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Abstract—We present a detailed case study of degradation in a
monocrystalline photovoltaic modules operating in a utility-scale
power plant over the course of approximately three years. We
present the results of degradation analysis on arrays within the
sites, and find that five of the six arrays degraded faster than the
best performing array. We also describe the results of extensive
laboratory characterization of modules returned from the field,
including module- and cell-level current-voltage characterization,
luminescence imaging, and accelerated testing. The laboratory
test results and field performance are consistent with LeTID.
This paper also demonstrates a method to identify possible LeTID
degradation in the field and confirm the result with laboratory
testing of a small number of modules.

Index Terms—Photovoltaics, LeTID, degradation, open-source,
reliability

I. INTRODUCTION

N order to have accurate models for photovoltaic (PV)

system energy generation and financial performance it is
critical to accurately predict degradation. When degradation
occurs more rapidly than expected, equipment manufacturers
need to know to address the problem for future products.
Similarly, system owners need to know to bring their per-
formance and financial models in line with reality, or how
to utilize procurement practices that can achieve the desired
reality. These instances also provide an opportunity to improve
standards (e.g. [1]) to catch emerging degradation modes.

In recent years, a degradation mode termed light and ele-
vated temperature induced degradation (LeTID) has emerged
in Si solar cells, and has been shown to be distinct from
previously known effects such as light-induced degradation
(LID) [2], [3]. LeTID has been observed in a variety of Si-
based PV technologies [2], [4]-[6].

We report a case study of degradation observed in a utility
scale photovoltaic power plant operating in the Mid-Atlantic
United States that exhibits features consistent with LeTID.
The power plant was identified as an under-performing system
by its owner through performance models using measured
time series data in combination with plant availability. High
availability yet low performance suggested a potential DC
capacity issue. We present the results of a study of the time
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series energy generation data and a detailed laboratory analysis
of sample modules returned from the site. Field characteriza-
tion combined with time series degradation analysis identified
which of modules were degrading faster than expected and
which were performing normally. We used these results to
identify a small set of modules of both under-performing and
“good” modules for laboratory characterization to identify the
degradation rate and mechanism. This approach enabled us to
construct a detailed case study of the system and determine
the root cause of reduced energy yield.

We begin with a description of the system and field ob-
servations, then proceed with an explanation of the methods
employed in the time series analysis and laboratory charac-
terization. The laboratory characterization methods used here
include electroluminescence (EL), photoluminescence (PL),
module- and cell-level current voltage (IV) characterization
under simulated sunlight. We then describe the results in
two subsections, the first focuses on the evolution of energy
generation in the field and the state of modules as they were
received from the field. The second describes the effects of an
accelerated test known to accelerate LeTID and the subsequent
associated recovery. Finally we describe how our results are
consistent with LeTID.

II. SYSTEM DESCRIPTION AND FIELD OBSERVATIONS

This study concerns a utility-scale solar photovoltaic power
plant located in the Mid-Atlantic United States. The power
plant contains six 2 MW arrays, labeled here as array 1-
array 6. The modules used in these arrays were 72-cell mono-
Si modules of the same manufacturer and model, with a power
rating of 325 W. The modules were assembled in at least
three different facilities, and the only outwardly noticeable
difference in bill of materials was the front glass. The modules
are ground mounted south-facing at fixed tilt.

Outdoor IV characterization and field EL imaging was
performed on a subset (<1%) of the modules in each array, and
these measurements were used to select modules for laboratory
analysis. A total sample size of 224 modules was used to help
mitigate statistical uncertainty. IV curves were corrected to
standard test conditions, with corrections made for irradiance,
angle of incidence, temperature, soiling, and series resistance.
A subset of the tested modules was also imaged by EL in
the field. This field testing was carried out in an 18-hour
period with all the modules mounted in place. Histograms
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of the irradiance- and temperature-corrected power measured
from the field IV curves are shown in Fig. 1. A substantial
range in individual module performance was indicated by the
field testing. We observed that modules from array 1 were on
average higher-performing compared to those in arrays 2-6.
These differences in IV performance correlated with reduced
brightness in the EL images. Performance was not correlated
with position within a string; some strings were entirely high
performing, some entirely low performing, and some mixed.
Example EL and IV results from a single string with both low
and high performance is shown in Fig. 2. Based on the IV and
EL observations along with technology vintage, LeTID was
suspected. The field testing facilitated identification of a small
number of samples for detailed laboratory analysis at NREL
to verify the degradation mechanism(s). Three categories of
modules were selected for further analysis:

A) Typical modules from array 1. These were selected to
have Py, values close to the median Py, for array 1.
These were high-performing compared to other arrays.

B) Typical modules from arrays 2—6. These were selected to
have Py, values close to the median By, for arrays 2-6.
These were low-performing compared to array 1.

C) Atypical high-performing modules from array 2—6. These
had high-performance relative to modules typical of ar-
rays 2-6

Two modules from each category above were selected for
further analysis in the laboratory at NREL. Before selecting
specific modules, the EL images were examined to ensure
that the candidate module did not suffer from obvious cracked
cells, or inactive cell strings. These six modules were delivered
from the field along with two unfielded spare modules of

the same type, for further laboratory study. For group B,

we selected a module from array 2 and from array 3; time

series analysis and the outdoor IV characterization revealed
no substantial differences between arrays 2—6, enabling us to
work with a lower number of modules rather than sampling
from each array. At the time the modules were collected
for laboratory study, the system had been in operation for
approximately three years. Below, the modules are referred

to by array number and replicate. For example, module 2.1

originates from array 2, and is the first module from that array.

Unfielded control modules are assigned to array 0.

III. METHODS
A. Operational time series analysis

We assessed the degradation in the energy generation of
the system by analyzing time series operational data from
the power plant. The time series consists of various meteo-
rological and electrical measurements, recorded in averaged
15 minute intervals. In this study we used measurements
of plane-of-array (POA) irradiance, module temperature, and
energy output. POA irradiance was measured across the site
by seven reference cells and two thermopile pyranometers.
Module temperatures were measured by a probe on the back
of modules, with one module temperature measurement per
array, for a total of six. For both POA irradiance and module
temperature, we took the median of all the measurements at
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Fig. 1. Histograms of normalized power for modules from array 1 (orange)
and arrays 2-6 (blue) based on corrected field IV curves. The modules in
arrays 2—6 tend to be more degraded than those in array 1.
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Fig. 2. Module power as a function of electrical position in a string from
array 2 along with field EL images. EL images are centered on the x axis with
respect to their electrical position. Modules in position 1, 2, and 5 show have
both higher power and brighter EL images. Correlation between EL and IV
measurements further supported the conclusion that degradation was affecting
some modules in the array, but not others.

each time step. This ensures that a common set of reference
conditions are used for all the arrays, and that differences
in sensors do not contribute toward differences in observed
degradation rate. PV energy generation was obtained from
energy meters, with one meter associated with each array.
Irradiance measurements can drift over time contributing to
bias in calculated degradation rates [7]. To mitigate this effect,
we corrected the median value of POA irradiance according
to satellite irradiance data. Satellite reanalysis data for hourly
direct normal irradiance (DNI), global horizontal irradiance
(GHI), and diffuse horizontal irradiance (DHI) were obtained
for the location of the plant [8] and transposed to plane of array
using an isotropic sky model with an albedo of 0.25 [9]-[11].
This satellite POA irradiance was then aggregated daily and
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compared to the daily aggregated insolation calculated from
the median measured POA irradiance. The daily ratio of
satellite POA to measured POA was regressed over the period
of study via the Theil-Sen method [12] to obtain a linear
correction factor that was then multiplied by the median
measured POA. The slope of this correction was 0.73%/day.
This corrected value of POA was used for calculation of
degradation rates.

The degradation analysis was carried out with RdTools, an
open-source python package for analysis of PV data [13]. The
methods underlying RdTools have been described previously
[7]1, [14], [15], but we review the methods briefly as they
are implemented here. The first step is to normalize to a
model; energy generation of PV for each time step is divided
by the expected generation based on a simple irradiance and
temperature coefficient model. The next step is to filter to
eliminate erroneous (non-positive) energy generation values,
POA irradiance outside the range of 200-1200 W/m?, module
temperature values outside the physically relevant range of
—50-110°C, and inverter clipping. This was achieved with Rd-
Tools filters configured with their default values [13]. The next
step is to aggregate the normalized and filtered performance to
daily frequency using an insolation-weighted mean. We then
filtered the daily values for outliers according to the upper and
lower Tukey fences, that is, 1.5 times the interquartile range
above and below the first and third quartiles respectively [16].
The final step is to perform the year-on-year calculation [17],
which estimates the degradation rate as the median value of all
slopes drawn between two daily points separated by exactly
one year. We report the median (P50) and the 95% confidence
interval for the median. Generally, at least two years of data is
required for the year-on-year approach, with improved results
for longer data sets.

B. Accelerated testing

To determine whether the degradation kinetics where consis-
tent with LeTID, we performed accelerated testing at NREL.
Module 2.1 was subjected to two sets of accelerated test
conditions known to promote light and elevated temperature
degradation (LeTID) and subsequent regeneration [18], [19].
The rates of degradation and recovery in response to different
stress levels enabled us to test whether the observed degrada-
tion was consistent with LeTID. In the first phase, termed the
“degradation phase,” the module temperature is controlled to
75°C, while current is applied in the dark. The applied current,
Lypp. 1s equal to the difference between the module STC short-
circuit current, I, and maximum power current, Inp, i.e.
Lipp = Iyc — Iyp. Use of this relatively small forward current
slows degradation to the point where it can be measured by
weekly module light IV curves and EL imaging. In the second
phase, termed “regeneration phase,” temperature is increased
to 85°C, and applied current is increased to Ly = Isc. Weekly
module light IV curves and EL imaging are also performed
during the degradation phase. Typically, each phase consists
of four one-week intervals with intervening IV measurements
and EL imaging. In this study, we carried out two one-week
intervals in the degradation phase, followed by three one-week

intervals in the regeneration phase. All steps were executed
with a module temperature tolerance of +3°C, with one hour
temperature ramps during which no bias was applied.

LeTID degradation and regeneration are both accelerated
by injected current and elevated temperature. However, the
degradation process is much faster than the regeneration
process. Thus, while both the degradation and regeneration
phases utilize heat and current, lower values are applied during
the degradation phase so that the realized rates of degradation
and regeneration facilitate weekly characterization.

C. Laboratory module and cell current voltage measurements

Laboratory IV curves were collected using a commercial
class AAA pulsed solar simulator. We measured IV curves for
each of the modules on receipt from the field, after cleaning
them to remove soiling. For module 2.1, which underwent
accelerated testing, IV curves were repeated after each step
of the accelerated test. The module IV curves were collected
at 25.04£0.5°C and 1000 W/m?. We also collected cell-level
IV curves on selected cells from module 2.1 (after accelerated
testing) and 3.1 (as received). Cell-level curves were taken at
at 25.040.5°C and multiple irradiances of 200, 400, 600, 800,
and 1000 W/m?. Electrical contact was made to individual
cells by grinding away the backsheet and back encapsulant
over each of the ribbons within the module and connecting
them together by soldering bus ribbon to them. Probing the bus
ribbon tabbed from bus bars exposed on either side of a cell
of interest enabled us to obtain single cell IV curves. We fitted
single-diode models to each cell’s I-V curves using the SDM-
G algorithm [20]-[22]. This method uses information from
multiple I-V curves, in this case taken at multiple irradiance
levels, to fit a single equivalent circuit model.

D. Laboratory photoluminescence imaging

We collected high resolution PL images of each module
as received at NREL. PL imaging uses light to excite excess
carriers in the solar cells and then PL is collected by a
camera. For PL imaging, optically excited carriers are uni-
formly injected throughout the cell which diminishes effects
of series resistance that may influence voltage and carrier
distributions when collecting EL images using rated current
values. We collected PL images cell-by-cell. In the system
used here, the light source consisted of two laser diodes at
a wavelength of 808 nm. The light was fiber coupled from
the laser diode units and was spread out over an oversized
area of one solar cell that is approximately 16 x 16 cm. The
laser illumination was coupled out of the optical fibers using
a collimator and engineered diffuser. We adjusted the laser
power and optics to output 25 mW/cm2, roughly 1/4 Sun
intensity, with a uniformity over the cell area of less than
5% variation. We collected PL images using a silicon-detector
camera with a long-pass filter on the lens to block the 808-
nm laser light but transmit the longer wavelength PL. Typical
exposure times were 5 to 10 seconds per cell. Automated
stages moved the module from cell to cell under the field of
view of the camera, and PL images are collected on each cell
giving a resolution of roughly 1000 x 1000 pixels per cell. The
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resulting module PL image was composed of a series of cell
images that total to the number of cells within the module. The
PL images were corrected for vignetting, the lower intensity
of the image corners due to camera and lens artifacts, by
dividing each image by a normalized image collected using
uniform emission from an integrating sphere. Finally, the cell
images were cropped and stitched together to give a single
high-resolution PL image of the module.

After closely cropping PL images to each include only a
single cell, we evaluated each cell’s median PL intensity. We
then used k-means clustering to divide the 144 cells from
both degraded modules (2.1 and 3.1) into two populations:
low PL intensity and high PL intensity. A cell’s PL intensity
is correlated with its V,.[23], so these two populations were
intended to cover the high-performing and low-performing
cells in the modules.

E. Laboratory electroluminescence imaging

While collecting PL cell-by-cell as described in Sec-
tion III-D provides a high-resolution data set, it is time
consuming. To expedite characterization between steps of
accelerated testing, we used EL imaging of the entire module
during laboratory testing at NREL. Before testing and between
steps of accelerated testing, we collected EL images of the
entire module under test. We forward-biased the module to
pass approximately 10% of its nameplate I, and collected
images using a cooled silicon CCD camera. We applied flat-
field correction to the EL images and we aligned images using
the edges of the individual cells.

IV. RESULTS
A. Initial characterization and effects of field service

The normalized daily performance of each array used in the
degradation analysis is shown for each array in Fig. 3 and the
extracted degradation rates are shown in the top panel of Fig. 4.
We observe that arrays 2—6 degrade significantly more rapidly
than array 1 based on a set of two-sided Mann-Whitney tests
between all the year-on-year slopes from array 1 and those
from each other array, which yield p-values less than 1 x 107,
We note that array 1 shows a positive P50 rate of change
(Fig. 4), but with a confidence interval that encompasses zero.
Though the satellite correction of POA irradiance was found
to mitigate the positive bias to some extent, a small bias
remains. Possible explanations for this include drift in sensors
or the median module temperature at the site becoming less
representative of the module temperatures in array 1 as the
other arrays degrade. For the purposes of this study, we are less
concerned with the absolute value of the degradation rate than
with the relative degradation rate between arrays. Since we use
the same module temperature and POA irradiance to extract
degradation for every array, we can confidently conclude that
arrays 2—6 are producing less energy over time when compared
to array 1.

IV curves collected on modules returned from the field
from categories A and B (Table I) corroborate the observation
from both field characterization and time series analysis that
arrays 2—-6 degraded more rapidly compared with array 1.
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Fig. 3. Normalized daily performance of each sub array (1-6, top to bottom)
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Fig. 4. Top: Results of year-on-year degradation analysis of each array. Points
indicate the P50 rate of change, and lines indicate the extent of the 95%
confidence interval. Negative rate of change denotes degradation. Bottom:
Power of fielded modules from the system based on IV measurements taken
at STC, plotted according to the array from which the modules were collected.
Only category A and B modules are shown (modules 1.1, 1.2, 2.1, 3.1).
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The absolute uncertainties for the values listed in Table I are
£2.5% for Pyp, £0.6% for Vi, and £2.4% for I;.. However,
the precision for the purposes of comparing parameters be-
tween curves is estimated to be approximately 0.1% for I, and
0.2% for Py and Vic. The STC By, values for these modules
are also plotted in Fig. 4. The results in Table I also agree with
the field IV curves, indicating that modules in arrays 2—6 were
not uniformly degraded, with some (atypical high performers,
category C) performing similarly to the array 1 modules. We
also observe that unfielded modules had Py, values greater
than nameplate.

Fig. 5 presents P measurements made on fielded modules
as received from the field. We observe that modules 2.1 and
3.1 are substantially darker than the array 1 modules and the
array 2-6 atypical high-performing modules. We also observe
that in all 4 high-performing modules substantial cell-to-cell
variability is observed. These observations are consistent with
observations from field EL. This indicates that cell-to-cell
variability in luminescence is not easily interpretable as an
indicator of susceptibility to the degradation mode observed
here.

PL imaging on as-received modules also revealed a back
contact pattern consistent with localized back contacts (e.g.
PERC) on all modules except 2.1 and 3.1. The differences in
back contact were confirmed by visual inspection of the back
contacts of cells in modules 3.1 and 1.1 after removal of the
back encapsulant from a small region. Back contact technology
should not be taken as a general indicator of susceptibility
because LeTID has been observed on a wide variety of cell
types [2], [4]-[6]. However, in this study, it corresponds to an
observed physical difference between two populations.

TABLE 1
IV MEASUREMENT SUMMARY

module B,y W) Voo (V) I (A)  FF(%)  category

1.1 326 46.3 9.4 75.0 A
1.2 325 46.4 9.4 74.5 A
2.1 312 454 9.1 754 B
3.1 310 45.6 9.0 753 B
2.2 328 46.5 9.4 75.0 C
2.3 327 46.2 9.4 74.9 C
0.1 333 47.0 9.5 74.6

0.2 335 47.0 9.5 74.7

Note: Categories are defined in Section II.

B. Effects of accelerated testing

The changes in STC IV parameters and EL with each week
of accelerated testing are shown in Fig. 6 for module 2.1,
which was a chosen as a typical degradation-affected module.
Results from a Si control module of different make and model
that underwent IV characterization alongside module 2.1, but
that was not exposed to any accelerated testing, indicated
precision in parameters extracted from the repeated IV curves
of 0.1% for I, and 0.2% for Ppp and V... We observe
small improvements in performance for the degradation phase,
followed by more substantial increases in the regeneration
phase, with the largest gain in the first step of the regeneration
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Fig. 5. Photoluminescence images of fielded modules. Module labels appear
above each image. Modules 2.1 and 3.1 which were chosen to be typical of
the affected arrays are darker than the unaffected modules. We note substantial
cell-to-cell variation in brightness, even among the unaffected modules.

phase. Fig. 6 also shows that EL. became more uniform and
brighter as the module performance improved.

The same effect on luminescence is more precisely quan-
tified with EL results in Fig. 7 on the same module. We
observe that all cells became brighter and the distribution of
EL intensities became tighter (the largest changes in brightness
occurred in cells that were originally dim). The change in the
median EL intensity across the entire module was +60%.

A comparison between single-cell IV curves from mod-
ule 3.1 as received from the field and module 2.1 after all
five steps of accelerated testing is shown in Fig. 8. The figure
distinguishes between two populations of cells based on PL
imaging on both modules as received: those that were bright
and those that were dim. For module 3.1 as received, we
note that the dim cells tended to exhibit lower V., higher
ideality factor, and higher saturation current density. All three
trends are consistent with the dimmer cells being lower quality.
Module 2.1, after regeneration, exhibits improvements (relative
to module 3.1 as received) and much tighter groupings in the
saturation current density and ideality factor. The V,. of the
individual cells is also higher for module 2.1 regenerated, but
the grouping is not substantially tighter.

This document contains proprietary information and is exempt from public disclosure



. EEEE
=E=- = BEc -

normalized
parameter

step

Fig. 6. The plot shows relative changes in the STC IV parameters of module
2.1 when exposed to accelerated testing. Electroluminescence images collected
at approximately 0.1 x I are shown above the plot corresponding to the step
indicated by the the x-axis. Steps 1 and 2 were the degradation phase, steps
3-5 were the regeneration phase. All measurements and images are plotted
according to the accelerated testing step after which they were collected.
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Fig. 7. Changes in electroluminescence at approximately 0.1 x I . of module
2.1 with accelerated testing. “After” denotes after all five steps of accelerated
degradation and regeneration testing.

V. DISCUSSION

The data show that arrays 2—6 within the system degraded
more rapidly than array 1. IV curves on modules returned are
consistent with this conclusion, but also indicate that modules
within arrays 2—-6 were not universally degraded. Anecdotally,
we observed different back contacts on modules 2.1 and 3.1
(as described in Section IV-A), compared to the other modules
in this study. This suggests that differences in cell processing
(but not necessarily the contact technology itself) caused
differences in susceptibility to the observed degradation. It was
likely a logistical coincidence that the majority of unaffected
modules were installed in array 1.

The data on the two affected modules returned from the field
suggest that a substantial portion of the observed degradation
in these fielded modules is due to LeTID. This conclusion
results from a comparison of several characteristics of the
fielded modules with those of other modules known to exhibit
LeTID.

The expected characteristics of a module that exhibits
LeTID are as follows:

1) Time scale in accelerated test: In accelerated tests
with conditions described earlier in Section III-B, LeTID
degradation and regeneration each occur over several
weeks.
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Fig. 8. Comparison of saturation current (top), diode ideality factor (middle),
and V. (bottom) of single cells from module 3.1 as received from the field,
and module 2.1 after accelerated testing. Points are colored according to a
grouping by photoluminescence intensity from photoluminescence measure-
ments taken on both modules in the as-received state. The module which
underwent accelerated testing (2.1) shows a tighter distribution in saturation
current and ideality factor, and improved values for all three parameters.

2) Effect of current and temperature: Both degradation
and regeneration processes are accelerated by applying
higher current and temperature.

3) Variation from cell to cell: EL images of modules with
LeTID tend to show variation from cell to cell [3], [24],
[25]. This variation is accentuated when the module is
in the LeTID degraded state, and less apparent when the
module is in the initial or regenerated states. The cell-
to-cell variation may result from the position within the
ingot from which the cell originates [26]-[28] variations
in SiNx thickness, or variations in firing maximum tem-
perature [29]-[33] or ramp rates [30], [34].

4) Slow degradation in field: LeTID degradation occurs on
a time scale of years in the field. The only published study
of fielded modules with LeTID to date shows modules
maximum degradation in the field occurring at 3 years
for a sunny climate, and slower for a cooler climate [35].

Fig. 3 allows an examination of the degradation rate. While
outdoor data are influenced by many factors that convolute
climactic conditions with apparent performance, the slow
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nature of the degradation is apparent. For arrays two, four, and
six, which have the highest degradation rates, Fig. 3 indicates
that degradation is still occurring in the two- to three-year
time frame. This time frame is roughly consistent with LeTID
characteristic 4 in the list above. Additionally, this time frame
allows us to rule out boron-oxygen light induced degradation
(B-O LID) as a cause for the decreased system, since B-O
LID causes degradation within days [36].

Regeneration during accelerated test also occurs on the time
scale expected for LeTID (characteristic 1). Under regenera-
tion accelerated test conditions (to the right of the dotted line
in Fig. 6), module performance increases over the course of
four weeks, with most of the increase occurring in the first
week.

An obvious difference between the data of Fig. 6 and
accelerated tests performed on published studies of pristine
modules is that there is no degradation in the initial portion of
the test (to the left of the dotted line in Fig. 6). No degradation
occurs because the module in the accelerated test already
degraded in the field (Fig. 3 and Fig. 4). Instead, a small
amount of regeneration begins to occur in the fully degraded
module at the beginning of the accelerated test. This initial
regeneration occurs more slowly than that occurring after step
two, since the test conditions are switched to higher current
and temperature after step two. Thus, the increased rate of
regeneration between steps 2 and 3 is consistent with the
behavior of modules with LeTID (characteristic 2).

The progression of the module’s EL image during acceler-
ated testing, shown in the upper portion of Fig. 6, shows a
progression from larger to smaller cell-to-cell differences as
the sample regenerates. This progression is consistent with that
observed in modules with LeTID (characteristic 3).

The lack of degradation in accelerated test (Fig. 6) implies
that the deployed modules entered the fully degraded LeTID
state during three years in the field. This implication may be
reasonable. A published study shows modules degrading over
three years in Cyprus [35]. However, the modules in this study
were deployed in a less sunny climate. The temperature and
irradiance conditions experienced by modules in this study are
shown in Fig. 9. For modules installed at optimum fixed tilt,
and using typical meteorological year climate data [37], it is
calculated that the yearly plane of array incident energy in
Cyprus is 2100 kWh/m?, whereas it is 1600 kWh/m? for the
deployed modules in this study. It is important to consider,
however, that some events may accelerate the degradation.
First, because LeTID is accelerated by excess carrier concen-
tration, degradation occurs much faster (~10x) when there are
periods of time that the module is illuminated and at open-
circuit. Such times may include during system construction
but prior to grid connection, daily when the irradiance is low
enough that the inverter has not yet turned on, or if the inverter
is off due to system maintenance or repair. Second, comparison
of LeTID degradation rates between sites where different mod-
ule types are installed must take into account differences in
module characteristics and operating point (e.g. when inverter
clipping occurs) both of which can result in different excess
carrier concentrations and thus different LeTID degradation
rates. Fill factors and operating points of the modules in the

Cyprus study are not published.
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Fig. 9. Hexagonally-binned two dimensional histogram showing the relative
fraction of time the modules in the system were experienced different
irradiance and module temperatures, based on field-recorded data for points
observed above 200 W/m? plane of array irradiance.

VI. CONCLUSION

We have described an instance of apparent LeTID in an
utility scale system along with a process to identify and
diagnose defective modules in the field. The observations
and methodology documented here will help diagnose other
instances of LeTID. However, it is important to note that
LeTID is not yet fully understood and there may be variation
in the degradation kinetics between different products.

Modules at the site from this study are not uniformly af-
fected by the degradation. Whether the modules were affected
or not corresponded with the type of back contact we observe
on the cell. This highlights the level of difficulty presented
when variations in the module BOM are present. In this case
the variation had a significant impact to field performance
even though the modules were from the same manufacturer,
manufactured at roughly the same time, had the same model
number, and had the same outward visible appearance. This
underscores the importance of a robust quality program on the
part of manufacturers and the importance of re-qualification
of modules when changes are made to the cells, materials, or
manufacturing processes associated with a module model. The
results also give critical feedback to module manufacturers and
improve system owners’ ability to predict performance.

The holistic methodology used here combines results from
field characterization, time series analysis, and detailed study
of samples returned from the field. Field testing of a small
fraction (<1%) of modules enabled us to identify samples
to bring back to the laboratory. We then used accelerated
stress, luminescence imaging, and IV measurements on these
modules to identify the degradation mechanism without testing
an excessive number of modules in the laboratory. Applying
this approach to contemporary systems that exhibit under
performance is an important part of of ongoing reliability
efforts in the PV community. Learnings from such studies
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inform the standards making process by identifying gaps in
standards or problems with their application.
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