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 A B S T R A C T

Ensuring long-term performance and reliability of photovoltaic (PV) modules is essential for minimizing 
maintenance costs and supporting large-scale solar deployment — particularly in regions like Algeria, where 
solar energy plays a key role in national energy transition strategies. Among the key performance indicators, 
temperature coefficients (TCs) offer valuable insights into how PV parameters respond to temperature changes. 
While TCs are routinely included in manufacturer datasheets, their potential use as diagnostic tools for 
identifying and understanding failure mechanisms remains insufficiently explored. This work presents a 
comprehensive analysis of the relationship between temperature coefficients and PV module degradation, with 
a focus on enhancing failure detection and performance evaluation. Five PV module types, exposed to real 
outdoor conditions under Mediterranean climatic conditions for periods ranging from 4 to 30 years, were 
investigated through a series of inspections conducted in accordance with IEC 61215 and related standards. 
These included visual and thermal inspections, (I–V) curve measurements, electrical parameter assessments, 
and internal resistance evaluations. Furthermore, new differential ratios are introduced to improve comparative 
analysis. The analysis emphasizes three key datasheet-provided TCs: maximum power (𝑇𝐶𝑃𝑚𝑎𝑥

), open-circuit 
voltage (𝑇𝐶𝑉𝑜𝑐

), and short-circuit current (𝑇𝐶𝐼𝑠𝑐 ), while also drawing insights into derived coefficients such 
as maximum voltage (𝑇𝐶𝑉𝑚𝑝𝑝

), maximum current (𝑇𝐶𝐼𝑚𝑝𝑝 ), and fill factor (𝑇𝐶𝐹𝐹 ). Results reveal that both 
optical (e.g., discoloration, delamination) and non-optical (e.g., hot spots, corrosion) failures influence TC 
behavior. In particular, 𝑇𝐶𝑃𝑚𝑎𝑥

 shows strong sensitivity to failure occurrence and distribution, while 𝑇𝐶𝑉𝑜𝑐

closely correlates with observed thermal distribution. Although 𝑇𝐶𝐼𝑠𝑐  shows higher measurement uncertainty 
under outdoor conditions, its degradation appears linked to optical failure. The findings suggest that TCs, 
beyond their conventional use, can serve as practical indicators of specific degradation mechanisms, offering 
a complementary or alternative approach to existing failure detection or diagnostic techniques. The paper also 
recommends that manufacturers expand datasheet specifications to include additional temperature coefficients 
(TCs) to enhance PV module failure detection and enable more accurate performance comparisons. The paper 
also recommends that manufacturers expand datasheet specifications to include additional TCs for enhanced PV 
module failure detection and TCs values comparison. Future work will aim to refine this methodology through 
expanded datasets and more precise uncertainty quantification under varying environmental conditions.
1. Introduction

Photovoltaic (PV) energy is one of the most important renewable 
energy sources that plays a crucial role in the transition to sustainable 
energy in many countries, including Algeria [1,2]. Algeria’s energy 
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transition program relies significantly on this energy source [3–5]. 
However, the success of such a program is influenced by multiple 
challenges and constraints [6,7]. One major issue is the degradation 
and failure of PV modules, which result from material deterioration, 
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climatic conditions, and operational factors [8–10]. These issues can 
shorten the lifespan of PV modules, potentially affecting the economic 
viability and long-term profitability of PV installations, thereby posing 
a risk to the overall effectiveness of the energy transition strategy [11,
12]. 

PV modules are susceptible to various failure mechanisms through-
out their lifespan, some of which can significantly impact their per-
formance, potentially leading to premature failure before reaching the 
manufacturer’s guaranteed lifetime [13,14]. However, relying only on 
qualification standards such as IEC 61215 is insufficient to ensure 
high performance over 25 years of outdoor operation under diverse 
climatic and working conditions, as these standards do not fully pre-
vent failure occurrences [15–17]. Therefore, it is crucial to apply 
advanced techniques and methodologies for continuous performance 
assessment throughout the module’s lifetime [18–20]. Early-stage PV 
module failures such as delamination, localized heating (hot spots), 
and initial encapsulant discoloration often precede severe performance 
losses. These failures can be detected through continuous monitoring 
and inspections using electrical characteristic curve tracing, visual, and 
infrared failures thermography along with other inspections. Imple-
menting such techniques enables early intervention and can extend 
the operational lifespan of modules before catastrophic or irreversible 
degradation occurs [21–24]. Nevertheless, these methods still face 
limitations in accurately identifying failures, particularly in terms of 
occurrence, severity, and distribution, due to the complex nature of 
failure mechanisms influenced by multiple factors [25]. A compre-
hensive understanding of PV performance and failure mechanisms is 
essential for improving failure detection methods [26,27]. Therefore, 
developing an advanced approach that integrates the strengths of exist-
ing diagnostic techniques while establishing correlations between them 
can significantly enhance the accuracy of failure identification and help 
overcome their limitations.

Recent research has extensively assessed PV performance and degra-
dation across various climates, providing valuable data for correlating 
performance loss with inspection outcomes [28,29]. These efforts have 
advanced different diagnostic tools, such as visual inspection [30], 
thermographic imaging [31], (I-V) curve analysis [32,33], electrical 
parameter monitoring [34], and resistance modeling [35]. Nonetheless, 
many of these tools fall short in detecting early-stage or compound 
failures without integration or enhancement. However, recent studies 
have further explored the temporal evolution of temperature coef-
ficients and their connection to long-term degradation trends. For 
example, Perin Gasparin et al. [36] analyzed how TCs change with 
aging across different climates and PV technologies, emphasizing their 
value in lifetime performance prediction. Furthermore, Rahaman et al. 
[37] demonstrated how thermal imaging data can be used in con-
junction with electrical parameters to identify early-stage degradation, 
highlighting the benefit of integrating thermographic behavior into 
fault diagnostics. One promising approach to addressing this issue is by 
considering the impact of PV module temperature on performance and 
degradation. In which, temperature plays a dual role in PV module be-
havior: it causes an immediate reduction in power output-particularly, 
and it also accelerates long-term degradation processes [38]. Elevated 
operating temperatures have been associated with faster rates of en-
capsulant browning, solder joint fatigue, corrosion, and delamination, 
all of which contribute to electrical parameter shifts and performance 
decline [39]. As a result, PV module temperature illustrated by the 
temperature coefficients (TCs) not only serve as essential indicators of 
efficiency loss but may also function as early diagnostic markers of ma-
terial and electrical degradation. This relationship, though significant, 
remains underutilized in failure analysis. Despite the significance of 
this factor, few studies have examined the detailed determination of 
temperature coefficients. For instance, Perin Gasparin et al. [36] pro-
posed a method to extract TCs from outdoor data, while Senturk [40] 
investigated TC behavior under varying irradiance levels. However, 
these works primarily focused on characterization and model fitting 
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rather than diagnostic applications. Notably, Wang et al. [41] explored 
the potential of TC deviation as an early indicator of failure, yet did not 
establish a consistent link between specific degradation modes and indi-
vidual TC shifts. Therefore, despite the recognized value of temperature 
coefficients in performance modeling, their use as diagnostic indicators 
for specific PV failure modes has received limited attention. Most 
studies focus on TC trends without correlating them to concrete visual, 
thermal, or electrical degradation signatures. This study addresses this 
gap by exploring how changes in key temperature coefficients can 
reflect the presence, severity, and type of failure mechanisms observed 
in long-term outdoor-exposed PV modules. The novelty of this work 
lies in integrating temperature coefficient analysis with a suite of 
diagnostic tools-including thermographic imaging, (I–V)/(P–V) curves 
measurements, and internal resistance determination-to develop a more 
holistic and early-stage failure detection framework.

This paper focuses on analyzing key temperature coefficients-
including short-circuit current (𝑇𝐶𝐼𝑠𝑐 ), open-circuit voltage (𝑇𝐶𝑉𝑜𝑐 ), 
maximum power (𝑇𝐶𝑃𝑚𝑎𝑥 ), and fill factor (𝑇𝐶𝐹𝐹 ) - to evaluate their 
sensitivity to observed failures. These are linked via the expression:
𝑇𝐶𝑃𝑚𝑎𝑥 = 𝑇𝐶𝐼𝑠𝑐 + 𝑇𝐶𝑉𝑜𝑐 + 𝑇𝐶𝐹𝐹

[42], with (𝑇𝐶𝐹𝐹 ) further related to (𝑇𝐶𝐼𝑚𝑝𝑝 ) and (𝑇𝐶𝑉𝑚𝑝𝑝 ). In this 
work, the determination of these temperature coefficients has been pre-
sented and briefly discussed. However, the analysis primarily focuses 
on the temperature coefficients provided in the datasheet. To achieve 
this, five PV module types with different outdoor exposure durations 
have been selected, considering only the best- and worst-performing 
module samples. These modules have undergone a series of inspections, 
including failure imaging (visual and thermal), electrical parameter 
assessments, temperature coefficient analysis, and internal resistance 
determination. This paper not only enhances the understanding of tem-
perature coefficient behavior but also investigates potential correlations 
between temperature coefficients and failure occurrence, severity, and 
distribution, alongside other inspection results. The findings obtained 
may serve as either an alternative or a complementary technique 
for failure detection, offering a novel approach to improving existing 
diagnostic methods in the literature.

2. Methodology

2.1. Description of PV module samples and types

This work has examined five PV installations, each subjected to 
different durations of outdoor exposure — specifically 30, 17, 11, 
07, and 04 years-under Mediterranean climate conditions. The se-
lected modules represent two technologies: monocrystalline silicon 
(m-Si) and polycrystalline silicon (p-Si). Electrical inspections have 
been conducted on all PV modules within these installations. For 
each PV module type (i.e., from separate installations), the best- and 
worst-performing samples have been selected based on their power 
output measured under conditions approximating Standard Test Con-
ditions (STC: 1000 W∕m2, 25 ◦C). This comparative selection aims to 
assess the influence of degradation severity on both electrical perfor-
mance and temperature coefficient behavior. The key PV parameters 
corresponding to each module type are summarized in Table  1.

2.2. Description of PV module inspections

2.2.1. Imaging failures inspections
This inspection has been conducted using two complementary meth-

ods in accordance with IEC 61215-2-4:2016 recommendations: visual 
failure inspection and thermal failure inspection [43,44]. The visual 
inspection has focused on identifying and localizing defects such as 
discoloration, delamination, cracking, broken finger, or corrosion fail-
ures through direct observation under uniform daylight conditions. The 
thermal inspection has been carried out using a calibrated FLIR infrared 
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Table 1
The PV parameters of different PV module types.
 PV modules A B C D E  
 PV Technology m-Si m-Si m-Si p-Si p-Si  
 Time in field (years) 30 07 11 17 04  
 𝑃𝑚𝑎𝑥 (W) 43 50 75 150 255  
 𝑉𝑜𝑐 (V) 21.7 21.6 21.6 43.2 37.4  
 𝐼𝑠𝑐 (A) 2.7 3.2 4.67 4.8 9  
 𝐼𝑚𝑎𝑥 (A) 2.49 2.9 4.34 4.3 8.43  
 𝑉𝑚𝑎𝑥 (V) 17.3 17.2 17.3 35 30.2  
 𝐹𝐹 (%) 73.39 72.33 74.35 72.33 75.75  
 𝑅𝑜𝑐 (Ω) 0.65 0.55 0.35 0.58 0.31  
 𝑅𝑠ℎ (Ω) 262.28 133.69 206.18 137.38 366.47 
 𝑇𝐶𝐼𝑠𝑐  (%∕◦C) 0.074 0.045 0.06 0.029 0.065  
 𝑇𝐶𝑉𝑜𝑐

 (%∕◦C) −0.41 −0.36 −0.36 −0.34 −0.34  
 𝑇𝐶𝑃𝑚𝑎𝑥

 (%∕◦C) −0.48 −0.43 −0,48 −0.46 −0.43  
 Area (m2) 0.37 0.46 0.66 1.28 1.6  

camera (Model T640), to detect temperature failures associated with 
internal failures.

Thermal images have been captured under stable outdoor irradiance 
conditions above 700 W/m2, typically between 11:00 and 14:00, to 
ensure sufficient thermal contrast. The camera was positioned per-
pendicularly (at a 90◦ angle) to the PV module surface, at a fixed 
distance of 1.5 m, with an emissivity setting of 0.95-appropriate for 
common PV encapsulant surfaces. Efforts have been made to minimize 
environmental reflections during image acquisition to improve thermal 
accuracy [43,45].

Thermal anomalies have been classified into three severity cate-
gories(minor, under observation, and critical) based on the measured 
temperature difference (𝜕𝑇 𝑒𝑚𝑝) between the hottest cell region and the 
coldest cell in the module. The classification thresholds are as follows:

• 𝜕𝑇 𝑒𝑚𝑝 < 10 ◦C (minor),
• 10 ◦C ≤ 𝜕𝑇 𝑒𝑚𝑝 < 30 ◦C (under observation),
• 𝜕𝑇 𝑒𝑚𝑝 ≥ 30 ◦C (critical, typically indicating a hot spot).

These classifications reflect the potential severity of thermal-related 
degradation and are summarized for each module type in Table  2.

Different failure mechanisms have exhibited distinct thermal sig-
natures across the investigated PV modules. Optical failures such as 
delamination or discoloration have generally led to broad, thermal 
inhomogeneity distribution heating patterns across cells. In contrast, 
non-optical failures like solder joint corrosion, interconnect breakage, 
or hot spots have produced localized high-temperature zones aligned 
with cell edges or interconnect lines. These observed patterns have 
helped support diagnostic classification and correlation with electri-
cal parameter deviations, particularly in relation to the temperature 
coefficients.

2.2.2. Electrical parameters inspections
This inspection involves tracing the (I–V) and (P–V) characteristic 

curves under conditions approximating STC. Based on the plotted 
curves, key PV parameters have been determined, including 𝐼𝑠𝑐 , 𝑉𝑜𝑐 , 
𝐼𝑚𝑝𝑝, 𝑉𝑚𝑝𝑝, 𝑃𝑚𝑎𝑥, and FF. The outdoor measurement tests have been 
carried out using a dedicated experimental setup developed for this 
purpose, as depicted in Fig.  1. In which, the setup includes a sun-
tracking structure to maintain optimal irradiance alignment, a PV 
characteristics curve tracer, and a data acquisition and monitoring 
system developed in LabVIEW. This system incorporates instruments 
such as a Keysight N3301A electronic load, a Keysight 34972A data 
logger, Si-01TC-T thermocouples, and additional environmental sensors 
for irradiance, ambient temperature measurements and module surface 
temperature [44]. All measurements have been conducted in accor-
dance with the IEC 61215-2:2016 standard, ensuring traceability and 
accuracy. in this regards, to ensure accurate electrical measurements 
under conditions approximating STC, a standardized preconditioning 
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and cooling protocol has been applied. Each PV module is first shaded 
and allowed to cool naturally until its surface temperature approaches 
ambient levels typically around 15 ◦C. After stabilization, the module 
is rapidly exposed to full sunlight when the irradiance reaches 1000 
W/m2 (within a tolerance of ±2%) and the module temperature reaches 
25 ◦C (also within a tolerance of ±2%). The (I–V) and (P–V) curves 
are then recorded immediately within a few seconds to minimize the 
effects of temperature rise. Multiple trials are repeated within a narrow 
irradiance and temperature window, and only the most stable measure-
ments are retained for analysis, see Fig.  2. This approach ensures that 
transient heating does not bias the recorded performance metrics [43]. 
Furthermore, the extracted data from these curves have been used not 
only to calculate essential performance parameters but also to identify 
abnormal behaviors and failure signatures. These results serve as input 
for subsequent temperature coefficient and internal resistance deter-
mination. It is worth noting that the experimental setup and outdoor 
measurement procedures have been conducted in accordance with IEC 
61215-2:2016, IEC 60904-1:2006, and IEC 60891:2009 to ensure high 
accuracy and reliability in (I–V) curve acquisition and temperature 
coefficient determination. These standards guided sensor placement, 
data acquisition protocols, and environmental monitoring. All equip-
ment used was brand new, properly calibrated, and certified at the 
time of testing. To minimize uncertainty, measurements were repeated 
within narrow irradiance and temperature windows. While degradation 
rates are calculated by comparing measured data to nameplate values 
(typically toleranced within ±3%), minor deviations may still occur due 
to instrument precision limits and inherent datasheet variability. Note: 
uncertainty values will be detailed in future work.

2.2.3. Temperature coefficient determination
The determination of temperature coefficients involves identifying 

three primary coefficients (𝑇𝐶𝐼𝑠𝑐 , 𝑇𝐶𝑉𝑜𝑐 , and 𝑇𝐶𝑃𝑚𝑎𝑥 ) based on the 
values provided in the datasheets of the selected PV module samples. 
The objective is to compare the experimentally obtained coefficients 
with those provided by the manufacturer.

These temperature coefficients have been determined in accordance 
with IEC 61215-2 by tracing the characteristic curves at 1000 W∕m2

under varying temperature conditions. The procedure ensures that the 
PV module temperature increases by at least 30 ◦C, with I–V curve 
measurements taken at approximately every 2 ◦C increment, repeat the 
steps outlined in the flowchart shown in Fig.  2, and a linear regression 
method has been applied to extract the temperature coefficients from 
the resulting data. While this approach is based on controlled outdoor 
measurements (see Fig.  1), it is important to note that other methods 
exist for estimating temperature coefficients using long-term monitored 
data and statistical modeling, as described by Paudyal and Imenes 
[42]. However, in this work, we rely on the direct I–V curve tracing 
method, which complies with standard procedures and provides reli-
able estimates of the targeted coefficients for diagnostic analysis. For 
more details on our performed experimental and measurement setup, as 
well as the test procedure description, refer to our previous work [43]. 
However, 𝑇𝐶𝐼𝑠𝑐  has been excluded from this work due to challenges 
encountered during outdoor measurement tests [46]. In which, each 
(I–V) scanning process has required approximately 1–2 min per module 
and has provided reliable measurements of the key PV parameters. 
In contrast, the complete procedure for determining temperature co-
efficients has taken about 20 min per PV module sample, ensuring 
adequate thermal variation for accurate coefficient extraction. During 
this period, slight variations in irradiance have introduced significant 
linear deviations exceeding permissible tolerance values, as defined by 
IEC 60904-10. These deviations have mainly compromised the accuracy 
and reliability of the calculated temperature coefficient for current, 
while other parameters have remained within acceptable limits. As 
a consequence, 𝑇𝐶𝐼𝑠𝑐  has been omitted to ensure the integrity and 
validity of the findings. On the other hand, the same measurement 
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Fig. 1. Characteristics of the deployed PV module sample: (a). outdoor mobile structure for solar tracking. (b). Software and hardware for PV curve tracing (I–V 
and P–V).
Fig. 2. Flowchart of the performed outdoor electrical measurement procedure.

setup and procedures could be applied to determine additional temper-
ature coefficients, such as 𝑇𝐶𝐼𝑚𝑝𝑝 , 𝑇𝐶𝑉𝑚𝑝𝑝 , and 𝑇𝐶𝐹𝐹 , which correspond 
to parameters like 𝑉𝑚𝑎𝑥, 𝐼𝑚𝑎𝑥, and FF. Note, other methods can also 
determine these three coefficient values in real-time, except for 𝑇𝐶𝑉𝑜𝑐
and 𝑇𝐶𝐼𝑠𝑐 , as detailed in the Ref. [47]. However, these coefficients have 
not been covered in this work, as the focus remains on those explicitly 
provided in the datasheets.

2.2.4. Internal resistance determination
The determination of internal resistance values, specifically the 

series resistance (𝑅𝑜𝑐) and shunt resistance (𝑅𝑠ℎ), has been conducted 
using measured PV parameters (𝐼𝑠𝑐 , 𝑉𝑜𝑐 , and 𝑃𝑚𝑎𝑥) for the deployed 
PV module samples [48]. Furthermore, this method has been applied 
to compute reference internal resistance values for each PV module 
type based on datasheet specifications, as presented in Table  1. In 
this regards, the Newton–Raphson method, an iterative algorithm, 
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has been applied [49]. To ensure optimal convergence and accurate 
determination of both internal resistance values, the initial inputs for 
the algorithm have been carefully chosen.

2.2.5. PV parameter rate calculations
Several parameter ratios have been employed in this work to quan-

tify the significance of various PV performance parameters. Among 
these, the degradation rate (DR) is a commonly used metric to describe 
the degradation of electrical parameters (see Eq. (1)). Furthermore, the 
yearly degradation rate (YDR), derived from the degradation rate (DR), 
has been introduced (see Eq. (2)) by incorporating the number of years 
of service into Eq. (1). 

𝐷𝑅 =
((𝐷𝑎𝑡𝑎_𝐼𝑛𝑖𝑡𝑖𝑎𝑙) − (𝐷𝑎𝑡𝑎_𝐹 𝑖𝑛𝑎𝑙))

(𝐷𝑎𝑡𝑎_𝐼𝑛𝑖𝑡𝑖𝑎𝑙) × 100 (1)

𝑌 𝐷𝑅 =
(𝐷𝑅)
𝛥𝑇

(2)

New differential rate (𝛥) has also been employed in this work to 
provide a clearer interpretation when addressing these PV parameters 
or others, by considering specific reference values, see Eq. (3). The 
initial reference values used for calculating the differential rates (𝛥) 
of the electrical parameters (𝑃𝑚𝑎𝑥, 𝐼𝑠𝑐 , and 𝑉𝑜𝑐) have been derived 
based on the yearly degradation rates expected under the local climatic 
conditions, corresponding to 0.8%, 0.5%, and 0.07%, respectively. 
Meanwhile, the initial reference values for internal resistances and 
temperature coefficients have been computed and obtained from the 
datasheet, respectively, as given in Table  1. 

𝛥 =
((𝐷𝑎𝑡𝑎_𝐹 𝑖𝑛𝑎𝑙) − (𝐷𝑎𝑡𝑎_𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒))

(𝐷𝑎𝑡𝑎_𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒) × 100 (3)

3. Results, comparison, and correlation analysis

The (I–V) and (P–V) characteristic curves of the best- and worst-
performing PV modules from each type (A, B, C, D, and E) are presented 
in Fig.  4.

Table  2 summarizes the corresponding electrical data, including 
yearly degradation rates, differential variations in key performance 
parameters (𝐼𝑠𝑐 , 𝑉𝑜𝑐 , 𝑃𝑚𝑎𝑥, 𝐹𝐹 ), internal resistances (𝑅𝑜𝑐 , 𝑅𝑠ℎ), and 
temperature coefficients (𝑇𝐶𝑉𝑜𝑐 , 𝑇𝐶𝑃𝑚𝑎𝑥 ). Also included is the thermal 
variation index (𝜕𝑇 𝑒𝑚𝑝), representing the highest temperature difference 
among cells within the same module, as identified through thermal 
inspection. Furthermore, Fig.  5 illustrates various failure types observed 
during visual inspections. In this figure, the initial letter corresponds 
to the PV module type, the subscript denotes the failure count in 
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Fig. 3. Degradation rates of temperature coefficients for all samples (best- and worst-performing) across different PV module types: (a). 𝛥YDR𝑉𝑜𝑐 . (b). 𝛥YDR𝑃𝑚𝑎𝑥.
the same module, and the letters (B) and (W) indicate the best- and 
worst-performing modules, respectively.

To enhance clarity and visualization, a graphical comparison be-
tween the manufacturer-specified and experimentally estimated tem-
perature coefficients (illustrated through the degradation rate of both 
𝑇𝐶𝑉𝑜𝑐  and 𝑇𝐶𝑃𝑚𝑎𝑥 ) has been included, as shown in Fig.  3. This compari-
son highlights the extent of deviation from nominal values and provides 
visual insight into how different failure types and their severity, and 
deviation between the best and worst performing PV samples influence 
temperature coefficients.

All results have been analyzed in detail, with special attention given 
to identifying correlations between observed failures, electrical perfor-
mance, and temperature coefficient degradation. These relationships 
are discussed and outlined below:

3.1. Results discussion

3.1.1. Type A
The Type A PV modules have been exhibiting significant discol-

oration (browning) and finger disconnection failures, as observed
through visual inspection. Due to the high severity and occurrence of 
5 
discoloration, this failure has been considered the dominant failure. The 
best-performing PV sample has shown these failures, with thermal in-
spection indicating notable inhomogeneity in thermal distribution, with 
temperature difference (𝜕𝑇 𝑒𝑚𝑝) of up to 20 ◦C, though no hot spots have 
been detected, as outlined in Table  2. Electrical inspection has revealed 
a slight increase in the yearly degradation rate under local climatic 
conditions, with a 𝛥YDR𝑃𝑚𝑎𝑥 of 38.46%, and corresponding increases in 
𝛥YDR𝐼𝑠𝑐 and 𝛥YDR𝑉𝑜𝑐 by 6.17% and 95.30%, respectively; where the 
fill factor (FF) exhibited a significant decline of 49%. Furthermore, 
internal resistance measurements have shown a 169.23% increase in 
𝛥𝑅𝑜𝑐 and a slight decrease of −64% in 𝛥𝑅𝑠ℎ. In addition, temperature 
coefficients for 𝛥𝑇𝐶𝑉oc

 and 𝛥𝑇𝐶𝑃max
 have decreased by −14.92% and 

−28.53%, respectively. On the other hand, the worst-performing PV 
sample has exhibited increased severity of dominant failure, particu-
larly discoloration, progressing from light to dark browning, which, 
it has been an increased in both the area and occurrence number as 
well as for broken interconnections of the PV fingers. Meanwhile, ther-
mal inspection has revealed a medium level of inhomogeneity in the 
module’s thermal distribution, with a temperature difference (𝜕𝑇 𝑒𝑚𝑝) of 
less than 30 ◦C, indicating no hot spots. The electrical inspection of 
this sample has shown increases across all degradation PV parameters, 
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Fig. 4. Measured (I–V), and (P–V) characteristic curves for the both best and worst performing PV module sample of all five module types (A:E) under STC 
conditions.
Table 2
Summary of PV parameter degradation rates for all samples across different PV module types.
 PV types A B C D E

 PV samples AB AW BB BW CB CW DB DW EB EW  
 𝜕𝑇 𝑒𝑚𝑝 (◦C) 20 30 10 20 20 30 20 25 30 100  
 𝐹𝐹 (%) 49 37.7 57.29 49.92 67.62 63.9 67.51 64.41 70.92 56.15  
 YDR𝐼sc 0.53 0.66 0.60 0.83 0.27 0.87 0.27 0.32 0.80 0.91  
 YDR𝑉oc 0.13 0.19 0.21 0.28 0.34 0.38 0.13 0.2 0.12 0.90  
 YDR𝑃max 1.10 1.62 1.36 2.09 0.82 1.27 0.35 0.64 1.59 6.46  
 𝛥YDR𝐼𝑠𝑐 6.17 33.33 20.83 66.66 −45.06 74.79 −46 −36 61.11 83.33  
 𝛥YDR𝑉𝑜𝑐 95.30 183.08 213.05 305.64 392.24 452.12 85.71 185.71 71.88 1198.70 
 𝛥YDR𝑃𝑚𝑎𝑥 38.46 102.61 70.83 161.66 2.75 59.57 −56.25 −20 99.26 708.70  
 𝛥𝑅𝑜𝑐 169.23 250.76 105.45 127.27 14.28 11.42 29.31 51.72 248.38 1025.80 
 𝛥𝑅𝑠ℎ −64.77 −85.39 −4.18 −41.62 −4.59 −27.31 −1.46 −7.88 −56.77 −94.61  
 𝛥𝑇𝐶𝐼sc

– – – – – – – – – –  
 𝛥𝑇𝐶𝑉oc

−14.92 −16.37 −13.92 −15.44 −2.77 −13.61 −6.34 −8.07 0.34 0.66  
 𝛥𝑇𝐶𝑃max

−28.53 −47.81 −11.86 −36.44 −8.33 −25.87 −20.12 −23.91 −17.20 10.91  
with 𝛥YDR𝐼𝑠𝑐 , 𝛥YDR𝑉𝑜𝑐 , and 𝛥YDR𝑃𝑚𝑎𝑥 increasing by 33.33%, 183.08%, 
and 102.61%, respectively; and FF has noticeably decreased by 37.7%. 
Internal resistances have also shown significant variation, with 𝛥𝑅𝑜𝑐 in-
creasing by 250.76%, while 𝛥𝑅𝑠ℎ has decreased by −85.69%. Regarding 
temperature coefficients, there has been a slight change in 𝛥 , but a 
𝑇𝐶𝑉oc

6 
significant reduction in 𝛥𝑇𝐶𝑃max
, decreasing by −16.37% and −47.81%, 

respectively.

3.1.2. Type B
Visual failure inspections have been revealing that Type B PV 

modules suffer from delamination along bus bars across all PV cells, 
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Fig. 5. Visual failures images of some PV module samples of different PV types (A-E): Type A: (A1). Discoloration: (A1_B). low severity, (A1_W). high severity. 
(A2). Broken PV fingers: (A2_B). few ones, (A2_BW). several ones. Type B: (B1). Delamination: (B1_B). small area, (B1_W). large area. (B2). Corrosion: (B2_B). 
low severity, (B2_W). high severity. Type C: (C1). Discoloration: (C1_B). low severity, (C1_W). high severity, (C2): Delamination: (C2_B). small area, (C2_W). large 
area. Type D: (D1). PV cell fragmentation: (D1_B). small area, (D1_W). large area. Type E: (E1). Micro cracking (snail trail): (E1_B). small area, (E1_W). large 
area. (E2): Hot spot (E1_W). burn marks.
with additional corrosion observed on certain bus bars. Due to its 
high occurrence relative to other failure types, delamination has been 
classified as the dominant failure within the optical failure category. 
The best-performing PV module sample has primarily exhibited de-
lamination, with thermal inspections indicating a low level of thermal 
inhomogeneity, where the maximum temperature difference (𝜕𝑇 𝑒𝑚𝑝) 
between PV cells has not exceeded 10 ◦C, and no hotspots have been 
observed. Electrical inspection of this selected PV sample has shown 
that differential yearly degradation rates (𝛥YDR) for the PV electri-
cal parameters (𝐼𝑠𝑐 , 𝑉𝑜𝑐 , and 𝑃𝑚𝑎𝑥) have significantly increased, with 
𝛥YDR𝐼𝑠𝑐 , 𝛥YDR𝑃𝑚𝑎𝑥, and especially𝛥YDR𝑉𝑜𝑐 exceeding expected rates by 
over 20%, 70%, and 200%, respectively, see Table  2. Moreover, FF 
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has been decreased by 57.29%. For internal resistances, the differential 
resistance rate 𝛥𝑅𝑜𝑐 of the best-performing module has increased by 
105.4% compared to its initial datasheet value, while the 𝑅𝑠ℎ has 
shown a slight decrease of 4%. Furthermore, temperature coefficients 
𝛥𝑇𝐶𝑉oc

 and 𝛥𝑇𝐶𝑃max
 have decreased relative to datasheet values by 

−13.92% and −11.86%, respectively. In contrast, the worst-performing 
PV module has exhibited an increase in the severity of delamination, 
especially in terms of affected area, although corrosion-related failures 
have shown no substantial change. Thermal inhomogeneity has also 
increased, with a 𝜕𝑇 𝑒𝑚𝑝 of up to 20 ◦C, though no hotspots have been 
detected. This PV module further demonstrated high 𝛥YDR values for 
the PV parameters 𝛥 𝐼 , 𝛥 𝑉 , and 𝛥 𝑃 , surpassing expected 
YDR 𝑠𝑐 YDR 𝑜𝑐 YDR 𝑚𝑎𝑥
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rates by approximately 66.6%, 305.64%, and 161.66%, respectively. In 
addition, the FF has shown a substantial decrease of 49.92%. Internal 
resistance measurements for this sample showed a substantial increase 
in 𝛥𝑅𝑜𝑐 by 127.2%, while 𝛥𝑅𝑠ℎ decreased by about 41% from its 
initial value. Moreover, the temperature coefficients 𝛥𝑇𝐶𝑃max

 and 𝛥𝑇𝐶𝑉oc
decreased by -36% and −15.44%, respectively.

3.1.3. Type C
Type C PV modules exhibit several low-severity failures, including 

central yellowing, and delamination [43], as observed during visual 
inspection. These failures, all classified as optical failures, show almost 
similar severity and occurrence. As a consequence, discoloration and 
delamination have been considered dominant failure based on their 
cumulative impact. The best-performing PV module also exhibits these 
failures, and shows low inhomogeneity in thermal distribution, with 
temperature variations (𝜕𝑇 𝑒𝑚𝑝) between cells not exceeding 20 ◦C, 
mostly falling within the minor severity category. Notably, two PV cells 
display significant temperature variation, although no hot spots have 
been observed. Electrical inspection reveals that this tested PV module 
demonstrates high electrical performance, particularly regarding the 
yearly degradation rates (YDR) of parameters such as (𝑃𝑚𝑎𝑥, and 𝐼𝑠𝑐). 
However, the 𝑉𝑜𝑐 shows a significantly higher degradation rate than 
anticipated for the given climate conditions, as indicated by the differ-
ential yearly degradation rate (𝛥YDR). Specifically, the 𝛥YDR for 𝐼𝑠𝑐 and 
𝑃𝑚𝑎𝑥 indicates high performance in this PV sample, with values of −45% 
and +2.75%, respectively, while the 𝛥YDR𝑉𝑜𝑐 exhibits a substantially 
elevated rate, exceeding the expected rate by 392.24%; and the FF 
has exhibited a moderate decrease of 67.62%. In terms of internal 
resistances, the differential rate for 𝑅𝑜𝑐 (𝛥𝑅𝑜𝑐) increased by 14.28%, 
while the 𝛥𝑅𝑠ℎ remained relatively unchanged, showing only a slight 
decrease of (𝛥𝑅𝑠ℎ, −4%), and regarding temperature coefficients, the 
both coefficients (𝛥𝑇𝐶𝑉oc

 and 𝛥𝑇𝐶𝑃max
) have decreased relative to their 

initial value rate −2.7% and −8.3%, respectively. On the other hand, 
the worst performed PV module suffer from the dominate failure with 
a slightly high occurrence, these failures include noticeable corrosion 
along the bus bars and soldering points. Thermal inspection reveals that 
this PV sample exhibits a high temperature variation across its cells 
(𝜕𝑇 𝑒𝑚𝑝), reaching up to 30 ◦C. Meanwhile, electrical inspection reveals 
a noticeable decline in performance, with yearly degradation rates 
(𝛥𝑌𝐷𝑅) for 𝐼𝑠𝑐 and 𝑃𝑚𝑎𝑥 showing decreases of 74.79% and 59.57%, 
respectively. Although the 𝑉𝑜𝑐 shows slight increased, its degradation 
rate remains high, with 𝛥YDR𝑉𝑜𝑐 of 452%. While, the FF has decreased 
by 63.9%. In terms of internal resistance, the 𝛥𝑅𝑜𝑐 has increased 
by 11.42%, while the 𝛥𝑅𝑠ℎ has significantly decreased by −27.31%. 
Regarding the temperature coefficients, both 𝛥𝑇𝐶𝑃max

 and 𝛥𝑇𝐶𝑉oc
 show 

significant decreases of −13.61% and −25.87%, respectively.

3.1.4. Type D
Upon visual inspection, it has been revealed that the Type D PV 

module predominantly suffers from PV cell fragmentation, with only 
minimal discoloration present. The best-performing PV sample has 
been demonstrating a high occurrence of cell fragmentation while 
maintaining very low discoloration across all PV cells in the sample. 
Thermal inspection has further indicated that this sample exhibits low 
inhomogeneity in temperature distribution, remaining below 20 ◦C. 
Electrical inspection has shown high performance in terms of 𝐼𝑠𝑐 and 
𝑃𝑚𝑎𝑥, with differential yearly degradation rates with -46% and −56.2%, 
respectively. However, 𝑉𝑜𝑐 performance has been lower, as reflected 
by a relatively high degradation rate, with an 𝛥YDR𝑉𝑜𝑐 of 85.71%. 
Furthermore, the FF has shown a relatively low decrease 67.51%. The 
internal resistances have exhibited varied behavior: 𝑅𝑜𝑐 has shown a 
noticeable increase of 29%, while 𝑅𝑠ℎ has been relatively low, decreas-
ing only slightly by −1.46%. Furthermore, the temperature coefficients 
reveal that 𝑇𝐶𝑉𝑜𝑐  has decreased by −6.3%, whereas 𝑇𝐶𝑃𝑚𝑎𝑥  has de-
creased significantly by −20%. In contrast, the worst-performing PV 
sample has also been exhibiting discoloration, with a lower occurrence 
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of PV cell fragments; however, these fragments cover a larger area 
compared to those in the best-performing module. Thermal inspection 
has revealed slight inhomogeneity in its temperature distribution, with 
variations remaining below 25 ◦C. Despite these issues, the worst-
performing sample has been maintaining high performance for 𝐼𝑠𝑐 and 
𝑃𝑚𝑎𝑥, with differential yearly degradation rates (𝛥YDR) of −36% and 
−20%, respectively. However, 𝑉𝑜𝑐 has shown a significant increase, 
with an 𝛥YDR of 185.7%; and The FF has experienced a relatively low 
decrease of 64.41%. In addition, the internal resistances have exhibited 
distinct trends: 𝑅𝑜𝑐 has significantly increased by 51.7%, while 𝑅𝑠ℎ
has decreased slightly by −7.8%. The temperature coefficient 𝑇𝐶𝑉𝑜𝑐
has shown a low decreased of −8%, while 𝑇𝐶𝑃𝑚𝑎𝑥  has decreased more 
noticeably by −23.9%.

3.1.5. Type E
Type E PV modules predominantly suffer from snail trails (Micro-

cracks) accompanied by burn marks along the trails, making this the 
dominate observed failure. The best-performing PV sample exhibits 
several PV cells affected by this failure, some with hotspots on their 
backsheets. This PV sample exhibits high inhomogeneity, with multiple 
PV cells classified as critical failure and a temperature variation ex-
ceeding 30 ◦C. Electrical inspection indicates that the best-performing 
sample has a lower-than-expected performance, attributed to an in-
crease in yearly degradation rates across all electrical parameters (𝐼𝑠𝑐 , 
𝑉𝑜𝑐 , and 𝑃𝑚𝑎𝑥), with 𝛥YDR of 61.1%, 71.8%, and 99.2%, respectively. 
The FF has shown a very low decrease of 70.92%. The internal resis-
tances 𝑅𝑜𝑐 and 𝑅𝑠ℎ are significantly impacted, showing differential rates 
of 248.3% and −56.7%, respectively. And the temperature coefficients 
𝛥𝑇𝐶𝑉oc

 and 𝛥𝑇𝐶𝑃max
 are also affected, particularly 𝑇𝐶𝑃𝑚𝑎𝑥 , with values 

of 0.34% and −17.20%, respectively. Besides, the worst-performing PV 
sample exhibits not only snail trail failure on several PV cells as the 
dominant failure also a hotspot in one of the affected cells, located in 
the corresponding backsheet area. Thermal inspection reveals signifi-
cant thermal inhomogeneity, with hotspots exceeding 100 ◦C, which 
is considered to have a critical and dangers thermal impact. Electrical 
inspection shows that all electrical parameters have been drastically 
affected, particularly 𝑉𝑜𝑐 and 𝑃𝑚𝑎𝑥, with differential degradation yield 
ratio (𝛥YDR) values of 1198.7% and 708.7%, respectively, while 𝐼𝑠𝑐 is 
less affected, with a 𝛥YDR of 83.3%. Besides, the FF has noticeably 
decreased by 56.15%. In terms of internal resistances, both 𝑅𝑜𝑐 and 
𝑅𝑠ℎ have been significantly impacted, with 𝑅𝑜𝑐 showing a significantly 
increase of 1025.8%, while 𝑅𝑠ℎ has drastically decreased by −94.5%. 
Furthermore, both temperature coefficients (𝛥𝑇𝐶𝑉oc

 and 𝛥𝑇𝐶𝑃max
) have 

noticeably increased, with values higher than expected at 0.66% and 
10.91%, respectively.

3.2. Comparison, and correlation analysis:

3.2.1. Type A
The dominant failure (discoloration) in the Type A PV module is 

considered an optical failure, exhibited along with broken finger inter-
connections failure. In which, the both of these observed failure types 
have increased in terms of severity and occurrence number in the worst-
performing sample compared to the best-performing PV module. Mean-
while, thermal inspections have revealed that the worst-performing 
modules exhibit a slight increase in thermal behavior compared to the 
best-performing PV sample, although no hot spots have been detected 
in either. Therefore, the optical nature of the dominant failure primarily 
affects the 𝐼𝑠𝑐 , with increased severity (illustrated by the worst PV 
sample) leading to a further reduction in 𝐼𝑠𝑐 and a corresponding 
increase in the YDR𝐼sc . Similarly, greater inhomogeneity in thermal 
distribution primarily impacts the 𝑉𝑜𝑐 and consequently leads to an 
increase in YDR𝑉oc . Besides, the internal resistances have also been 
affected by these failures: 𝑅𝑜𝑐 exhibits a high rate due to broken 
interconnections of the PV fingers, while 𝑅𝑠ℎ is influenced by thermal 
distribution inhomogeneity. In which, the variations in both resistances 
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(𝑅𝑜𝑐 , 𝑅𝑠ℎ) increase as the severity of these failures and the degree of 
thermal inhomogeneity increase, respectively. As a result, the FF is low, 
being more strongly influenced by increases in 𝑅𝑜𝑐 than by variations 
in 𝑅𝑠ℎ, primarily due to the severity of broken interconnection failures 
and relatively low thermal inhomogeneity. Besides, The temperature 
coefficients (𝑇𝐶𝑉𝑜𝑐  and 𝑇𝐶𝑃𝑚𝑎𝑥 ) initially show noticeably high rate 
values. In which, the obtained results indicate that increased failure 
severity significantly affects 𝑇𝐶𝑃𝑚𝑎𝑥 , while 𝑇𝐶𝑉𝑜𝑐  remains relatively 
stable. This disparity in 𝑇𝐶𝑉𝑜𝑐  is likely due to variations in thermal 
distribution, which correspond closely to the behavior of 𝑉𝑜𝑐 , refer to 
the subsection of Type E PV modules, where this relationship is more 
clear. Meanwhile, 𝑇𝐶𝑃𝑚𝑎𝑥  values exhibit considerable variation between 
the selected PV samples, suggesting that increased severity of optical 
failure may be related to changes in 𝑇𝐶𝐼𝑠𝑐 , 𝑇𝐶𝐹𝐹 , or both, which in 
turn further affect 𝑇𝐶𝑃𝑚𝑎𝑥 .

3.2.2. Type B
Type B PV modules, across all selected samples, have primarily 

been suffering from delamination along the busbar, identified as the 
dominant failure. Meanwhile, some corrosion of bus bars is observed. 
Besides, the thermal inhomogeneity distribution has exhibited almost 
the same behavior, with a 𝜕𝑇 𝑒𝑚𝑝 = 10 ◦C. And concerning the electrical 
performance, this dominant failure (delamination), classified as an 
optical failure, mainly impacts the 𝐼𝑠𝑐 by reducing irradiance, which 
lowers current production and, As a consequence, the maximum power 
output (𝑃𝑚𝑎𝑥). As delamination severity increases, as seen in the worst-
performing module, the degradation rate of the two electrical parame-
ters (𝐼𝑠𝑐 and 𝑃𝑚𝑎𝑥) have been raised notably. Nevertheless, both module 
samples have shown a high degradation rate of 𝑉𝑜𝑐 , with noticeable 
variation in their yearly degradation rates for 𝑉𝑜𝑐 (YDR𝑉oc ). Which, 
this consistent degradation is likely attributed to differences in thermal 
distribution between the PV samples. Regarding internal resistance, the 
increase in 𝑅𝑜𝑐 has largely been attributed to corrosion of some bus 
bars, and the slight increase in this failure, as illustrated by the worst-
performing module, has only slightly affected the 𝑅𝑜𝑐 . Similarly, the 𝑅𝑠ℎ
decreases due to inhomogeneity distribution of various failures, with 
greater inhomogeneity leading to a further reduction in 𝑅𝑠ℎ. Thus, The 
FF is relatively low, influenced by both internal resistances; however, 
in this case, it is more affected by the increase in 𝑅𝑜𝑐 than in 𝑅𝑠ℎ, 
due to the high severity of corrosion compared to the relatively low 
thermal inhomogeneity. For temperature coefficients, 𝛥𝑇𝐶𝑉oc

 exhibits a 
relatively low value of −11%, with minimal variation (−1.5%) between 
the selected PV modules, reflecting 𝑉𝑜𝑐 behavior and consistent with 
YDR𝑉oc . This suggests that the impact of failure may relate to uniform 
failure distribution, although other factors may play a role. Further-
more, 𝑇𝐶𝑃𝑚𝑎𝑥  exhibits a low rate, yet a noticeable variation in this rate 
has been observed between the two selected samples. This variation 
suggests that the severity of observed failures, particularly optical ones, 
significantly impacts 𝑇𝐶𝑃𝑚𝑎𝑥 .

3.2.3. Type C
Type C PV modules have exhibited various visible failures, primar-

ily classified under the optical failure category, which have been all 
classified as the dominant failure based on their impact. In which, the 
severity of this dominant failure has been increasing, predominantly 
in terms of occurrence more than affected area, with this trend more 
pronounced in the worst-performing modules compared to the best-
performing ones. Almost similar behavior has been observed in the 
thermal distribution among selected PV module samples during ther-
mal inspections. The temperature difference between them, in terms 
of inhomogeneity and thermal distribution, has been approximately 
10 ◦C, without any hot spots being detected. As consequence, the 
dominant failure, with its optical effects, has led to reductions in 𝐼𝑠𝑐
and 𝑃𝑚𝑎𝑥, with the impact being especially pronounced in the worst-
performing PV module due to the high severity of this failure compared 
to the best-performing sample. Furthermore, the 𝑉  has been more 
𝑜𝑐
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affected in the worst-performing PV module compared to the best-
performing PV sample, likely due to increased thermal distribution 
inhomogeneity in the former. As a consequence, the ongoing impact on 
both affected parameters, 𝐼𝑠𝑐 and 𝑉𝑜𝑐 , has been contributing to a con-
tinuous reduction in maximum power output (𝑃𝑚𝑎𝑥). Regarding internal 
resistance, the 𝑅𝑜𝑐 has exhibited slightly high values in both selected 
PV samples, with the best-performing sample showing a marginally 
higher rate. This increase in 𝑅𝑜𝑐 is attributed to corrosion failure, 
with the difference in 𝑅𝑜𝑐 values corresponding to variations in the 
severity of corrosion between the samples. In contrast, the 𝑅𝑠ℎ exhibits 
differing values between the two PV samples, primarily due to the 
inhomogeneous distribution of observed failures. The increase in 𝑅𝑠ℎ
values is related to the rising severity of this distribution. Hence, the 
FF exhibits a relatively high value, attributed to the low 𝑅𝑜𝑐 and 𝑅𝑠ℎ
values, which result from the low severity of corrosion-related failures 
and low thermal inhomogeneity. The temperature coefficient in terms 
of 𝑇𝐶𝑉𝑜𝑐  has been exhibiting a consistently lower rate in the best-
performing PV sample compared to the worst-performing module, with 
a noticeable variation between them. This trend suggests that 𝑇𝐶𝑉𝑜𝑐  has 
been behaving similarly to 𝑉𝑜𝑐 and 𝑅𝑠ℎ, influenced by similar factors. 
The 𝑇𝐶𝑃𝑚𝑎𝑥  has been showing a decreasing trend, with a notably larger 
reduction in the worst-performing PV sample compared to the best-
performing one. This behavior suggests that degradation and failure 
severity have had a consistent impact on 𝑇𝐶𝑃𝑚𝑎𝑥 , where its behavior 
closely aligns with that of 𝑃𝑚𝑎𝑥, as reflected in the observed electrical 
performance. Nevertheless, it is important to note that this work consid-
ers only the temperature coefficients provided in the datasheet (𝑇𝐶𝐼𝑠𝑐 , 
𝑇𝐶𝑉𝑜𝑐 , and 𝑇𝐶𝑃𝑚𝑎𝑥 ). The potential relationship between the observed 
failures and other temperature coefficients, such as 𝑇𝐶𝐼𝑚𝑝𝑝 , 𝑇𝐶𝑉𝑚𝑝𝑝 , and 
𝑇𝐶𝐹𝐹 , has not been explored in this work.

3.2.4. Type D
Type D PV modules exhibit a single dominant failure: PV cell 

fragmentation, while discoloration is present with very low severity. 
This dominate failure is notably more severe in the worst-performing 
sample compared to the best one, both in occurrence and in the 
affected area. A similar trend is observed in thermal distribution, with 
increased inhomogeneity related to the dominant failure. For electrical 
parameters, the slight increase in failures severity and the resulting 
thermal variation have an effect on 𝐼𝑠𝑐 , and 𝑉𝑜𝑐 , respectively, which, 
in turn, impacts 𝑃𝑚𝑎𝑥. In which, both selected PV modules demonstrate 
nearly identical electrical performance, particularly for 𝐼𝑠𝑐 and 𝑃𝑚𝑎𝑥, 
with the primary difference observed in 𝑉𝑜𝑐 . This suggests that the 
dominant failure mainly affects 𝑉𝑜𝑐 due to its inhomogeneity distribu-
tion. Although the increased severity of the exhibited failures impacts 
𝐼𝑠𝑐 , and 𝑃𝑚𝑎𝑥, but even though, their performance is still higher than 
expected. Nevertheless, in terms of internal resistance, 𝑅𝑜𝑐 increases 
due to PV cell fragmentation, which results in broken interconnections 
(cell fingers), with this effect more pronounced in the worst-performing 
sample, causing a higher 𝑅𝑜𝑐 value. In contrast, 𝑅𝑠ℎ displays low value 
with slight variation between these PV samples, attributed to relatively 
low inhomgenity thermal. Accordingly, the FF exhibits a low value, 
primarily due to reduced internal resistances, which are influenced by 
the low severity of the associated failures and their low thermal distri-
bution. Examining temperature coefficients, 𝑇𝐶𝑉𝑜𝑐  exhibits a low rate 
and low variation between the best- and worst-performing modules, 
aligning with the low thermal inhomogeneity and suggesting that 𝑇𝐶𝑉𝑜𝑐
is related to 𝑉𝑜𝑐 and 𝑅𝑠ℎ, both influenced by thermal effects. Conversely, 
𝑇𝐶𝑃𝑚𝑎𝑥  shows a slight initial low rate with low variation between PV 
samples, likely corresponding with 𝑃𝑚𝑎𝑥 changes driven by degradation 
and failures in the modules.
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3.2.5. Type E
The Type E PV module primarily suffers from snail trail (Micro-

cracks) failure, identified as the dominant failure mode in both selected 
PV samples. Increased severity of this failure is evident in the worst-
performing sample, as indicated by a higher occurrence and length of 
cracks (snail trails) on PV cells, ultimately leading to broken intercon-
nections in the cell fingers. The varying distribution and severity of this 
failure between the two PV samples result in distinct thermal behaviors, 
with the worst-performing module exhibiting higher thermal inhomo-
geneity and more severe hotspots compared to the better-performing 
sample. Electrical inspection shows that the increased failure sever-
ity, including hotspot occurrence, significantly impacts 𝑉𝑜𝑐 , while 𝐼𝑠𝑐
remains less affected, resulting in a noticeable reduction in 𝑃𝑚𝑎𝑥. Fur-
thermore, severe PV cell cracking caused by this failure leads to broken 
interconnections, causing a substantial increase in 𝑅𝑜𝑐 , while the inho-
mogeneous failure distribution influences 𝑅𝑠ℎ. Hence, the FF shows a 
difference between the best- and worst-performing modules, primarily 
due to the important increase in both internal resistances caused by the 
severity of PV cell cracking and the presence of hot spots. Regarding 
temperature coefficients, two distinct behaviors have been observed for 
this module type. In the better-performing module, PV cell cracking 
and micro-cracking result in noticeable effects on both temperature 
coefficients: 𝑇𝐶𝑉𝑜𝑐  increases, while 𝑇𝐶𝑃𝑚𝑎𝑥  decreases. In contrast, the 
worst-performing module, with severe cracking and high failure inho-
mogeneity, experiences extensive hotspots, significantly impacting the 
temperature coefficients with an increase in both 𝑇𝐶𝑉𝑜𝑐  and 𝑇𝐶𝑃𝑚𝑎𝑥 .

4. Correlation summary

Degradation is a complex mechanism, as highlighted earlier in this 
work. One of the primary factors contributing to this complexity is 
the simultaneous occurrence of multiple failures with varying severity 
levels and thermal distributions, each affecting temperature coeffi-
cients, electrical parameters, and internal resistance differently. In this 
context, this section presents a summary of the key findings obtained 
in this work, as outlined in Table  3, with a brief description provided 
below. Note, the (+) mark and its number indicate the extent to which 
the corresponding table cells are affected.

• Temperature coefficients: The temperature coefficients (𝑇𝐶𝑉𝑜𝑐 , 
𝑇𝐶𝑃𝑚𝑎𝑥 ) exhibit different behaviors. 𝑇𝐶𝑉𝑜𝑐  is primarily related 
to thermal homogeneity distribution, whereas 𝑇𝐶𝑃𝑚𝑎𝑥  is affected 
by the exhibited failures and their thermal distribution. This 
is because 𝑇𝐶𝑃𝑚𝑎𝑥  is more influenced by these factors along 
with others such as 𝑇𝐶𝐼𝑚𝑝𝑝 , 𝑇𝐶𝑉𝑚𝑝𝑝 , and 𝑇𝐶𝐹𝐹 . Nevertheless, in 
this work, only the temperature coefficients (𝑇𝐶𝐼𝑠𝑐 , 𝑇𝐶𝑉𝑜𝑐 , and 
𝑇𝐶𝑃𝑚𝑎𝑥 ) given in the datasheet have been considered.

• Electrical PV parameters: The current 𝐼𝑠𝑐 is primarily affected by 
optical failures or defects that reduce electrical current flow, such 
as PV cell cracking. In contrast, the 𝑉𝑜𝑐 is influenced by increased 
thermal inhomogeneity caused by specific failure-induced ther-
mal distributions. As consequence, the 𝑃𝑚𝑎𝑥 is reduced due to its 
dependence on both voltage and current, making it susceptible 
to various failure mechanisms, including failure severity and 
thermal distribution.

• Internal resistance: The resistance 𝑅𝑜𝑐 is associated with failures 
that impact the electrical connections within the PV module, 
particularly non-optical failures such as broken finger intercon-
nections, corrosion, and PV cell cracking, as referred in this work. 
On the other hand, the 𝑅𝑠ℎ is primarily affected by the thermal 
inhomogeneity distribution of the failures within the PV module, 
regardless of the specific type of failure. Besides, these variations 
in internal resistance significantly influence the FF, with increases 
in 𝑅𝑜𝑐 and decreases in 𝑅𝑠ℎ both contributing to a reduction in fill 
factor.
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• Increased severity and thermal distribution: The increasing sever-
ity of failures has significantly affected PV parameters, primarily 
the 𝑇𝐶𝑃𝑚𝑎𝑥 , while also influencing 𝐼𝑠𝑐 and 𝑅𝑜𝑐 , depending on 
whether the failure is optic or not. These effects have ultimately 
contributed to the reduction of 𝑃𝑚𝑎𝑥. Furthermore, the increased 
thermal inhomogeneity distribution caused by failures has af-
fected parameters such as 𝑇𝐶𝑉𝑜𝑐 , and 𝑅𝑠ℎ, leading to a direct or 
indirect decline in 𝑃𝑚𝑎𝑥.

• The observed variations in temperature coefficients particularly 
𝑇𝐶𝑉𝑜𝑐  and 𝑇𝐶𝑃𝑚𝑎𝑥  can be attributed to the severity and thermal 
distribution of the occurring failures. Specifically, deviations in 
𝑇𝐶𝑉𝑜𝑐  are strongly associated with the extent of thermal inho-
mogeneity, regardless of the failure type. In contrast, deviations 
in 𝑇𝐶𝑃𝑚𝑎𝑥  reflect the combined effects of both the severity of 
the failures whether optic or non optic and their corresponding 
thermal distribution.

5. Summary of findings, conclusions, future work, and recommen-
dations

This paper analyzes and provides insights into various temperature 
coefficients, primarily those listed in the datasheets of five differ-
ent PV module types. By selecting the best- and worst-performing 
PV samples, this work investigates the potential correlations between 
temperature coefficients and failure occurrence, considering both op-
tic and non-optic degradation mechanisms. Furthermore, it examines 
their relationship with other diagnostic assessments, including visual 
and thermal failure inspections, characteristic curve and electrical pa-
rameter evaluations, internal resistance measurements, and derived 
performance ratios. The key findings are summarized as follows:

𝑇𝐶𝐼𝑠𝑐  has not been considered in this study due to its high depen-
dence on irradiance variations, which lead to significant errors in its 
determination. Nevertheless, the findings suggest that 𝑇𝐶𝐼𝑠𝑐  may be 
influenced by optic failures and could be related to 𝐼𝑠𝑐 as an electrical 
parameter and 𝑅𝑜𝑐 in terms of internal resistance. However, further 
investigations are required to confirm this hypothesis.

𝑇𝐶𝑃𝑚𝑎𝑥  has been affected by all observed failures, regardless of their 
type (optic or non-optic), along with the resulting thermal inhomo-
geneity distribution. Furthermore, 𝑇𝐶𝑃𝑚𝑎𝑥  has shown a correlation with 
𝑇𝐶𝑉𝑜𝑐 , as evidenced in this work. However, it is also expected to be 
related to other temperature coefficients (𝑇𝐶𝐼𝑠𝑐 , 𝑇𝐶𝐼𝑚𝑝𝑝 , 𝑇𝐶𝑉𝑚𝑝𝑝 , and 
𝑇𝐶𝐹𝐹 ), a suggestion that requires further investigation. Furthermore, 
𝑇𝐶𝑃𝑚𝑎𝑥  has been primarily correlated with 𝑃𝑚𝑎𝑥 as an electrical parame-
ter and is also linked to 𝑉𝑜𝑐 , both internal resistances (𝑅𝑜𝑐 and 𝑅𝑠ℎ), and 
fill factor (FF). Therefore, all these influencing factors and correlations 
ultimately contribute to a direct or indirect impact on 𝑇𝐶𝑃𝑚𝑎𝑥 .

The increasing severity and distribution of observed failures amplify 
their impact on temperature coefficients, electrical parameters, and 
internal resistance depending on the failure type. Besides, variations in 
𝑇𝐶𝑉𝑜𝑐  are closely associated with thermal inhomogeneity, while 𝑇𝐶𝑃𝑚𝑎𝑥
reflects the combined severity of both physical failures and thermal 
distribution. These deviations serve as valuable indicators for detecting 
underlying failures and assessing thermal distribution within the PV 
modules.

As future work, this work will be extended to include the other 
temperature coefficients (𝑇𝐶𝐼𝑚𝑝𝑝 , 𝑇𝐶𝑉𝑚𝑝𝑝 , and 𝑇𝐶𝐹𝐹 ) while also focus-
ing on improving the accuracy of 𝑇𝐶𝐼𝑠𝑐  determination under outdoor 
conditions.

Recommendation: One key outcome of this study is the recommen-
dation that PV module manufacturers include additional temperature 
coefficient values (𝑇𝐶𝐼𝑚𝑝𝑝 , 𝑇𝐶𝑉𝑚𝑝𝑝 , and 𝑇𝐶𝐹𝐹 ) on the module nameplate 
or datasheet. These coefficients hold significant importance for assess-
ing and comparing PV module performance, providing a more com-
prehensive understanding of their behavior under varying operating 
conditions.
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Table 3
Summary of the correlation between PV failures, temperature coefficients, electrical parameters, and internal resistances.
 Failure Failures Affected Severity Thermal Temperature Electrical Internal
 Nature Type PV Types homogeneity coefficients parameters resistances

 𝑇𝐶𝑉𝑜𝑐
𝑇𝐶𝑃𝑚𝑎𝑥

𝐼𝑠𝑐 𝑉𝑜𝑐 𝑃𝑚𝑎𝑥 𝑅𝑜𝑐 𝑅𝑠ℎ  
 

O
pt
ic
 fa
ilu
re
s

Discoloration A,C, D Low Yes + + +  
 high Yes ++ ++ ++  
 Low No + ++ + + ++ +  
 Delamination B,C Low Yes + + +  
 high Yes ++ ++ ++  
 Low No + ++ + + ++ +  
 

N
on
-o
pt
ic
al
 fa
ilu
re
s

Broken finger A,D,E Low Yes + + +  
 interconnections high Yes ++ ++ ++  
 Low No + ++ + ++ + +  
 Corrosion B Low Yes + + +  
 high Yes ++ ++ ++  
 Low No + ++ + ++ + +  
 PV cells D,A, E Low Yes + + + +  
 fragments high Yes ++ ++ ++ ++  
 Low No + ++ + + ++ + +  
 Snail trail E,D, A Low Yes + + + + ++ + +  
 along with high Yes ++ ++ ++ ++ +++ ++ ++  
 Hot-spot Low No +++ +++ + ++ +++ + +++  
Finally, this work calls on scientific committees and researchers to 
collaborate in advancing the analysis of PV module temperature coeffi-
cients, emphasizing their behavior and correlation with various failure 
types, severities, and distributions, as well as their integration with 
other PV inspection techniques. Considering the influence of diverse 
climatic conditions, operational environments, exposure durations, and 
PV module technologies is crucial. This collective effort could pave the 
way for a more comprehensive and alternative approach to enhancing 
failure detection and performance evaluation.
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