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Abstract 
Potential induced degradation (PID) is a defect that has a severe effect on the performance of photovoltaic 
(PV) modules in field conditions. It is caused by leakage currents and the accumulation of sodium ions (Na+) 
between the anti-reflective coating and the encapsulation. In the experiment reported on here, PID was artifi-
cially induced through a PID stress test, where the surface of a poly-crystalline p-type module was covered with 
an aluminium sheet connected to the positive terminal of a high voltage power supply (1000 V), while the short-
circuited module terminals was biased to the negative terminal. This stress test was applied to two similar 
poly-crystalline p-type modules, A and B, for 48 hours and 20 hours respectively. The duration of the stress test 
determines the degree of PID severity induced. The length of the test resulted in Module A’s power decreasing 
by 88% and Module B’s by 40%. Electroluminescence and current-voltage measurements were taken at regular 
intervals over a period of more than a year to monitor the natural recovery of the modules. These measure-
ments show that the natural recovery of severe PID modules is possible, but slow. After the test period, the 
maximum power of Module A and Module B had recovered to 63% and 96% of the original level. PID experi-
enced in the field is generally less severe than for the modules in this study, so PID recovery could be achieved 
by adopting a process of setting affected strings at open-circuit in turns.  
 
Keywords: electroluminescence; open circuit voltage; current-voltage measurements  
 
Highlights: 
• Natural recovery of PID-affected modules is possible. 
• Susceptibility of a module to PID is dependent on the bill of materials.  
• Modules adversely affected by PID may only recover to a limited extent. 
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1. Introduction 

Photovoltaics (PV) has been recognised as a cost-
competitive source of renewable energy because it 
is clean, noise-free, inexhaustible, and requires 
minimal maintenance (Nelson, 2008). In the past 
decade, the number and size of PV power plants has 
grown, with the largest in South Africa being in the 
order of 100 MW (Jäger-Waldau, 2019). New large-
scale PV plants are increasingly using longer strings 
of modules, increasing the string voltages to 1500 
V. Using higher string voltages has the advantage of 
using fewer inverters, achieving more efficient 
AC to DC conversion, lowering the balance of sys-
tem costs, and minimising power losses at the step-
up transformers (West, 2012). Modules in long 
strings are, however, susceptible to potential in-
duced degradation (PID) because increased string 
voltage increases the potential difference between 
the modules and ground (Pingel, et al., 2010). Stud-
ies of failures in the field have indicated that PID re-
sults in a mean degradation rate of 15% per annum 
(Köntges, et al., 2010).  

The increased use of new high energy-efficiency 
transformer-less string inverters, as opposed to 
bulkier and low energy-efficient transformer-based 
inverters, causes high voltages to develop between 
module frames (grounded) and the DC circuit of the 
module string (Kumar and Kumar, 2014). The 
grounding of either the positive or negative of a 
string depends on the type of modules in use (n-
type or p-type) and helps to isolate the grid cir-
cuitry from the PV string, which minimises the 
chances of PID occurrence (Oh Jaewon, 2016). The 
high system voltage may drive an electrical leakage 
current between the cells and the module’s cover 
glass and frame. The high voltage difference be-
tween the cells and the glass may cause sodium ions 
(Na+) that are present in soda-lime glass to drift to 
the surface of the cells via the polymeric encapsul-
ant material. Eventually, at a high enough concen-
tration, sodium ions Na+ may end up diffusing into 
solar cells, causing the performance-limiting defect 
known as PID (Naumann et al., 2013; Luo et al., 
2017; Boulhidja et al., 2020). PID causes a signifi-
cant drop in the power output of modules, and so is 
a major reliability concern in any type of solar PV 
(Hacke et al., 2013; Akcaoğlu et al., 2019). As mod-
ules age in the field, the likelihood of PID occurrence 
increases, due to moisture ingress that may pro-
mote leakage currents and the mobility of sodium 
ions Na+ present in the glass (Luo et al., 2017).  

PID-affected modules can be detected using 
electroluminescence (EL) imaging and light cur-
rent-voltage (L-IV) measurements. The EL images 
of a PID-free module display nearly uniform bright-
ness except for areas along the fingers, busbars and 
randomly distributed dark spots. PID-affected cells 
appear less bright and seem to be shunted (Nau-

mann et al., 2014; Luo et al., 2017; Fuyuki and 
Kitiyanan, 2009). PID-affected modules tend to ex-
hibit a ‘checker-board’ EL intensity pattern, espe-
cially at a forward current corresponding to 10% of 
the short circuit current for modules least affected 
by PID (Kwembur et al., 2020). In a module, an 
individual cell’s PID susceptibility may depend on 
its position within the module strings and is 
uniquely affected (Wang et al., 2019; Luo et al., 2017; 
Martínez-Moreno, Figueiredo, & Lorenzo, 2018).  

2. PID mechanism in PV modules  

The negative impact of PID on PV modules is con-
tinually studied, and theories on the causes con-
tinue to evolve and hence remain work in progress. 
This is because modules from the same technology 
with the same manufacturing specifications or bill 
of materials, may exhibit PID effects that are differ-
ent under similar induced environmental stress 
conditions (Luo et al., 2017). The possible leakage 
current paths for a module under high voltage PID-
induced stress are the following (Luo et al., 2017): 

• along the surface of the front glass;  
• through the bulk of the glass;  
• along the interface between the glass and 

the encapsulation;  
• through the bulk of the encapsulation;  
• along the interface between the encapsula-

tion and the backsheet; 
• through the backsheet bulk; and  
• along the backsheet surface.  

 
The magnitude of leakage currents through the 

seven possible paths varies depending on humidity, 
dew condensation, encapsulation materials and 
temperatures. The p-type modules used in this 
study are mostly susceptible to a form of PID known 
as PID shunting (PID-s) (Lausch, Naumann, 
Breitenstein, et al. 2014). PID-s is associated with 
decrease in shunt resistance (Rsh) and increase in 
series resistance (Rs) which results in increased 
electron-hole pair (e-h) recombination (Carolus et 
al., 2019). Sodium ions Na+ drifting from the glass 
surface through the encapsulation to the surface of 
the cells and eventually into the crystal structure 
cause increased shunting at the pn-junction, result-
ing in cell degradation and eventually a decrease in 
the module power output (Wilson et al. 2015). Ac-
cording to Naumann et al. (2014), the shunted cells 
observed in an EL image after PID stress coincide 
with sodium ions Na+ accumulation. Sodium ions 
Na+ originate from soda-lime glass and possibly the 
surface of the cell contamination during cell pro-
cessing or module assembly (Naumann et al., 2014).  

3. PID mitigation and recovery  

PV manufacturers have introduced various mitiga-
tion measures in the module fabrication process in 
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order to minimise PID occurrence. The deposition 
of anti-reflective coating (ARC) with high enough 
refractive index (<2.1) and better electrical conduc-
tivity in order to inhibit or eliminate chances of so-
dium ions Na+ drifting towards the pn-junction in 
the event that PID-favourable conditions occur (Oh 
et al., 2017). The other approach is to introduce a 
silicon dioxide layer between the cell and ARC; in 
some cases ion implantation in the cells emitter was 
implemented (Singh, 2015). This may increase the 
doping profiles of the cells. To prevent sodium ions 
Na+  diffusion, an encapsulation polymer with high 
electrical resistivity – such as polyolefin, ionomer or 
high quality ethylene-vinyl acetate (EVA) – has 
been used (Braisaz et al., 2016). EVA with a higher 
crosslinking, if used, may offer higher electrical re-
sistance hence limiting sodium ions (Na+) migration 
(Jonai et al., 2015). Chemically strengthened glass 
with reduced sodium content may further decrease 
PID susceptibility of a module (Singh, 2015).  

During PV plant planning, possible PID mitiga-
tion measures include ensuring proper grounding 
of modules in a string; using good quality inverters; 
using modules without frames; and choosing mod-
ules made from materials such as glass, encapsula-
tions, backsheet and solar cells with desirable anti-
PID properties (Berghold et al. 2013; Virtuani, 
Annigoni and Ballif 2019).  

Several practical mitigation options are availa-
ble to PV power plant owners when confronted 
with PID during PV plant operation. They include 
changing the electrical configuration of the PV 
plant; replacing the affected modules with new 
ones; and installing  additional equipment like  a 
PID offset box (Luo et al., 2017). The use of a com-
mercially available PID offset box to manage PID on 
strings in a PV plant requires that it be connected 
either in series or in parallel to the string circuitry. 
During the night the PID offset box sends a small 
current to the string which takes several months or 

years with minimal or no guarantee of 100% PID re-
covery (Hinz et al. 2016). The disadvantage of a PID 
offset box is the possibility of PID re-occurrences 
and additional cost to the PV plant operations (Hinz 
et al., 2016).  

PID-s is a reversible form of PID since it involves 
migration of sodium ions Na+  under high electric 
potential (Luo et al., 2017). Methods such as reverse 
polarity and exposing the affected module to high 
temperatures in environmental chambers have 
been used to reverse PID-s (Lausch, Naumann, 
Graff, et al., 2014). In the study described below, the 
modules are instead left in open circuit in the dark 
to recover naturally.  

4. Experimental procedure  

4.1 Module specification  
Two identical 240 W poly-crystalline PV modules, 
from the same manufacturer and commercially 
available in the market, were used in this study. 
They were labelled as Module A and Module B. The 
modules are composed of 60 cells in three strings of 
20 cells each connected in series and three bypass 
diodes. The modules had been deployed in the field 
in an embedded PV generation system for five 
years. The modules were cleaned and dried before 
initial power and EL measurements were recorded.   

4.2 PID stress test 
Figure 1 illustrates the high voltage stress process 
used to induce PID, and shows a cross-section of the 
experimental PID induction process. The set-up in-
cludes an aluminium sheet placed on the surface of 
the module’s glass, with a high voltage power sup-
ply connected to the modules connectors and to the 
metal plate. The aluminium sheet produces an elec-
tric field as indicated in Figure 1. The module struc-
ture, seen in Figure 1, is the glass, encapsulant, anti-
reflective coating (ARC), cells, encapsulant, back-
sheet surrounded by an aluminium frame.  

Figure 1: PID induction experimental set-up. The cathode is connected to an aluminium plate resting 

on the glass front surface, the anode to the module cell circuitry. The red arrows indicate the 

direction of the electric field between the aluminium plate and the module cells.  

(Adapted from Luo et al., 2017)
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An environmental chamber was custom-made 
to provide appropriate environmental conditions 
and a safe environment for high voltage experi-
ments, as shown in Figure 1. The temperature of the 
experimental environment was set at 35 °C ± 1 °C 
and the humidity levels were kept at less than 40 
RH % for the duration of the PID stress test. The test 
was done with a conductive aluminium sheet cov-
ering all 60 cells without touching the aluminium 
frame. This is an adaption of the method included in 
the IEC 62804 standard (IEC, 2015). The aluminium 
sheet was 1625 mm long, 955 mm wide and 3 mm 
thick. The aluminium plate was flexible enough to 
rest on the surface of the glass. Using an aluminium 
sheet covering the glass surface aimed to reproduce 
the high conductivity of a wet glass surface and the 
high humidity that a module may experience from 
rain or dew in the field. The module terminals were 
short-circuited and biased to the negative terminal 
of the high voltage power supply, while the alumin-
ium sheet had a positive bias. Every module was 
first placed inside the chamber for at least 30 
minutes to acclimatise before the high voltage 
power supply was switched on – for 48 hours and 
20 hours for modules A and B respectively. The du-
ration of the test was set to induce severe and mod-
erate PID degradation. After 48 hours Module A had 
severely degraded so Module B was only subjected 
to half the time. The IEC test requires modules to 
have less than 5% degradation in performance pa-
rameters after 192 hours in order to be considered 
PID-resistant (Doyle, Desharnais, and Erion-Lorico, 
2020). Modules A and B had power performance 
degradation of 88% and 40% respectively. This can 
be attributed to the modules being over five years 
old and thus not benefitting from the PID mitigation 
approaches that have been introduced in modules 
of more recent manufacture.  

4.3 Module PID recovery  
The modules were kept at room temperature in 
open-circuit after post-stress EL imaging and L-IV 
measurements. The modules were periodically 
tested and returned to storage until the next meas-
urement. The degradation induced by the PID stress 
test is determined by the power loss relative to the 
pre-stress maximum power measurement (Pimpp), 
where (Pfmpp) is the maximum power measured at 
each interval, as expressed in Equation 1.  

     % 𝑃𝑜𝑤𝑒𝑟 𝐿𝑜𝑠𝑠 = (
𝑃𝑓𝑚𝑝𝑝−𝑃𝑖𝑚𝑝𝑝

𝑃𝑖𝑚𝑝𝑝
) × 100%   (1) 

The first measurement taken after the PID stress 
test was at 0 hours and the module’s recovery was 
monitored from that point until the end of the mon-
itoring period. 

4.4 L-IV measurements and EL imaging 
L-IV measurements were obtained using a class 
AAA solar simulator, which is classified according 
to its spectral distribution match, irradiance uni-
formity in the test plane and temporal instability of 
irradiance (IEC, 2020). The measured results are 
corrected to standard test condition, which is a tem-
perature of  25 °C, irradiance of 1000 W.m-2, and 
global reference spectral irradiance of AM 1.5 (IEC, 
2020). 

The EL images were taken before PID stress, af-
ter PID stress (0 hours recovery), and at subsequent 
time intervals to monitor recovery. The EL imaging 
setup comprised a power supply, computer con-
trols, and a Silicon CCD camera. The measurements 
were made in a dark environment in order to elim-
inate natural light interference during the EL imag-
ing process (Fuyuki and Kitiyanan, 2009). For 
Module A, EL images were taken at a current corre-
sponding to Isc, while for Module B the EL image was 
taken at current corresponding to 10% of Isc.  EL im-
aging at low currents is more sensitive to the effects 
of PID, as the presence of decreased shunt re-
sistance is more visible. 

5. Results and discussion  

Modules A and B were subjected to PID stress using 
an aluminium plate method as described in sec-
tion 4.2. Module A was subjected to the PID stress 
test for 48 hours, after which the performance pa-
rameters were measured, as listed in Table 1. Mod-
ule A had PID induced resulting in a severe power 
loss of 88%. The shunt and series resistance were 
extracted from the IV curve using curve-fitting tech-
niques.  

Figure 2 shows the L-IV measurements taken 
pre-PID stress and used as a initial result against 
which recovery was compared. The L-IV measure-
ments taken immediately after PID were used to 
calculate power drop and marked the start of power 
recovery from PID; this was recorded as 0 hours, 
representing the worst affected L-IV in Figure 2. 
The L-IV measurements taken subsequently – at in-
dicated time intervals starting from three days and 
seven days up to 487 days and 491 days for mod-
ules A and B respectively – show PID recovery.  

The I-V curve of Module A is shown in Figure 2a. 
Immediately after PID was induced the power 
dropped significantly, due to the decrease in open-
circuit voltage (Voc) and shunt resistance. The drop 
in Voc is much higher because Na+ ions penetrate 
into the pn-junction, causing a sharp increase in 
photo-generated charge recombination resulting in 
decreased charge built up across the pn-junction 
(Naumann et al., 2014; Ziebarth et al., 2014). 

The I-V curve of Module B is shown in Figure 2b. 
The drop in Voc was less than for Module A and with 
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Table 1: Performance parameters corrected to STC of Modules A and B, pre-stress, after PID stress, 
and after recovery.  

 Voc (V) Isc (A) Pmpp(W) Rsh (Ω) Rs (Ω) FF (%) 

Module A 

Pre-stress 36.7 8.3 226.9 1000 0.6 74% 

After PID stress 13.4 7.6 26.1 2 1.5 26% 

% loss after PID stress -63% -8% -88% -100% 150% -66% 

After 491 days of PID recovery 35.1 8.1 142.3 18.1 1 50% 

Module B  

Pre-stress 37 8.1 230.4 769.2 0.5 77% 

After PID stress 35.5 8.3 139.2 1.9 1.2 47% 

% loss after PID stress -4% 2% -40% -100% 140% -39% 

After 487 days of PID recovery 37 8.4 220.1 18.1 73.5 0.7 

  
 

(a) (b) 

Figure 2: I-V curves taken before PID stress and at intervals during recovery  

for a) Module A and b) Module B. 

time it recovered to the pre-stress value because of 
low PID severity on it. The effects of PID shunting 
caused the fill factor to be decreased. The L-IV 
graphs of both modules show a shift toward the in-
itial L-IV measurements with time, as the effects of 
PID shunting dissipate with back diffusion of the so-
dium ions Na+ (Masuda et al., 2016). 

Figure 3 plots the recovery of the modules by 
plotting the measured power of the modules as a 
percentage of the original pre-stress power. For 
both modules, the rate of natural recovery was 

faster initially and then slowed with time. For ad-
versely affected Module A, sodium ions (Na+) are 
forced into the pn-junction, resulting in sodium 
stacking faults to exist and thus an increased deple-
tion at the pn-junction. Therefore, it takes longer to 
completely evacuate the ions from the pn-junction. 
For the less-affected Module B, recovery is faster, 
because the Na+ ions are still on the surface of the 
cell, so it is easy to evacuate them back to the glass 
(Wang et al., 2019). It is possible that the PID con-
sists of reversible and irreversible processes related  
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to the diffusion of sodium ions (Na+), and that these 
modules will never full recover naturally (Masunda, 
2016).  

Figure 4 shows the EL measurements taken pre-
PID stress, immediately after PID stress, and at sub-
sequent indicated recovery time intervals. For Mod-
ule A, the EL images are captured at an applied 
current equal to the short circuit current (Isc) of the 
modules. In the first EL image, taken before PID 
stress, the level of brightness of EL images is nearly 
uniform, except for busbars, fingers, inter-cell 
spaces and some notable dark spots. The initial EL 
images taken immediately after PID stress shows all 
cells in module A appearing completely dark, due to 
the severe PID shunting. PID-affected cells in a mod-
ule appear darker in EL images than the remainder, 
indicating accumulation of Na+ ions between ARC 
and encapsulation and the pn-junction resulting in 
shunting as observed on the EL images. As a module 
undergoes natural PID recovery, the EL images 
show many cells becoming progressively brighter, 
as fewer modules are affected by PID shunting. By 
the final measurement, many cells have returned to 
their original intensity but several remain black and 
hence shunted. 

The EL images for Module B were taken at ap-
plied current equal to 10% Isc, as the effects of the 
PID are more visible at a lower applied current. For 
Module B, the EL images taken immediately after 
PID stress show the majority of the cells appearing 
dark, with a few cells unaffected by PID appearing 
bright. In Module B, the EL intensity on all the cells 
became brighter and nearly uniform after 487 days, 
supporting the conclusion drawn from the power 
measurements that the module had almost com-
pletely recovered. 

6. Conclusions  

PID in the two poly-crystalline modules was suc-
cessfully induced, which resulted in module power 
performance dropping by 88% and 40% of their in-
itial power measurements. PID recovery in the 
modules was observed to occur naturally at room 
temperature of 20–25 °C, without any applied volt-
age or elevated temperatures. The PID severity was 
much higher in Module A than Module B, due to the 
longer stress period and it took longer for the se-
verely affected modules to recover completely than 
those least affected. Some modules may never fully 
recover naturally due to the irreversible nature of 
induced PID shunting. 

PID-affected cells in a module appear darker in 
EL images than the remainder, indicating accumu-
lation of Na+ ions between ARC and encapsulation 
and the pn-junction, resulting in shunting as ob-
served on the EL images. The shunting further 
caused a significant drop of Rsh, Voc and Pmpp as de-
picted in the L-IV measurements. After over a year, 
there was a considerable increase in the number of 
cells appearing with normal brightness, which indi-
cates diffusion of Na+ ions back to the glass and the 
PID recovery of individual PV module cells. The re-
covery was further confirmed by an increase in Rsh, 
Pmpp, Voc and Isc. The susceptibility of a module to 
PID is dependent on the bill of materials of the mod-
ule. Modules with the same module type can have 
different bills of materials, and even modules with 
the same one are known to behave differently un-
der PID stress. For this reason, no specific conclu-
sions can be drawn from the rate of recovery of the 
small sample presented in this paper. However, 
generally, the results show that natural recovery of 
power performance is possible in severely affected 

 

  
(a) (b) 

Figure 3: Plots of the measured power of the modules as a percentage of the original pre-stress 

power for a) Module A and b) Module B. 
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PID modules. The initial recovery is fast and then 
slows, and some modules may never fully recover 
due to irreversible effects of PID. To mitigate  
against catastrophic PID power loss, PV plant oper-
ators can adopt a rotational open circuit strings in 

strings of interest in a solar power plant in order to 
allow for PID recovery. This, in addition to applying 
reverse bias voltage using a PID offset box, could 
mitigate the effects of PID for moderately affected 
modules or those detected at early stages of PID.

 

Module A (100%Isc) Module B (10%Isc) 

 

Pre-stress 

 

Pre-stress 

 

0 hrs 
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Figure 4: EL images of Modules A and B taken before PID stress, immediately after,  

and at different times during natural PID module recovery. 
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