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Power Loss Modes of BIPV Modules: An
Analytical Approach Using Outdoor I-V Curves

Abdulkerim Gok,

Abstract—Using outdoor time-series I-V curves, the Analytic
LV, method was applied to glass/backsheet and glass/glass c-
Si module constructions with ventilated and insulated mount-
ing configurations in order to explore contributing factors to
degradation in power performance. The rates of power loss
modes; namely uniform current, recombination, series resistance,
and current mismatch, were assessed for each module and
configuration. The effect of thermal insulation was evident in
the glass/backsheet module with an EVA type encapsulant: the
observed loss in performance was chiefly originated from the
resistive loss. The cell and metallization defects induced by
thermo-mechanical stresses were believed to be main reasons.
However, the double glass module with a PVB type encapsulant
was more resistant to thermal effects: a large increase in the
uniform current, compensated by the resistive loss, was the main
driver for the observed gain in performance. For all modules
and configurations, the calculated power loss mode rates were
compared with the reported performance loss rates and they
were found to be in close agreement. This analytic technique
was found to be a powerful method in order to determine and
quantify the individual contributions from specific power loss
modes to overall module performance.

Index Terms—building integrated photovoltaics (BIPV); out-
door I-V curves; power loss modes; the analytic Is.-V,c method;
year-over-year (YoY) regression; thermal insulation

I. INTRODUCTION

Solar photovoltaic (PV) energy is one of the most cleanest
and abundant sources of renewable energy. Thanks to reduc-
tion in cost, advances in technology, improved competitive-
ness against fossil fuels, and continuous policy support, PV
installations have shown a tremendous growth in recent years.
The share of PV in global electricity generation is expected
to have increased approximately by 15 % reaching a total
installed capacity of 734 GW worldwide with the addition
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of 107 GW (estimated in the main case) in 2020 [1]. The
application of building-integrated photovoltaic (BIPV) systems
is one of the key research areas in order to achieve nearly zero
energy buildings and reduce greenhouse gas emissions [2],
[3]. BIPV systems can also provide reduction in both energy
and material costs by replacing conventional building enve-
lope [4], [5]. Operating temperature is, however, one of most
important factors for electrical and thermal performances of
BIPV modules [6], [7]. Unlike the ground-mounted systems,
BIPV modules are installed as part of the building envelope,
leading to reduced or no ventilation on the rear side, especially
in rooftop applications. Convective heat transfer caused by
wind in this case is restricted, resulting in elevated operating
temperatures.

In PV reliability research, degradation mechanisms such
as discoloration, delamination, backsheet defects, cell cracks,
metallization failures, etc., are often reported during outdoor
service and indoor weathering experiments in order to ex-
plore the effect of environmental stress factors on the service
lifetime of PV modules. Depending on the cell technology,
module construction, mounting configuration, and climatic
conditions such as solar irradiance, ambient temperature, and
wind speed and direction, power loss modes can differ during
outdoor service. Performance loss rate (PLR) calculations
are performed using the module maximum power in order
to assess quantitative information about the overall module
performance [8], [9]. However, PLR does not constitute in-
formation about the contributing factors to degradation in
performance. Changes in the rates of I-V curve parameters,
such as V., I, and fill factor (FF), can provide additional
aspects about the module characteristics [[10], but they do not
possess information about the physical loss mechanisms that
are directly related to the power performance and are affected
by parasitic resistances.

The Suns-V,. method [11], [12], [[13], on the other hand,
can be applied to construct resistance-free I-V curves and thus
explore additional insight for individual power loss modes.
In this method, simultaneous V,. measurements are taken
under varying incident light intensities from 0.1 sun to several
suns intensity. With this method, both cell- and module-level
measurements can be implemented using transient and quasi-
static illumination conditions [14], [15]. The determination
of non-uniform power loss modes can then be established
in a quantitative way by comparing I-V curves with Suns-
Voc curves. Suns-V,. curves are usually constructed under
well-controlled indoor measurements, but it can be applied to
outdoor data as well with proper temperature and irradiance
correction [[16], [17]], [L8], [19]. Toward this purpose, a method
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called Analytic I.-V, has been developed and applied to
outdoor time-series I-V curves for more detailed analysis of
specific power loss modes contributing to overall performance
behavior of PV modules [20], [21]], [22].

In this paper, the Analytic I.-V,. method was applied to two
different crystalline silicon (c-Si) BIPV module constructions
with two different mounting configurations in order to explore
additional information about the effect of thermal insulation
on the module performances. Power loss modes, that are
uniform current, recombination, series resistance, and current
mismatch, were determined quantitatively for each module and
mounting configuration. Year-over-Year (YoY) regression was
applied to each power loss mode in order to obtain comparable
rates, i.e., power loss mode rates, to the reported performance
loss rates. The possible causes for the observed power loss
modes and their effects on the overall performance of the
modules were further discussed.

II. METHODOLOGY
A. Modules and Mounting Configurations

The performances of glass/backsheet (G/B) and glass/glass
(G/G) modules with open-rack for ventilated and thermally
insulated on the rear for non-ventilated (insulated) configura-
tions were monitored for more than four years in Canobbio,
Switzerland, a Cfb Koppen-Geiger climate zone. Both module
types are frameless, commercial modules, consisting of seri-
ally connected c-Si Al-BSF cells (66 cells with three busbars
in G/B and 64 cells with two busbars in G/G) with three
bypass-diodes. The G/B module construction is composed
of an ethylene-vinyl acetate (EVA) type encapsulant and a
fluoropolymer type backsheet. The double glass G/G module
construction, however, comprises a polyvinyl-butyral (PVB)
type encapsulant. Both encapsulant materials are standard
clear films on both front and rear cell sides with no par-
ticular UV barrier. For the insulated configuration, 20 cm
thick polyurethane layer was used to demonstrate the thermal
insulation effect. Modules were glued on their backside using
single-component structural silicone adhesive. The modules
were mounted on a fixed rack with a tilt angle of 6° and a
sun azimuth of -4° from the South. The latitude and longitude
of the installation site are 46.02 °N and 8.91 °E, respectively.

In our previous work [23]], evaluations of the performance
loss rates (PLR) of these modules were demonstrated for
module performance ratio (MPR) parameter using the module
maximum power (Pp,) and other I-V curve parameters such as
Iic, Voc, and fill factor (FF). Evolutions of the daily-averaged
insolation-weighted performance rates for each parameter
were included along with the PLR fitting curves obtained
through the YoY methodology. Modules and the corresponding
PLR values are reported in Table [I] for each parameter.

B. Data Collection

Module performance parameters including time-series max-
imum power, voltage and current, and time-series full I-V
curves were acquired using an in-house MPPT3000 tracer
at 5-min intervals between February 2014 and July 2018.
This tracer works in an auto-range mode adapting I/V ranges

depending on the irradiance level. Considering the modules’
maximum I/V values, corresponding ranges were taken as
50V/10A with an accuracy level of 0.2 % at full scale. Module
temperatures were measured using thermocouples attached
on the back surface of the modules. The daily-averaged
insolation-weighted module temperatures can be seen in Fig. [I]
Thermal insulation effect is evident as there is approximately
25°C difference between the ventilated and insulated mounting
configurations regardless of the module construction. The
plane of array (Gppa) irradiance data was collected using a
single calibrated pyranometer installed on the same plane as
modules. Series resistance values, which are required for the
power loss mode analysis, were obtained using the data-driven
I-V curve extraction method (ddiv) [24]], [25].
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Fig. 1: Measured Module Operating Temperatures

C. The Analytic I,.-V,. Method

For power loss mode calculations, the Analytic I -V
method [21] was applied in this work. This method first deter-
mines the reference temperature and irradiance conditions and
translates I-V curve parameters to these reference conditions,
then prepares pseudo I-V curves for every data analysis period.
The differences between the pseudo I-V curves and the real
I-V curves reveal the power loss modes.

Since the module temperature of 25°C under the irradiance
of 1000 Wm~2, defined by the standard testing conditions
(STC), is not realistic, the reference temperature condition
(T re) is obtained from the measured module temperatures.
Tmrc is determined as the median module temperature be-
tween the irradiance of 995 and 1005 Wm™.

As explained in Ref. [21], a dynamic data-driven modelling
approach is used to determine the physical parameters of the
models for each analysis period. First, the V,. values are
corrected to the reference temperature condition. By neglecting
the temperature coefficient of Iy, Vo, which is a function of
I,. and temperature, is obtained by the Sandia’s Photovoltaic
Array Performance model [26] as follows:

Voc(IscaTm,) =0+ a1 Tm ’lnIsc+042 Tm+€ (1)
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TABLE I: Performance Loss Rates (PLR) of the Modules

Parameters Modules
C1 C3 D1 D3
Ventilated G/B  Insulated G/B  Ventilated G/G Insulated G/G
MPR (%/yr) 0.01 -0.42 -0.10 0.26
Voc (%lyr) 0.03 -0.04 -0.04 0.07
I (%/yr) -0.08 -0.01 0.02 0.42
FF (%l/yr) 0.06 -0.26 -0.01 -0.21

where Ty, is the measured module temperature in Kelvin,
a; (1 =0,1,2) are the fitting coefficients of the model, and e
is the error term.

Similarly, the simple linear relationship between I, and
irradiance can be expressed as follows:

2)

where & is the fitting coefficient of the model. The reference
L. condition (I rc) is then determined at the irradiance of
1000 Wm™ for one sun intensity.

In order to construct the Analytic I-V, curves,
temperature-corrected V, values are paired with varying I
values. Then, the pseudo I-V curves are built following the
principle of superposition. The current values in the pseudo
I-V curves (Isq) are calculated using the varying current (Iy.)
values in the Analytic Iy.-V, curves as follows:

Iic(Gpoa) =k x Gpoa +¢€

3)

For power loss mode calculations, both pseudo I-V and
real I-V curves must be at the reference conditions. Instead
of correcting the entire I-V curve, only certain extracted
key features, such as Iyp, Vmp, and Rg, are corrected to
the reference temperature and irradiance conditions with the
following physics-based equations:

Ipsd = Isc,RC — I

Imp(lsm Tm) = 50 + ﬂl Ty - Lse + 52 T, - Is2¢ +e (4)
Vmp(jsw Tm) =75 +71 T - In I, 5)
+,Y2 . (Tm 'lnIsc)2 +73 Tm + €
T
Rs(lszm) = 0o+ 01 - Ji +e€ (6)

sc

where f;(i = 0,1,2), 3,(¢ = 0,1,2,3), and §;(i = 0,1)
are the fitting coefficients of the models. For the reference
conditions corrected Inp, Vip, and Ry values, Trre and I re
are substituted into ({#)-(6) for each analysis period.

For power loss mode calculations, two pseudo I-V curves
are created for each analysis period. One (initial) pseudo I-V
curve is constructed at the beginning of the analysis period
(undegraded) and the other pseudo I-V curve is constructed
after each analysis period (degraded). There are four different
power loss modes investigated in this analysis: uniform cur-
rent, recombination, series resistance, and current mismatch.

Uniform current loss is mainly related to the amount of light
reaching the solar cells. In order to determine uniform current
loss, I corrected pseudo I-V curve is first derived using
on every Iy, values of the initial pseudo I-V curve as follows:

= Iinit - AISC (7)

where I is the current values of the I . corrected pseudo
I-V curve, Ly is the current values of the initial pseudo I-V
curve, and Al is the difference between I, values of the
initial and degraded pseudo I-V curves. Voltage values of the
I corrected pseudo I-V curve remain the same with that of
the initial pseudo I-V curve. The amount of uniform current
loss through each analysis period is then calculated from the
Py, difference between the initial pseudo and Iy corrected
pseudo I-V curves.

Recombination loss is a measure of degradation in V. It
is obtained from the Py, difference between the Iy, corrected
pseudo and degraded pseudo I-V curves.

Resistive loss is mostly induced by defective cells and
metallization such as cracked or broken cells, interrupted
or corroded metallization elements. In order to determine
resistive loss, Ry correction is first applied to the degraded
pseudo I-V curve by using (8) on every voltage values on the
curve while keeping the current values the same as follows:

ICOT”I"

Veorr = Vaprv +1 - R gprv — 1 - Ry 1v ¥

where Vo is the voltage values of the Ry corrected degraded
pseudo I-V curve, Vgpy is the voltage values of the degraded
pseudo I-V curve, Ry gprv is the series resistance of the
degraded pseudo I-V curve, and Ry v is the series resistance
of the real I-V curve. The Py, difference between the degraded
pseudo and Ry corrected degraded pseudo I-V curves then
yields the resistive loss.

Current mismatch loss is chiefly related to activation of
bypass diodes due to transient changes like partial shading
or loose electrical connection, or permanent changes like cell
cracks. It is obtained from the Py, difference between the Ry
corrected degraded pseudo I-V and real I-V curves.

A process chart for extracting these power loss modes from
the constructed pseudo I-V curves is shown in Fig.

D. Data Filtering

In PLR calculation for degradation rate analysis, filtering for
irradiance is usually applied for low, i.e., <250 Wm™2, and
high, i.e., >1250 Wm 2, irradiance levels. Clear sky index is
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Fig. 2: Extraction of Power Loss Modes from the Constructed Pseudo I-V Curves

also used for further filtering in order to avoid irregularities in
irradiance data caused by ground-based sensors. This process
makes the PLR calculation easier, but results in lesser amount
of data. In order to keep more information on modules and
power loss modes, intensive irradiance filtering is avoided in
this analysis. All the data greater than the tracer’s accuracy
level was therefore utilized, i.e., I-V curves with I . greater
than 0.02 A and V,. greater than 0.1 V. Considering the
daytime data (average of 4.5 hours of daylight on the instal-
lation site per day) with a 5-min interval for over four years,
this filtering procedure led to around 125,000 I-V curves for
each module. In order to construct I;.-V,. curves with high
precision, analysis period was selected as 7-days. This period
yielded 200 to 600 data points for one I.-V, curve depending
on the number of observations in the relevant time period.

E. Calculation of the Power Loss Mode Rates

Rates for the power loss modes were determined using
the YoY regression [27] for comparison with the previously
reported PLR of the module parameters. In YoY regression of
this weekly data, the rate of change between two data points in
the same week of subsequent years was calculated by a linear
regression model. The slopes obtained from these models
formed a distribution and the estimate of the central-difference,
i.e., median of the slopes, then produced the rate of change
per year for a loss mode of interest. Since the power loss
modes determined from this Analytic I;.-V,. method are in
terms of loss in power (AW), the obtained rates in W/yr were
converted to %/yr by normalizing with the initial predicted
maximum power of each module. Compared to the standard
least square regression, YoY is a more robust method in case
of seasonal data and it is insensitive to outliers [28]. Rates
with low uncertainty can easily be obtained with at least two
years of data. The 95 % bias-corrected, accelerated confidence
intervals (BC,CI) were finally calculated for each loss mode
rate using the bootstrap method based on 10,000 iterations.

ITII. RESULTS AND DISCUSSION
A. Evaluation of the Models

Statistical metrics including adjusted-R? and root mean
squared error (RMSE) values of the constructed models are
reported in Table [lI| for Ve, Vinp, Lic, Imp, Rs, and the ideality
factor (n) parameters. It is to be noted that these metrics
are median values with the corresponding standard deviations
because the models were fitted for each analysis period of
7-days. Since Pp, is not modeled, but taken as the product
of predicted values of Vi, and I, no adjusted-R2 values
were reported. Other than Rg, all the I-V curve parameters

show adjusted-R? values greater than 0.98 with relatively small
standard deviations. Since a data-driven approach was utilized
to extract Ry values, i.e., negative inverse slope of the I-V
curve near V,, large changes in current values in the linear
part of the I-V curves near V.. led to adjusted-R? values of
around 0.80 for Ry with relatively large standard deviations.

B. Evolution of the Power Loss Modes

It is to be noted that power loss modes with instantaneous
positive rates do not necessarily indicate an increase in power,
but the power at the reference conditions of one sun irradiance
and a median module temperatures. This could be due to
mismatch in sensor readings from both the pyranometer and
thermocouples. For example, if the measured Gpop data is dif-
ferent from the actual Gppga, then this results in a shift between
the predicted and actual power at the reference conditions. The
same holds true for the temperature measurements as well
when correcting the [-V curve parameters.

The evolution of power loss modes of the G/B type modules
are shown in Fig. [3] with loss mode rates. The ventilated
C1 module exhibits a larger uniform current loss rate (-
0.22 %/yr) than the insulated C3 module (-0.07 %/yr). For
the recombination losses, both modules show negligible rates
with the ventilated C1 module having a greater rate (0.09
%/yr) than the insulated C3 module (-0.01%/yr). The effect
of thermal insulation is evident from the resistive and current
mismatch losses. While the ventilated C1 module shows a very
small resistive loss rate (-0.06 %/yr), the insulated C3 module
experiences a pronounced increase in the resistive loss (-0.36
%/yr). Similarly, the insulated C3 module displays quite larger
current mismatch loss rate (-0.30 %/yr) than the ventilated C1
module (0.17 %/yr).

The evolution of power loss modes of the G/G (double
glass) type modules are shown in Fig. |4 with loss mode rates.
While the ventilated D1 module exhibits a slight decrease in
the uniform current (-0.07 %/yr), the insulated D3 module
experiences a marked increase with a substantial positive
rate (0.40 %/yr). For the recombination loss, both modules
show small rates, similar to the G/B type modules, with the
insulated D3 module having a greater rate (0.11 %/yr) than the
ventilated D1 module (0.01%/yr). The rate for the resistive loss
is larger in the insulated D3 module (-0.22 %/yr) than that in
the ventilated D1 module (-0.17 %/yr) as expected from the
increased resistance when insulated. Similarly, the insulated
D3 module depicts larger current mismatch loss rate (-0.09
%l/yr) than the ventilated D1 module (0.17 %/yr).
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TABLE II: Statistical Metrics for the Fitted Models of the Module Parameters

Parameters Metrics Modules
C1 C3 D1 D3
v adj-R?  0.991 £ 0.106 0.995 £ 0.125 0.983 + 0.161 0.994 = 0.111
o¢ RMSE 0.094 £ 0.219 0.096 + 0.317 0.126 £ 0.416 0.111 + 0.314
v adj-R?  0.990 + 0.049 0.997 £ 0.070 0.993 + 0.095 0.998 = 0.044
mp RMSE 0.119 £ 0.138 0.108 = 0.286 0.089 + 0.262 0.089 + 0.198
I adj-R?  0.988 £ 0.019 0.988 + 0.019 0.988 + 0.018 0.987 = 0.018
s¢ RMSE 0.282 £ 0.157 0.273 £ 0.161 0.178 £ 0.106 0.182 + 0.103
I adj-R? 1.000 = 0.001 1.000 = 0.001 1.000 = 0.000 1.000 £ 0.001
mp RMSE 0.025 £ 0.041 0.022 £ 0.031 0.012 £ 0.012 0.017 = 0.018
R adj-R?  0.885 £ 0.200 0.741 + 0.263  0.854 + 0.197 0.782 + 0.196
s RMSE 0.063 += 0.077 0.089 £+ 0.131 0.060 + 0.075 0.074 + 0.065
Fitted n 1.151 +£ 0.068 1.073 + 0.084 1.008 + 0.103 1.037 £ 0.077
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Fig. 3: Evolution of the Power Loss Modes of the G/B Type (Ventilated C1 and Insulated C3) Module Construction
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C. Power Loss Modes and Degradation Mechanisms

In this analytical method, each power loss mode indicates
its individual contribution to overall performance behavior of
the modules. In order for them to be directly comparable to the
PLR values of the modules that are reported in Table [l each
loss mode was also converted from loss in power (in watts)
to % change per year by normalizing the data by the initial
predicted maximum power. It is to be noted that power loss
mode rate is the rate of change in particular power loss mode
such as uniform current, recombination, series resistance, and
current mismatch, and performance loss rate (PLR) is the
rate of change in particular performance metric such as Py,
Isc, Voo, and fill factor (FF). The confidence intervals and
standard errors for the calculated loss mode rates are provided
in Table [l for each module.

Uniform current loss is characterized by the reduction in
I« which can be induced by soiling, snow coverage, uni-
form shading, and discoloration of the encapsulant. While
discoloration is a permanent degradation mechanism, others
are transient and can be resolved by regular cleaning of
the module surface. Degradation of EVA through thermal
and photo-oxidative reactions is known to result in yellow
appearance leading to decreased light transmittance to the cells
and performance loss [29]. In this study, all modules expe-
rienced the same environmental conditions without manual
surface cleaning. The tilt angle of 6° was applied to enable
natural cleaning by occasional rainfall. Considering the small
uniform current loss rates in the G/B type modules, soiling by
accumulation of dirt on the modules’ surfaces is more likely
than the discoloration of the encapsulant.

On the other hand, the marked increase in the uniform cur-
rent in the insulated D3 module points out the role of the PVB
type encapsulant in the G/G module construction when insu-
lated. Softening of the PVB polymer, which is an amorphous
polymer with high viscosity, is known to occur at elevated
temperatures [30], that can induce morphological changes in
the polymer structure such as decreased crystallinity and thus
lead to increased light transmittance to the PV cells. Factors
affecting the performance of c-Si modules under the effect
of back thermal insulation such as module temperature, angle
of incidence, and solar reflectance or transmittance have been
found to be related to the module packaging components [31].

Therefore, the mechanism for improved transmittance of PVB
encapsulant and thus higher current in this insulated G/G
module construction should further be elucidated. The reported
PLR values of the I, parameter are in close agreement with
the calculated uniform current loss rates of all modules and
especially support the finding about the insulated D3 module.

Recombination loss is a measure of degradation in the
Vo parameter and mostly indicates long-term performance
degradation. V. has a negative temperature coefficient and
hence decreases with increasing temperature. However, the
dissociation of boron-oxygen (B-O) defects in c-Si cells, which
normally reduce the minority carrier lifetime by acting as re-
combination center, arisen during recovery from light induced
degradation (LID), or light-induced regeneration (LIR), has
been found to lead to an increased V. [32], [33]. Deactivation
of these B-O complexes has also been observed during outdoor
deployment under the combined effect of illumination and
temperature [34]. This phenomenon could explain the positive
rates observed for the ventilated C1 and insulated D3 modules.
Within the operating temperature range (up to ~ 90°C), all
modules, however, show only small recombination loss rates
similar to the reported PLR values of the V. parameter.

Resistive loss, mainly caused by defective cells and metal-
lization, indicates permanent and long-term degradation and
largely affects the fill factor parameter. The effect of thermal
insulation in the C3 module is evident from the marked
decrease in power when compared to the ventilated C1 mod-
ule. Temperature induced mechanical stresses in the insulated
module could be the cause for this behavior. As reported
in Ref. [23], aggregated stress levels at the cell/encapsulant
interface led to noticeable micro-crack formation in the insu-
lated C3 module. Moreover, EVA releases corrosive acetic acid
when degraded under hydrolytic conditions [35] that reacts
with metallization and results in a decreased performance.
Increase in temperature further accelerates this process. The
PLR values of the fill factor parameters reflect the observed
resistive losses in these G/B modules.

The situation is similar in the double glass modules. The
rate of resistive loss of the insulated D3 module is larger than
that of the ventilated D1 module. Moreover, this observation is
also supported by the PLR values of the fill factor parameters,
especially for the insulated D3 modules. However, when

TABLE III: Power Loss Mode Rates (Ry) with 95 % confidence intervals (CI)

Loss modes Loss rates Modules
Cl1 C3 D1 D3

Uniform current Ry (%/yr) -0.22 £ 0.14 -0.07 £ 0.14 -0.07 £ 0.09 0.40 + 0.17
CI (%/yr) -0.37 to -0.09 -0.22 to 0.05 -0.21 to -0.03  0.22 to 0.55

Recombination Ry (%/yr) 0.09 + 0.08 -0.01 £ 0.07 0.01 £0.14 0.11 £ 0.09
CI (%/yr) -0.04 to 0.15 -0.08 to 0.05  -0.20 to 0.08 0.03 to 0.21

Series resistance Ry (%/yr) -0.06 = 0.11 -0.36 + 0.33 -0.17 £ 0.17 -0.22 £ 0.19
CI (%l/yr) -0.15t0 0.08 -0.82 to -0.01 -0.38 to -0.02 -0.45 to -0.06

Current mismatch Ry (%l/yr) 0.17 £ 0.24 -0.30 £ 0.26 0.17 = 0.15 -0.09 £ 0.22
CI (%l/yr) -0.05t0 0.41 -0.51 to -0.07  0.02 to 0.25 -0.37 to 0.06
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compared the insulated C3 and D3 modules, the G/G module
is seen to be affected by resistive losses less than the G/B
module. This can infer that the double glass construction is
more resilient against temperature induced mechanical stresses
caused by the thermal expansion coefficient mismatch. The
observed resistive losses could be related to finger-grid failures
observed in these G/G modules (as observed by the EL
characterization in Ref. [23]]). These finger interruptions were
attributed to the softening of the PVB polymer with increased
temperature [23] that can lead to a decreased shear strength
and an increased creep [36]]. Consequently, softening of the
encapsulant layer could result in stressed cells and cell inter-
connects. The maximum temperature of around 90°C reached
in this module construction when insulated is much higher
than the glass transition temperature of the PVB polymer
(~ 20°C [37]). Therefore, the formation of these finger-grid
failures can be accelerated by the lateral thermal gradients
between the module interfaces, e.g., between the cell and
encapsulant layers.

Current mismatch loss can be a sign of transient changes
in module performance like partial shading or loose electrical
connection or permanent changes like cell cracks. Particularly,
the presence of inactive cell areas in the insulated C3 module
(as observed by the EL characterization in Ref. [23]]) induced
by the damaged cell interconnects due to thermally induced
stresses could be in effect for the observed current mismatch
loss. However, the insulated D3 module is seen to be affected
less than the insulated C3 module. This was also evidenced
by the larger inactive cell areas in the insulated C3 module
compared to the insulated D3 modules. The damaged cell in-
terconnects could also be the reason for the increased resistive
loss in the insulated C3 module. On the other hand, positive
current mismatch loss rates observed for the ventilated CI
and D1 modules could be caused by decreased current. These
ventilated modules do not carry any indication of failures such
as loose electrical connection or cell cracks (as observed by the
EL characterization in Ref. [23]) that would cause mismatch
current loss and activate the bypass-diodes.

For overall performance evaluation of the insulated mod-
ules, the PLR of module performance ratios (MPR), deter-
mined using the module maximum power (Py,,) parameter, can
be a useful metric. The marked degradation in the insulated C3
module with an MPR of -0.42 %/yr is driven by the resistive
loss, which is reflected by the loss in fill factor, at elevated
operating temperature. However, the gain in performance in
the insulated D3 module with an MPR of 0.26 %/yr is a result
of the increased uniform current combined with the resistive
loss. As reported in Ref. [23]], these two competing mecha-
nisms affect the power performance concomitantly. The large
increase in uniform current under the influence of resistive loss
which caused a loss in fill factor led to a moderate increase
in power performance.

It is to be noted that the G/G and G/B modules examined
in this work are not identically produced; their manufacturers,
encapsulant materials they consisted of, the size of the mod-
ules, and the number of cells in each type, etc. are different.
If the only difference between these module constructions
were the rear layer (glass or polymeric backsheet), perhaps it

would be safe to make a solid argument about the performance
of one type over the other. Therefore, the observed gain in
performance in the G/G module when thermally insulated may
not be extrapolated to any double glass module case and may
not necessarily mean that G/G modules are more stable than
the G/B modules.

IV. CONCLUSION

In this paper, the application of the Analytic I.-V,. method
was demonstrated using the outdoor time-series I-V curves.
Individual power loss modes were determined and quantified
in order to elucidate the contributing factors to overall perfor-
mance of different module constructions under the effect of
thermal insulation. Resistive loss was found to be the dominant
power loss mode in both glass/backsheet and glass/glass mod-
ules due to cell and metallization defects induced by increased
operating temperatures affecting the fill factor. However, a
large gain in uniform current in the glass/glass construction
with a PVB type encapsulant led to an increased power
performance. This finding points out the importance of the role
of module construction and packaging materials for long-term
performance. The calculated rates of the observed power loss
modes were found to be in line with the reported performance
loss rates. Compared to traditional methods for performance
evaluation, this data-driven method utilizing outdoor time-
series I-V curves is a powerful technique to extract additional
information about the contributions factors to observed losses
(or gains) in performance. With this method, outdoor I-V
curves can be properly translated to environmental conditions
that they are exposed to and therefore used to distinguish the
performance characteristics of different module types installed
in different climatic zones.
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