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Abstract: Recycling of problematic photovoltaic modules as raw materials requires considerable
energy. The technology to restore cells in hotspot modules at a relatively low cost is more economical
than replacing them with new modules. Moreover, a technology that restores power by replacing
a cell-in-hotspot of a photovoltaic module with a new cell rather than replacing the whole module
is useful for operating power plants. In particular, power plants that receive government subsidies
have to use certified modules of specific models; the modules cannot be replaced with other modules.
Before putting resources into module restoration, predicting the power of a module to be restored
by replacing a cracked cell with a new cell is essential. Therefore, in this study, the module output
amount after restoration was calculated using the previously proposed relative power loss analysis
method and the recently proposed cell-to-module factor analysis method. In addition, the long-
term degradation coefficient of the initial cell and the loss due to the electrical mismatch between
the initial and new cell were considered. The output of the initial cell was estimated by inversely
calculating the cell-to-module factor. The differences between the power prediction value and the
actual experimental result were 1.12% and 3.20% for samples 190 A and 190 B, respectively. When the
initial rating power and tolerance of the module were corrected, the differences decreased to 0.10%
and 2.01%, respectively. The positive mismatch, which restores cells with a higher power, has no
loss due to the reverse current; thus, the efficiency of the modules is proportional to the average
efficiency of each cell. In this experiment, the electrical mismatches were only 0.37% and 0.34%. This
study confirmed that even if a replacement cell has a higher power (<20%) than the existing cell, the
power loss is not significantly affected, and heat generation of the existing normal cell is not observed.
Hence, it was concluded that when some cells are damaged in a crystalline solar cell, the module
could be restored by replacing only those cells instead of disposing of the entire module. However,
for commercialization of the proposed method, a long-term reliability test of the module repaired
using this method must be performed to confirm the results. Following this, recycling cells instead of
recycling modules will be an economical and eco-friendly alternative.

Keywords: cell-in-hotspot; cell replacement; module repair; restoration technology; module recovery;
power prediction; electrical mismatch; CTM factor analysis

1. Introduction

Renewable energy, including photovoltaic power generation, has steadily increased
globally through [1,2] continuous cost-cutting efforts based on eco-friendly elements and
low maintenance costs [3,4], despite the high costs and relatively low economy in the
early stages of its implementation [5]. Owing to economic security and increased supply
of renewable energy [6,7], the achievement of grid parity has recently accelerated [8,9],
with a certain percentage of fossil fuel usage steadily being replaced by renewable energy

Electronics 2022, 11, 2307. https://doi.org/10.3390/electronics11152307 https://www.mdpi.com/journal/electronics

https://doi.org/10.3390/electronics11152307
https://doi.org/10.3390/electronics11152307
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/electronics
https://www.mdpi.com
https://orcid.org/0000-0003-2100-5882
https://doi.org/10.3390/electronics11152307
https://www.mdpi.com/journal/electronics
https://www.mdpi.com/article/10.3390/electronics11152307?type=check_update&version=2


Electronics 2022, 11, 2307 2 of 19

usage, and hence, the total use of renewable energy has increased over the past decade [10].
Expanding the solar energy supply may reduce carbon dioxide emissions and achieve
a healthy mix of energy sources to overcome the climate crisis [11,12]. However, the
increasing demand for solar energy may cause shortages of the resources used in the
advanced production of solar modules [13–15]. In particular, owing to the scarcity of
resources such as silver, indium, and bismuth, target material consumptions of 2, 0.38,
and 1.8 mg/Wp [16,17], respectively, have been proposed; thus, a significant reduction in
material consumption is required to expand renewable energy supply [18].

The large-scale installation of photovoltaic modules results in the problems of eco-
nomic use of resources during production and processing of waste modules after use [19,20].
By 2050, 80 million tons of accumulated photovoltaic modules are expected to reach their
service life worldwide, with 10 million tons in the US alone [21]. With the rapid increase
in the installation of photovoltaic modules in countries such as China, the collection and
recycling of end-of-life photovoltaic modules is becoming an important task, and various
methods of building efficient recycling systems are being investigated [22]. According
to previous studies, the predicted accumulated waste that will be generated from 2020
to 2080 in existing solar power plants varies in proportion to solar installations, and is
expected to peak at 130,000 tons in 2051 and 141,297 tons in 2054 [23]. Currently, the life
of a photovoltaic module is approximately 20–30 years; therefore, the life of photovoltaic
modules installed in the early 2000s will expire on a large scale, and the disposal of waste
modules will increase rapidly. Photovoltaic modules consist of expensive materials, such
as aluminum, silver, copper, tin, and silicon wafers. In addition, they can be used as
highly attractive recycled materials in terms of the environmental charges imposed when
filling landfills. In the recycling process of a general photovoltaic module, research has
primarily focused on recycling by collecting silicon wafers and refabricating them into opti-
mized silicon solar cells [24,25], pyrolyzing organic materials such as ethylene vinyl acetate
(EVA) [26], and removing organic materials such as glass and ribbon metals [27,28]. As a
research example on recovering the performance of photovoltaic modules, a technology
for recovering the insulation resistance of aging modules by injecting coatings based on
polyurethane, epoxy, silicone, and synthetic rubber of crystalline photovoltaic modules was
introduced [29,30]. However, recycling or reuse technology generally involves removal of
frames, junction boxes, or cables, etc., from crystalline photovoltaic modules, followed by
thermal or chemical decomposition of the laminated module to collect glass, silicon, metal,
and polymer [31,32].

This recycling technology is not currently widely used because it is expensive and the
return on investment (ROI) is less than approximately−0.25 as of 2022 [33]. In addition, the
recycling method, which involves collecting the raw materials separately, is not applicable
to the recovery of damaged modules in an operating power plant because the failure
of a part of the module results in the crushing of other usable parts. Accordingly, this
paper proposes a technology to recover photovoltaic modules at the same or a higher
level of the initial power value by replacing cells at a safety risk, such as power loss and
hotspots, owing to damage to some cells of an aged silicon photovoltaic module. Most
commercial solar power plants receive subsidies from the government. In this case, only
certified modules of a particular model should be used during the generation period. If
the module fails, it cannot be replaced by another model. Moreover, owing to the rapid
improvement in cell efficiency every year [34,35], the module model continues to change.
In commercial power plants, restoring the output of a module by cell replacement is very
useful. Technological advancements in the restoration of the module result in a power
deviation between the initial and new cell [36,37]. Therefore, when replacing a cell with
a new cell having a higher power, the possibility of an electrical mismatch loss occurring
should be considered, and the long-term power degradation of the initial cell should be
confirmed. Hence, the purpose of the experiment was to determine the extent to which
the output improvement of the new cell is reflected in the output of the module to be
restored. Previous studies have shown that the prediction of power mainly includes power
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degradation in modules with hotspots or how much power decreases as a result of EL in
modules with potential-induced degradation (PID) [38,39]. However, the purpose of this
study was to predict the improvement to power through replacement of damaged cells
in a module, which has not been attempted before. The results of this study suggest that
the energy and environmental costs of recycling modules can be significantly reduced by
reusing waste modules in more diverse states.

2. Experiments
2.1. Methods and Procedures

The overall experiment was conducted in the following order: module power output
and defect verification, calculation of grade of originally applied cells, grade verification
of replacement cells, power prediction, module power recovery, comparison of predicted
power output and experimental results, and application of correction values. First, the
defects and power output of the module to be recovered were checked via electrolumi-
nescence (EL) measurement and a sun-simulator. EL measurements are used to identify
internal defects that cannot be visually identified using EL in solar cells. Table 1 provides
the nomenclature for the electrical characteristics of the module.

Table 1. Nomenclature for the electrical characteristics of the module.

Isc Short-circuit current Imp Current at the maximum power output
Voc Open-circuit voltage Vmp Voltage at the maximum power output

Pmax Maximum power output FF Filling coefficient factor

The current corresponding to the cell Isc and the voltage at the same level as the
module Voc were applied for the measurement. EL images of the module were captured
in several parts of a darkroom, recollected, and displayed on a screen. The EL equipment
manufactured by MC Science in Korea was used for the measurements. The simulator
measures the module’s Isc, Voc, Pmax, etc., under the standard test condition (STC) at 25 ◦C,
1 Sun (1000 W/m2), and air mass 1.5, and corrects the actual temperature to output the
calculated value to the screen. The equipment used in this study was a Spire-Nissinbo
Sun Simulator. The equipment was calibrated for proper use in the certification test of the
photovoltaic module by receiving the AAA in three evaluation items: uniformity, stability,
and spectrum. Measurements of power output from equipment are displayed in various
ways, i.e., 1–4 digits after the decimal point; however, in this study, the third digit after
the decimal point was rounded to two digits to maintain consistency. The CTM (cell to
module) factor calculation method was applied to the power analysis of the cells used at
the time of manufacturing the target samples and the review of the cells to be replaced [40].
The grade of the applied cell was inversely calculated based on the initial power output of
the module disclosed on the Internet by the manufacturer. The module power after cell
replacement was predicted after checking the grade of the cell to be replaced.

The CTM coefficient k-factor calculation method was used to analyze the power of
the original cell of the target samples and review the replacement cell. Manufacturing
modules from cells, models, and formulas for classifying the CTM coefficient k-factor,
which affects efficiency or power, and analyzing loss or acquisition mechanisms have been
presented in previous research [41,42]. If the dimension data and rated power of a module
released by the module manufacturer are the initial power outputs of the module, the
module efficiency is calculated to be 13.6%. Because the module power output is calculated
from the sum of the CTM coefficient k factor and the initial solar cell power in the module
power output calculation model, the power output of the module can be calculated using
Equations (1) and (2) [41,43]. The factors i and m in Equations (1) and (2) are variables of
the routinely used pie function, and refer to the extension of the CTM factor. The CTM
k-factor consisted of 15 types: k1 (module margin), k2 (cell spacing), k3 (cover reflection),
k4 (cover absorption), k5 (cover/encapsulant reflection), k6 (encapsulant absorption), k7
(interconnection shading), k8 (cell/encapsulant coupling), k9 (finger coupling), k10 (intercon-
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nector coupling), k11 (cover coupling), k12 (cell interconnection), k13 (string interconnection),
k14 (electrical mismatch), and k15 (junction box and cabling). The meaning of I = 3−m in
the ∏-function of Equation (1) means CTM k-factor from k3 to k15. Then, the sum of the
cell power outputs from j = 1−n from the ∑-function is the number n of cells applied to
the module.

Pmodule =
m

∏
i=3

ki·
n

∑
i=1

Pcell.j (1)

CTMpower=
m

∏
i=3

ki (2)

In terms of module efficiency, factors affecting the entire area of a gap module between
modules are important; however, when a module is produced from a cell, a design margin
(k1) to ensure an electrical insulation distance and a loss factor (k2) owing to the cell
interval are not related to a power change. The module efficiency can be expressed by
Equations (3) and (4) [41].

ηmodule =
Pmodule

ESTC·(Amodule + Acell spacing + Acells)
(3)

ηmodule = ηc·(k1 + k2 − 1)·
m

∏
i=3

ki (4)

Therefore, according to this model, the module efficiency is proportional to the average
efficiency of the cell rather than being dominantly affected by the lowest efficiency. The
average efficiency of the cell was calculated by considering the electrical mismatch loss (k14)
of the cell to predict the power output of the module to be restored. For the loss caused
by the electrical mismatch of cells, studies were published prior to research on the CTM
factor, and the widely known definition of RPL is expressed as the difference between the
maximum power (Pmpc) of n individual cells connected in series to form a cell string or
module. RPL can be expressed as Equation (5) from the difference between the sum of the
maximum power of all cells and the maximum power of the module.

RPL =
∑n

i=1 ·Pmpci − Pmodule

∑n
i=1 ·Pmpci

(5)

In theory, when individual cells operate completely independently, the maximum
power output is denoted as P′max, and when the average cell power output value in a
group is Pmax, the calculation of RPLB (relative power loss of a module using Bucciarelli’s
equation) is as shown in Equation (6).

RPLB =
P′max − Pmodule

n·I−mpV−mp
(6)

The power output after cell replacement and the state inside the module were also
confirmed using the EL and Sun simulators. The cell replacement process is discussed in
the next section. After cell replacement, the gain factor (power increment of the replacement
cell), loss factor (long-term degradation, electrical mismatch), and unidentified tolerance
parts of the module track the experimental results and apply the same to the two samples,
correct the power predictions, and finally compare them with the results.

2.2. Experiments

Figure 1 presents an EL image of a 6-inch 54-cell 3BB polycrystalline silicon solar
module, where the hose power degrades owing to cell damage. Figure 1a shows the
first sample of 190-Wp grade, referred to as 190 A for convenience, and its appearance.
Figure 1b–d depict EL images of 190 A, the second sample of the 190-Wp class (190 B),
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and 190 B, respectively. As shown in images (a) and (c), a weak yellowish appearance,
which was not severe, was observed. In addition, approximately six to nine dark areas
were observed in the EL image (Figure 1b) and approximately six dark areas were observed
at 190 B (Figure 1d). In the green-marked cell of (d), the dark area in the cell occurred
because of poor soldering between the mutual connector and the busbar.
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Figure 1. Module appearance and EL images with degraded power output due to cell breakage. (a) is
the appearance of 190 A, (b) is the EL image of 190 A, (c) is the appearance of B, and finally (d) is the
EL image of 190 B.

The modules used in this study included samples collected from commercially op-
erated power plants; however, the current–voltage (I–V) data at the time of manufacture
were unknown. Therefore, the electrical characteristics of the model disclosed by the
manufacturer were assumed as the initial electrical performance.

Table 2 lists the initial electrical specifications of samples 190 A and 190 B and the
electrical data of the failed samples after a certain period of operation. As confirmed in the
EL image, the FF was severely degraded by the damaged cells in the middle of the string.
For 190 A and 190 B, the power decreased by −21.69% and −26.47%, respectively.

Table 2. Electrical data of the modules in the initial stage and after use.

Sample Pmax (Wp) Isc (A) Voc (V) Imp (A) Vmp (V) FF Tolerance

190 A 54 cells initial 190.00 7.89 33.00 7.31 26.00 0.73 ±3%
failed 148.80 8.16 32.77 5.16 28.84 0.56

190 B 54 cells initial 190.00 7.89 33.00 7.31 26.00 0.73 ±3%
failed 139.70 7.95 32.67 5.67 24.66 0.54

Figure 2 displays the I–V and voltage–power (V–P) curves of modules 190 A and 190 B.
The I–V curves appear step-shaped, while the V–P curves have two or more multi-peaks,
which is a typical form caused by the decrease in Isc due to the cracking of a specific cell in
a cell string [44].
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Figure 2. I–V and V–P curves of modules with degraded power output owing to cell breakage.

Figure 3 shows the process of removing the broken cells of 190 A and 190 B cells and
replacing them with new cells. (a) First, the module is placed on a hot plate to heat the
sun-side and soften the EVA, then, the back sheet is removed from the edge. (b) When
the back sheet is completely peeled off, (c) the tape attached to fix the cell-string gap was
removed. If it is a material such as EVA, it does not require removal; however, for a tape
using polyethylene terephthalate (PET) as a basic material, a gap is formed between the
tape and cell owing to the loss of adhesion.

When cleaning the back sheet removal surface or the cell removal area using ethanol
or isopropyl alcohol (IPA), the permeated organic solvent may cause solvothermal swelling
in the lamination process, or gas may accumulate to cause swelling [32].
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Figure 3. Module recovery process by replacing broken cells.  Figure 3. Module recovery process by replacing broken cells. (d) Next, the EVA along the boundary

of the cell to be removed was cut, and the tab of the cell to be removed was cut by 15 mm or more
for electrical connection during recovery. (e) Subsequently, the broken cell was removed using a
scraper with a blade. (f) The remaining EVA was trimmed to the interface of the adjacent cells, and
the removed surface was washed. After cell removal, the module was removed from the hot plate
and cooled to room temperature. (g) EVA was placed between the glass and the new cell to connect it
to the module. Here, the size of the EVA is important because it should be perfectly connected to the
first EVA of the existing module without leaving a bubble after lamination of the module. Thus, the
EVA should be cut accurately with an error of less than 1 mm. If it is larger than the removal surface,
stress is applied to the replacement cell, which can cause the cell edge to crack during the lamination
process. (h) Subsequently, while electrically connecting the new cell and the existing adjacent cell
through re-soldering, insulation was applied to prevent the first EVA from melting in the heat. (i) The
second EVA was slightly thicker than the original size. (j) A margin of less than 5 mm should be
given, and if it is more than that, the overlapping part of the edge EVA of the cell replaced after
lamination is exposed, causing a repair mark. (k) Finally, the EVA and new back sheet covering the
entire module were laid up. (l) The electrical connection was checked, and the lamination process
was completed.

3. Result and Discussion
3.1. Power Output Analysis of Initial Cells Applied to Each Sample and Specification of
Replacement Cells

The initial CTM of the cells analyzed above was approximately 1.78% based on power,
with the median value of 0.9%, as suggested in the optimized module process published
in a previous study, and 2.72% of the CTM value of a general photovoltaic module [41].
The calculated power output of the individual cells was approximately 3.6 Wp, which is
approximately 14.8% in terms of cell efficiency. Table 3 lists the initial power output of the
cell applied to the module using Equations (1) and (2).
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Table 3. Initial applied cell grade analysis of sample modules (190 A, 190 B) to be recovered.

CTM Factor (k) K conventional (%) CTM power Ratio Initial CTM power of 190 A, 190 B

Module efficiency (STC)/Power 18.31 98.23% 190.0
k15 (junction box and cabling) −0.05 −0.23% −0.45
k14 (electrical mismatch) −0.04 −0.19% −0.36
k13 (string interconnection) −0.03 −0.14% −0.27
k12 (cell interconnection) −0.037 −0.17% −0.33
k11 (cover coupling) 0.28 1.30% 2.51
k10 (interconnector coupling) 0.09 0.42% 0.81
k9 (finger coupling) 0.17 0.79% 1.52
k8 (cell/encapsulant coupling) 0.16 0.74% 1.43
k7 (interconnection shading) −0.44 −2.04% −3.94
k6 (encapsulant absorption) −0.03 −0.14% −0.27
k5 (cover/encapsulant reflection) −0.01 −0.02% −0.05
k4 (cover absorption) −0.14 −0.65% −1.26
k3 (cover reflection) −0.31 −1.44% −2.78
Cell efficiency (STC)/Power 21.58 100.00% 193.45

As cells of the same grade were already discontinued, a module was repaired using
the 3-bus bar cell, which had the lowest power among the cells currently in use. The Pmax
and cell efficiency of the cell used in the initial manufacture of the module are listed in
Table 2. Assuming that the FFs of the module and cell were the same, the cell Vmp and Voc
were calculated by considering the number of cells from the module Vmp and Voc, and Isc
and Imp were determined using Pmax and FF of the cell.

The electrical characteristics of the initial and replacement cells used to restore the
modules are presented in Table 4. The tolerance of the initial cell follows that of the module
specification sheet.

Table 4. Electrical data of initial cell and replacement cell.

Item Eff. Cell Pmax (Wp) Isc (A) Voc (V) Imp (A) Vmp (V) FF Tolerance

Initial cell 14.80 3.58 8.07 0.61 7.32 0.49 0.73 ±3%
Replacement cell 17.60 4.28 8.62 0.63 8.39 0.51 0.78 ±3%

3.2. Predicting the Power Output of the Restore Module When Applying A Replacement Cell

The following are the considerations for predicting the power of a module to be
recovered when a new cell is installed: the first element is the deviation between the actual
power output of the initial module and rated power output. This part was expected to be
within the initial tolerance range, and after module recovery, the results and discussion
were verified. Next, the power increase of the replacement cell should be added and
the value of the field-aged power degradation rate from the initial power of the existing
cell should be deducted. Moreover, the loss from the electrical mismatch between the
cells should also be considered. The increase in the power of the replacement cell can be
easily calculated using Equations (2) and (4). The next part to be considered is the loss
caused by the electrical mismatch. A recent study reported that the result of power loss
from the electrical mismatch of cells within a module was difficult to determine; however,
when the direct parallel configuration of modules was different, the relative power loss
(RPL) of the array due to electrical mismatch was 1.3–2.6% [45]. In previous studies, the
power loss caused by the electrical mismatch of cells was reported to be approximately
0.009–0.19% [46]; thus, it is already reflected as −0.19% in the CTM factor; therefore, it
should be applied conservatively. In the prediction of the power output, the final part to
be considered is the loss from power degradation owing to the field aging factor of the
existing cell. In general, the rate of power output degradation guaranteed by a module
manufacturer is 0.7%/year, which is a guaranteed limit design considering the power
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degradation caused by the failure of some modules in PV power plants. Referring to the
results reported in a previous study, the actual power output degradation rate of more
than 80% for crystalline PV modules in PV power plants that have been operated for more
than 10 years is approximately 0.27%/year on average [47]. This figure is significantly
lower than the limit guaranteed by manufacturers. In this study, we applied this figure to
calculate the power output prediction. Table 5 lists the power output predictions for the
recovered modules.

Table 5. Power output prediction for recovered modules.

CTM Factor (k) CTM Power Ratio 190 A (10 New Cells) 190 B (6 New Cells)

Module efficiency (STC)/Power 98.23% 196.40 193.50

Long term degradation of used cell −0.27%
× (% of remaining cell) −0.34(−0.17%) −0.47(−0.24%)

k15 (junction box and cabling) −0.23% −0.46 −0.46
k14 (electrical mismatch) −0.19% −0.37 −0.37
k13 (string interconnection) −0.14% −0.28 −0.28
k12 (cell interconnection) −0.17% −0.34 −0.34
k11 (cover coupling) 1.30% 2.60 2.56
k10 (interconnector coupling) 0.42% 0.84 0.82
k9 (finger coupling) 0.79% 1.58 1.56
k8 (cell/encapsulant coupling) 0.74% 1.49 1.46
k7 (interconnection shading) −2.04% −4.08 −4.03
k6 (encapsulant absorption) −0.14% −0.28 −0.28
k5 (cover/encapsulant reflection) −0.02% −0.05 −0.05
k4 (cover absorption) −0.65% −1.30 −1.28
k3 (cover reflection) −1.44% −2.88 −2.84
Cell power (STC, + power gain) 100.00% 200.32 197.52

For 190 A, 10 broken cells were replaced; thus, (10 × 4.28 Wp) + (44 × 3.58 Wp) = 42.8
+ 157.52 = 200.32 Wp is the total power output value of the cell. In 190 B, six cells were
replaced: (6 × 4.28 Wp) + (48 × 3.58 Wp) = 25.68 + 171.84 = 197.52 Wp. The results are
presented in Table 4. Through the calculation, the predicted power output values of 190 A
and 190 B were calculated as 196.40 Wp and 193.50 Wp, respectively. The CTM factor ki
values ranging from k1 to k15, and k3 to k15 are shown in the table; however, k1 and k2 values
are not shown in the table nor described here. The CTM factor k1 is the module margin,
which is approximately −2.03% in a typical module, and k2 is the cell spacing, which is also
generally−0.53%. This value is a design factor for the module area and depends on module
dimensions. However, the module margin or cell interval for insulation distance affects
only the area efficiency of the module and does not produce power by itself; therefore, the
calculation of CTM power was excluded from previous research.

3.3. Results of Power Recovery by Cell Replacement of 190 A and 190 B Samples

Figure 4 shows a comparison of the EL images of the modules before and after repair.
In Figure 4c,d, the relatively bright cells are the newly replaced cells. In Figure 4a,

when replacing cells of the 190 A sample, one more cell was replaced by damaging adjacent
cells while removing the cells from the hot plate, and as the cell replacement operation was
repeated, the same mistake was not repeated. Some small cracks not shown in Figure 4a are
observed in Figure 4b, which are defects occurring during manual cell removal. However,
the result shown in Figure 4d is not much different from that in Figure 4c because cell
replacement has become familiar and cell removal progressed much more easily. For an
easy recovery process, care should be taken to prevent additional cell cracks when collecting
and reinstalling the modules to be repaired.
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cell to recover. (c) Sample 190 B exhibited severe power degradation in approximately six cells, 
and hot spots due to pore soldering also occurred in the busbar–interconnector connection. (d) 
However, both the power and FF were recovered after cell replacement and pore soldering repair. 
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Figure 4. EL images in modules before and after recovery. (190 A, 190 B). (a) Among a total of 54 cells
from 190 A, 10 cells with a severe crack degree were removed and (b) replaced with a new cell to
recover. (c) Sample 190 B exhibited severe power degradation in approximately six cells, and hot
spots due to pore soldering also occurred in the busbar–interconnector connection. (d) However,
both the power and FF were recovered after cell replacement and pore soldering repair.

Table 6 lists the electrical characteristics of the module before and after recovery.
The module power increased by approximately 4.50% to 198.60 Wp from the rated power
for 190 A, and by approximately 5.10% to 199.70 Wp for 190 B. We verified that, considering
the loss of electrical mismatch between the existing cell and the new cell, the higher power
of individual cells had a greater effect on the power of the module.

Table 6. Electrical data of modules before and after recovery.

Item Replacement Pmax (Wp) Isc (A) Voc (V) Imp (A) Vmp (V) FF Initial Comparison

190 A 10 cells before 148.80 8.16 32.77 5.16 28.84 0.56 −21.69%
recovery 198.60 8.11 32.95 7.54 26.35 0.74 +4.53%

190 B 6 cells before 139.70 7.95 32.67 5.67 24.67 0.54 −26.47%
recovery 199.70 7.99 32.89 7.50 26.64 0.76 +5.11%

As mentioned in Section 3.2, when the difference in cell mismatch is not large, the loss
due to mismatch is insignificant in the range 0.10–0.19%, and most (>80%) of crystalline
photovoltaic modules are only approximately 0.27%/year on average. Therefore, it matches
well with the result that predicted that the gain factor would have a greater impact on the
final power output of the module than the loss factor [46,47].

Figures 5 and 6 show the I–V curves before and after power recovery for 190 A
and 190 B, respectively. The results in Figures 5 and 6 show that Isc and Voc do not change
significantly before and after module restoration and that the V–P curve is deformed by
cell breakage, the FF is recovered, and the power of the module is restored.
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Figure 6. I–V and V–P curves before and after power recovery for sample 190 B.

As shown in Figures 5 and 6, both the cell-in-hotspot-specific stepped I–V and
multipeak-shaped V–P curves are recovered.

Figures 7 and 8 show a brief circuit diagram of module 190 A before and after recovery,
respectively. In the figures, Iph represents the solar irradiance and Ipv represents the power
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output current. D1, D2, and D3 denote bypass diodes #1–#3, respectively, and Rs denotes
the series resistance.

Electronics 2022, 11, x FOR PEER REVIEW 11 of 18 
 

 

 
Figure 6. I–V and V–P curves before and after power recovery for sample 190 B. 

Figures 7 and 8 show a brief circuit diagram of module 190 A before and after recov-
ery, respectively. In the figures, Iph represents the solar irradiance and Ipv represents the 
power output current. D1, D2, and D3 denote bypass diodes #1–#3, respectively, and Rs 
denotes the series resistance. 

 
Figure 7. Sub-circuit diagram of 190 A before recovery. 

In the EL image of Figure 7, nine cells were cracked, resulting in resistance loss. In 
this case, the ratio of shaded (or inactive) areas causing hot spots in the cell increased 
proportionally with the range of inactive areas between 20% and 50%. If the resistance 
becomes excessively large over a greater range or if the bypass diode is short-circuited 

Figure 7. Sub-circuit diagram of 190 A before recovery.

Electronics 2022, 11, x FOR PEER REVIEW 12 of 18 
 

 

[48], it causes 100% power loss to the entire connected string [49,50]. A part looks relatively 
brighter around the interconnector immediately next to the dark area of the damaged cell, 
and the current is concentrated on a part of a cell with relatively low resistance owing to 
cracks; thus, power loss occurs in the shaded and connected cells. 

 
Figure 8. Sub-circuit diagram of module 190 A after recovery. 

Figure 8 shows the EL of the module whose power was recovered after the cell re-
placement of the 190 A sample and its diagram. The picture for 190 B is repeated, so I omit 
it. 

3.4. Comparative Analysis of Power Recovery Results and Predicted Values 
Table 7 shows the difference between the predicted power output value obtained 

using the CTM analysis before module recovery and the value measured after cell replace-
ment.  

Table 7. Comparison of predicted and experimental values. 

Item Before Recovery Predicted 
Value 

Experimental 
Value 

Difference Tolerance 

190 A 148.80 196.40 198.60 +1.12% ±3% 
190 B 139.70 193.50 199.70 + 3.20% ±3% 

Even when applying the power deviation when manufacturing a module, both cases 
exhibited a positive deviation; therefore, the loss, such as electrical mismatch, in the CTM 
factor was considered conservative among the possible ranges. The CTM power analysis 
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Figure 8. Sub-circuit diagram of module 190 A after recovery.

In the EL image of Figure 7, nine cells were cracked, resulting in resistance loss. In
this case, the ratio of shaded (or inactive) areas causing hot spots in the cell increased
proportionally with the range of inactive areas between 20% and 50%. If the resistance
becomes excessively large over a greater range or if the bypass diode is short-circuited [48],
it causes 100% power loss to the entire connected string [49,50]. A part looks relatively
brighter around the interconnector immediately next to the dark area of the damaged cell,
and the current is concentrated on a part of a cell with relatively low resistance owing to
cracks; thus, power loss occurs in the shaded and connected cells.

Figure 8 shows the EL of the module whose power was recovered after the cell
replacement of the 190 A sample and its diagram. The picture for 190 B is repeated, so I
omit it.
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3.4. Comparative Analysis of Power Recovery Results and Predicted Values

Table 7 shows the difference between the predicted power output value obtained using
the CTM analysis before module recovery and the value measured after cell replacement.

Table 7. Comparison of predicted and experimental values.

Item Before
Recovery

Predicted
Value

Experimental
Value Difference Tolerance

190 A 148.80 196.40 198.60 +1.12% ±3%
190 B 139.70 193.50 199.70 +3.20% ±3%

Even when applying the power deviation when manufacturing a module, both cases
exhibited a positive deviation; therefore, the loss, such as electrical mismatch, in the CTM
factor was considered conservative among the possible ranges. The CTM power analysis
results at 190 A are shown in Figure 9.
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Figure 9. CTM power analysis for a recovered module (190 A).

The sum of the power of the initial and replacement cells was defined as 200.32 Wp
using the values calculated in Equation (1) and Table 4, and when CTM factors were applied,
the predicted value of 198.60 Wp was determined. Here, if 2.20 Wp, i.e., the difference
from the experimental results, was reflected, it was analyzed, as shown in Figure 9. The
difference between the predicted and experimental result for 190 A was 1.12%, which fell
within 3% of the power output tolerance value of the initial module. The analysis result of
sample 190 B indicated that the error was larger. Figure 10 shows the CTM power analysis
of the recovered module (190 B).

Sample 190 B was of the same grade as 190 A, and because there were fewer replace-
ment cells (six), the power acquisition from the replacement cell was smaller than that
at 190 A; therefore, the total power output of the cell was calculated as 197.52 Wp. In addi-
tion, the numbers of remaining cells in 190 A and 190 B were 44 and 48 cells, respectively;
thus, the long-term degradation was then calculated to be −0.47 Wp, which is greater
than −0.34 Wp for 190 A. The experimental value was 199.70 Wp, i.e., 6.20 Wp higher than
the predicted value of 193.50 Wp. This is approximately 3.20% higher than the predicted
value of 3% or more, which is the power output tolerance value of the initial module.
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3.5. Analysis of Prediction Error and Correction of Prediction Value Reflecting Initial Tolerance

The error begins with the sum of the cell power output values. The final power
value was 199.70 Wp, and the sum of the calculated cell power values was 197.52 Wp,
which began with a difference of 2.18 Wp even if the CTM was assumed to be “0.” The
value 2.18 Wp was 1.15% of the initial rated power value of 190 Wp, which was within
the allowable tolerance range of the module. Therefore, assuming that the initial use cells
of 190 A and 190 B were the same, sample 190 B corrected the experimental deviation
of 2.18 Wp. Those of 190 A were calculated by adjusting the number of cells to calculate
the correction value of 2.00 Wp. Accordingly, the predicted power output values of 190 A
and 190 B could be recalculated as listed in Table 8. The initial power output prediction
value of sample 190 A was 196.4 Wp. For the power correction value of 1.998 Wp within the
tolerance shown in the experimental result, the correction prediction value was 198.4 Wp.
Additionally, the error decreased to 0.10% with the final experiment result of 198.6 Wp.
When the initial power output prediction value of 193.5 Wp was corrected for 190 B, the
corrected prediction value was 195.68 Wp, which was approximately 2.13% lower than the
experimental result for 199.7 Wp.

Table 8. Analysis of predicted and experimental values.

Item Predicted
Value

Tolerance
Calibration Correction Experimental

Value Difference

190 A 196.40 2.00 198.40 198.60 +0.10%
190 B 193.50 2.18 195.68 199.70 +2.01%

When the tolerance value calculated above was added to the initial rated power, the
initial power of the module was approximately 192.45 Wp. Based on this, the power before
and after module recovery owing to cell damage and the recovery trend of the FF are shown
in Figure 11.
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Table 9 summarizes the initial, failed (before recovery), and recovered (after recovery)
values of the power degradation module owing to cell cracking.

Table 9. Electrical data deviation of initial, faulty, and recovered module.

Item Pmax (Wp) Isc (A) Voc (V) Imp (A) Vmp (V) FF Tolerance

54 cells initial 190.00 7.89 33.00 7.31 26.00 0.73 ±3%

190 A
failed 148.80 8.16 32.77 5.16 28.84 0.56 −

recovered 198.60 8.11 32.95 7.54 26.35 0.74
Rate of decline (initial) +4.53% +3.55% −0.16% +3.13% +1.36% +1.92%

190 B
failed 139.70 7.95 32.67 5.67 24.67 0.54 −

recovered 199.70 7.99 32.89 7.50 26.64 0.76 −
Rate of decline (initial) +5.11% +1.28% −0.33% +2.57% +2.42% +4.11%

The characteristic of the recovery of the cell in the hotspot module by cell replacement
is that the Voc value hardly changes step-by-step but decreases within the error range by
step. The largest negative mismatch factor in the phase of the power drop to the cell in
the hotspot was Imp, exhibiting a 29.43% decrease at 190 A compared with the initial value,
which had the greatest impact on the power decrease of −21.69%. Even in sample 190 B,
Imp degradation caused a −22.48% decrease in the cell in the hot spot stage, and a power
degradation of −26.47% was also the largest factor. For a positive mismatch with a high
power, the Isc and Imp values both increased, and the Vmp value decreased step-by-step
at 190 A; thus, the factor that most affected the positive mismatch was the increase in Isc
and Imp; the increase in Imp, in particular, was the largest factor. Figure 12 shows the EL
images of samples (a) 190 A and (b) 190 B recovered by cell replacement, and (c) IR images
measuring whether the module generated heat by installing them again in the power plant.
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cells in hotspots in commercial power plants. When some cells are damaged in a crystal-
line PV module, the module can be restored by replacing those cells instead of discarding 
the entire module. Assuming that this method restores more than 180 sheets per day on a 
200-Wp module basis, the cost of restoring the module is approximately 0.17 $/Wp. This 

Figure 12. Images of the recovered module (190 A, 190 B). (a) is an EL image of the repaired 190A
module, and (b) is an EL image of the repaired 190B module. (c) is an IR image of 190A and 190B
re-installed at the plant.

A difference in brightness was observed between the replaced and existing cells in
the EL images shown in Figure 12a,b, but in Figure 12c, no significant heat generation was
observed in the IR image at the installation site. The IR camera used to measure cell heat
generation was a Ti400 FLUKE equipment.

Thus, we confirmed the restoration potential of modules that are underpowered by
cells in hotspots in commercial power plants. When some cells are damaged in a crystalline
PV module, the module can be restored by replacing those cells instead of discarding
the entire module. Assuming that this method restores more than 180 sheets per day on
a 200-Wp module basis, the cost of restoring the module is approximately 0.17 $/Wp. This
is slightly more than half of the recent crystalline module price of 0.30 $/Wp. However, for
commercial use, a long-term reliability test of a module repaired using this method must
be performed to confirm the results. Accordingly, reuse of modules instead of recycling
will be an economical and eco-friendly alternative.

4. Conclusions

In this study, the power loss caused by the damage of a cell in a module was de-
termined through EL images and I–V and V–P curves of the module, and research was
conducted to recover only the damaged cells to be equal to or higher than the initial power
of the module. The recovery of modules is important in the electrical serial–parallel design
and application of existing structures in PV power plants. Therefore, the grade of the cell
applied at the time of module production was calculated using the CTM factor analysis
method and applied considering the dimensions and tolerance of the specification sheet of
the module presented by the manufacturer. To predict the power of the recovered module,
the power degradation factor from the aging factor of the module, not in the existing
CTM formula, and the mismatch loss of the cell were checked again and recalculated. The
results of the power output prediction calculated using the formula and the power output
of the recovered module measured as the experimental result had an error of 1.12% in
sample 190 A and 3.20% in sample 190 B. This was determined to be an error, assuming that
the rated power output was the initial power output, because the accurate power output
of the initial module was unknown. As a result of calibrating the power of approximately
2 Wp by feeding back the initial tolerance from the recovered module power output, the
revised prediction was calculated as 198.40 Wp in 190 A and 195.68 Wp in 190 B, and the
experimental results indicated error rates of 0.10% and 2.01%, respectively. This study
confirmed that even when a replacement cell applied to the recovered module had an
average power output of approximately 19.60% (4.28 Wp) higher than that of the existing
cell, and Isc had an average value of approximately 8.98% higher (8.62 A), the loss of
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electrical mismatch did not significantly affect the power, and heat generation of existing
normal cells was not observed. In addition, even for modules operated for a long time
(>10 years), the power reduction rate is significantly smaller than the 0.70%/year suggested
by the module manufacturers. Even if a degradation of approximately 2.40% over 10 years
was applied, there was no significant error in the power prediction. As the life of a PV
module increases, the recovery technology for discontinued modules becomes a very im-
portant economic factor for PV power plants with a considerable remaining operating
period. Module recovery technology through cell replacement is useful as an economical
reuse and high-value-added technology to prevent power degradation in an operating
power plant. A technology to recover a module function by selectively replacing only the
necessary cells and recovering a module function, even when it has expired commercially,
would be significantly more economical than decomposing and collecting it as raw material.
We believe that in future studies, work should continue to verify the effect of electrical
mismatch in a wider range of cells on modules as well as the long-term reliability to predict
the lifetime of restored modules.
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