reserved, including rights for text and data mining, and training of artificial intelligence and similar technologies.
Personal use is permitted, but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.

This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination. 

Authorized licensed use limited to: University of New South Wales. Downloaded on March 31,2026 at 21:25:01 UTC from IEEE Xplore.  Restrictions apply. 

https://orcid.org/0000-0003-4284-8758
https://orcid.org/0000-0002-2723-5286
mailto:s.poddar@unsw.edu.au


2 IEEE JOURNAL OF PHOTOVOLTAICS

elastomer-based and thermoplastic polyolefin-based encapsu-
lants, to prevent acetic acid formation. It should also be noted that
module architecture plays an important role. In older monofacial
glass–backsheet designs, any acetic acid produced could diffuse
through the backsheet, whereas in glass–glass modules, this
diffusion pathway is significantly restricted.

UV-induced degradation is relatively more pronounced in
modern high-efficiency silicon (Si) cells in comparison to the
previous generations, while significant efforts have been made
to mitigate UV-induced degradation through the incorporation of
UV-blocking additives in encapsulants and optimized antireflec-
tive coatings. However, recent advances in high-efficiency cell
architectures increasingly prioritize enhanced external quantum
efficiency. This shift has led to the adoption of features such as
higher emitter sheet resistances and more UV-transparent mate-
rials, which may inadvertently increase the sensitivity of modern
devices to UV exposure. Consequently, cell architectures such
as tunnel oxide passivated contact (TOPCon), heterojunction
technology (HJT), and passivated emitter rear contact (PERC)
have been reported to exhibit increased sensitivity to UV radia-
tion due to their material and optical design [14]. Early silicon
heterojunction module designs also demonstrated notable UV-
induced degradation, which has been linked to the degradation
of Si–H bonds and reduction in hydrogen content within the
passivation layers [15], [16]. Recently, the impact of UV-induced
degradation was studied for commercial TOPCon modules, and
40% of the tested modules experienced a power loss of more than
5% after exposure to a UV dose of just 60 kWh/m2 [14]. This
level of degradation is notable because a 60 kWh/m2 UV dose
corresponds to roughly one year in moderate climates and even
less in high-UV regions, such as Australia. A recent study on
bifacial n-type passivated emitter rear totally diffused solar cells
reported a 15% power drop after being exposed to 598 kWh/m2

of UV dose [17]. Furthermore, several studies have revealed
that at the cell level, UV-induced degradation plays a key role
in breaking covalent bonds such as Si–H bonds in passivating
films, which may result in hydrogen accumulation near the
passivation interface, ultimately influencing the effectiveness of
surface passivation. [17], [18], [19]. The effectiveness of surface
passivation relies on semiconductor and dielectric thin films,
with Si–H bonds playing a crucial role in maintaining chemical
stability and protection. Moreover, this is expected to have a
higher impact on the bifacial modules as both front and back
are now exposed to UV [20], [21]. Therefore, it is essential
to accurately model the UV irradiation on the PV modules to
precisely estimate their degradation rates and performance.

UV stress testing is typically conducted in a weathering
chamber under accelerated environmental conditions. This ap-
proach helps assess module durability in the field by simulating
real-world long-term failure mechanisms and modes within a
shorter timeframe, usually spanning two to six months [10].
The IEC 61215 standard specifies a UV preconditioning test
requiring only 15 kWh/m2 total UV irradiance dosage in the
280–400 nm wavelength range and a module temperature of 60
± 5 °C. This dosage is roughly equal to only 46 days of field
exposure in Arizona, USA. This dose is insufficient to induce
encapsulant discoloration and does not accurately reflect the

lifetime UV exposure on modules. For a more realistic testing,
the updated quality plus protocol suggests UV stress testing at a
higher dosage of 225 kWh/m2, which is still only equivalent to
approximately two years in Arizona [22]. In the past, several
statistical and physics-based models have been proposed to
estimate the UV degradation rate of the modules in the field [4],
[23], [24]. These models consider UV dose, relative humidity
on the module surface, module temperature, and activation en-
ergy necessary for photoreaction induced degradation. Previous
studies have calibrated these models using lab tests and have
been found to have minimum bias overall.

Despite these advances in modeling approaches and accel-
erated testing methods, there remains a significant challenge
in how we model UV radiation on tilted surfaces for esti-
mating photodegradation rates. There are limited spectral ra-
diometers across the world that record UV radiation, and all
the satellite products only provide ground-reaching UV ra-
diation. In the past, degradation rate modeling studies have
used horizontal UV irradiance [4], [25]. The use of UV ra-
diation on horizontal surfaces for estimating UV photodegra-
dation rates on tilted surfaces can lead to inaccurate lifetime
predictions.

Globally, the most measured data for solar radiation is on
a horizontal surface, due to the simplicity and standardization
of horizontal irradiance sensors across most meteorological
stations. Accurate PV energy yield estimation relies on robust
modeling of plane-of-array (POA) irradiance using transposition
models. These models convert horizontal irradiance data into
irradiance on tilted PV surfaces by accounting for direct, dif-
fuse, and ground-reflected components. The diffuse component
is highly sensitive to sky irradiance distribution. Performance
of transposition models varies with climate, regional weather,
solar geometry, and system design, and studies show anisotropic
models outperform isotropic models when validated against field
data [26], [27], [28], [29], [30]. Small errors in tilt or azimuth
can introduce measurable biases in annual energy yield. In
densely packed PV arrays, row-to-row shading further reduces
irradiance by partially blocking both diffuse and circumsolar
radiation, resulting in the lower sections of tilted modules re-
ceiving significantly less energy. Recent modeling approaches
explicitly incorporate view factors and shading of both direct and
diffuse components to improve predictions for interior rows [27],
[28]. As a result, there have been extensive studies in the past
to develop analytical algorithms that convert horizontal irradi-
ance to tilted irradiance for optimizing solar energy generation.
The two main primary approaches to model tilted irradiance
include isotropic and anisotropic sky models [31], [32], [33].
Both models handle the beam and ground-reflected components
similarly, but they differ significantly in how they treat the
diffuse component. The isotropic model assumes that diffuse
radiation is uniformly distributed across the sky dome, while
the anisotropic model divides it into three components called
uniform sky radiation, circumsolar radiation, and radiation from
the horizon. There have been several regional studies comparing
these models for determining optimum PV module tilt angle
and orientation for global irradiance [34], [35], [36], [37], [38].
There have been similar modeling approaches adapted for the
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Fig. 1. Schematic representation of module tilt angle (β), solar azimuth (Az),
module azimuth (Ap), and solar zenith (qz). The gray shaded area represents the
PV module.

UV radiation estimation on tilted surfaces for skin cancer and
water treatment studies [39], [40], [41], [42], [43], [44], [45].
Serrano et al. [41] evaluated the UV Index (UVI) for vertical
plane and 40° tilted surfaces and found that the Perez model
performed best for the vertical surface; however, all the models in
the study (Perez, Isotropic, Gueymard, and Muneer) show up to
17% –32% bias when validated against observations. Similarly, a
study evaluated ten models for estimating the diffuse component
of the UV radiation and concluded the RAU3 model performed
best (with 6.1% of relative root-mean-square error) when val-
idated against ground observations for Badajoz, Spain [39]. A
recent study used an isotropic sky model approach to estimate the
UV radiation on a tilted plane for solar water treatment in Chile
[46]. In their study, they highlight that their modeling approach
does not consider atmospheric conditions, local weather pat-
terns, and the azimuth of the surface. There has been abundant
literature that show the importance of atmospheric conditions
and local climate in PV energy generation, module lifetime, and
degradation mechanisms [4], [47], [48], [49], [50], [51], [52],
[53]. The orientation of PV systems plays a significant role in the
incident radiation on the module and its temperature, which are
the two most important factors influencing degradation rates [4].
In this context, we need a more robust UV modeling approach
that takes into consideration the sky dome, the influence of the
atmospheric conditions, and the module azimuth.

The main objective of this study is to model incident UV
radiation for both fixed-tilt and single-axis tracking (SAT) PV
systems on a global scale. The novelty of this work lies in its
detailed, system-specific assessment of UV exposure, which has
not been comprehensively analyzed for different PV mounting
configurations on a global scale. Our approach involves devel-
oping a robust UV radiation model that accounts for variations in
solar position, atmospheric conditions, and system orientation.
We use an anisotropic model in this study, with detailed input pa-
rameters such as the view factor of the sky, circumsolar radiation
(the sky brightening near the sun), and horizon brightening (the
increase in the sky radiation near the horizon), making it partic-
ularly effective under cloudy conditions. The circumsolar and
horizon brightening components contribute to additional diffuse

radiation on the modules, affecting the optical and thermal stress
of the modules. Over time, this can accelerate material fatigue,
discoloration, and delamination, particularly at the edges or
around cell interconnects. Accurate modeling for these effects is
therefore essential for better understanding degradation patterns
and improving reliability assessments of PV systems under real-
world conditions. To establish confidence in our methodology,
we validate our modeled results against high-fidelity ray-tracing
simulations and spectroradiometer observations to ensure the
accuracy of our estimates. Once validated, this model is applied
to estimate and compare the degradation rates of SAT and
fixed-tilt PV systems globally. By quantifying the impact of UV
exposure on modules, this study provides valuable insights into
long-term performance, aiding in the design and deployment of
more durable and efficient PV systems worldwide.

II. DATA AND METHODS

A. Data

We use UV irradiance data from two Baseline Surface Ra-
diation Network (BSRN) weather stations located in Izana,
Spain, and Payerne, Switzerland, to validate our model for the
horizontal surface. BSRN collects high-precision ground-based
measurements of solar and thermal radiation globally to monitor
Earth’s energy balance. This data has been widely used for
validating satellite observations, improving climate models, and
supporting solar energy research. We have obtained five years
of data from these stations for the period 2019–2023.

In this study, we use the atmospheric variables surface reach-
ing downwelling radiation (GHI), air, and 2 m dew point tem-
perature, and 10 m u (eastward wind) and v (northward wind)
wind components from the European Centre for Medium Range
Weather Forecasts (ECMWF) Reanalysis (ERA5) [54] dataset
available at∼31 km spatial resolution for modeling UV radiation
on a tilted surface. We use hourly data from 2004 to 2024 to
obtain the global plots.

B. Modeling Global UV Irradiance and Relative Humidity

ERA5 provides relative humidity at various pressure levels,
with the lowest pressure level at 1000 hPa, which approximately
corresponds to a height of 100 m. Considering that ground-
mounted PV systems have heights in the range of 1.5–2.5 m, us-
ing ERA5 relative humidity for our analysis would be inaccurate.
Therefore, we model surface relative humidity from saturation
vapor pressure over water (using the air temperature and dew
point temperature at 2 m) following the August–Roche–Magnus
equation [55]. To have a consistent height for our analysis,
we calculate the wind speed by translating the wind speed at
10 m to 2 m height using the power law [56], [57]. ERA5
reanalysis data provide UV irradiance covering wavelengths
200–440 nm, while the 280–380 nm range is the most important
for degradation-related analysis, as used in this work. The differ-
ence in UV estimation due to overestimation of the wavelength
range from reanalysis can be up to 45% higher when compared
with observations [25]. This discrepancy can result in a sig-
nificant difference in the estimated UV photodegradation. We

This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination. 

Authorized licensed use limited to: University of New South Wales. Downloaded on March 31,2026 at 21:25:01 UTC from IEEE Xplore.  Restrictions apply. 



4 IEEE JOURNAL OF PHOTOVOLTAICS

model global UV radiation (wavelength <380 nm) as proposed
by Wald [58]. This method has been previously used in several
UV degradation modeling studies [4], [59]. UV global radiation
(UVg) is estimated based on the surface reaching downward
radiation and restricted clearness index (kt∗) as per (1) and (2).
kt∗ refines standard clearness index (kt) values by constraining
extreme variations, ensuring more accurate diffuse radiation
estimates particularly under clear or partly cloudy conditions
where anisotropic sky behavior dominates. Kt is calculated as the
ratio of GHI to extraterrestrial radiation on a horizontal surface.

UVg =
[
(7.210 − 2.365 kt∗)× 10−2 × GHI]

+
[
(1.897 − 0.860 kt∗)× 10−3 × GHI] (1)

kt∗ = max (0.1,min (kt, 0.7)) . (2)

C. Modeling UV Irradiance on a Tilted Surface

The total or global irradiance comprises direct and diffuse
radiation components across all wavelengths when accounting
for the solar position at any given location. The UV irradiance in-
cident on a tilted PV module is composed of direct (UVdirect,t),
diffuse (UVdiffuse,t), and reflected UV (UVreflected,t) from the
top of the module. These components depend on the PV mod-
ule’s tilt (β), solar azimuth (Az), module azimuth (Ap), and solar
zenith (qz). Fig. 1 shows the schematic of the different angles
used in this study.

UVg,t = UVdirect,t + UVdiffuse,t + UVreflected,t. (3)

The reflected component of UV is dependent on the albedo
of the ground and can be obtained using (4), assuming the
reflectivity from the surface is isotropic. The direct component of
UV irradiance is dependent on the diffuse fraction, the tilt of the
plane, and global UV irradiance adapted from the DISC model
[60]. The diffuse component of UV irradiance, estimated based
on Klucher [61], is dependent on the module tilt, azimuth, and
angle of incidence (aoi) projection. The aoi refers to the angle
formed between the perpendicular to the PV module surface and
the direction of the incoming radiation. In this study, UVdirect,t is
modeled with simplification based on the elevation and tilt angle
(cos(β + γ)) and can be replaced by aoi for estimating tilted
component of UV radiation. This simplification can introduce
very minimal bias

UVreflected,t =
1
2
× albedo×UVg × (1 − cosβ) (4)

UVdirect,t =
1
2

×UVg × (1 − diffuse fraction)

× cos (β + γ) (5)

UVdiffuse,t = UVg × diffuse fraction× term 1 × term2

× term3 (6)

where γ is the elevation angle; term1, term2, and term3 can be
estimated as follows:.

term1 = 0.5 × (1 + cos (β)) (7)

term2 = 1 + F × sin

((
β

2

)3
)

(8)

term3 = 1 + F × (max (aoi, 0))2 × sin(θz
3) (9)

aoi = (cos (β) × cos (θz)) + (sin (β)× sin (θz)

× cos (Az−Ap)) (10)

The diffuse fraction is estimated by

diffuse fraction

=

⎧⎪⎪⎨
⎪⎪⎩

1 − a×Kuv,Kuv ≤ 0.22
b− c×Kuv + d×Kuv2 − e×Kuv3

+f ×Kuv4, 0.22 < Kuv ≤ 0.8
0.165,Kuv > 0.8

(11)

where a, b, c, d, e, and f are 0.09, 0.9511, 0.1604, 4.388,
16.638, and 12.336, respectively, where a is the scaling factor
that modifies diffuse fractions at clear-sky conditions, while b,
c, d, e, and f are polynomial coefficients that refine the diffuse
fraction for higher values of Kuv, accounting for effects such as
Rayleigh scattering, aerosol interactions, and cloud cover. Kuv
is the ratio of the global UV radiation and top-of-the-atmosphere
UV radiation (UVTOA). The top of the atmosphere UV radiation
can be estimated from the eccentricity of the Earth (eccentricity),
solar constant for UV (S), and the zenith angle.

Kuv =
UVglobalhorizontal

UVTOA
(12)

UVTOA = S × eccentricity × cos (θz) . (13)

D. Modeling UV Photodegradation

In this study, we show the application of our UV dose calcu-
lation method by adapting the module level photodegradation
(called UV photodegradation here) framework by Kaaya et al.
[23]. It should be noted that this model does not include UVID,
that is recently been reported for TOPCon and HJT, and is
expected to be a lot more severe. UV-induced photodegradation
is dependent on module temperature (Tm, in Kelvin), relative
humidity on the module surface (rheff, in % ), and UV radiation
on a tilted surface (UVg,t), which can be estimated as follows:

deg = Ap × UVg,t
X × (1 + rheff)

X

× exp

(
− Ep

KB × Tm

)
(14)

where the activation energy required for UV photodegradation
is represented by EP (0.45 eV), and the impact of UV radiation
on PV degradation is denoted by X (taken as 0.63). AP (taken as
71.83) is the pre-exponential constant, and kB is the Boltzmann
constant (8.62×10−5eV/K) in the equation. We use the Faiman
temperature model [62] to estimate the module temperature as
follows:

Tm = Ta +
POA

U0 + U1 × wind speed
(15)

where Ta is the air temperature (°C), and Uo and U1 are
constant heat transfer components and convective heat transfer
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Fig. 2. (a) Spectral irradiance for Sydney, Australia, showing the UV, infrared, and visible parts of the spectrum. (b) UV spectral irradiance for Sydney, Australia,
showing different irradiance components for a module with tilt angles of 0° (shown in bold line), 30° (shown in dotted line), and 60° (shown in dashed line). (c) UV
spectral irradiance for Sydney, Australia (shown in bold line) and New Delhi, India (shown in dotted line) showing different irradiance components for modules
with a tilt angle of 0°. Global, direct, and diffuse irradiance are shown in blue, red, and green colours, respectively, for all the plots. All the plots have been obtained
using the solar spectrum calculator in PV Lighthouse software for 12th January 2024.

components, respectively (considered as 25 W/m2 °C and 6.8
[W/m2 /(m/s) °C], respectively). POA (W/m2) is the incident
irradiance on the plane of the module. It should be noted that the
activation energy used in this equation is for monocrystalline
silicon modules obtained from the previous study [23]. The
degradation rate for different technologies may vary based on
their activation energy.

E. Model Validation

We estimate the mean bias error and the mean bias percentage
error to validate our modeling results with observations.

Mean Bias Error =
1
n

n∑
i = 1

(Modeli −Observationi)

(16)

Mean Bias Percentage Error

= 100 × 1
n

n∑
i = 1

Modeli −Observationi
Observationi

. (17)

III. RESULT AND DISCUSSION

A. UV Irradiance Spectrum

Ground reaching solar radiation consists of both direct and
diffuse components and comprises three main spectral regions:
UV (3% –5% ), visible light (42% –43% ), and infrared (52%
–55% ) [63]. Fig. 2(a) shows the solar spectrum for Sydney,

Australia, obtained using ray tracing for radiation incident on
a horizontal plane. Using ray tracing, we can clearly identify
the difference in UV radiation in the spectrum for different tilt
angles of the solar panels facing the equator [see Fig. 2(b)].
This highlights that net UV radiation incident on a module is
dependent on its tilt angle at any given time. As a result, we
can expect similar modules with different mounting, orienta-
tion, and technology to have different UV photodegradation
rates. Furthermore, modules with similar mounting, orientation,
and technology can exhibit significantly different degradation
rates due to the geographical variability of the UV spectrum
[see Fig. 2(c)]. For example, the total UV radiation incident
horizontally is almost 1.4× higher for Sydney (66.9 W/m2) than
New Delhi (49.2 W/m2). This difference is due to variations in
altitude, ozone, atmospheric constituents, and other factors. This
highlights that similar modules located at different geographical
locations will experience UV degradation at varying rates. Based
on the ray-tracing case studies in Fig. 2, it is essential to analyze
UV irradiance globally for both fixed-tilt and SAT systems.
However, using ray-tracing algorithms for larger datasets (such
as those with 20 years or more of available hourly data) world-
wide becomes computationally expensive.

We validate our UV irradiance model over the horizontal sur-
face using weather station data recorded at Payerne, Switzerland,
and Izaña, Spain (wavelength range 280–400 nm). Modeled UV
irradiance from ERA5 is compared with the station observations
for the time period 2019–2023 (see Table I). Model validation
results show a minimum bias for both locations. Payerene has
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TABLE I
UV-IRRADIANCE MODEL VALIDATION FOR HORIZONTAL SURFACE FOR TWO

BSRN SITES LOCATED IN IZANA, SPAIN, AND PAYERNE, SWITZERLAND

TABLE II
COMPARISON OF GLOBAL UV RADIATION FOR DIFFERENT TILT ANGLES

OBTAINED USING RAY TRACING AND THE EMPIRICAL METHOD FOR TWO

LOCATIONS ACROSS THE WORLD

a positive bias (2.18 W/m2), while we observe a negative bias
for Izana (-3.96 W/m2). A previous study by García et al. [64]
highlighted that surface albedo at Izaña varies throughout the day
due to its mountainous topography, as well as aerosol and cloud
variability. This variability can contribute to an approximate
10% discrepancy between measured and modeled global UV
radiation. It should be noted that UV radiation measurements on
tilted surfaces and SAT systems are scarcely available globally,
highlighting a significant gap in current observational datasets.

We compare our model output values for tilted UV radiation
to UV radiometer measurements at Platforma Solar de Almería
(PSA), Spain (at 370 tilt angle), from a previous study [42] to
validate our model for tilted surface. On comparing tilted UV
radiation obtained by our proposed method with UV radiometer
observations for PSA, Spain, for similar time periods 2007–
2010, we obtain a similar seasonal trend of UV radiation for tilted
surface with a positive bias of 1.32% or 3.4Wh/m2. The positive
bias is due to the radiometer measurements being recorded only
for a part of the UV spectrum (315–378 nm).

We also compare global UV irradiance over a tilted module
obtained by raytracing using SunSolve from PV Lighthouse [65]
and our method stated above in (3) (see Table II). The ray-tracing
framework estimates UV radiation on the tilted surface of the
tracking systems by explicitly resolving the angular distribution
of broadband and UV irradiance on the module surface, provid-
ing a physically consistent benchmark for the subsequent ERA5-
based large-scale modeling. The SunSolve raytracing algorithm
has been rigorously validated for different PV technologies and
orientation and has been shown to deliver accurate results with
minimal bias [66], [67], [68]. The comparison is made for
tilt angles of 300 and 60° for the locations Sydney and New

Delhi for the year 2024 for clear-sky conditions. The raytracing
algorithm in SunSolve computes the spectrum over clear-sky
conditions and airmass 1.5 (AM1.5). Hence, the comparison is
done using ERA5 clear sky radiation and noon when the sun
is directly overhead for the year 2024. The comparison reveals
minimal differences in the tilted global UV radiation between
computationally expensive ray tracing and our proposed method,
demonstrating the method’s wide applicability for global studies
with larger datasets. It should be noted that previous literature
has found a region-dependent bias in ERA5 GHI values [48],
[69], [70], which can result in biases observed.

It should be noted that UV radiation for global health studies is
commonly measured and monitored using metrics such as UVI
or UV intensity. These metrics apply a wavelength-dependent
weighting factor to different wavelengths based on their vary-
ing impacts on human health (e.g., erythemal response). This
weighting complicates the direct validation of our model with
standardized ground measurements for tilted surfaces, which
typically report weighted rather than absolute spectral irradiance
values.

B. UV Radiation on Fixed Tilt and SAT Systems

We use the proposed method to calculate the global mean
UV radiation for fixed tilt and solar array tracker (SAT) systems
over the period 2004–2024. Fig. 3(a) and (b) shows the spatial
variability of global UV radiation (temporally averaged over
20-year period, and UV dose [see Fig. 3(c) and (d)] for fixed
tilt and SAT systems. We have modeled the tilt equivalent to the
value of the latitude for each grid point (for fixed tilt) and azimuth
as their direction to the equator [71], [72] (for both SAT and
fixed tilt). UV dose is obtained by considering sunshine hours
during the day. Note that these UV dose values are not weighted
over wavelength as commonly applicable in skin cancer studies.
This is because UV photodegradation depends on the entire UV
spectrum, rather than specific wavelengths.

Results show higher values of UV radiation for SAT [see
Fig. 3(b)], globally up to 1.5× (or∼15 W/m2) higher in compar-
ison to the fixed-tilt system [see Fig. 3(a)]. Arid regions record
highest tilted UV radiation for both systems with the highest
values near Atacama desert (coordinates 24.5°S, 69.25°W) (up
to 170 kWh/m2year on SATs and ∼125 kWh/m2year on fixed
tilt systems), the Saharan desert (coordinates 23.41°N, 25.66°W)
(up to 160 kWh/m2year on SATs and up to 120 kWh/m2year on
fixed tilt systems), middle east (∼150 kWh/m2year on SATs and
∼110 kWh/m2year on fixed tilt systems), and northern Australia
(up to 155 kWh/m2year on SATs and up to 105 W/m2 on fixed
tilt systems). This difference in UV radiation between the two
systems is due to the varying plane of array irradiance on each
system. SAT systems can receive up to 20% higher irradiance
annually than a fixed tilt system, depending on the region of
installation. It should be noted that IEC 61215 UV test exposes
modules to just 15 kWh/m2, which is far below the cumulative
UV dose expected in high-irradiance regions (see Fig. 3). More
rigorous protocols such as IEC TS 62788-7-2 (up to 100 kWh/m2

for material testing), NREL’s UV-enhanced aging procedures
(>60–80 kWh/m2 to replicate harsher climates in combination
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Fig. 3. UV radiation for (a) fixed tilt and (b) SAT systems for 2004–2024. Panels (c) and (d) show the UV radiation dose on the fixed tilt and SAT system,
respectively. The black dashed line shows the equator.

Fig. 4. Annual mean UV photodegradation rate for (a) fixed tilt and (b) SAT systems using ERA5 reanalysis data for 2004–2024. The black dashed line shows
the equator.

with damp heat tests) [22], [73], and ASTM G154/G155 [74] still
fall short of replicating the real 25–30 year field exposure. These
results highlight the need for region-specific and dose-realistic
testing to capture long-term UV degradation more accurately.

C. Worldwide UV Photodegradation for Fixed Tilt and SAT
Systems

Module temperature, moisture, and UV radiation on the mod-
ule drive the UV photodegradation mechanism, also referred to
as photodegradation. It can initiate several module failures, such
as encapsulant discoloration, delamination, and ribbon discol-
oration, among others, and cause early aging of the modules.
In this research, we show the applicability of our proposed

UV radiation model in estimating UV photodegradation rates.
The degradation rates are obtained using an empirical kinetic
model that accounts for the three climate stressors (UV radi-
ation, temperature, and effective relative humidity) [23]. This
model has been validated with both indoor experimental data
(mean bias 0.19% ) and outdoor field observations (mean bias
2.34% ), ensuring confidence in its reliability and robustness.
This model does not estimate degradation from any specific
failure mechanism; rather, it provides a generic, module-specific
degradation rate associated with UV radiation exposure on the
module surface.

Annual mean UV photodegradation rate for fixed tilt and SAT
PV systems is shown in Fig. 4. We observe a higher degradation
rate for the modules installed in the tropical regions and regions
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with arid climates. The spatial distribution of the degradation
rates for both systems [see Fig. 4(a) and (b)] is similar to the
spatial distribution of UV radiation and dose [see Fig. 3(a)–(d)].
The tropical regions experience higher temperature, radiation,
and humidity, while arid regions have higher temperature and
radiation. Saharan regions and the Middle East record the highest
simulated degradation rate (up to 0.25% /year and 0.35% /year
for fixed tilt and SAT systems, respectively). Northern Australia
records degradation up to 0.15% /year - 0.2% /year, depending
on the system type. Furthermore, UV photodegradation can be
up to 15% higher for SATs [see Fig. 4(b)] than fixed tilt systems,
depending on the location where they are installed. Our results
show a similar spatial distribution for the induced degradation
rate with previous studies [4], [25], but significantly higher
degradation rates for the regions close to the equator. Although
an annual UV photodegradation rate of 0.35% /year may appear
modest, it results in a cumulative loss of approximately 5% over
a 20-year operational lifetime.

Previous studies have highlighted that [25] UV photodegra-
dation can serve as a catalyst for secondary failure modes,
such as encapsulant discoloration, delamination, and corrosion,
among others, further accelerating performance loss [75], [76].
Prolonged exposure to UV radiation and elevated tempera-
tures can trigger photocatalytic reactions, resulting in surface
degradation. UV radiation, in particular, causes discoloration
of the module, which may lead to localized heat accumulation.
This heat trapping can subsequently induce delamination of the
encapsulant due to reduced adhesive strength [77]. It is important
to note, however, that distinguishing the individual effects of
UV radiation and moisture ingress on encapsulant delamination
remains a significant challenge [12].

These findings highlight the critical importance of accounting
for climate-induced degradation mechanisms in system design,
including site selection, mounting configuration, and the use
of materials with enhanced resistance to UV exposure and
coupled thermal-hydro stressors. Modern module technologies,
such as TOPCon, HJT, and PERC, have antireflective coatings,
and their optical performance and UV absorption can vary
significantly with wavelength. Therefore, it is recommended
to develop a better model in the future that accounts for the
spectral and optical response of these modern technologies.

IV. CONCLUSION

Accurate estimation and modeling of UV radiation on tilted
surfaces is essential for precise UV photodegradation modeling.
In this study, we demonstrate a robust method to calculate UV
radiation on tilted surfaces that uses solar position, atmospheric
conditions, and system orientation. The method can be univer-
sally applied for both fixed tilt and tracking systems. On com-
paring our method with ray-tracing simulations and radiometer
observations, we observe a minimum bias (<1.6% ), therefore
establishing confidence in our approach. We observe higher UV
radiation values near the arid and semi-arid regions for both
the systems, with SATs recording higher UV radiation than
the fixed-tilt systems. On modeling UV photodegradation on
tilted surfaces, we find higher degradation rates in the regions
with tropical, arid, and semi-arid conditions. This is due to

higher temperature, humidity, and irradiation in these areas.
Even though regions with arid and semi-arid climate types have
lower levels of humidity, they receive higher insolation due to
clearer skies and record higher temperatures, which contribute
to higher UV photodegradation.

Our results highlight that modules with similar technology
and orientation can still exhibit region-specific degradation. This
is due to the influence of local weather and climate when exposed
to outdoor conditions. This underscores the need for climate-
specific indoor testing and accelerated tests for reliability and
better lifetime predictions. Notably, UV photodegradation alone
can account for nearly a quarter of the total annual degradation in
monocrystalline silicon modules in regions with high UV dose,
potentially reducing system lifetime by 7–10 years. This results
in higher maintenance costs and thereby negatively impacts the
levelized cost of energy generation. Therefore, this work will
be highly beneficial in accurate UV photodegradation mod-
eling, lifetime predictions, technology, and material selection
globally.
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