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A B S T R A C T

The combination of increasing operational voltages beyond 1000V in photovoltaic (PV) installations and the
emergence of new PV technologies requires a critical assessment of the susceptibility to potential-induced degra-
dation (PID). Since this failure mode can trigger significant and rapid power losses, it is considered among the
most critical failure modes with a high financial impact. Insights in the physical mechanism of the performance
loss and its driving factors are critical to develop adapted characterization methods and mitigation solutions. PID
in p-type solar cells is triggered by sodium (Na⁠) that diffuses into stacking faults of the silicon lattice, causing
shunt paths through the pn-junction. In addition, it is hypothesised that for bifacial p-PERC solar cells positive
charges, such as Na⁠+, accumulate in/on the negatively charged AlO⁠x rear passivation layer due to the potential
difference between the glass and the rear cell surface. This significantly increases surface recombination. How-
ever, the degradation behaviour observed in bifacial monocrystalline p-PERC solar cells under PID stress from
both sides (bifacial PID stress) does not match with just one of the degradation mechanisms. A comprehensive
test matrix was carried out to understand the physical origin of PID in front emitter bifacial p-PERC solar cells
in a glass/glass packaging. The results show that bifacial p-PERC solar cells under bifacial PID stress suffer from
both shunting of the pn-junction and increased surface recombination at their rear side. Hereby, we prove that
the glass/glass packaging in combination with bifacial solar cells can significantly increase the severity of PID.

1. Introduction

Over the last decade, potential-induced degradation (PID) has been
proven to be one of the major and most frequently occurring reliability
issues of crystalline silicon photovoltaic (PV) cells and modules [1]. Car-
olus et al. [2] reported degradation losses of up to 100% in the output
power of full-size PV modules after 96h of PID stress according to the
standard IEC62804-1 [3,4]. In the field, this results in major technical
risks and financial losses for PV plant owners [5]. Besides, understand-
ing and mitigating PID receive growing attention and importance, due
to the consistently increasing operational voltages in PV plants. Indeed,
today, voltages of 1000V and more between the grounded frame and
the solar cell are not uncommon and they tend to become common prac-
tice [6–10].

Extensive research showed that the degradation is due to migra-
tion of sodium ions (Na⁠+) caused by the electrical field between the
grounded frame and the solar cell. The origin of such cations is still un-
der discussion. While most of the publications state that Na is originat-
ing from the soda lime glass (SLG), it is proposed that the solar cells
might be already contaminated by Na [1,11,12]. Naumann et al. [13]
coined the term “PID of the shunting type” (PID-s) and proved that, in
case of p-type solar cells, the Na diffuses into the stacking faults of the
silicon lattice, penetrating through the pn-junction. This causes direct
metallic shunt paths, and therefore a significant decrease of the shunt
resistance (R⁠SH) [9-17]. The loss in R⁠SH expresses itself as a reduction
of the fill factor (FF) in the IV characteristic. The short circuit current
(I⁠SC) and the open circuit voltage (V⁠OC) are not affected significantly for
PID-s levels of less than 40%. Once the generated power output of the
PV module has degraded for more than 40% by PID-s, the I⁠SC and V⁠OC
are decreasing drastically [2,18]. In addition, Luo et al. [19] adopted
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Table 1
The initial η, I⁠SC, V⁠OC and FF of the six single-cell laminates as included in the PID test.

Sample η[%] I⁠SC[mA] V⁠OC[mV] FF[%]

Front GG1 20.0 9467 662 76.4
GG2 19.4 9398 662 74.7
GBS1 19.5 9460 660 74.5
GBS2 19.5 9433 662 74.6
BSG1 19.5 9472 662 74.4
BSG2 19.6 9497 663 73.3

Rear GG1 12.5 5993 646 77.3
GG2 12.7 6066 650 77.1
GBS1 13.2 6319 649 76.8
GBS2 13.3 6341 650 76.9
BSG1 12.9 6154 650 76.8
BSG2 12.9 6185 651 76.7

the de-polarization model for p-PERC solar cells as suggested by Swan-
son et al. [8] for rear junction solar cells. The term “PID of the polar-
ization type” (PID-p) was suggested later for similar interdigitated back
contact (IBC) solar cells by Naumann et al. [20]. Luo et al. [19] hy-
pothesized that in bifacial p-PERC solar cells the negative charge in the
AlO⁠x rear passivation layer is cancelled out by positive charges, such as
Na⁠+ ions, deteriorating the proper functioning of the passivation layer,
and therefore increasing surface recombination [21]. This degradation
mechanism is witnessed as a substantial decrease of the I⁠SC and the V⁠OC
while the decrease in FF is negligible [19].

Both degradation mechanisms can be prevented and solutions at cell,
module and system level are demonstrated and find their way towards
industrial applications. It has been shown that both PID-s and PID-p can
be prevented at cell level. The anti-reflection coating (ARC) plays an im-
portant role in PID susceptibility. By increasing the refractive index (i.e.
by increasing the Si ratio in the SiNX layer), the cell will be less suscep-
tible to PID [6,9,22,23]. At module level, alternative materials such as
PID-free encapsulation materials or borosilicate glass can be used in the
manufacturing stage, so that they render PV modules PID resistant (or
so-called “PID-free”). At system level, the grounding of a PV system can
be configured in such a way that the electrical field causes the sodium
ions to migrate away from the solar cell. However, the use of high-ef-
ficiency transformerless inverters does not always allow this approach
[1,6,9].

Next to prevention methods for new PV modules, both PID-s and
PID-p are shown to be reversible by either placing the solar cell under
positive bias with respect to the frame or by increasing the module tem-
perature [1,6,24]. However, thermal curing of full-size PV modules is
technically impossible to perform in the field. Next to a positive bias or
an elevated temperature of the solar cell, it has been shown that p-PERC
solar cells affected by PID of the polarization type can be recovered by
light [19].

However, in the run to mitigate PID from bifacial p-PERC solar cells,
a better understanding of the physical degradation mechanisms of com-
bined PID stress of the front and the rear side (bifacial PID) of bifa-
cial p-PERC solar cells is needed. Therefore, we aim to elucidate the

physics of PID in bifacial p-PERC solar cells and discuss the impact
of monofacial PID on both the front side and the rear side of bifacial
p-PERC solar cells.

2. Experimental set-up

Six identical bifacial front junction mono c-Si p-PERC solar cells of
156mm×156mm were laminated into six frameless single-cell PV lam-
inates of 200mm×200mm using a PID prone encapsulant, hereafter
referred to as single-cell laminates. All single-cell laminates were pro-
duced internally with the same lamination recipe. The impact of PID on
both sides of the solar cell, hereafter referred to as bifacial PID, was in-
vestigated using two 3.2mm SLG glass/glass (GG) single-cell laminate
samples. Two transparent backsheet/glass (BSG) and two glass/back-
sheet (GBS) samples were used to investigate rear side PID and front
side PID of the solar cell respectively, hereafter referred to as monofa-
cial PID.

The GG single-cell laminates were PID stressed according to the
foil-method as described in IEC62804-1: “Test methods for detection
of potential-induced degradation of crystalline silicon photovoltaic (PV)
modules”. The foil method was combined with a temperature of 85 °C
and a relative humidity of 60%. In order to PID stress the GG single-cell
laminates, a voltage difference of 1500V between the shorted solar cell
and the aluminium (Al) foils was applied for up to 136h with the elec-
trical field pointing towards the solar cell. The Al foils were attached on
both the front and the rear side of the GG single-cell laminates. Inter-
mediate measurements of the GG single-cell laminates were conducted
after 23h, 41h and 67h of PID stress. The GBS and BSG single-cell lam-
inates were PID stressed in the same conditions for 96h. No intermedi-
ate measurements were conducted for these single-cell laminates. The
initial efficiency (η), I⁠SC, V⁠OC and FF of the six single-cell laminates are
shown in Table 1.

It is noted that all samples underwent light soaking prior to the PID
experiments in order to exclude light-induced degradation (LID) and
light and elevated temperature induced degradation (LeTID) during the
PID test. Each side of the solar cell was light soaked at an illumination
intensity of 200W/m2 in an environmental chamber at 50 °C for 72h.
To further map the impact of LID and LeTID, two reference samples us-
ing a backsheet/backsheet configuration were included in this test. The
samples were also put under high voltage stress but did not show any
degradation, which excludes LID and LeTID mechanisms (results not in-
cluded in this report).

Since PID related effects are only expected from the glass side of
the PV laminate, a different degradation behaviour can be expected
between the GBS single-cell laminates, which are monofacially PID
stressed at the front side of the solar cell, and the BSG single-cell lami-
nates, which are monofacially PID stressed at the rear side of the solar
cell. This is clarified in Fig. 1, where the applied electrical field during
the PID stress test is shown.

To quantify the PV performance loss under PID stress, a PVtools
Loana PV analysis system was used for all measurement methods. Next
to light IV measurements at standard test conditions (STC), dark IV and

Fig. 1. A simplified representation of the three different single-cell laminates as used in this test (not drawn to scale) with a) a GG single-cell laminate, b) a GBS single-cell laminate and
c) a BSG single-cell laminate. The pn-junction of the bifacial p-PERC solar cell is located at the top side for all configurations.
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Fig. 2. The normalized degradation due to PID of the GG single-cell laminates as a func-
tion of time.

external quantum efficiency (EQE) measurements were also performed.
All characterization techniques were performed on both the front side
and the rear side of the single-cell laminates using monofacial illumina-
tion. The R⁠SH was always obtained by a linear fit of the dark IV curve
around 0V.

3. Results and discussion

3.1. Bifacial PID of bifacial p-PERC solar cells

Two identical GG single-cell laminates (as shown in Fig. 1a) were bi-
facially PID stressed for 136h to investigate the impact on both sides of
their solar cell. Fig. 2 shows the normalized degradation in power out-
put of both the front and the rear side of the GG single-cell laminates
before and after 23h, 41h, 67h and 136h of PID stress. From this, it is
clear that the rear side is more affected by PID than the front side with
both a higher degradation level as well as a higher degradation rate.

The light IV curves of the front and the rear side illumination mea-
surements of the first GG single-cell laminate at different intervals of
PID stress are shown in Fig. 3a. After 136h of PID stress, we observed
under front side illumination a P⁠MAX degradation of 50% with losses
originating from FF (∼37%), V⁠OC (∼18%) and I⁠SC (∼4%). The rear side
illumination measurements of this sample show a 68% P⁠MAX degrada-
tion, originating from FF (∼37%), V⁠OC (∼29%) and I⁠SC (∼28%). The
dark IV curves of the first GG single-cell laminate at different intervals
of PID stress are shown in Fig. 3b. A significant decrease in R⁠SH from
162 kΩcm⁠2 to 0.044 kΩcm⁠2 was found after 136h of PID stress. The
same behaviour was also observed for the front side of the second GG

single-cell laminate: under front side illumination a P⁠MAX degradation of
54% after 136h of PID stress. The losses originate from FF (∼40%), V⁠OC
(∼20%) and I⁠SC (∼6%). However, under rear side illumination measure-
ments, this sample shows a 78% P⁠MAX degradation, originating from FF
(∼42%), I⁠SC (∼40%) and V⁠OC (∼36%). This sample also shows a signifi-
cant decrease in R⁠SH from 41 kΩcm⁠2 to 0.034 kΩcm⁠2 after 136h of PID
stress.

An overview of the IV parameter changes for both the front and the
rear side of both GG single-cell laminates during the PID experiment
is shown in Table 2. The IV measurements of both GG samples show
that the degradation of front-side power generation is almost equal for
both GG single-cell laminates, while the degradation of rear-side power
generation varies significantly. The spread in degradation of rear-side
power generation was also observed in our earlier PID experiments with
bifacial p-PERC solar cells (not included in this article) and is in agree-
ment with the observations of Luo et al. [19]. The IV measurements al-
ready show that PID-s is not the only degradation mechanism playing
a role in front emitter bifacial p-PERC solar cells since the V⁠OC and I⁠SC
show a significant higher degradation level than expected according to
Carolus et al. [2,18]. This phenomenon expresses itself most when the
samples are characterized under rear side illumination measurements.

The EQE response and EQE ratio of both the front and the rear side
of the first GG single-cell laminate at different intervals of PID stress are
shown in Fig. 4. Front-side EQE measurements show a relative loss in
EQE of about 3% in the short-wavelength region (300–400nm), where
the front side of the solar cell is of influence, and up to 19% in the
long-wavelength region (800–1200nm), where the rear side of the so-
lar cell is of influence. Rear side EQE measurements show a signifi-
cant loss of up to 37% in EQE response for almost the full spectrum
(280–1000nm).

To better understand the physical behaviour of bifacial PID of bifa-
cial solar cells, monofacial PID tests were performed on both the front
and the rear side of the bifacial p-PERC solar cells separately. The results
will be discussed below.

3.2. Monofacial PID of the front side of bifacial p-PERC solar cells

Two identical GBS single-cell laminates, as shown in Fig. 1b, were
monofacially PID stressed from the front side for 96h to investigate the
impact on the front (emitter) side of the solar cell. The light IV curves
of the front and the rear side illumination measurements of the first
GBS single-cell laminate before and after PID stress are shown in Fig.
5a. After 96h of PID stress, we have observed under front side illu-
mination a P⁠MAX degradation of 31% with losses originating from FF
(∼26%) and V⁠OC (∼7%). The rear side illumination measurements of
this sample show a 37% P⁠MAX degradation, originating from FF (∼31%)
and V⁠OC (∼10%). A significant decrease in R⁠SH from 29 kΩcm⁠2 to 0.086

Fig. 3. a) The light IV curves of the front and the rear side of the first GG single-cell laminate during the PID stress test and b) the dark IV curves of the front side of the first GG single-cell
laminate during the PID stress test.
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Table 2
The normalized change of the P⁠MAX, I⁠SC, V⁠OC and FF of the front and the rear side of both
GG single-cell laminates during the PID test.

Time ΔP⁠MAX[%] ΔI⁠SC[%] ΔV⁠OC[%] ΔFF[%]

GG1 Front 0h 0.0 0.0 0.0 0.0
23h −12.0 −0.1 −3.3 −9.0
41h −22.5 −0.3 −4.2 −19.2
67h −35.5 −2.3 −7.6 −28.9
136h −50.0 −4.2 −17.7 −36.8

GG1 Rear 0h 0.0 0.0 0.0 0.0
23h −24.2 −12.1 −3.7 −10.5
41h −37.8 −10.8 −5.6 −26.3
67h −52.2 −16.4 −11.3 −35.7
136h −67.8 −28.3 −28.9 −37.0

GG2 Front 0h 0.0 0.0 0.0 0.0
23h −9.8 −0.3 −2.7 −7.4
41h −23.2 −0.7 −4.5 −19.0
67h −41.2 −2.6 −9.4 −33.3
136h −54.3 −5.7 −20.1 −39.6

GG2 Rear 0h 0.0 0.0 0.0 0.0
23h −23.3 −10.5 −3.8 −11.0
41h −40.0 −11.6 −6.5 −27.5
67h −58.4 −18.5 −16.2 −39.3
136h −77.8 −39.6 −36.3 −42.4

kΩcm⁠2 was found. The second GBS single-cell laminate shows an al-
most identical behaviour for both the front and the rear side illumina-
tion measurements: a P⁠MAX degradation of 31% with losses originating
from FF (∼27%) and V⁠OC (∼7%) at the front side and a P⁠MAX degrada-
tion of 37%, originating from FF (∼31%) and V⁠OC (∼9%) at the rear

side. This sample also shows a significant decrease in R⁠SH from 326
kΩcm⁠2 to 0.083 kΩcm⁠2. Note that the change in I⁠SC was negligible for
both the front and the rear side measurements of both modules.

An overview of the IV parameter changes for both the front and the
rear side of both GBS single-cell laminates before and after PID stress
is shown in Table 3. The IV measurements show the typical behav-
iour of a p-type solar cell under PID-s stress with limited V⁠OC and I⁠SC
losses for power output degradation levels of less than 40% [2,18]. The
overall degradation in power output of the GBS samples is significantly
less than the degradation in power output of the GG samples. In other
words, bifacial PID stress is more harmful than monofacial PID stress on
bifacial solar cells.

Fig. 5b shows the EQE measurements from both the front and the
rear side of the first GBS single-cell laminate. The EQE measurements
from the front side of the single-cell laminates show a slight relative
decrease in EQE response of up to 7% in the short-wavelength region
(300–400nm), while for longer wavelengths the EQE response remained
unchanged. EQE measurements of the rear side of the single-cell lami-
nates show no significant change in EQE response. The EQE measure-
ments confirm that the degradation is due to a degradation mechanism
occurring at the front side of the solar cell.

The drop in R⁠SH together with the EQE data suggests that PID-s is
the underlying degradation mechanism occurring at the front/emitter
side of the solar cell. Hence Na⁠+ ion migration under influence of the
electrical field into the solar cell. From here, the Na diffuses into stack-
ing faults of the silicon lattice and penetrate through the pn-junction
[11,13]. Front side PID-s of bifacial p-PERC solar cells is visualized in
Fig. 7.

Fig. 4. a) The EQE response of the front and the rear side of the first GG single-cell laminate during the PID stress test and b) the normalized EQE response of the front and the rear side
of the first GG single-cell laminate during the PID stress test.

Fig. 5. a) The IV curves of the front and the rear side of the first GBS single-cell laminate before and after PID stress and b) the front-and rear side EQE measurements of the same
single-cell laminate before and after PID stress.
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Table 3
The normalized change of the P⁠MAX, I⁠SC, V⁠OC and FF of the front and the rear side of both
GBS single-cell laminates after the PID test.

Time ΔP⁠MAX[%] ΔI⁠SC[%] ΔV⁠OC[%] ΔFF[%]

GBS1 Front 0h 0.0 0.0 0.0 0.0
96h −31.3 −0.7 −7.1 −26.2

GBS1 Rear 0h 0.0 0.0 0.0 0.0
96h −37.0 −0.2 −9.6 −30.5

GBS2 Front 0h 0.0 0.0 0.0 0.0
96h −30.7 −1.2 −6.7 −26.8

GBS2 Rear 0h 0.0 0.0 0.0 0.0
96h −37.1 −0.3 −9.2 −30.7

3.3. Monofacial PID of the rear side of bifacial p-PERC solar cells

Two identical BSG single-cell laminates, as shown in Fig. 1c, were
monofacially PID stressed from the rear side for 96h to investigate the
impact on the rear side of the solar cell. The light IV curves of the front
and the rear side illumination measurements of the first BSG single-cell
laminate before and after PID stress are shown in Fig. 6a. After 96h of
PID stress, we have observed under front side illumination a P⁠MAX degra-
dation of 5% with losses originating mainly from V⁠OC (∼2%). The rear
side illumination measurements of this sample show a 12% P⁠MAX degra-
dation, originating from I⁠SC (∼3%) and V⁠OC (∼9%). The FF remained un-
changed for both the front and the rear side measurements. A decrease
in R⁠SH from 993 kΩcm⁠2 to 11 kΩcm⁠2 was found. The second GBS sin-
gle-cell laminate shows the same behaviour, but with a significant vari-
ation in degradation of power output and PV parameters: under front
side illuminations a P⁠MAX degradation of 10% was observed with losses
originating from I⁠SC (∼3%) and V⁠OC (∼5%). The rear side illumination
measurements of this sample show a 28% P⁠MAX degradation, originating
from I⁠SC (∼24%) and V⁠OC (∼6%). The FF remained unchanged for both
the front and the rear side measurements and a decrease in R⁠SH from
47 kΩcm⁠2 to 10 kΩcm⁠2 was found. Note that the change in R⁠SH of both
modules have a negligible effect on the power output since the FF re-
mained unchanged.

An overview of the IV parameter changes for both the front and the
rear side of both BSG single-cell laminates before and after the PID ex-
periment is shown in Table 4. The IV characteristics of the BSG sam-
ples also show a degradation of the I⁠SC which is not in line with our
earlier findings when the samples suffered from PID-s [2,18], indicating
another degradation mechanism is playing a role at the rear side of the
bifacial p-PERC solar cell.

Fig. 6b shows the EQE measurements of both the front and the rear
side of the first BSG single-cell laminate. The EQE measurements of the
front side of the single-cell laminates show a slight relative decrease in

EQE response of less than 3% in the short-wavelength region
(300–400nm), and up to 10% in the long-wavelength region
(800–1200nm). Rear side EQE measurements show a significant rela-
tive loss of about 15% in EQE response for almost the full spectrum
(280–1000nm). Indeed, the EQE measurements confirm that the degra-
dation is due to a degradation mechanism evolving at the rear side of
the solar cell.

The limited decrease of the R⁠SH in combination with the EQE data
proves that the underlying degradation mechanism is occurring at the
rear side of the solar cell and that it is not caused by PID-s. The obser-
vations are in agreement with earlier findings [19] and it is believed
that the underlying degradation mechanism is due to PID-p, hence pos-
itive charge, such as Na⁠+, migration under influence of the electrical
field into the solar cell. It is hypothesized that this causes a deterio-
ration of the negatively charged AlO⁠x passivation layer, which signifi-
cantly increases the surface recombination velocity and is expressed by
a decrease in I⁠SC and V⁠OC. It should be noted that this degradation mech-
anism was observed at the rear side of all bifacial solar cells stressed
from the rear side or both sides. However, the P⁠MAX loss differs signifi-
cantly between two identical single-cell laminates. The fact that PID-p is
a surface effect, which means it is sensitive to small variations in surface
conditions, e.g. AlO⁠x coating properties, might promote this behaviour.
PID-p of bifacial p-PERC solar cells is visualized in Fig. 7 at the rear side
of the solar cell.

4. Conclusions

In this work we investigated the physical origin of bifacial PID in bi-
facial mono c-Si p-PERC solar cells. The test was conducted according to
the foil method as described in the standard IEC62804-1. Our investiga-
tions showed that bifacial p-PERC solar cells suffer from a combination
of both PID of the shunting type as well as PID of the polarization type.
This is visually presented in Fig. 7. Since PID-s is affecting the shunt re-
sistance, both the front and the rear side illumination measurements of
the solar cell are degrading according to the same trend. PID-p on the
other hand has a limited effect on the front side illumination measure-
ments. This is caused by the fact that under front-side illumination the
collection probability of only the high-wavelength photons is decreas-
ing due to the increased recombination velocity at the rear side of the
solar cell. Under rear-side illumination measurements, the degradation
due to PID-p is more pronounced since the current generation is also
affected by the low- and mid-wavelength photons. From the results it
can be stated that the glass/glass packaging and the lack of blanket met-
allization at the rear side renders such module types more sensitive to
PID.

Furthermore, it has been shown that PID-s and PID-p can be eas-
ily distinguished by IV and EQE measurements. In the IV characteristic

Fig. 6. a) The IV curves of the front and the rear side of the first BSG single-cell laminate before and after PID stress and b) the front-and rear side EQE measurements of the same
single-cell laminate before and after PID stress.
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Fig. 7. Bifacial PID of bifacial p-PERC solar cells when using a glass/glass module config-
uration: PID-s occurring at the front/emitter side and PID-p occurring at the rear side of
the solar cell.

Table 4
The normalized change of the P⁠MAX, I⁠SC, V⁠OC and FF of the front and the rear side of both
BSG single-cell laminates before and after the PID test.

Time ΔP⁠MAX[%] ΔI⁠SC[%] ΔV⁠OC[%] ΔFF[%]

BSG1 Front 0h 0.0 0.0 0.0 0.0
96h −5.1 −1.4 −2.4 −1.5

BSG1 Rear 0h 0.0 0.0 0.0 0.0
96h −12.4 −8.7 −2.8 −1.0

BSG2 Front 0h 0.0 0.0 0.0 0.0
96h −9.2 −3.3 −4.7 −1.5

BSG2ear 0h 0.0 0.0 0.0 0.0
96h −27.9 −23.5 −6.0 −0.0

PID-s is witnessed by a loss in fill factor due to a decrease in shunt re-
sistance while PID-p is indicated by a decrease in the short circuit cur-
rent and the open circuit voltage while the fill factor stays quasi un-
changed. Front-side EQE response also shows a specific signature for
both degradation mechanisms. PID-s expresses itself by a slight decrease
in the short-wavelength region (300–400nm). Whereas PID-p can be
recognised by a rather significant drop in the long-wavelength region
(800–1200nm) of front side EQE measurements.
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