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Abstract

The ground impedance (insulation resistance Risol) of photovoltaic (PV) modules is usually measured
only in the dry state, even though arrays frequently operate under dew-wet or rain-wet conditions,
when leakage paths can change. We measured dry insulation resistance Rdry and IEC 61215 MQT 15
wet leakage resistance Rwet for N = 37 field-aged crystalline-silicon modules from utility-scale plants
and related the results to the IEC 40 MQ-m? criterion (RwerA > 40). The measurements used 1000 V
DC and a 2 min dwell; Rwet was obtained in a salted bath with a solution resistivity <3500 Q-cm. The
median Rdry was 42.4 GQ), whereas the median Rwet was 462.5 M(), resulting in a median Rary/Rwet
ratio of ~110x. Three modules (8.1%) failed the 40 M()-m? limit already in the dry state, whereas eight
modules (21.6%) failed under IEC-wet conditions; five were dry-pass/wet-fail cases that would have
passed dry screening. For a representative area A = 1.8 m? a practical conservative dry triage
threshold of approximately 55.5 GQ identifies modules needing IEC-wet verification rather than
serving as a stand-alone limit. Overall, combining dry and IEC-wet measurements improves safety
and supports sustainability through resource-efficient repowering/revamping and end-of-life
decisions in large PV fleets, particularly in hot climates.

Keywords: photovoltaics; insulation resistance/ground impedance; IEC 61215; MQT 15; wet leakage;
dew; repowering/revamping; reliability; sustainability

1. Introduction

The long-term safety and reliability of photovoltaic (PV) modules are essential for the
performance and sustainability of large-scale PV installations. A key parameter in this context is the
insulation resistance Risol between the DC circuits and accessible conductive parts or ground. If Risol
becomes too low, leakage currents increase, ground-fault detection may trigger frequent trips, and in
extreme cases, safety hazards for personnel and the public can arise. In routine practice, Riso is usually
assessed only in the dry state with an ohmmeter at several hundred volts to 1000 V DC, and the
measured values are compared with acceptance criteria derived from IEC 61215, often expressed as
a minimum resistance or a resistance—area product [1].

However, real PV modules in the field frequently operate under dew-wet, fog-wet or rain-wet
conditions, especially in the early morning, when radiative cooling causes the front glass to fall below
the ambient temperature and the dew point. Under such conditions, leakage paths along the glass
surface, frame, edges, junction box and backsheet can differ substantially from those under dry
conditions, and wet insulation resistance can be far lower than dry values [2-5]. The IEC 61215 MQT
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15 wet leakage current test was designed to represent these wet operating conditions. In this test, a
module is immersed in a conductive solution and biased at DC voltage; for modules larger than 0.1
m?, the product Rwet x A must be at least 40 MQ-m? to pass [1].

Several studies have examined how insulation resistance depends on humidity, temperature
and system voltage. Hernandez et al. [2] linked array insulation resistance to environmental
conditions and string voltage, showing that water ingress and surface wetting can significantly
reduce Risol at typical operating voltages. Roy [3] modeled leakage through encapsulant-backsheet
stacks, highlighting the role of water uptake, ion transport and the Arrhenius-type temperature
dependence. Buerhop et al. [4] studied the development of wet leakage resistance for different
backsheet types and demonstrated that some fluoropolymer-free backsheet constructions exhibit
pronounced decreases in wet resistance with field exposure, leading to ground-impedance issues at
inverters. Ketjoy et al. [5] investigated flooded PV modules and confirmed the strong impact of
moisture pathways on wet leakage behavior. Backsheet--related insulation issues in multi-megawatt
plants and their spectroscopic identification have been described in further detail in [6-8].

Beyond immediate safety, wet insulation resistance has implications for circularity and end-of-
life strategies. Environmentally sustainable methods for recycling PV panels laminated with soft
polysiloxane gels have been demonstrated, enabling mechanical delamination without burning or
aggressive chemicals [9]. Other works have analyzed PV panel and inverter damage due to water
penetration [10] and examined the effects of backsheet repairs on insulation resistance [11]. Broader
reviews addressing PV end-of-life management and recycling from a sustainability perspective,
including economic and process-related aspects, are provided in [12-15]. Together, these
developments highlight the need to characterize insulation behavior under realistic wet conditions
as part of a sustainable strategy for PV asset management.

At the same time, global PV deployment is increasingly concentrated in high-irradiance regions
with very low levelised cost of electricity (LCOE), where partial repowering/revamping—
replacement of older or underperforming modules with newer technology after 5-10 years—can be
economically attractive [16-20]. In the following, we use the term repowering in a broad sense that
also covers “revamping” concepts in which only part of the installed capacity is renewed while much
of the existing infrastructure remains in place. In such markets, reliable insulation-resistance data
under realistic wet conditions are relevant not only for immediate safety but also for asset-
management and the end-of-life decisions: whether modules can be kept in service, should be
replaced in repowering campaigns, or directed to advanced recycling routes [9,12-15].

In this work, we address these questions by systematically comparing dry and IEC-wet
insulation resistance for a set of field-aged crystalline-silicon modules. Specifically, we

e  quantify the relationship between dry (Rary) and IEC-wet (Rwet) ground impedance (insulation
resistance) for N = 37 field-aged modules;

e  document the occurrence of dry-pass/wet-fail modules that meet dry criteria but fail the IEC 40
MQm?2 wet criterion;

e  derive a dry-test threshold that can serve as a conservative screening indicator for potential IEC-
wet failure;

e How dry and wet insulation measurements can support safer operation, repowering/revamping
and contributing to sustainable PV fleet management and sustainability-oriented
end-of-life strategies should be discussed.

2. Materials and Methods

2.1. Samples

We analyzed N = 37 field-aged crystalline-silicon PV modules originating from utility-scale
plants operating in a very moderate Central European climate (Slovakia). To preserve the anonymity
of suppliers and sites, module types are denoted by internal IDs. For each module, we recorded

e  module ID (internal),
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e  wetinsulation resistance R_wet with unit (kQ, MQ, GQ or catastrophic 0 Q),
e  dry insulation resistance R_dry with unit,
e ratio Rary/Rwet (dimensionless).

In the analysis, we focus on modules where at least one of the measurements is in the MQ-GQ
range; modules with Rwet = 0 Q are treated as catastrophic wet failures. The full dataset is given in
Table 1 [9,11].

Table 1. Dry and IEC-wet insulation resistance of the 37 field-aged PV modules and dry-to-wet ratio. Units: k =
kO, M=MQ, G=GQ.

Panel No.  Rwet Unit (wet) Rary Unit (dry) Ratio Rary/Ruwet
1 1828 M 42.3 G 23.14
2 356 M 249 G 69.94
3 1051 M 21.5 G 20.46
4 183.4 M 36.7 G 200.11
5 216 M 53.7 G 248.61
6 1158 M 54.2 G 46.80
7 5.99 G 68.7 G 11.47
8 1658 M 61.1 G 36.85
9 1405 M 75.6 G 53.81
10 12.58 M 9.87 M 0.78
11 0 Q 3.3 M 0.00
12 49.5 M 42.4 G 856.57
13 1365 M 55.5 G 40.66
14 977 k 3.27 M 3.35
15 0 Q 110.4 G 0.00
16 0 Q 29.5 G 0.00
17 504 M 60 G 119.05
18 332 M 50.9 G 153.31
19 537 M 110 G 204.84
20 647 M 48.3 G 74.65
21 495 M 72.8 G 147.07
22 0 Q 52.3 G 0.00
23 157.4 M 35.2 G 223.63
24 1754 M 21.9 G 124.86
25 139.4 M 421 G 302.01
26 142.3 M 23.9 G 167.96
27 120.2 M 18.08 G 150.42
28 0 Q 103.5 G 0.00
29 300 M 70.8 G 236.00
30 471 M 41.7 G 88.54
31 454 M 45.6 G 100.44
32 610 M 50.8 G 83.28
33 349 M 23.1 M 0.07
34 4.38 M 54.9 M 12.53
35 1435 M 42.3 G 29.48
36 594 M 35 G 58.92
37 290 M 37.6 G 129.66

2.2. Dry Insulation Resistance Measurements

The dry insulation resistance Rary was measured at 1000 V DC using a calibrated insulation tester.
Measurements were performed under ambient laboratory conditions (22 + 2 °C, relative humidity
40-60%), and the modules were electrically isolated from the ground except through the tester.
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For each module, the positive terminal of the tester was connected to the interconnected string
of cells (short-circuited together), whereas the negative terminal was connected to the aluminum
frame. After ramping to 1000 V, the voltage was held for a dwell time of 2 min, and the insulation
resistance was then recorded.

For comparison with the IEC criteria, we computed the resistance—area product Rary x A and
compared it with 40 MQ-m? for typical module areas A = 1.6-2.0 m2. In practical applications, the
exact module area should be used [1].

2.3. 1EC 61215 MQT 15 Wet Leakage Test

The wet insulation resistance Rwet was measured following the MQT 15 wet leakage current test
in IEC 61215 [1]. The test setup is illustrated schematically in Figure 1, and a photograph of the
laboratory installation is shown in Figure 2. A non-conductive polypropylene (PP) tank equipped
with a stainless- steel mesh electrode was filled with saltwater such that the solution resistivity
remained below 3500 Q-cm. The laboratory temperature was maintained at 22 + 2 °C.

Each module was placed horizontally and immersed so that the front glass and frame were fully
in contact with the solution; the junction box and cables were also wetted with the same solution by
spraying. The module’s output leads were short-circuited and connected to the positive terminal of
the insulation tester, whereas the negative terminal was connected to the bath electrode. A DC voltage
of 1000 V was applied, and after a 2 min dwell time, the insulation resistance Rwet was recorded. After
each test, the module was discharged by briefly short-circuiting the leads to the frame.

For modules with areas A > 0.1 m?, the IEC acceptance criterion is as follows:

Ryt X A =40 MQ - m?2.
In this study, a representative area A = 1.8 m? is used to derive illustrative thresholds; in real
applications, the actual module area should be used.

Insulation withstand voltage tester

Solution tank

oy - Junction box

Figure 1. Schematic diagram of the measurement circuit (adapted from Firman et al. [21]).

Figure 2. Photograph of the actual laboratory installation with the PP tank, immersed module and insulation

tester.
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2.4. Data analysis and Dry-Test Threshold

For each module, we computed the ratio

p = R

ratio Rwet,

(using MQ) units), which captures the magnitude of the dry-to-wet drop in insulation resistance. We

also classified each module as passing or failing with respect to the IEC 40 MQ-m? criterion for
assumed areas A =1.6, 1.8 and 2.0 m2.

To derive a practical dry-test threshold usable as a simple screening rule, we considered A =1.8

m? and scanned candidate thresholds T on Rdry. For each threshold, modules with Rary < T were
flagged as “at risk”, and we computed

e  Sensitivity: fraction of IEC-wet-failing modules correctly flagged as at risk;
e  Specificity: fraction of IEC-wet-passing modules correctly not flagged.

Sensitivity and specificity curves as a function of T were used to illustrate the trade-off between
conservatism and false alarms.

3. Results

3.1. Dry Versus IEC-Wet Insulation Resistance and Ratio Distributions

Across the N = 37 modules, the median wet insulation resistance Rwet was 462.5 MQ), whereas
the median dry resistance Rary was 42.4 GQ). Thus, at the median, the dry measurement overestimates
the wet resistance by a factor of approximately 110. The median ratio Rary/Rwet was 109.7x, with a
mean ratio of 543.5%, indicating a strongly skewed distribution with a long tail toward very large
dry-wet drops. Several modules exhibit ratios above 200, and five modules (Panels 11, 15, 16, 22 and
28) show catastrophic wet behavior with Rwet = 0 €, i.e., complete loss of insulation under wet
conditions.

To visualize the modulewise behavior of the dry and IEC-wet insulation resistance, Figure 3
shows the Rary and Rwet values for each module on a logarithmic MQ scale. The modules with finite
Rwet values are sorted along the x-axis by increasing the IEC-wet resistance, and the corresponding
dry resistance is shown for the same modules. For every module in the plot, Rary clearly exceeds Rwet,
typically by one to two orders of magnitude, confirming that dry measurements systematically
overestimate the insulation level that is relevant under wet operating conditions. The lowest Ruwet
values cluster well below 100 MQ), whereas most Rary values remain in the 104-105 M(Q) range. Modules
with Rwet # 0 QO cannot be shown on the logarithmic axis and are therefore omitted from Figure 2 but
are included in the statistical analysis.

To summarize the ratio Rary/Rwet in an intuitive way and explicitly include the modules with
R_wet =0 (), the ratios were grouped into five categories: 0 (Rwet = 0 Q2), 0-1, 1-10, 10-100 and 100-
1000. The resulting categorical histogram is shown in Figure 4. Five modules fall into the “0 (Rwet =0
Q)” bin, two modules fall into the 0-1 bin (Rdry < Rwet), one module falls into the 1-10 bin, and 14 and
15 modules fall into the 10-100 and 100-1000 bins, respectively. Thus, most modules exhibit dry-to-
wet drops exceeding one order of magnitude, and many exceed two orders of magnitude. This
skewed distribution underlies the failure statistics discussed in Section 3.2, where three modules fail
the dry 40 MQ-m? criterion and eight modules fail the IEC-wet criterion, with five modules showing
dry-pass/wet-fail behavior.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202512.1652.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 18 December 2025 d0i:10.20944/preprints202512.1652.v1

6 of 12

Dry and IEC-wet insulation resistance per module
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Figure 3. Dry (Rary) and IEC-wet (Rwet) insulation resistances of the field-aged modules.

Distribution of Ryry/Rwet including Ryet =0 Q

7.5

Number of modules
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Figure 4. Distribution of the dry-to-wet insulation resistance ratio Rary/Rwet. The ratios are grouped into five

categories, including catastrophic wet failure (Rwet =0 ().

3.2. Compliance with the IEC 40 MQ-m? Criterion and Dry-Pass/Wet-Fail Cases

For typical module areas A = 1.6, 1.8 and 2.0 m?, the 40 MQ-m? criterion translates into wet-
resistance limits of 25.0 MQ, 22.2 MQ) and 20.0 MQ, respectively. Using A =1.8 m? as an example, our
dataset yields

e  IEC-wet-pass modules: 29 modules;

e  JEC-wet-fail modules: 8 modules (21.6% of the set);

¢  Dry-fail modules: 3 modules already below 22.2 M() in the dry state;

e  Dry-pass/wet-fail modules: 5 modules that meet the dry criterion but fail the IEC-wet limit.

The summary statistics are listed in Table 2, and the IEC-wet pass/fail statistics are given in Table

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Table 2. Summary statistics for dry and IEC-wet insulation resistance and dry-to-wet ratio (N = 37).

Metric Rary Ruwet Ratio R_dry/R_wet
Median 42.4 GQ 462.5 MQ 109.7x
Mean (not used; skewed) (not used; skewed) 543.5x
Minimum (non-zero) 3.27 MQ (Panel 14) 4.38 MQ (Panel 34) 0.07x (Panel 33)
Maximum 110.4 GQ (Panel 15) 5.99 GQ (Panel 7) 856.6x (Panel 12)

Table 3. Compliance of the 37 field-aged modules with the IEC 40 MQ'm? insulation-resistance criterion for

typical module areas.

Assumed area ALimit R = 40/AIEC-wet passlEC-wet passDry-pass/wet-fail modules

[m2] IMQ] [count] [count] [count]
1.6 25.0 4 8 5
1.8 22.2 3 8 5
2.0 20.0 3 8 5

Thus, relying on dry insulation resistance alone would have allowed five unsafe modules out of
37 (13.5%) to pass—the dry-pass/wet-fail population. In a large plant with tens of thousands of
modules, this fraction could translate into hundreds of problematic units, with an increased risk of
ground-fault trips and safety issues [2,4,10].

Figure 5 shows Rary versus Rwet on logarithmic axes for all the modules with finite Rwet. The
crosses indicate modules that pass the IEC-wet criterion, whereas the squares indicate IEC-wet
failure. The diagonal line is Rary = Rwet, and the horizontal line is the IEC-wet limit Rwet = 40/A for A =
1.8 m2. All the modules lie well above the diagonal, confirming that Rary > Rwet for every module with
a finite Rwet. The vast majority also lie above the horizontal IEC-wet limit. However, the five dry-
pass/wet-fail modules have high Rary values but lie below the IEC-wet limit, thus failing the wet
criterion despite acceptable dry behavior.

Dry vs IEC-wet insulation resistance with IEC limit

»%  |EC-wet pass
10°{ m IEC-wet fail
a i/---- Ruwet = Rary
= ~ 1EC limit Ryet = 40/A
€ 10% 3
]
< 1 L
£ 1034 X f);
‘n 1 X)K 4
c X X xix
5 102 ] )(& i&
= E
[= sedeane
e L
2 10' 3 -
g ] |
100 .
T T T T T L T T TororroT T T T T
100 10! 102 103 104 10°

Dry insulation resistance Rgry (MQ)

Figure 5. Scatter plot of dry insulation resistance Rary versus IEC-wet resistance Ruet.

3.3. Practical Dry-Test Threshold

For A =1.8 m?, the modules were labeled IEC-wet-fail if Rwet x A <40 MQ-m?2. On the basis of this
classification, we scanned candidate dry thresholds T and flagged modules with Rary <T as “at risk”.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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For each threshold, we computed the sensitivity (fraction of IEC-wet-failing modules correctly
flagged) and specificity (fraction of IEC-wet-passing modules correctly not flagged).

Figure 6 shows the sensitivity and specificity versus T on a logarithmic x-axis, together with a
vertical line at T = 55.5 GQ (55 500 MQ). As T increases from low values, the sensitivity rapidly
approaches unity, meaning that virtually all the IEC-wet-failing modules are captured as at risk.
Moreover, the specificity decreases because an increasing fraction of IEC-wet-passing modules is also
flagged.

At T = 55.5 GQ, the sensitivity in our dataset is high (six of eight IEC-wet-failing modules are
correctly flagged), whereas the specificity is low (only a minority of IEC-wet-passing modules
correctly not flagged). This threshold is therefore deliberately conservative: it minimizes the
likelihood of missing an IEC-wet failure at the expense of flagging many IEC-wet-passing modules.
It is best understood as a triage indicator for prioritizing modules for IEC-wet verification rather than
as a stand-alone pass/fail criterion.

Sensitivity and specificity vs dry threshold (A = 1.8 m?)

1.0 - \
0.8
_S 0.6 +
)
[ %]
[1+]
i
0.4 1
0.2 1 e 2
—— Sensitivity (wet fail captured)
—— Specificity (wet pass not flagged)
0-0 ML ! T T T T T T T T AL |
10° 10! 10? 103

Dry-test threshold T on Rgry (MQ)

Figure 6. Sensitivity and specificity of IEC-wet failure prediction as a function of the dry-test threshold T on Rary

(assuming A =1.8 m?).
4. Discussion

4.1. Dew, Wet Conditions and Leakage Mechanisms

The strong dry-to-wet drop in Risol observed in this work is consistent with the physical and
electrochemical understanding of wet leakage in PV modules [2-5]. Glass-covered modules with high
infrared emissivity radiate thermal energy to the night sky and can cool below the ambient
temperature and the dew point, causing dew to form readily on the front glass, at frame edges and
at mounting interfaces. Thin water films and droplets create additional conductive pathways, lower
surface resistivity, facilitate ionic transport into micro-cracks, and degrade backsheets and
encapsulant interfaces. In combination with pre-existing material degradation, such moisture-
assisted pathways can reduce insulation resistance by several orders of magnitude compared with
dry conditions. Our measurements confirm this behavior: dry measurements overestimate wet
insulation resistance by roughly two orders of magnitude at the median, and in several cases, wet
failures are catastrophic (Rwet = 0 €2).

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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A useful analogy is provided by the Namib desert beetle, whose elytra combine high infrared
emissivity with a micro-textured surface that promotes preferential condensation in the valleys
between bumps. Figure 7 schematically illustrates this “valley condensation” mechanism. In a similar
way, dew on PV modules tends to accumulate in regions with favorable micro-geometry and thermal
coupling —such as frame edges, cell cut-outs and backsheet irregularities—forming localized water
films and droplets that effectively shorten leakage paths to grounded metal parts and promote
electrochemical reactions in polymeric components, thereby accelerating long-term degradation.

From a system perspective, the most critical combination of conditions typically occurs around
sunrise. After a long, humid night, modules often exhibit their highest surface moisture and thus
their lowest insulation resistance, while at the same time, the module and cell temperatures are at
their minimum, and the open-circuit voltage of the DC system is near its daily maximum.
Consequently, many insulation-resistance alarms and ground-fault trips in operating plants are
observed shortly after sunrise rather than at midday, when modules are warmer and partially dry
[2-5,10]. The coexistence of high system voltage and low Risl helps explain why even a relatively
small fraction of dry-pass/wet-fail modules, or a handful of catastrophic wet failures, can
disproportionately affect plant-level protection systems.

Taken together, these considerations emphasize that wet insulation resistance is not an
exceptional or extreme state but rather a regular operating condition during many mornings of the
year across a wide range of climates, including a hot desert climate. IEC-conformant wet testing
therefore mirrors real-world conditions far more closely than dry testing alone does and provides
information directly relevant for safety assessments, O&M strategies and repowering decisions at the
system level.

Figure 7. Schematic illustration of dew condensation on the elytra of the Namib desert beetle. Owing to its high

infrared emissivity and surface micro-texture, dew preferentially forms in the valleys between bumps [22].

4.2. Implications for Testing Strategies of Field-Aged Modules

At present, IEC 61215 MQT 15 is mainly applied for type approval of new products, whereas
field-aged modules in operating plants and secondary markets are rarely subjected to IEC-
conformant wet testing. Our results suggest several practical implications for testing strategies.

First, dry-only testing is insufficient to guarantee safety. In this moderate dataset, three
modules (8.1%) already fail the IEC criterion in the dry state, but eight modules (21.6%) fail under
IEC-wet conditions, including five dry-pass/wet-fail cases. In utility-scale plants, similar fractions

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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correspond to many hundreds of problematic modules and could lead to nuisance trips or safety
incidents [2,4,10].

Second, IEC-wet testing should be considered for field-aged modules, at least on a sampling
basis, in climates with frequent dew or heavy precipitation, in hot desert climates with morning dew
and in plants where backsheet-driven insulation issues are suspected [4,6-8]. IEC-wet tests capture
leakage paths that only form under wet operation and reveal catastrophic failures that dry tests miss.

Third, the proposed dry threshold of 55.5 G (for A = 1.8 m?) can be used as a conservative
screening indicator: modules with Rary values below this threshold are prioritized for IEC-wet
verification and detailed inspection, whereas modules with higher Rary values are lower priority.
Thresholds can be adapted to fleet- specific data, risk tolerance and available testing capacity.

Fourth, for new plants, operators may consider incorporating insulation-resistance monitoring
and periodic wet testing into their operation and maintenance strategies, especially for module
designs and backsheet materials known to show strong wet-resistance degradation [4,6-8].

In summary, integrating IEC-type wet testing into the toolkit for field-aged modules can
significantly improve the robustness of safety assessments while still using dry measurements as a
fast first-line screening tool. The key quantitative message is the contrast between 3 dry failures and
8 wet failures, including 5 dry-pass/wet-fail modules, in what might otherwise appear to be a
healthy population.

4.3. Repowering/Revamping Decisions and End-Of-Life Management

In high-irradiance regions with very low PV LCOE, partial repowering/revamping —replacing
older modules with newer technology after 5-10 years—can be economically attractive [16-20]. Case
studies of premature field failure have shown that the effective service life can be limited to only 3-6
years for some material combinations because of issues such as potential-induced degradation (PID),
delamination, moisture ingress or early-generation polyamide backsheets [6—8,19,20]. In these
situations, early module replacement in a repowering strategy can restore plant performance and
extend system lifetime.

The wet insulation resistance provides an additional decision parameter in this context:

e  modules that pass both dry and IEC-wet tests and show acceptable power output can be kept in
service until performance degradation or mechanical wear justifies replacement;

¢ modules that fail the IEC-wet criterion or exhibit catastrophic wet behavior (Rwet = 0 Q) represent
a safety and reliability risk, even if their dry resistance remains high; these modules should be
prioritized for replacement during repowering campaigns;

¢ By combining dry thresholds (e.g., 55.5 GQ) with IEC-wet tests, operators can identify sub-
arrays or module batches that merit priority replacement versus those that can be retained or
redeployed in less demanding applications (e.g., low-voltage systems with enhanced
protection).

From a sustainability perspective, repowering/revamping decisions and the end-of-life
management are tightly linked. Modules removed for safety reasons or as part of repowering
campaigns can be directed to advanced and sustainable recycling processes, supporting circular-
economy objectives while reducing environmental impact [9,12-15]. In sunny and hot climates with
annual specific yields of up to approximately 1800 kWh/kW, the return on investment (ROI) can be
shorter than five years [16-18]. In such contexts, repowering or revamping within 5-7 years can be
economically feasible, and reliable wet-insulation-resistance data help ensure that sustainability
considerations are fully integrated into technical and financial decision-making.

5. Conclusions

We measured the dry and IEC-wet insulation resistance of 37 field-aged crystalline-silicon PV
modules and used these data to evaluate the adequacy of dry-only testing and to explore implications
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for repowering/revamping and sustainable PV deployment and asset management. The main
conclusions are as follows:

1. Dry measurements can strongly overestimate wet insulation resistance. The median ratio
Rary/Rwet is #110%, with a long high-ratio tail where some modules show drops of more than two
orders of magnitude, and several modules exhibit catastrophic wet behavior with Rwet = 0 Q.

2. Dry-only testing can miss wet-insulation failures. In this dataset, three modules fail the IEC 40
MQ-m? criterion in the dry state, whereas eight modules fail under IEC-wet conditions. Five of
the wet-failing modules are dry-pass/wet-fail cases, demonstrating that dry-only testing is not
sufficient to ensure compliance under wet operation.

3. A conservative dry-test threshold of approximately 55.5 GQ (for A = 1.8 m?) provides high
sensitivity but low specificity for predicting IEC-wet failure. This threshold is best used as a
triage indicator to prioritize modules for IEC-wet verification and closer inspection rather than
as a stand-alone acceptance criterion within a testing and risk-management strategy.

4. IEC-conformant wet testing of field-aged modules—at least on a sampling basis —should be
considered in climates with frequent dew or heavy precipitation, in hot desert climates with
morning dew and where backsheet-related insulation problems are suspected [2-8] as part of
sustainable operation and maintenance practices.

5. Wet insulation resistance is highly relevant for the end- of- life decisions of PV panels and
for repowering/revamping within 5-10 years, particularly in demanding hot climates. It helps
identify modules that should be removed for safety reasons during repowering campaigns and
directed to appropriate recycling routes [9-15], thereby aligning operational safety with a
circular-economy and sustainability objectives.

The incorporation of wet insulation testing into the standard assessment of used and field-aged
PV modules is therefore recommended as a practical step toward safer, more reliable and more
sustainable PV deployment.
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