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Abstract

Hot-spots represent a significant failure mechanism in photovoltaic (PV) modules, typically
attributable to electrical mismatching. However, thermo-optical degradation of the encap-
sulant, including discoloration and delamination, can both trigger and amplify mismatch
by inducing localized optical losses and temperature rise. The present paper proposes
a compact circuit-level electro-thermal–optical model that explicitly captures the short-
term closed-loop interaction between mismatching, cell temperature, and temperature-
dependent optical properties. The photogenerated current is formulated as a function of
irradiance, cell temperature, and encapsulant degradation, enabling dynamic feedback
between heating and optical losses. Numerical simulations are carried out on a commercial
40-cell PV module under four representative operating static scenarios. The results demon-
strate that, even in the absence of shading, optical degradation can generate multimodal
P–V characteristics, drive cells into reverse bias, and produce hot-spots. When optical
degradation coexists with irradiance mismatch, the feedback loop significantly amplifies
mismatching and shifts the maximum power point toward thermally unsafe operating
conditions. These findings demonstrate that maximizing instantaneous power does not
necessarily maximize lifetime energy yield, underscoring the need for thermal-aware MPPT
strategies and providing a practical framework for early detection of thermo-optical faults
in PV modules.

Keywords: mismatching; optical degradation; electro-thermal model

1. Introduction
Hot-spots represent one of the most critical failure modes in photovoltaic (PV) mod-

ules, arising from nonuniform electrical and thermal operating conditions across cells
or modules [1,2]. Localized temperature peaks exceed one hundred degrees Celsius [3],
severely limiting energy yield and accelerating irreversible degradation processes that may
culminate in thermal runaway or combustion [4–7]. Methods proposed in the literature
with the aim of mitigating hot-spots are, essentially, the adoption of bypass diodes, recon-
figurable architectures and distributed power electronics converters [7–9]. Traditionally,
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hot-spots have been interpreted as the direct consequence of mismatching phenomena,
such as partial shading, manufacturing tolerances, or soiling.

Recent studies indicate that this relationship is inherently bidirectional: while mis-
matching can trigger local heating, the resulting thermal stresses can in turn accelerate
degradation mechanisms that further intensify the mismatch. This interplay reveals an
intrinsic closed-loop interaction between electrical mismatch, thermal behavior, and aging
phenomena [4]. While the closed-loop relationship between mismatch and aging has been
theoretically discussed in the literature [4], there is the need for a compact circuit-level
formulation, useful for numerical analysis, of such a bidirectional relationship.

Among the degradation processes contributing to this feedback loop, thermo-optical
degradation such as encapsulant discoloration and delamination plays a particularly
influential role. As delineated in Section 2, degradation of the encapsulant manifests
through reduced optical transmittance, increased diffuse reflection, and enhanced cell
heating [10–14]. Experimental evidence shows that these thermo-optical mechanisms are
themselves strongly temperature-dependent and can be triggered or intensified by local
hot-spots, establishing a self-reinforcing cycle between mismatch, temperature rise, and op-
tical losses [15–18]. Despite its clear physical basis, this closed-loop thermo-optical pathway
has not yet been explicitly incorporated into compact PV models suitable for circuit-level
simulation. Addressing this gap requires a framework capable of connecting electrical,
thermal, and optical domains without resorting to computationally expensive multi-physics
simulations. In this context, electro-thermal modeling of PV sources has been extensively
investigated, particularly in relation to hot-spot formation and mismatch conditions. Exist-
ing studies can be broadly classified into three main categories. The first category includes
several circuit-based electro-thermal models that analyze temperature–current coupling
and hot-spot behavior under partial shading or electrical nonuniformities, while neglecting
degradation effects and assuming constant photovoltaic cell properties [18,19]. The second
category includes open-loop degradation-oriented electro-thermal studies that investigate
the electrical impact of encapsulant discoloration or optical losses by introducing degrada-
tion as a static or externally imposed parameter, without dynamically coupling temperature,
degradation evolution, and electrical mismatch [20,21]. Finally, the third category contains
non-circuit-based approaches, including optical, thermal, or multi-physics finite-element
models. They provide detailed insight into localized degradation phenomena and hot-spot
temperatures but are not readily applicable to system-level electro-thermal simulations due
to their computational complexity [12,22–24]. Overall, while electro-thermal modeling and
degradation analysis are both well established in the prior literature, the explicit integration
of temperature-dependent optical parameters within a closed-loop electro-thermal–optical
circuit framework remains unexplored. In [20] an open-loop electro-thermal–optical circuit
model is proposed, in which encapsulant reflectance was treated as a fixed parameter.
In this paper, an electro-thermal–optical circuit-level model is proposed which is able to
capture the closed-loop interaction whereby mismatch leads to hot-spot formation and the
associated temperature rise induces the variation in the optical properties. As is detailed in
Section 2, the resulting temperature-dependent variations in reflectance and transmittance
exacerbate the current mismatch. In particular, as discussed in Section 3, a temperature-
dependent representation of encapsulant reflectance and transmittance is integrated into
the electro-thermal formulation proposed in [18]. In this way, the photogenerated current
Iph becomes sensitive not only to irradiance and cell temperature but also to the optical
parameters of the encapsulant. As a result, the proposed model dynamically captures the
reinforcing feedback between local heating, optical property variations and current mis-
match, providing a physically grounded tool to evaluate how hot-spot formation influences
optical properties and overall system performance. It is worth noting that various materials
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can be used as encapsulants for PV modules, such as EVA (Ethylene–Vinyl Acetate), POE
(Polyolefin Elastomer) and PVB (Polyvinyl Butyral). The model proposed in this paper is
valid regardless of the specific encapsulant material adopted even if the following anal-
ysis focuses on the case of EVA, which is the most widely used encapsulant material in
photovoltaic modules.

The remainder of this paper is organized as follows: Section 2 reviews the physi-
cal mechanisms underlying thermo-optical degradation and highlights the experimental
evidence supporting the existence of the closed-loop interaction. Section 3 presents the
proposed electro-thermal circuit model and its formulation of the temperature-dependent
optical parameters. Section 4 reports the numerical simulations carried out under repre-
sentative mismatch scenarios, including the impact of bypass diodes. Section 5 concludes
the work.

2. Electro-Thermal–Optical Degradation and the Emerging Closed-Loop
Mechanism

Discoloration and delamination have been identified as prevalent degradation phe-
nomena in field-exposed PV modules, with substantial implications for the optical behavior
of the EVA encapsulant. Prolonged UV exposure and elevated operating temperatures
initiate photooxidative reactions that modify the polymer structure. These reactions sub-
sequently lead to the formation of chromophoric groups and acetic acid [10–12]. These
alterations, however, compromise the transparency of the encapsulant, thereby augmenting
diffuse reflection and, consequently, diminishing the photogenerated current. Acetic acid
has also been shown to weaken the adhesion between layers, thereby facilitating delam-
ination at the EVA/glass and EVA/cell interfaces. This process is further promoted by
humidity, mechanical stress, and UV radiation [10,13,14]. Delamination has been shown to
enhance optical decoupling and local reflectance. This, in turn, has been demonstrated to
raise the temperature of the affected region and accelerate cell degradation. Recent studies
on environmental fatigue of EVA laminates have demonstrated that elevated temperatures
(60–80 ◦C) and humidity levels promote the hydrolysis of vinyl acetate groups, resulting in
morphological deterioration and interfacial delamination. This, in turn, leads to increased
scattering and transparency loss [15]. The optical response of the encapsulant is also influ-
enced by its degree of cross-linking: regions with insufficient or nonuniform curing exhibit
higher diffuse reflectance, as demonstrated by Li et al. [16]. As EVA curing adheres to an
Arrhenius-type temperature dependence, even modest thermal gradients—such as those
engendered by mismatch or early hot-spot development—can give rise to spatial variations
in reflectance and photocurrent generation. Further evidence suggests that discoloration
can function as both a trigger and a consequence of mismatch-induced heating [17]. Col-
lectively, these observations support the existence of an electro- thermal–optical feedback
mechanism in which temperature rise, optical degradation, and electrical mismatch rein-
force one another. As shown in Figure 1, mismatching in photovoltaic modules can have
short-term and long-term effects, resulting in two closed feedback loops. In the following,
with “short-term” we indicate time windows with durations (about 10 h) much smaller
than the durations of the time windows typically adopted for carrying out accelerated aging
tests (1000 h) [25]. With “long-term” we indicate time windows with durations comparable
to the typical time constants of aging phenomena (much longer than 1000 h). Short-term
effects of mismatching are basically associated with an increase in the temperature of the
cell that impacts its optical properties, which in turn directly change the photogenerated
current, thereby reinforcing mismatching and closing the short-term feedback loop. Long-
term effects of mismatching are instead associated with the progress of optical degradation,
which also affects the photogenerated current, closing the long-term feedback loop. In the

https://doi.org/10.3390/app16031526

https://doi.org/10.3390/app16031526


Appl. Sci. 2026, 16, 1526 4 of 17

following, only the effects of the short-term feedback loop will be studied by focusing on
the impact of mismatching on the cell temperature increase and the associated variation
in optical properties (reflectance and transmittance). The optical degradation level will
be considered fixed and externally imposed, since the study of the effect of the long-term
feedback loop is not the subject of the present paper.

Figure 1. Conceptual representation of the double electro-thermal–optical feedback between electrical
mismatch and performance degradation in photovoltaic modules.

3. Electro-Thermal–Optical Closed-Loop Circuit Model
Based on the above considerations, a compact electro-thermal model was developed

to capture this bidirectional interaction and is described in this section. The proposed
schematic circuit model of a PV cell, illustrating the closed-loop correlation between electri-
cal mismatching and thermo-optical degradation, is shown in Figure 2.

Figure 2. Schematic model for a PV cell taking into account the closed-loop link between mismatching
and optical degradation.

The proposed model is based on the compact electro-thermal formulation by Guerriero
et al. [18] and includes a thermal network that interacts dynamically with the electrical
subcircuit. Each cell is modeled as a heat source, and its dissipated power (Pdiss) is fed into
a Thermal Feedback Block. This block evaluates the cell temperature by considering both
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self-heating and thermal coupling with adjacent cells. The thermal network is generated
from a full 3D discretization of the module structure and is reduced via a moment-matching
procedure to a generalized Foster thermal model [18]. In this representation, the thermal
resistances describe conductive heat transfer among the solar cells, while the thermal
capacitances capture the dynamic response of the module. Convective and radiative
exchanges at the front and rear surfaces establish the nonlinear boundary conditions that
govern heat dissipation to the ambient environment. The main modification with respect
to the electro-thermal formulation by Guerriero et al. [18] concerns the reformulation of
the photogenerated current Iph (Block A), which is now expressed as a function of the
irradiance G, the PV cell temperature Tcell, and the encapsulant’s optical degradation level
D (with D ∈ [0, 1]).

Regarding Block A, the adopted formulation for Iph is

Iph(G, Tcell, D) =
Jsc(Tcell, D)·S·G

GSTC
(1)

where Jsc is the short-circuit current density (A/cm2), S is the PV cell area (cm2), and G is
the incident irradiance (W/m2). This equation is normalized with respect to the Standard
Test Conditions (STCs), which correspond to an AM1.5 spectral distribution, an ambient
temperature of 25 ◦C, and an irradiance of GSTC = 1000 W/m2. In this formulation, a well-
established analytical semiconductor model [26] is employed to express the short-circuit
current density as a function of reflectance R, which depends on the PV cell temperature.
Consequently, closed-loop behavior arises from the temperature-dependent variation in
these optical properties. These properties then modulate the photogenerated current.
In particular:

Jsc(Tcell, D) =
∫ ∞

0
[JscE(λ, Tcell, D) + JscB(λ, Tcell, D)]dλ (2)

where JscE (JscB) is the emitter (base) short-circuit spectral current density, whose values are
calculated using Equations (3) and (4).

JscE(λ, Tcell, D) = qϕ0[1 − R(Tcell, D)]αLP(αLP − 1)

αLPe−αWe SeLp
Dp

+
(
αLP − e−αWe

) SbWe
Dp

SeLp
Dp

+ SbWe
Dp

+ αLP

 (3)

JscB(λ, Tcell, D) = qϕ0 e−αWe [1 − R(Tcell, D)]αLn(αLn − 1)

[
αLne−αWb SbWb

Dn
+

(
αLne−αWb

) SeLn
Dn

SbLn
Dn

+ SbWb
Dn

+ αLn

]
(4)

where ϕ0(λ) = 1016 Iλ·λ/19.8 (Iλ is the spectral irradiance [W/m2µm]) [26]. All symbols
used in Equations (3) and (4) are defined in Table 1. As detailed in the following section,
these values can be obtained after characterizing the PV cell using PC1D software (PC1D is
the commonly used software to simulate PV cells) [27]. Using these parameters, the circuit
model in Figure 2 can be simulated in any circuital simulation environment like Altair
PSIM. Additional information regarding Block B is provided in [18]. It is worth noting that
the absorption coefficient α is treated as constant in the present formulation. Although the
absorption of crystalline silicon exhibits a temperature dependence, particularly near the
band edge, its contribution to the integrated short-circuit current is limited. For short-term
electro-thermal simulations, temperature-induced variations in reflectance and scattering,
primarily associated with encapsulant degradation, dominate the thermo-optical response.
As shown by Schinke et al. (2015) [28], the impact of temperature-dependent absorption on
photovoltaic performance is minor compared to other optical loss mechanisms. Accordingly,

https://doi.org/10.3390/app16031526

https://doi.org/10.3390/app16031526


Appl. Sci. 2026, 16, 1526 6 of 17

neglecting α(λ,Tcell) represents a deliberate modeling simplification that preserves the
dominant feedback mechanisms.

Table 1. Main parameters involved in the analytical model of the PV cell.

Symbol Name Units Values

α Absorption coefficient cm−1 1.6 × 10−19

q Electron charge C 1.6 × 10−19

Ln Electron diffusion length (base) cm 0.0162
LP Hole diffusion length (emitter) cm 4.3 × 10−6

Dn Electron diffusion constant cm2/s 36.33
Dp Hole diffusion constant cm2/s 3.4
Se Emitter surface recombination cm/s 36.3
Sb Base surface recombination cm/s 2 × 104

We Emitter thickness cm 0.03
Wb Base thickness cm 0.03
λ Wavelength µm [0.3–1.2]

In the present formulation, the reflectance of the PV cell is modeled as the sum of a
constant specular term and a diffuse term that depends on temperature:

R(Tcell, D) = Rspec + Rdiff(Tcell, D) (5)

where Rspec represents the specular reflectance at the air–EVA interface, assumed invariant
with temperature, and estimated using the Fresnel equation at normal incidence:

Rspec =

(
n − 1
n + 1

)2
(6)

At normal incidence, the refractive index (n) of the glass–EVA encapsulant was set to
n = 1.50 (λ = 550 nm), corresponding to a specular reflectance Rspec ≈ 0.04. This value is
consistent with experimentally measured optical constants of conventional EVA reported
by Mcintosh et al. [29] and confirmed by subsequent optical simulations of encapsulated
cells [30]. Diffuse reflectance Rdiff accounts for the scattering effects caused by degrada-
tion, including haze and surface roughness. It is modeled as an exponential function of
temperature and degradation:

Rdiff(Tcell , D) = R0 + k0·D·e[β·(Tcell−Tref)] (7)

Regarding the degradation parameter D, it is treated as fixed in the present formula-
tion, such that only the temperature dependence is dynamically considered. This assump-
tion reflects the quasi-static nature of material degradation, which evolves over timescales
much longer than thermal fluctuations. As a result, the following analysis isolates the
short-term thermo-optical response of the encapsulant from long-term aging kinetics.

The reference temperature was set to Tref = 26.85 ◦C (300 K), in accordance with [18].
The parameters R0 (R0 = 0.0177), k0 (k0 = 0.36) and β (β = 3.33 × 10−3 K−1) were

determined by imposing that the behavior of the normalized photogenerated current at
a cell temperature of 25 ◦C, as a function of D, is in good agreement with the findings
reported in [21], as is shown in Figure 3a. In particular, in [21], four different encapsulant
degradation levels, namely yellow-brown 1, yellow-brown 2, brown, and dark brown,
were considered, corresponding to variations in the photogenerated current ranging from
approximately 59% to 93% with respect to the unexposed scenario. In the present model, the
values of the degradation parameter D reproducing the scenarios reported in [21] are D = 0
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(unexposed encapsulant), D = 0.15 (yellow-brown 1), D = 0.17 (yellow-brown 2), D = 0.58
(brown), and D = 0.98 (dark brown). The adopted values of k0, β, and Tref ensure that the
model reproduces realistic short-term variations in optical losses within the usual PV cell
operating range. Equation (7) is thus designed to delineate diffuse reflectance fluctuations
exclusively within the conventional operational temperature range of photovoltaic modules
(Tcell ≤ 100 ◦C). This simplified structure allows a direct coupling between the thermal
and electrical domains: when mismatch conditions arise, local heating develops, leading
to a nonuniform increase in R (Tcell, D). This temperature-driven increase in reflectance
reduces the locally generated photocurrent, thereby exacerbating the nonuniformity of
current distribution across the PV cell. The resulting current mismatch, in turn, causes
further localized heating, establishing closed-loop electro-thermal–optical feedback. It
should be emphasized that this compact formulation neglects two important aspects that
can be included in more complete models:

 
(a) 

(b) 

Figure 3. (a) Reflectance R(Tcell, D) versus encapsulant degradation level D; comparison with the
experimental data in [21] (Tcell = 25 ◦C). (b) Normalized photogenerated current [1 − R (Tcell, D)]
versus encapsulant degradation level D. Vertical segments indicate the range spanned over the
investigated temperature interval (25–100 ◦C), while colored markers denote the minimum and
maximum temperatures. Dashed lines mark experimentally relevant degradation states, highlighting
that temperature increasingly amplifies photocurrent losses at advanced degradation levels.
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(i) The spectral dependence of reflectance and encapsulant yellowing, which is known
to penalize short wavelengths more strongly [31]; including spectral factors would increase
the model’s accuracy for different types of optical degradation.

(ii) The time- and stress-dependent kinetics of degradation, which govern the irre-
versible growth of scattering losses under prolonged UV exposure and high tempera-
ture [11,31].

By ignoring these contributions, the present model does not aim at predicting long-
term optical aging but rather at highlighting the underlying principle of the closed-loop
mechanism. Within this scope, the specular diffuse decomposition provides a sufficiently
accurate approximation for short-term electro-thermal simulations, where the key phe-
nomenon of interest is the emergence of a nonuniform photocurrent as the direct conse-
quence of nonuniform heating and its feedback on mismatch. Figure 3 reproduces the
result of the proposed optical degradation model.

The combined effect of encapsulant optical degradation and operating temperature on
the normalized photogenerated current [1 − R (Tcell, D)] is illustrated in Figure 3b. The
degradation level D is reported on the horizontal axis, while the vertical axis shows the
normalized photogenerated current. For each value of D, the vertical segment represents
the range of the quantity [1 − R (Tcell, D)] over the investigated temperature interval
(25–100 ◦C), providing a direct measure of the temperature sensitivity at fixed degradation.

In order to circumvent any potential ambiguity in the graphical encoding, the tem-
perature is exclusively indicated by the colored markers located at the extremities of the
segments. This approach is consistent with the utilization of the side color bar. Conversely,
the vertical segments are depicted in a neutral color. Dashed vertical lines are used to
denote experimentally relevant degradation states of the encapsulant, thereby enabling
a direct comparison between the model and real aging conditions. The figure evidently
demonstrates that encapsulant degradation is a determining factor in the baseline loss in
photogenerated current, with temperature acting as an amplifying factor. In the initial
stages of degradation, the thermal effect remains negligible; however, as the degradation
progresses, the same temperature excursion results in a substantial variation in [1 − R
(Tcell, D)]. This underscores the profound interconnection between optical degradation and
operating temperature. Furthermore, a sensitivity analysis has been carried out to show
how parameter variations affect the value of reflectance. In particular, variations between
−30% and +30% of the nominal values of k0, β and Tref have been considered. In Figure 4
the percentage variation in reflectance is shown. It is defined as

∆R = 100·R∗ − Rnom

Rnom
(8)

where R* is the reflectance evaluated with a varied parameter, and Rnom is the reflectance
evaluated with nominal parameters. The sensitivity analysis shows that variations in
b and Tref have a nearly negligible effect on R. The variations in k0 are significantly
larger than those in the other two parameters, making it a key parameter governing
the model’s behavior.
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Figure 4. Percentage variation in R as a function of the variation in k0, β and Tref between −30% and
+30% of nominal values (k0 = 0.36, β = 3.33 × 10−3 K−1 and Tref = 300 K).

4. Numerical Results
To assess the behavior of the proposed thermo-optical closed-loop model under realis-

tic operating conditions, four representative scenarios were simulated using the commercial
photovoltaic module ET-M54050A (ET Solar, Nanjing, Jiangsu, China). The geometric, elec-
trical, and thermal parameters of the module are provided in [18] and summarized in
Table 2.

Table 2. Main parameters of PV module.

Symbol Name Value

N Number of cells 40
Isc Short-circuit current 2.8 A

IMPP Maximum power current 2.4 A
VMPP Maximum power voltage 20.2 V
Voc Open circuit voltage 24.6 V

NOCT Normal Operating Cell
Temperature 44.4 ± 2 ◦C

Dimensions 719 × 555 × 34 mm

The module consists of two substrings of 20 mono-Si cells (Substring #1 and Sub-
string #2), each protected by a bypass diode. In Figure 5, the adopted cell-numbering
scheme and all simulated scenarios are presented (Case I, Case II, Case III and Case
IV). In all simulations, the ambient temperature and wind speed were constant, thereby
ensuring that any temperature variations originated exclusively from electrical or
thermo-optical mechanisms.
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Figure 5. Schematic representation of the four operating conditions considered in the numerical
analysis: (a) Case I—uniform irradiance with no optical degradation (reference condition); (b) Case
II—uniform irradiance with a nonuniform thermo-optical fault affecting cells #9–12 (closed-loop
model); (c) Case III—uniform irradiance with a uniform thermo-optical fault affecting cells #9–12, cells
#21–22, and cells #39–40 (closed-loop model); and (d) Case IV—a nonuniform irradiance mismatch
combined with a thermo-optical fault on cells #9–12 (closed-loop model).

On the basis of the semiconductor parameters obtained from PC1D simulations
(Table 1), the photogenerated current Iph (Block A) is formulated as follows:

Iph(G, Tcell , D) = [1 − R(Tcell, D)]·K·G (9)

where K is defined as the total short-circuit current, normalized to GSTC, evaluated under
the assumption that R is equal to 0. The value of K, set at 2.94 × 10−3 A m2/W, is derived
from the total short-circuit current density, calculated by integrating the AM1.5 spectral
contribution over wavelength. The integration is performed up to 1.2 µm [26].

It is noteworthy that, under STC (AM1.5 spectrum and GSTC = 1000 W/m2) and in
the absence of optical degradation (D = 0 and R = Rspec + R0), Equation (9) reproduces
the short-circuit current of the considered module (~2.8 A) [18]. This ensures consistency
between the compact photocurrent formulation given by Equation (9) and the reference
STC electrical characterization of the considered PV module.

Following the delineation of the term Iph, the short-term closed-loop interaction be-
tween optical degradation mechanisms and hot-spots can be evaluated (see Figure 1). The
present study was conducted to investigate the temperature distribution in the consid-
ered PV module under four distinct static scenarios. For the sake of clarity and without
intending to limit the generalizability of the findings, it should be noted that only eight
cells (designated as cells #9–12, cells # 21–22 and cells #39–40) were subjected to shading
and/or optical degradation. Concurrently, the lateral heat-exchange network delineated
in [18] was employed to ensure the preservation of thermal coupling with adjacent cells.
Electrical characterization was performed through a voltage sweep that explicitly accounts
for the thermal dynamics of the system. The thermal time constant is typically measured to
be on the order of 400 s. Therefore, the time interval between successive perturbations in
the sweep was established as 5τ~ = 2000 s. This ensured that each operating point reached
its steady-state temperature before the next voltage step. Moreover, in the considered cases,
the degradation level (D) is treated as a fixed parameter, since this study focuses on a
short-term feedback loop. Although the degradation level increases as a consequence of
the localized heating induced by the feedback loop, the associated time constants are much
longer than the simulation times considered in this work [25].
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4.1. Case I—Uniform Irradiance, No Degradation (Open-Loop)

All cells operate under standard test irradiance (G = 1000 W/m2) with no optical
degradation (D = 0). This case defines the electro-thermal reference condition of a healthy
module. As demonstrated in Figure 6, which presents the resulting P–V characteristics in
conjunction with the voltage-dependent temperature deviation of cells #9–12, the temper-
ature field maintains a high degree of uniformity, thereby substantiating the absence of
any mismatch-induced heating. The temperature profiles of the three cells differ by less
than 5 ◦C, further indicating minimal thermal nonuniformity. It is also observed that the
minimum temperature occurs at the maximum power point (MPP), consistent with the
expected behavior of a module under optimal operating conditions.

 

Figure 6. Power–voltage (P–V) characteristics and temperature–voltage (T–V) profiles of cells #9–12
for Case I—uniform irradiance and no optical degradation.

4.2. Case II—Uniform Irradiance with Thermo-Optical Fault (Closed-Loop)

The irradiance distribution is analogous to that of Case I; however, cells #9–12 are
impacted by nonuniform encapsulant discoloration (D9 = 0.58; D10 = 0.98; D11 = 0.17;
D12 = 0.15) corresponding respectively to brown, dark brown, yellow-brown 2, and yellow-
brown 1. Here, the short-term thermo-optical feedback is active: reflectance and, conse-
quently, the photogenerated current vary with temperature. This configuration isolates the
effect of local optical degradation, showing that discoloration alone can generate current
nonuniformity and localized heating, even without external shading.

Figure 7 presents the resulting P–V characteristics. The reduced photogenerated
current produced by the discolored cell in Case II drives the cells into reverse bias, thereby
activating bypass diode #1. This transition gives rise to the characteristic multimodal shape
of the P–V curve, highlighting how even localized optical degradation can substantially
alter the power–voltage profile. The thermal implications of this mismatch are shown in
Figure 8, which reports the T–V profiles for cell #10. In Case I, the temperature remains
stable around 50–51 ◦C across the entire voltage range, reflecting uniform electrical loading.
Conversely, Case II exhibits a substantial temperature rise once the cell enters reverse bias,
ultimately exceeding 80 ◦C during bypass activation. The localized hot-spot is the result of
increased dissipated power in the degraded cell. It is evident that the bypass activation
voltage range is characterized by quite a high temperature profile and contains a relative
MPP. It is well known that MPPT techniques can trap the operating point near a relative
MPP, which, in Case II, is an operating condition to be avoided, since it is characterized by
a waste of available power and at the same time by enhanced thermal stress with respect to
the absolute MPP region. Upon the conclusion of the bypass interval, a subsequent decrease
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in temperature is observed, which is consistent with the transition back to forward-bias
operation. The results of the study demonstrate that encapsulant discoloration can induce
substantial current nonuniformity and localized heating, even under uniform irradiation.
This underscores the necessity of incorporating thermo-optical degradation mechanisms
into assessments of module reliability and the propensity for hot-spot formation. To ensure
comprehensive comparison, Figure 9 presents the temperature profiles of cells #9, #11 and
#12 for both Case I and Case II.

 

Figure 7. Power–voltage (P–V) characteristics for Case I and Case II.

 

Figure 8. Temperature–voltage (T–V) profiles of cell #10 for Case I and Case II.

 

Figure 9. Temperature–voltage (T–V) profiles of cells #9, #11 and #12 for Case I and Case II.
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4.3. Case III—Uniform Irradiance with a Thermo-Optical Fault (Closed-Loop) Without the
Activation of Bypass Diodes

An additional scenario was analyzed to determine whether thermo-optical degra-
dation can induce significant thermal nonuniformities even when the two substrings
operate under the same conditions. In this configuration, the operating conditions are
analogous to Case II; however, cells #9–12, cells #21–22, and cells #39–40 are impacted by
nonuniform encapsulant discoloration (D9 = D39 = 0.58; D10 = D40 = 0.98; D11 = D21 = 0.17;
D12 = D22 = 0.15) corresponding respectively to brown, dark brown, yellow-brown 2, and
yellow-brown 1. It is evident that, given each substring comprises four degraded cells,
no bypass diode is activated. However, the simulation results presented in Figure 10
demonstrate a substantial increase in temperature within those cells demonstrating the
most severe level of degradation (cells #10 and #40). This temperature increase, which
occurs at the relative maximum power point (see Figure 10 vs. Figure 8), is analogous to
the temperature increase observed in Case II. The maximum temperature attained in this
instance is approximately 10 ◦C lower than in Case II, suggesting that the activation of the
bypass diodes can be regarded as a significant factor contributing to the formation and
intensification of hot-spots. Furthermore, this scenario offers a significant explanation for
field cases in which hot-spots may occur despite the module’s apparent operation under
uniform irradiance and perfectly balanced electrical conditions (no activation of bypass
diodes). Such situations often prove challenging to detect using conventional electrical
measurements. If thermo-optical degradation is symmetrically distributed between the
substrings, the electrical behavior of the module may not exhibit any classical mismatch
indicators. However, localized heating may still develop due to the temperature-dependent
reflectance of the degraded encapsulant. In such circumstances, the formation of hot-spots
becomes an inherent aspect of the feedback loop between optical degradation, photocurrent
reduction, and localized thermal rise, without necessitating an external mismatch to initiate
the phenomenon.

. 

Figure 10. Power–voltage (P–V) characteristics and temperature–voltage (T–V) profiles of cells #10
and #40 for Case III.

4.4. Case IV—Irradiance Mismatch with Thermo-Optical Fault (Closed-Loop)

Cells #9–12 are exposed to nonuniform partial shading (G9 = 500 W/m2, G10 = 450 W/m2,
G11 = 250 W/m2, G12 = 300 W/m2), while all other cells within the module receive full
irradiance (G = 1000 W/m2). However, these four cells now exhibit uniform encapsulant
discoloration (D9–12 = 0.58), while the remaining cells exhibit D = 0. As demonstrated
in Figure 11, the concurrence of optical degradation and irradiance mismatch gives rise
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to a critical outcome: the absolute MPP is rather near to the point of maximum thermal
stress for cell #12. In such conditions, it is preferable to get an operating point near the
relative MPP (around 19 V) in order to substantially reduce thermal stress with respect
to the absolute MPP at the price of wasting a negligible amount of energy. This is a piv-
otal observation, as it demonstrates that the electrically optimal operating condition may
coincide with the thermally least secure one. This finding introduces new considerations
for PV system operation and control. The conventional Maximum Power Point Tracking
(MPPT) algorithms are engineered to ascertain the absolute MPP under any irradiance
condition. However, when the MPP is thermally detrimental, the enforcement of instan-
taneous power maximization has the potential to accelerate module aging. This finding
is consistent with well-established evidence linking elevated temperature to accelerated
degradation. A multitude of degradation mechanisms, including encapsulant discoloration,
bubble formation, EVA delamination, corrosion of metallic contacts, ribbon and solder
fatigue, crack propagation, and failures of junction boxes or bypass diodes, are known to
progress more rapidly under high thermal stress. Localized heating, whether caused by
reverse-biased cells or bypass-diode conduction, is widely recognized as a leading contrib-
utor to premature field failures in PV generators. The present analysis further suggests that
optical degradation, typically regarded as a long-term phenomenon, can also reshape the
module’s instantaneous electrical characteristics.

. 

Figure 11. Power–voltage (P–V) characteristics and temperature–voltage (T–V) profiles of cells #9–12
for Case IV—irradiance mismatch with thermo-optical fault (closed-loop).

The above findings call for a more extensive revaluation of the traditional objective of
optimizing instantaneous power. As indicated in previous PV system research, optimizing
power output in the present does not necessarily translate into maximizing lifetime energy
production [32,33]. The temperature distribution across different operating points is a
critical factor in determining the degradation rates of the module. These degradation rates,
in turn, influence the long-term reliability and performance of the module as a whole.

It is worth noting that the temperature levels and hot-spot magnitudes predicted in
these simulations (Cases II, III and IV) are consistent with IR thermography measurements
reported in the literature for field-aged PV modules affected by severe EVA discoloration,
where localized hot-spots above 80–100 ◦C have been experimentally observed [34].

5. Conclusions
This work introduces a compact electro-thermal–optical model that incorporates, for

the first time in a circuit-level formulation, the closed-loop interaction between electrical
mismatch, temperature rise, and thermo-optical degradation of the encapsulant. Through
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numerical simulations of a commercial PV module, obtained using the considered static
conditions, we demonstrated that optical faults such as discoloration can generate mul-
timodal P–V curves even in the absence of shading, thereby acting as intrinsic sources
of mismatching. The model also reveals that the operating point corresponding to the
maximum power may coincide with the maximum thermal stress on the degraded cell.
This behavior becomes particularly severe when irradiance mismatch and thermo-optical
degradation coexist, as the resulting feedback between heating and optical losses ampli-
fies both electrical nonuniformity and hot-spot formation. These findings challenge the
conventional assumption that maximizing instantaneous power always leads to optimal
long-term performance. Instead, the results suggest that operating strategies should ex-
plicitly account for thermal safety and degradation dynamics. This perspective opens new
opportunities to design future strategies for mitigating hot-spot issues, such as thermally
aware MPPT algorithms, degradation-resilient PV configurations, and diagnostic tools
capable of identifying early-stage optical faults. Future work will focus on extending the
model to include spectral effects, irreversible degradation kinetics, and long-term aging
behavior. Experimental validation under controlled mismatch and thermal conditions is in
progress, with the aim to further strengthen the applicability of the proposed framework to
real PV systems.
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