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Abstract

Although solar photovoltaic (PV) technology is a well-known sustainable energy source,
as glass-on-glass bifacial modules have dominated the market during the rapid scaling
of the PV industry, glass breakage has become an environmental concern. This study
explores the reuse of broken modules to further improve PV sustainability through case
studies of 3.45 MWp and 1.4 MWp solar farms, comprising over 12,700 modules. After
cleaning and testing, 1.45% of PV modules were physically damaged due to glass breakage
during transport or handling at the solar farms in Brazil. Recycling of PV modules is
infrequent; therefore, the reuse of modules under these conditions was explored. Nine
modules with glass damage were connected to the electricity grid using a carport-type
structure, and 36 diagnostic current–voltage (I-V) tests were carried out over an 18-month
experimental period. Tests to detect faults and low system insulation resistance indicated
that the implementation of non-invasive, remote, online, and periodic monitoring enabled
the system to operate and enabled the reuse of damaged modules. Although the electrical
results were promising, future work is needed to evaluate methods to ensure the broken
glass is sealed to prevent electric shock hazards and to maintain long-term safe performance.

Keywords: recycling; glass; photovoltaic; solar energy; transport; sustainable reuse;
sustainable energy

1. Introduction
Solar photovoltaic (PV) technology has long been regarded as a pathway to a sus-

tainable society, but managing PV waste is essential to achieving full sustainability [1].
Although large-scale solar photovoltaic (PV) systems have historically used monofacial PV
modules, bifacial PV modules, which absorb light on both sides, offer several advantages.
Many careful studies in the literature have shown substantial bifacial gains [2,3], and
bifacial installation costs are only slightly higher or effectively the same as monofacial PV
costs [4,5]. This explains the rapid rise of bifacial PVs, particularly on solar farms, which im-
prove sustainability metrics relative to lower-energy-producing monofacial modules. The
bifacial gain compared to monofacial modules depends on the latitude, diffuse fraction, and
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albedo. These gains can become particularly high for snowy environments [6,7] with high
albedos [8], but even in non-snowy environments, the levelized cost-of-electricity (LCOE)
from bifacial PVs is 2–6% lower than that of monofacial systems [9,10]. The snow-albedo
effect can also be extended to warm environments. Kawashima et al. [11] investigated the
effect of white foam glass spread in PV installation sites by measuring the albedo factor. The
production of white foam glass from waste glass as a raw material is a promising approach
to glass waste recycling. It provides a highly reflective white-colored ground cover for
weed control. The improved performance of bifacial PVs is also observed in tracking PV
systems [12]. For example, Melo et al. [13] present and compare simulation results of a PV
plant composed of monofacial and bifacial modules installed on a fixed structure and solar
trackers in seven localities in Brazil. The bifacial gains varied from 3.78% to 8.16%. The
tracker gains varied between 13.40% and 18.20%, and were inversely proportional to diffuse
irradiance. The simultaneous utilization of both technologies resulted in gains ranging
from 19.39% to 27.39%. Similarly, Rodríguez-gallegos et al. [12] present a global analysis of
the potential yield and cost-effectiveness of PV farms comprising monofacial fixed-tilt and
single/dual (1T/2T) tracker installations, as well as their bifacial counterparts. The findings
demonstrated that bifacial single-axis tracker installations attained the lowest LCOE values
for 93.1% of the total land area, whereas monofacial single-axis tracker installations reached
the second lowest LCOE values for 87.9% of the total land area. Despite dual-axis tracker
installations achieving the highest energy production, their current high costs mean that
they have only reached the lowest LCOE values for locations near the poles.

Bifacial PV technology also enables new mounting geometries. For example, Guo
et al. [14] found vertically mounted bifacial modules facing east–west produce a greater
quantity of energy in the early morning and late afternoon than conventionally mounted
monofacial modules. Bifacial PVs are particularly attractive for vertical farms and fence-
based PVs [15] in agrivoltaics [16,17], which shows that PVs can be sustainable and also
have the potential to be regenerative [18]. Bifacial PVs can also be used in buildings. For
example, in a study by Chen et al. [19], a prefabricated building was constructed with
bifacial PV modules installed on two facades and the roof, for the purpose of continuously
testing the power generation of bifacial PV modules when applied to BIPV (building-
integrated photovoltaics). The relationship between daylighting and electricity generation
improvement has been identified, with indoor daylighting found to be positively correlated
with the power generation of bifacial PV modules. This raises the potential for interesting,
high-performance, and novel architectures with bifacial PVs [20]. In addition, according
to Gu et al. [8], the bifacial PVs have an advantage in adapting to fluctuating weather
conditions, especially under low-solar-irradiance conditions. Under intense light, however,
they appear to operate at higher temperatures that may reduce their lifetime. Non-uniform
distributions of backside irradiance will cause micromismatch losses in bifacial PV modules,
which reduce the output power. The micromismatch losses of bifacial modules under
different conditions (including grassland, cement floor, and snowfield conditions, and with
and without a crossbeam) were analyzed by Wang et al. [21]. Despite these challenges, the
improved performance of bifacial modules is enabling them to rapidly gain market share
and they now account for about 75% of utility-scale solar [22].

It can thus be safely assumed that the majority of future PV waste will be bifacial
modules, and end-of-life concerns remain because PV recycling economics require policy
interventions, such as producer responsibility, to ensure that these complex devices are
recycled and realize their full sustainability potential. In a review of policies and guidelines
for PV recycling in a selection of countries, Sharma et al. [12] considered Germany, the
UK, Italy, Switzerland, Norway, the Czech Republic, Japan, the USA, China, and South
Korea, as well as India. Many countries still lack formal programs. For example, India

https://doi.org/10.3390/su18041948

https://doi.org/10.3390/su18041948


Sustainability 2026, 18, 1948 3 of 22

is installing substantial PVs (>132 GW installed by 2025) [23], with minimal attention
being directed towards the imminent challenge of managing solar waste [24]. Lack of
infrastructure, waste handling, and recycling guidelines put India in a precarious position
for achieving the twin objectives of energy security and sustainability [25]. To partially
address this, the PV industry has also voluntarily developed models based on PV recycling,
including First Solar, SolarWorld Global, and PV Cycle. In the case of Germany, two
financial mechanisms, i.e., Business-to-Consumer (B2C) and Business-to-Business (B2B),
were studied for implementing the PV module recycling program [26]. Overall, however,
the industry still has a long way to go to recycle all PV waste. Currently, only about 10% of
all PV technology is recycled [27].

A concerning issue related to the lifecycle of silicon-based PV panels is the generation
of electronic waste (e-waste) when they reach end-of-life (EOL) [28,29]. The EOL can come
quickly for PVs that are damaged during shipping and handling. Work is underway to
upcycle silicon from PVs into batteries, but, although promising, this technology is still
under development [29–31]. Thus, these modules are normally immediately discarded. It
is, however, possible to use mechanically damaged modules, although PV manufacturers
generally recommend not doing this [32]. PV manufacturers note that cracks or breaks
in modules pose a potential electric shock hazard due to leakage currents, with a higher
risk of shock when modules are wet. For example, Van Der Heide et al. [33] discussed the
reuse of decommissioned PV modules, noting the complex requirements from technical,
economic, environmental, and legislative perspectives. A clear performance threshold at
70% of the original power was proposed for a PV module to not be considered as waste.
In the initial stage, a visual examination eliminates modules with shattered glass, bent
frames, hot spot damage, and other indications that preclude further inspection. Research
conducted by Nieto-Morone et al. [34] used a comprehensive standardized methodology to
characterize 23 partially repaired crystalline silicon PV modules from a twelve-year-old PV
plant in Spain. This work integrates visual inspection, electrical parameter testing, elec-
troluminescence imaging, and thermographic imaging techniques to provide an in-depth
assessment of the modules’ operational condition and identify the nature and extent of
defects that remain after partial repair. Notably, despite the presence of defects, approxi-
mately 87% of these modules exhibit a power loss of less than 20%. Tas & Van Sark [35]
tested an experimental glass repair technique for glass–glass PV modules. PV modules
with glass defects did not exhibit internal defects in the PV cells. The repaired specimens
performed properly at each phase of the repair process compared with reference modules,
IEC standards, and the manufacturer’s warranty. They found that glass–glass PV modules
which endured glass defects did not show performance loss or internal damage to the PV
cells. Glass–glass PV modules demonstrate resilience to cell breakage, and glass defects are
expected to cause degradation over time. The lack of water-induced degradation indicates
that repaired glass layers are insulating. Definite conclusions must be made with caution,
however, since the non-repaired PV modules did not show visual signs of water ingress
either. The standard approach of replacing damaged PV panels with new ones is expensive
and not particularly environmentally friendly with respect to carbon emissions [36]. Thus,
the interesting possibility of using PV modules with broken glass to give them a second life
arises, particularly if the electric shock hazard can be addressed.

To investigate the possibility of improving the overall sustainability performance of
real-world PV systems, this study explored case studies of solar farms with a combined
capacity of 3.45 MWp and 1.4 MWp, comprising over 12,700 modules. In the case study, it
was observed that, for every 70 new modules delivered to or installed at the site, at least one
was damaged, indicating that 1.45% of the total modules available are experiencing transport-
or handling-related problems. To determine the viability of these modules, nine were selected
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for a total of 36 diagnostic tests, or current–voltage (I-V) tests, which were carried out over
an 18-month experimental period. Specifically, tests to detect faults in low system insulation
resistance were carried out to determine the implementation of non-invasive, remote, online,
and periodic monitoring, which enabled the safe operation of the system and facilitated the
reuse of damaged modules. The results are presented and discussed.

2. Materials and Methods
Figure 1 illustrates the logistical challenges associated with transporting new PV mod-

ules in Brazil, highlighting the actual work practices of transport and delivery companies.
The road infrastructure is in a state of disrepair, and the modules were transported over
long distances. The transportation of the materials without glass breakage from the seaport
to the laboratory car park at the Federal University of Fronteira Sul Campus, Erechim, ap-
proximately 500 km, represents a significant challenge. The lifting was conducted without
the use of a lifting rocker. The deformation of the packaging resulted in damage to the
aluminum structure of the modules, which was likely a contributing factor for the observed
glass breakage. Finally, unloading the PVs onto the ground entailed a risk of collision and
tilting of the storage unit.

   
Figure 1. The module box was transported by truck from the seaport to the installation site. The
packaging sustained damage because of the load being placed on the lorry platform. The subsequent
image depicts the operation without the utilization of a lifting rocker. The subsequent stage of the
process involved the transfer of the modules from the storage site to the plant.

After the steps shown in Figure 1, the modules are then unloaded at the plant and
analyzed using non-destructive techniques [37]. Table 1 shows the technical material and
electrical characteristics of the equipment used in this work.

Moreover, all nine modules installed in the carport were of the same brand and type:
Canadian Solar’s CS3U-380MB-AG, Canada. The front-side nameplate power at standard
test conditions (STC) is 380 Wp. Any higher power ratings that have been discussed for
this particular type refer to the bifacial gains with respect to irradiance (albedo) specified in
the datasheet.

A Davis Vantage Pro2 Weather Station (CA, USA) was used to collect meteorological
data including temperature, wind speed, humidity, and solar radiation. Outside tempera-
ture measurements had a resolution of 0.1 ◦C, a range of −40 ◦C to +65 ◦C, and a nominal
accuracy (+/−) of 0.3 ◦C. Wind speed measurements had a resolution of 0.4 m/s, a range
of 0 to 809 m/s, and a nominal accuracy (+/−) greater than 1 m/s. Outside humidity was
measured with a resolution of 1%, a range of 1 to 100%, and a nominal accuracy (+/−) of
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2% RH. Global solar radiation measurements had a resolution of 1 W/m2, a range of 0 to
1800 W/m2, and a nominal accuracy (+/−) of 5% of the full scale.

Table 1. Materials and equipment of the experimental unit.

Carport Structure Canadian Solar Inc. PV Modules Sungrow Inverter 1
(Initial Commissioning, No I-V Scan)

Sungrow Inverter 2
(I-V Scan Diagnostics)

Profiles and supports: 6063-T5
anodized aluminum

CS3U-380MB-AG
Electrical data STC

SG5K-D
Commissioning
(9 modules)

SG3.0RS-S
Commissioning (tests)

Screws and nuts:
304 stainless steel Pmax (front STC, nameplate) 380 Wp Output Power 5 kWac Communication Winet-S

Ethylene propylene diene
methylene rubber (EPDM) sealing
between modules

Eff. 18.94%. Bifacial gain contribution:
depends on albedo (effective power
can exceed 380 Wp)

Max. Input Voltage 600 Vdc V DC max 600 Vdc

Tilt angle 10◦ Vmp 40 V Min. MPP Voltage 90 Vdc VDC MPP 40 till 560 Vdc

2 × rod profile of 2200 mm Imp 9.5 A Max. MPP Voltage 560 Vdc IDC max 16 Adc

2 × rod profile of 2960 mm Voc 47.8 V Max. Input Current 10/10 Adc ISC PV 20 Adc

2 × rod profile of 2900 mm Isc 10.01 A Isc PV 24(12/12) Adc Vac 220 Vac

2 × beam profile of 6150 mm Monocrystalline Output Voltage 220 Vac Iac 13.7 Aac

4 × beam profile of 3200 mm Bifacial Max. Output Current 22.7 Aac Pac 3000 Wac

Note: The module is bifacial; rear-side contribution (albedo) may increase effective power in the field, but Table 1
reports only front-side STC nameplate values to avoid confusion and to ensure consistent comparison.

I-V curves can be obtained through a variety of methods, including (A) a variable
resistor, (B) a capacitive load, (C) an electronic load, (D) a bipolar power amplifier, (E) a
four-quadrant power supply, (F) a DC-DC converter [38,39]. Here, the IV curve was
obtained with Sungrow inverters (Anhui, China) and the use of the ‘Online I-V curve scan
and diagnosis’ functionality of the iSolarCloud software. For accurate measurements, the
irradiance should remain stable and exceed 500 W/m2 for at least 11 s.

Figure 2 shows the representative condition of the PV modules that were stored
following their disposal at the PV plants’ installation sites. All modules originated from the
same project and were of a similar model. After checking all modules, the undamaged ones
were installed in plants with a combined capacity of 3.45 MWp and 1.4 MWp, comprising
over 12,700 modules.

  
Figure 2. Status of the photovoltaic modules stored after being disposed of at the photovoltaic plant
installation site.

Given the transport and handling (shown in Figures 1 and 2) of the components listed
in Table 1, it is not entirely surprising that some of the modules were damaged. Figure 3
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illustrates an example of the visible damage to one of the modules received in the initial
shipment following its cleaning. The image was captured after transportation over 400 km,
from the PV plant where the modules were stored to the Federal University of the Southern
Frontier Campus in Erechim, Brazil. Consequently, for every 70 modules delivered to the
site or installed, at least one was found to be damaged (representing 1.45 percent of the
total number of modules).

 

Figure 3. Damage visible to the naked eye after cleaning the 16 modules received in the first
loading/transport. The WARNING-ELECTRIC HAZARD stands out.

Table 2 shows the specific dates and times of the tests. All modules were tested using
iSolarCloud version 1.4.6_20251209. In the fault diagnosis report, Sungrow restricts its
discussion of the method’s accuracy to the following: the STC data obtained by applying
a mathematical model to the test data. These data are used for reference only and do
not guarantee its complete accuracy. This work makes a clear distinction in analysis
between the outputs of the scans conducted in operating conditions and the corrected
STC estimates given by the iSolarCloud system. Similar differences are also considered by
Esposito et al. [37] in the context of field-IV measurements, reference condition correction,
and validation aspects, as discussed in the literature on system performance analysis [40].
Therefore, this study used the approach to verify the reproducibility of the results and the
types of faults. During the tests, two inverters of the same brand but different models were
utilized (Table 1). Tests were conducted on clear, cloudless days between 1 May 2024 and
15 August 2024. Figure 4 depicts the front face of the nine bifacial modules installed in
the carport structure of the laboratories of the Federal University of Fronteira Sul Campus,
Erechim/Brazil. It can be observed that all the modules exhibited some degree of damage
to the front and/or rear glass. All 36 I-V scans in Table 2 were obtained with the SG3.0RS-S
inverter using iSolarCloud. SG5K-D operation is discussed only in the commissioning
context and for grid-quality fault statistics.
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Table 2. Identification of the experiments performed.

I-V Curves Day Date Time Status I-V Curves Day Date Time Status

1 1◦ 15/05/2024 11:56 Normal 21 8◦ 29/06/2024 11:32 Abnormal

2 15/05/2024 12:45 Normal 22 29/06/2024 11:57 Normal

3 2◦ 30/05/2024 11:41 Normal 23 29/06/2024 12:09 Normal

4 30/05/2024 12:39 Normal 24 29/06/2024 12:17 Normal

5 30/05/2024 13:28 Normal 25 29/06/2024 13:18 Normal

6 3◦ 11/06/2024 12:12 Normal 26 9◦ 30/06/2024 11:43 Normal

7 11/06/2024 12:15 Abnormal 27 30/06/2024 11:45 Normal

8 11/06/2024 12:18 Normal 28 30/06/2024 12:00 Normal

9 4◦ 12/06/2024 12:47 Normal 29 10◦ 01/07/2024 12:06 Normal

10 12/06/2024 12:50 Normal 30 01/07/2024 12:57 Normal

11 5◦ 13/06/2024 14:22 Normal 31 11◦ 18/07/2024 10:36 Normal

12 6◦ 14/06/2024 11:22 Abnormal 32 18/07/2024 12:23 Normal

13 14/06/2024 12:13 Normal 33 12◦ 31/07/2024 12:02 Normal

14 14/06/2024 12:36 Normal 34 31/07/2024 12:49 Normal

15 7◦ 27/06/2024 12:34 Normal 35 13◦ 01/08/2024 13:28 Normal

16 27/06/2024 12:35 Normal 36 14◦ 02/08/2024 13:16 Normal

17 27/06/2024 12:53 Normal

18 27/06/2024 13:18 Normal

19 27/06/2024 13:19 Normal

20 27/06/2024 13:30 Normal
The underline is necessary to highlight more those events.

 

Figure 4. Nine bifacial modules installed in a carport structure. All the modules show some kind
of damage to the front and/or rear glass. Image was taken on a day with high humidity, which
served as a test for the electrical insulation. It is located in a car park of the laboratories at the Federal
University of the Southern Frontier Campus Erechim/Brazil.
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3. Results and Discussion
The analysis period spanned a total of 18 months, and Table 2 summarizes the experi-

ments conducted. The issues specifically focused on included code 2 = grid overvoltage;
code 10 = grid drop; code 4 = grid undervoltage, and code 9 = grid underfrequency.

There were only three abnormal scans, all of which occurred at or below the recom-
mended level of irradiance and could not be replicated at a higher and more stable level of
irradiance (see Supplemental Information).

The fault described on 11 June 2024 showed an abnormality in the I-V data. The fault
may have been caused by abnormal inverter sampling or communication. It appears that
warning 4 was the cause of the fault at 12.15 p.m. on 11 June 2024. The fault on 14 June
2024 at 11:22 and 29 June 2024 at 11:32 indicates a string current mismatch.

The iSolarCloud IV scan is also sensitive to boundary conditions. If the irradiance is
below the minimum recommended level or varies during the scan, abnormal I-V points
and diagnostic classification can be altered. Furthermore, when the inverter is offline or
unstable, invalid results can be shown in the report, with zeros in the detailed electrical
tables, suggesting that there is an artifact in acquiring the results rather than a PV electrical
problem. Thus, abnormal classification results are based on a combination of diagnostic
flag results, stability of irradiance during the scan, and reproducibility with multiple scans.

It is recommended that the following steps be taken to repair the issue: 1. Check whether
there are PV modules in the string that are shaded or where the front glass has cracked.
2. Check whether there are PV modules inside the string with different power ratings or
models. 3. Perform infrared image testing to check whether there are hot spot PV modules
and also check whether the PV module back plate has burn spots. 4. Perform I-V and
electroluminescence (EL) testing again on the PV module to check whether it has low short-
circuit current or power or whether the PV module cell has a crack. 5. During the I-V scanning,
the shade of clouds covering the string will cause differences in irradiation, and this fault may
be reported. It appears that warnings 1 and 4 were the underlying cause of the failure.

The recommendation is that, in cases of damaged modules, the system should be
completely shut down to prevent the inverter, while tracking maximum power, from
overheating the module (formation of hot spots) and causing a fire or increasing the risk
of electric shock. Here, fault diagnosis and online monitoring were used, so that, in case
of current leakage, the system operator would immediately receive an alarm notification
via email and through the inverter application. On a sunny day, however, even if the
inverter is switched off, the modules will remain fully energized due to the photovoltaic
effect. To avoid unnecessary exposure of the carport user, the authors performed a triage
of the discarded modules (initial step upon receiving the modules). If an alarm had been
triggered, the procedure was to shut down the inverter and isolate the area until solar
irradiance decreased, thereby allowing corrective maintenance, which was the complete
replacement of the module.

Tests were conducted on clear, cloudless days between 1 May 2024 and 15 August
2024, which supports the selected dates and those indicated on the horizontal axis of the
figures. Figure 5 illustrates the dynamic behavior of the temperature on the test days. The
temperature exhibited a range from 26.1 ◦C to −0.8 ◦C. This range is directly correlated
with the seasons in which the PV plant was installed, where the onset of autumn occurred
at 00:06 on 20 March 2024 (month 3), while winter commenced at 17:51 on 20 June 2024
(month 6). The advent of spring was noted at 09:44 on 22 September 2024 (month 9). The I-V
curve tests were therefore conducted during the autumn and winter months in the southern
hemisphere. According to the PVGIS TMY 5.2 database (PVsyst 7.4.5), the average annual
temperature is 18.2 ◦C, while the Meteonorm 8.0 (2006_2017) Sat100 database (PVsyst 7.4.5)
indicates a higher average of 19.8 ◦C.
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Figure 5. Dynamic behavior of the ambient temperature on the fourteen test days: two days in May,
seven days in June, three days in July, and two days in August 2024.

Figure 6 illustrates that the wind speed at the site where the carport was installed
is typically low. The average annual speed is 2.5 m/s according to the PVGIS TMY 5.2
database and 4.5 m/s according to the Meteonorm 8.0 database. The outdoor installation
and the height of the carport’s aluminum structure facilitated ventilation, but made it
challenging to obtain reliable, glare-free thermographic images.

Figure 6. Dynamic behavior of wind speed on the fourteen test days: two days in May, seven days in
June, three days in July, and two days in August 2024.
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Figure 7 illustrates the dynamic behavior of humidity on the test days. This variable
is of paramount importance, as high humidity levels increase the likelihood of electrical
current leakage. In the event of a fracture in the glass covering the front and/or rear
of the modules, the ingress of rainwater or elevated humidity levels may facilitate an
alternative pathway for the discharge of electrical energy to the ground. An additional
potential consequence is the energization of the metal structure of the modules and the
carport, which could increase the risk of electric shock to users of the car park covered by
PV modules. On days with low humidity, the level was 30% (the minimum), while, on
the wettest days, it reached 95% (the maximum). The average annual relative humidity is
79.3% according to the PVGIS TMY 5.2 database and 71.5% according to the Meteonorm
8.0 database.

Figure 7. Dynamic behavior of ambient humidity on the fourteen test days: two days in May, seven
days in June, three days in July, and two days in August 2024.

Figure 8 shows the dynamic behavior of solar irradiation, demonstrating that the tests
were conducted on days with clear skies and no cloud cover. Despite the high humidity of
up to 95%, precipitation was not observed, and any clouds that did exist were sparse and of
minimal size. The mean annual global horizontal irradiation is 195 W/m2 according to the
PVGIS TMY 5.2 database and 210.4 W/m2 according to the Meteonorm 8.0 database. The
cloudiest day was 11 June 2024, while the day on which the meteorological conditions came
closest to the ideal test conditions was 2 August 2024. It is recommended that intelligent
diagnostic analyses be carried out under stable irradiation exceeding 600 W/m2 between
11 a.m. and 1 p.m.

Figure 9 exhibits the alarms and faults documented by the iSolarCloud software and
Sungrow’s SG3.0RS-S inverter during the interval in which the tests were conducted (1 May
2024–15 August 2024). This is an embedded system within the inverter. Advanced users
have restricted access to electronics and some functions of the source code. These are
reports that must be interpreted technically.
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Figure 8. Dynamic behavior of solar radiation on the fourteen test days: two days in May, seven days
in June, three days in July, and two days in August 2024.

Figure 9. Faults reported by the iSolarCloud software and Sungrow SG3.0RS-S inverter during the
period in which the tests were carried out (1 May 2024–15 August 2024). Fault code x 24 h a day, plot
type scatter, custom construction, row number numerics. Total of 73 faults, in time sequence, from past
to present: 62 faults, code 2 = grid overvoltage; 7 faults, code 10 = grid outage; 1 fault, code 4 = grid
undervoltage; 1 fault, code 9 = grid underfrequency; 2 faults, code 38 = system malfunction.
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The longest interval between the occurrence of a fault and the subsequent recovery
of the system was 40 min. In most cases, recovery was observed within a few minutes
of the initial event. The required recovery time depends on the prevailing conditions of
the electricity network. The weather conditions, the presence or absence of clouds, and
the time of day at which the alarm is triggered are also factors that influence the speed of
recovery. For instance, if the alarm occurs in the late afternoon, recovery may not occur
until the following day.

On the test days, no alarms were issued, except for on 13 June 2024 at 15:18 (15:14:32
to 15:18:42), which was characterized by a mains overvoltage. Figure 9 illustrates that
most of the faults were associated with code 2, which is linked to the alarm triggered by
mains overvoltage. The data indicate that most faults occurred during the afternoon shift,
between 1 p.m. and 6 p.m.

Figure 10 demonstrates the occurrence of alarms and faults between the dates of
10 February 2023 and 30 September 2024, during which the SG5K-D inverter was connected
to the photovoltaic plant and the grid. The alarms indicate that the quality of the energy
supplied by the electricity distributor was substandard. No issues were identified in the
photovoltaic system. The categories of events (overvoltage, voltage drop, undervoltage,
and underfrequency) originated from the grid, with no malfunction detected on the PV side.
In Brazil, the ANEEL and ABNT standards NBR 16149:2013 [41] regulate the connection
interface between PV systems, related to voltage and frequency operation bands, as well as
reconnection conditions. Please refer to the Supplementary Materials.

Figure 10. Alarms and faults that appeared in the period 10 February 2023–30 September 2024
using the SG5K-D inverter. Total of 356 faults, in time sequence, from past to present: 281 faults,
code 2 = grid overvoltage; 50 faults, code 10 = grid drop; 23 faults, code 4 = grid undervoltage;
2 faults, code 9 = grid underfrequency.
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In Sungrow’s iSolarCloud software, following the address Plant > Settings > Common
Parameter Settings >Inverter Parameter Query >> Advanced Settings > Inverter Parameter
Query >> Common Parameter Query >> Advanced Parameter Query >> View Task History,
the user will have access to the Inverter Remote Parameter Query, totaling 69 parameters
in the case of the SG5K-D inverter and 182 parameters in the case of the SG3.0RS-S inverter.
Parameters of interest that are related to the alarms and faults reported by the inverters used
in this work (inverter remote parameter query, iSolarCloud software, Sungrow SG5K-D and
SG3.0RS-S inverters) include the following: overvoltage recovery value, 240 V; undervoltage
recovery value, 178 V; overfrequency recovery value, 60.1 Hz; underfrequency recovery
value, 59.9 Hz.

Figure 11 represents the dynamic behavior of solar irradiation and humidity on
11 July 2024. The data were obtained from the Davis Vantage Pro2 weather station, which
was installed 30 m from the carport. The day was characterized by precipitation and high
humidity, with a humidity level of 94% recorded between 8 a.m. and 6 p.m. Despite low
solar irradiation, with a peak of only 276 W/m2, it is evident that the dynamic behavior of
the DC voltage and current generated energy. The data were obtained using the iSolarCloud
software and a Sungrow SG3.0RS-S inverter.

Figure 11. The following investigation considers the dynamic behavior of solar irradiation and
humidity on 11 July 2024. Furthermore, the dynamic behavior of the direct current (DC) voltage and
current on the same day is presented. The software used was iSolarCloud, and the inverter was the
Sungrow SG3.0RS-S.

The grid-related faults recorded in July 2024 were two in number: one on the 14 July
2024 at 09:43:35 and one on the 28 July 2024 at 08:09:44. In both cases, the inverter fault code
was 10 (mains failure). No fault code 39 (low system insulation resistance) was recorded
during the monitoring period. No abnormal behavior in the conductive carport structure
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was observed during the routine inspection. This included the inspection on the 11 July
2024 under high humidity.

For the intelligent I-V diagnostics method, the parameters of the PV module need to be
correctly entered so that the PV operating curve is correctly compared with the model curve.
Under the monitored operating conditions, the I-V diagnostics method did not indicate
insulation-related faults. Neither the inverter’s residual current protection nor the residual
current device (RCD) in the main panel was triggered. While these observations are in
favor of the PV system’s stable operation during the mentioned period, the compliance
with the IEC/EN 62446-1 standard [42] cannot be guaranteed. It should also be noted that
the carport structure was equipotentially bonded and grounded.

The standard ABNT NBR 16274:2014 Grid-Connected PV Systems [41] particularly em-
phasizes measuring the I-V curve and identifying defects in photovoltaic modules/arrays
or shading problems, including damaged cells/modules, short-circuited bypass diodes,
localized shading, mismatch between modules, and the presence of excessive parallel
and/or series resistance in photovoltaic cells/modules/arrays. Furthermore, the I-V curve
represents an acceptable alternative method for measuring the open-circuit voltage, short-
circuit current, and power of the PV array. Consequently, the ‘Online I-V curve scan and
diagnosis’ function in Sungrow’s iSolarCloud software was employed. The concordance
between traditional commissioning tests and non-invasive commissioning using artificial
intelligence was demonstrated by Esposito et al. [37].

Figure 12 illustrates the dynamic behavior of the thirty-six I-V curves generated over
the fourteen test days. The nine modules installed in the carport were originally divided
into two strings due to the utilization of the SG5K-D inverter. During the tests, which
were from 5 January 2024 to 4 June 2024, the SG3.0RS-S inverter remained connected to
string 1, which consisted of five modules in series. This configuration is equivalent to
the open-circuit voltage value in STC (the standard test conditions (CS3U-380MB-AG)
yielded an open-circuit voltage value of Voc = 239Vdc, with an Isc range of 10.01 Adc to
13.01 Adc). From 4 June 2024 to 19 June 2024, the SG3.0RS-S inverter remained connected
to string 2, comprising four modules in series. In standard test conditions (STC), this
configuration yielded an open-circuit voltage value of Voc = 191.2Vdc. From 19 June 2024
to 15 August 2024, the SG3.0RS-S inverter remained connected to the string comprising
nine modules, which is equivalent to an open-circuit voltage of 430.2 Vdc in the STC. There
was a strong correlation between the estimated open-circuit voltage (Voc) values and those
provided by the manufacturer under STC. In this case, the purpose of the comparison was
merely to provide a qualitative consistency check, as the values of the STC were model-
corrected estimates and not direct measurements of the STC. This is also consistent with the
documentation of the diagnostic tool, as well as the commissioning procedures described
in [37]. Figure 5 illustrates the variation in ambient temperature from +26.1 ◦C to −0.8 ◦C
on test days.

In the PV Module Product Datasheet V5.561_AU (2019), the module manufacturer
presents only I-V curves for the CS3U-390MB-AG model in graphical form. The irradiation
of 600 W/m2 is equivalent to an Isc of approximately 6.1 A_(dc), while an irradiation
of 800 W/m2 results in an Isc of approximately 8.2 A_(dc). Furthermore, the datasheet
indicates that the CS3U-375-380-385-390-395-400MB-AG modules exhibit identical charac-
teristic temperature coefficient specifications. The maximum power output (Pmax) indicates
a negative temperature coefficient of −0.36% per degree Celsius, while the Voc and the
short-circuit current (Isc) display a negative coefficient of −0.29% and 0.05% per degree
Celsius, respectively. By correlating Figure 8 with Figure 13, it can be inferred that there
is a notable correlation between the fluctuations in irradiance on the test days and the
corresponding variations in the estimated short-circuit current. A similar result is ob-

https://doi.org/10.3390/su18041948

https://doi.org/10.3390/su18041948


Sustainability 2026, 18, 1948 15 of 22

served when the approximate Isc (under 600–800 W/m2) provided by the manufacturer is
compared with the estimated values from the I-V characteristics in Figure 13.

 

Figure 12. Dynamic behavior of the thirty-six I-V curves generated over the fourteen test days. Black: 1
May 2024 to 4 June 2024: the SG3.0RS-S inverter remained connected to the string comprising five
modules. Red: 4 June 2024 to 19 June 2024: the SG3.0RS-S inverter remained connected to the string
comprising four modules. Blue: 19 June 2024 to 15 August 2024: the SG3.0RS-S inverter remained
connected to the string comprising nine modules. Note: The 36 I-V curves shown correspond to scans
generated with the SG3.0RS-S inverter using iSolarCloud; commissioning operation with SG5K-D is
not included in this I-V scan dataset.

Figure 14 shows the dynamic behavior of the I-V curves, which exhibited a certain
degree of deviation. The discrepancy observed in the blue curve (18 July 2024 10:36) can
be attributed to ‘current variation’ resulting from the irradiation of 618 W/m2 (original
data, Isc = 4.896 A) at that specific point in time. An increase in irradiation to 688 W/m2

(original data, Isc = 7.661 A) would not be sufficient to elicit a 2.765 A increase in Isc in the
green-colored curve (29 June 2024 11:32).

For Isc, the scaling is expected to remain approximately linear for similar spectra
and temperatures. Using the measured data presented above, for G1 = 618 W/m2 and
Isc,1 = 4.896 A, the expected value for Isc at G2 = 688 W/m2 is Isc,2(expected) = Isc,1 ×
(G2/G1) = 4.896 × (688/618) = 5.451 A.
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Figure 13. Dynamic behavior of the I-V curves that were generated at a time close to 12 noon on the
test days.

Figure 14. Dynamic behavior of the I-V curves that showed some kind of deviation, which could be
considered a fault.
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Therefore, the expected increase is ∆Isc(expected) = 5.451 − 4.896 = 0.555 A but the
measured increase is ∆Isc(observed) = 7.661 − 4.896 = 2.765 A. Comparing the ratios, the irra-
diance increased by 11.3% (688/618 = 1.113), but Isc increased by 56.5% (7.661/4.896 = 1.565),
which is not near-linear. For an additional check, PVSyst (version 8.0.13) simulations for the
same type of cell (CS3U-380MB-AG) return Isc ≈ 6.3 A for 618 W/m2 and Isc ≈ 7.0 A for
688 W/m2, with an increase of ∆Isc ≈ 0.7 A, again significantly lower than the measured
∆Isc. Considering the uncertainty of the irradiance sensors (nominal 5% of full scale) and the
possibility of short transients while performing the IV scan, the measured data still show a
significant discrepancy and likely involve additional parameters such as irradiance variation
during the scan, intermittent shading, mismatch, or measurement artifacts.

The Sungrow diagnostic reports clearly indicate that the I-V curve plots match the
original scan data, whereas the STC data provided are model-corrected based on the scan
data and are for reference only. For example, the STC-corrected Isc current recorded for
the scan conducted on the 18 July 2024 at 10:36 was given as 10.01 A, which is the same as
the STC-corrected Isc current recorded for the scan conducted on the 29 June 2024 at 11:32,
even though the scan conducted on the 18 July 2024 at 10:36 was recorded as a normal
scan, while the scan conducted on the 29 June 2024 at 11:32 was recorded as abnormal
based on the presence of a step on the curve (Table 2). Moreover, the unusually low Isc

current recorded during the scan conducted on 18 July 2024 at 10:36 may have been due to
non-ideal scan conditions.

In the case of the scans conducted on 14 June 2024 at 11:22 and 29 June 2024 at 11:32,
the diagnostic report indicated a string current mismatch and provided repair advice,
suggesting possible cracked glass and a cell problem. In the current study, the solar module
already had a glass crack, and the I-V curve scan is known to be sensitive to boundary
conditions such as the level and stability of the irradiance applied during the scan period.
Therefore, the scan is repeated, and if the issue persists, additional tests may be conducted
to determine the cause.

Functional insulation monitoring (Alarm ID 039) is an operational protective function
that aims to detect specific insulation problems under operating conditions. In the context
of this study, no occurrences of Alarm ID 039 were observed during the 18 months of
monitoring in the investigated field conditions. The absence of alarm occurrences, how-
ever, cannot necessarily be used to verify compliance with IEC/EN 62446-1 or to replace
commissioning and testing processes (such as insulation resistance and leakage current
tests) using predefined acceptance levels. All tests were conducted under natural sunlight.
The inverter incorporates several protective functions, including short-circuit protection,
grounding insulation resistance monitoring, residual current protection, grid monitoring,
DC overvoltage/overcurrent protection, online I-V curve scan and diagnosis, and so forth.

Boundary conditions for the operation: The carport was operated under controlled
conditions to minimize the risk of the experiment. The modules were prescreened by visual
inspection, and if the modules were severely structurally damaged or had conductive parts,
they would be rejected. The structure was equipotentiality bonded and grounded, and
an external RCD would be provided to give additional protection to the structure. The
conditions did not eliminate the risk of the experiment, which could occur in the presence
of wet conditions, insulation degradation, glass edge effects, partial grounding faults, and
failures of components.

Operational monitoring and protective disconnecting are means of reducing risks, but
do not eliminate risks. Residual risks can persist under non-typical weather conditions,
such as rain or condensation, progressive degradation of the insulation, partial grounding
faults, glass edge effects, and various component failures. Therefore, safety inferences are
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limited to the monitored state and environment, and standardized verification tests and
maintenance or module refurbishment are necessary for complete compliance.

Future Work

First, the height of the carport precluded the possibility of obtaining reliable images of
the modules with a thermal imaging camera, due to the presence of problematic reflections.
Future work could use either drones or other systems to obtain the necessary height for the
modules, which could be ground-mounted using ballasted mounts. This could provide a
more detailed understanding of module performance.

As found in this study, PV I-V curve tracers are essential for characterizing solar
modules in real-world conditions, as accurate PV performance evaluation must consider
dynamic environmental factors like solar irradiance, ambient temperature, and wind speed,
as measured here [43–48]. Commercial I-V curve tracing and software were used here,
but low-cost, portable options like those based on open-source electronics or capacitor
loading have emerged as practical alternatives for on-field PV characterization, especially
when rapid I-V tracing is required [49–53]. Future work to develop a commercial-grade
open-source I-V curve tracer [54–56] would speed up this reuse work.

This work presents a technological resource based on advanced inverter electronics
and demonstrates the feasibility of using damaged modules; however, it is advisable to
take precautions to prevent the possibility of current leakage and short circuits with the
surrounding vegetation, which could potentially result in a fire or physical harm to users.
Several techniques can be used to protect against electric shock, such as the application of
self-adhesive polymer films or performing repairs similar to those performed on automotive
glass [57]. This is typically done using a resin with a refractive index identical to that of
glass to improve visibility for drivers [58]. The standards for solar-grade glass are highly
demanding, aiming to maximize transparency in the optical window of PV modules. Future
work is needed to evaluate the several materials commercially available that could be used
to reseal PV modules with broken glass [35]. This is an area of high-value future work that
could enable the reuse of defective modules even after warranty expiration. Electronic
devices such as residual-current circuit breakers can be used together in the same inverter
circuit to isolate the system in the event of current leakage to the ground.

A local case study by the authors of an extreme weather situation, in this case in
Erechim, Brazil (hail storm on 23 November 2025, hailstones up to 10 cm in diameter),
showed the strong dependence of damage severity on the type and tilt angle of the modules,
and the ability to create catastrophic damage with conductive parts exposed. There was
an obvious risk of shock, and reuse was not feasible. This is, of course, different from the
handling damage that is considered in this study. Thus, triage is mandatory to characterize
and grade the extent of the damage. Inspection is the first procedure, and only those
without exposed conductive parts should undergo further testing. As PV technology is
energized under sunlight conditions, despite the interruption of the inverter connection,
any reuse system will require restricted access, warning signs, adequate bonding and
grounding, and double protection (an additional external RCD, in addition to inverter
protections). PV DC systems pose specific risks (e.g., arcing and DC shock) that require
special measures [39]. PV DC circuit design has unique hazard mechanisms different from
conventional low-voltage AC circuit designs, which include persistent DC arcs and shock,
thus requiring conservative design and verification testing, particularly in cases of module
damage [59].

Future work is also needed for long-term experimentation. This includes consideration
of the time frame within which hot spots may become apparent and the impact of shading
on modules exhibiting localized defects in cells or interconnections between cells, resulting
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from cracked glass. The presence of one or two broken panes also renders the module
more susceptible to mechanical twisting, which may give the impression of imminent shear
failure. If the module is not adequately secured to the supporting structure, the weight
of the module itself may cause a bulge in the center of the module, which could result
in the accumulation of water on the upper surface of the module. This effect could be
tested by assessing module longevity across a wide range of glass break types to determine
which are viable and which are not. These data could then be provided to a computer
vision/machine learning AI system to help practitioners quickly determine which modules
could be repaired and reused.

Finally, a further question that arises relates to the cleaning of these modules. It is
unclear whether the presence of dirt is beneficial, as it may help seal cracks, or whether it is
detrimental, as it may contribute to the growth of microorganisms and increase humidity
or simply represent optical losses [60,61]. There are numerous challenges to be addressed
in future work. It is recommended that these modules be installed in small-scale plants
with a few kilowatts of power, with a few modules per string, to maintain a low MPPT
voltage. It is recommended that string inverters with intelligent online diagnostic functions
be used.

4. Conclusions
It is widely acknowledged that the installation of damaged modules contravenes the

instructions set out in all PV manufacturers’ manuals, which consequently results in the
forfeiture of warranties. Conversely, this study has identified several reasons to consider
utilizing these modules in their second lifecycle. The experimental phase of this study
employed bifacial PV modules which were installed on a carport-type metal structure affixed
to the ground. The modules tested had been discarded during the installation phase of
substantial PV facilities because of visible broken glass, and had a combined capacity of
3.45 MWp and 1.4 MWp. Of the total number of modules available, 1.45% exhibited a visible
broken glass defect caused by transport or handling. The nine bifacial modules employed (the
maximum number that could be installed in the carport) in the 18-month experimental period
were deployed satisfactorily. A total of 36 diagnostic tests were conducted, resulting in the
identification of the I-V curve. No significant faults were identified. The primary reason for
the disposal of 184 modules (12,700 installed) was damage sustained to the glass components.
This corresponded to 184 damaged modules out of 12,700 installed modules (1.45%), meaning
approximately 1 damaged module per 70 installed modules. In the preliminary visual
screening, it was identified that approximately 50% of the 184 modules that were discarded
could be reused, as the photovoltaic effect had not been severely damaged. Although the
electrical results for this project were promising, the absence of Alarm 039 during monitoring
does not prove that the requirements of IEC/EN 62446-1 are met. Standardized insulation
resistance and/or leakage current tests with defined acceptance thresholds are still required,
and inferences regarding safety are limited to operating conditions. Future work is needed to
evaluate methods for ensuring that broken glass is sealed to prevent electric shock hazards
and to maintain long-term performance.

Supplementary Materials: The following supporting information can be downloaded at: https://osf.
io/uhd36/, Table S1: Extracted parameters for all 36 online IxV scans (scan date/time, irradiance and
temperature when available, Isc, Voc, Vmp, Imp, Pmax, FF when available, diagnosis status, inverter
model, string configuration); Figure S1: Representative iSolarCloud diagnostic report outputs for
a normal scan and an abnormal scan, including the associated IxV curves and flags; Figure S2:
Extended inverter fault log plots and grid disturbance statistics for the monitoring period (additional
detail moved from the main text); Figure S3: Extended meteorological time series (irradiance and
temperature) for the scan days; File S1: Original iSolarCloud diagnostic reports for the 36 scans (PDF);
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File S2: Exported diagnostic datasets and fault logs (CSV); File S3: Manufacturer documentation and
declared standards/certifications for the inverter and protective devices (PDF). The complete archive
of diagnostic reports and supporting files is also available in the Open Science Framework repository
(see Data Availability Statement).
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