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Abstract

The front glass cover is the crucial part of commercially available silicon solar modules as it provides me-
chanical protection and environmental isolation. However, from a utility point of view the most important
thing is how the glass cover influences the power generation of a photovoltaic (PV) module. Optical match-
ing of the whole structure determines the number of photons absorbed by the solar cells and hence the
produced photocurrent. In this study five types of PV glass were optically measured and characterized to
find out useful information on transmittance and its character. Then, the results were compared with the
electrical parameters of solar mini-modules employing each type of glass. Additionally, the work aimed
to providing a low-cost measuring procedure to determine the influence of front glass on photovoltaic per-
formance in small, laboratory scale preserving the Standard Test Conditions. An important aspect was an
analysis of different types of glass texture. To confirm properness and adequacy of the analysis, the uncer-
tainty aspect was discussed as well.
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1. Introduction

Photovoltaics (PV) is one of the leading technologies in the field of renewable energy sources.
This is reflected by the number of 300 GW,, of the worldwide power capacity surpassed in 2016
[1] and the previous year’s increment of the order of 30% [1]. This increase corresponds to the
total capacity at the end of 2011. Such common interest and application is a result of high sta-
bility and reliability of PV modules. Especially, the technology of crystalline silicon solar cells
is widely used, with a share in the market exceeding 90% — as indicated in the Photovoltaic
Report from Fraunhofer Insititute [2]. The reason why Si modules are so robust, are good cell
stability and a well-developed encapsulation process [3—-6]. A standard PV module consists of
a back-sheet, an encapsulant, a silicon cell, a second encapsulant and a front glass cover. Tedlar—
Poliester—Tedlar (TPT) back-sheet is mostly used, while the most common encapsulant is EVA
foil — copolymer of ethylene and vinyl acetate. During the lamination process at an elevated tem-
perature of ca. 150°C the EVA foil is crosslinked and chemically bonded to the glass through
the hydroxyl and silanol bonding [7] which makes the module hermetic and durable. Besides
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the good lamination properties, the front glass cover should provide the mechanical resistance
and — which is the most important — should be characterized by a high transmittance and optical
fit to the cells. A typical glass for photovoltaic modules is a 3—4 mm thick tampered glass with
areduced content of iron oxides. Its surface can be either flat or textured in a different fashion in
nano-, through micro- and millimetre scale. Although for a textured glass a decrease of optical
loss is predicted due to the light trapping effect [8] (especially at a steeper angle), its outdoor per-
formance appears to be worse due to the increased accumulation of dust and dirt [9,10]. Research
is underway on a self-cleaning casing that enables to maintain improved optical properties [9].
A suitable alternative is also the use of anti-reflective coating, avoiding in this way an undesired
extension of the glass surface [10-12].

While a great effort has been put into developing the technology of solar cells, much less
attention in the literature was paid to encapsulation processes, and only a few papers considered
the photovoltaic types of glass. Furthermore, no clear testing procedure of optical match of the
PV module parameters was presented for differently structured glass. Usually, besides the mea-
sured total transmittance, the glass types are not well described since it is hard to predict the cell
parameters after having them laminated with a certain kind of glass. The answer may be obtained
mostly empirically. In this paper we will try to fill this gap by providing experimental tests of
various kinds of glass and also describing a measurement procedure and analysing associated un-
certainties. Determination of which type of glass is more favourable from a utility point of view
is of great importance. However, it represents a considerable metrological challenge to deduce
such information from small-scale samples.

2. Experimental

For the test we used five different commercially available types of glass to be potentially ap-
plied in PV modules. The glass types differ in thickness, surface structure and optical properties
(Tab. 1). No antireflection coating and nanoscale texture was applied as it was confirmed from
transmission measurements.

Table 1. Description of examined glass samples.

Sample No. Thickness [mm] Type of surface: front/rear
1 3.8 flat/ flat
2 32 almost flat/ delicate random texture
3 4 double side ribbed, 1 mm period
4 3 delicate random texture / moderate texture
5 33 delicate random texture / strong texture

We used 30 x 30 mm silicon solar cells laser-cut from commercial 156 x 156 mm cells.
Attention was paid to select cells with the most homogeneous and similar antireflection coating
in order to avoid the influence of an additional factor on the results of experiment. A standard
configuration of components was used for the lamination process with a peak temperature of
157°C. The EVA foil of high transmittance was selected on the basis of preliminary tests. Due to
the effects of possible dirtiness reported in the literature [10] all the glass samples were placed
with the strongly textured side to the EVA foil.

Prior to lamination into mini-modules, the electrical parameters of silicon solar cells were
measured using a PET Photo Emission Tech AAA class solar simulator in the Standard Test
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Conditions (STC; Irradiance —1000 W/m?, temp. 25°C). The certified solar cell standard from
Fraunhofer ISE was used for the device calibration. Similarly, after the lamination process the
mini-modules with different front glass types were measured and characterized again. However,
for the electrical characterization after lamination a 32 x 32 mm mask was used to unify the
measurement conditions and to avoid an additional light guiding effect that can be neglected in
the case of a standard module. Thanks to initial measurements with the soldered ribbons and
measurements of mini-modules containing only one cell we did not introduce other sources of
losses, such as an increased resistance and cell mismatch [13]. In order to obtain convincing
and converging results the whole experiment from laser cutting to the final measurements after
lamination was repeated four times.

The optical characterization of examined samples was performed using UV-VIS-NIR spec-
troscopy and a procedure accredited by the Polish Centre for Accreditation. The Perkin Elmer
Lambda 950S equipped with an integrating sphere and removable attachments was applied to de-
termine the total and diffused components of transmittance and reflectance. We used the certified
white diffused spectral reflective standard from Perkin Elmer for the device calibration.

To be convinced that the measured parameters depend only on the properties of glass and
no additional damage was introduced during the lamination and measurements we applied the
electroluminescence (EL) imaging at the beginning and at the end of the experiment (Iprw =
0.29 A ~Isc, Uprw = 0.6 V).

3. Results and discussion

In Fig. 1 the morphologies of the examined glass types were presented. The images were
taken from the side without or with only a slight texture. For obvious reasons the double-sided
flat glass was omitted in this characterization. Additionally, a sketch of each morphology was
given as a guide for the eye.

@ .-

Fig. 1. Optical images of the examined glass types and sketches of their morphologies. A scale bar 1 cm.

The measured total transmittance can be seen in Fig. 2a. The quartz plate (Q), which trans-
mittance is teorethically limited by the Fresnel reflection was used as a reference (Tineoretical
slighly above 93%). The maximum total transmittance in a visible range exceeded 90% whereas
for most of the glass types it oscillated between 88 and 90%. Only the double-sided ribbed glass
displayed a clearly noticeable lower transmittance of about 85%. The examined glass types were
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slightly different in the UV absorption band, while some of them revealed a slight (sample no. 5)
or moderate (sample no. 1) absorption in the near-infrared tail caused by the residual ion oxides
(inset). No antireflection coating effect was observed for all of the examined samples. On the ba-
sis of measured transmittance curves the effective parameter values were calculated taking into
account both the theoretical A.M. 1.5 global solar scpectrum [14] and the measured spectrum
of solar simulator used for the cell measurements, to check whether they may cause any differ-
ence during measurements. These results are summarized in Tab. 2. The reference quartz plate
was characterized by the higest effective transmitttance of 92.87%, close to the teoretical value.
Among glass types, the highest effective transmittance was obtained for sample no. 2 — 90.75%,
and the lowest for sample no. 3 — 85.05%. Except for the clearly outstanding doble-sided ribbed
glass sample other glass types had comparable effective transmittance values (differing by less
than 2%). It will be valuable to verify how such similar glass types affect the PV performance.
A minor difference was found when the measured spectrum of solar simulator was applied to
the calculations (up to 0.05%). Additionally, we measured the diffused transmittance compo-
nent and calculated the haze parameter H as an indicator of the degree of light scattering. The
haze parameter is a ratio of diffused and total transmittance values expressed in per cent. In the
visible range, it was rather steady; therefore, due to the simplification, a single wavelength was
chosen for calculations. The haze of the glass samples was clearly increasing with the degree
of texture development. It took values between 1.5 and nearly 70% found for flat and strongly
textured glass types, respectively. Another important aspect of mini-module measurements will
be revealing whether strong or weak haze directly influences the cell parameteres.
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Fig. 2. The measured transmittance values of the glass samples: a) total and b) diffused.
Table 2. The parameter values calculated from optical characterization.
. . Haze H
Sample No. Effective total transmittance [ %] for 630 nm [%]
AM 1.5 spectrum Solar simulator
spectrum
Quartz Q 92.87 92.91
1 89.62 89.63 1.57
2 90.75 90.79 2.28
3 85.05 85.08 24.28
4 88.95 89.01 53.22
5 89.54 89.57 68.25
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Subsequently, the reflectance measurements were performed for bare cells before and after
the lamination process. Based on the measurement results of 5 cells the average reflectance and
standard deviation were calculated (Fig. 3). The average effective reflectance was 8.94% which
varied among samples by +0.45%, as indicated by the standard deviation. The changes in mea-
surement results reflect inhomogeneity of the samples — variation in thickness of antireflection
coating (ARC) or in arrangement of the samples during measurement. The samples’ arrangement
may result in different amounts of highly reflecting finger contacts in the 0.5 x 1.5 cm area lit by
the measuring beam. In order to recognize such a variation as significant, the uncertainty of the
measurements should be discussed. Among the general uncertainty components the ones result-
ing from the applied calibration standard and spectrophotometer can be omitted since they were
the same in all measurements. Hence, the component that matters is the type A uncertainty asso-
ciated with the measurement accuracy and repeatability. For the used measurement setup it was
assessed to be at a level of 0.022%, as the standard deviation from 11 measurements of a stan-
dard sample. This confirms that the observed difference describes the actual sample variation.
The diffused reflectance values were almost the same as the total one, thus the polycrystalline Si
solar cells with typical isotropic texture were recognized as fully scattering surfaces.

—— Avg. Reflectrance
] 0 e R-std. dev.
< R+std. dev.

Reflectance [%)]

400 600 800 1000
Lambda [nm]

Fig. 3. The average total reflectance of silicon solar cells before lamination.

After lamination the reflectance profile changed significantly (Fig. 4a). In a range from 300
to 380 nm the effect of glass absorption was pronounced. The reflectance maximum around 400
nm unambiguously decreased from about 28.5 nm to around 10% of it or even below. Contrary to
this trend, the global minimum around 700 nm slightly increased (~ 2%). The calculated values
of effective reflectance coefficients confirmed the general decrease of reflectance after lamination
for each kind of glass (Tab. 3). It should be emphasized that the difference between the average
Refr values of other glass samples was in the order of variation of the samples before lamination.
However, this time the standard deviation of all series was considerably smaller and enabled
to treat those values as significant. Additionally, the influence of the highly reflective contacts
was lower, since the beams reflected from the scattering contacts at higher angles were trapped
due to the total internal reflection effect. Analysis of the diffused reflectance component of the
samples after lamination indicated its significantly reduced share, compared with the solar cells
before lamination (Fig. 4b). Moreover, some kind of averaging was observed despite the clear
difference in haziness of examined glass samples. The double-sided flat glass revealed a 26.7%
share of the diffused component, while samples with delicate, moderate and strong texture (ana-
logically haziness) had 31.9, 31.8 and 37.3% shares, respectively (Tab. 3). This behaviour can
be attributed to the glass surface roughness reduced by covering it with EVA foil. The kind of
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effective medium between the glass inner roughness and EVA foil was created providing a much
smoother transition of the refractive index than for the previous glass/air interface. In such a case
a share of the diffused component is determined by the scattering properties of the solar cell and
roughness of the glass front surface. The double-sided ribbed glass (3) with non-compensated
macro texture on the front side resulted in the highest share of diffused components — 46.1%.
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Fig. 4. The total and diffused components of reflectance from laminated mini-modules from a selected series.

Table 3. The effective reflectance after lamination, share of diffuse reflectance component and change
of Igc after lamination — averaged for all series.

Sample No. li;gihl:teiff):f[tg ] laml};gt?glef%] lalﬁillfgt::)f;tle{ %]
1 7.26+0.41 267 ~2.64+0.99
2 6.77+0.2 319 —0.51+0.46
3 6.68+0.09 46.1 3474061
4 7.04+0.12 318 ~1.22+0.70
5 6.67+0.26 373 1464027

Optical characterization provided important information on the components used for lami-
nation as well as on the complete mini-modules. However, the most important outcome in this
case was obtained from analysis of electrical parameters of the cells in respect to the initial state
before lamination. A critical parameter was the change of short-circuit current since it is directly
proportional to the number of incident photons resulting from the optical match of the whole lam-
inated systems. Despite the reduction in R after lamination for all the samples, a slight drop of
Isc was observed and it will be discussed in the following Section. Additionally, an increase of
Voc —on average 8.6 mV (1.34%) — was noticed. This may be due to the higher heat capacitance
resulting in the slower cell heating during flash light measurements of laminated mini-modules.
It probably will not concern the actual, outdoor operating modules since there will be enough
time to reach higher temperature. Nevertheless, a different surface structure of the glass may
influence the modules’ cooling rate and affect their operation voltage.

The average short-circuit current Isc drop was between ~ 0.5 and 3.5% for different glass
types and the standard deviation calculated from all four series was between 0.27 and 1% (Tab. 3).
The necessary uncertainty budget was estimated and its components were as following: 1) since
the uncertainty of the calibration cell and measuring device refer to absolute values only they
were omitted in these comparative studies; 2) the type A uncertainty of a statistical distribution
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was assessed to be 0.2%; 3) the temperature variation; since it was controlled with an accuracy of
1°C, the standard thermal coefficient for a silicon solar cell was used (0.05%) [15]; 4) the insta-
bility of the solar simulator lamp and its calibration uncertainty determined from the calibration
standard measurements (0.275%) were the major sources of uncertainty. The total uncertainty
was calculated from the square root of the sum of squared components. It was assessed to be at
a level of ~ 0.7% of Isc for k = 2 and it explained to a large extent the observed scattering of
results.The remaining part can be attributed to other experimental sources of uncertainty, i.e. the
samples’ cleaning, stacking, lamination and arrangement during measurements etc., but they are
difficult to be properly estimated.

The double-sided flat glass (sample no. 1) considered in this experiment was found rather
inappropriate, resulting in a 2.64% decrease of Isc. Most probably, no additional light trapping
mechanism and absorption in the glass deduced from transmittance measurements (Fig. 2) were
responsible for the observed results. The best glass — giving only a 0.5% drop — was that of sample
no. 2 with a very fine front texture and a delicate texture on the rear, additionally characterised
by the highest transmittance. An approximately 0.5% decrease of Isc after lamination was also
reported by other researchers [13].

Comparable results were obtained for the glass types with a delicate front texture and a well-
developed rear one (samples no. 4 and 5). A drop was of the order of 1.2-1.5%. Taking into
account the uncertainty and scattering of the results it is difficult to judge whether this is caused
by the texture development or haziness. However, this effect was clearly seen for the ribbed glass.
In this case a drop of Isc was the highest, reaching about 3.5%. In this way the high haziness
and light trapping were not confirmed for the macroscale ribbed glass. This kind of glass may be
beneficial in the case of lower operating temperature resulting from faster cooling but it requires
further careful studies.

In Fig. 5 the average Isc drop is correlated with the average effective reflectance after lam-
ination. Considering samples no. 1 and 2 it can be found that some correlation between the
reflectance and Igc drop is noticeable for low-hazy glass types, while it is hardly observable for
other samples. For example, for the double-sided ribbed glass the reflectance was one of the
lowest but the Igc drop was the highest. Additionally, comparison of samples no. 1 and 2 pro-
vided the evidence that glass transmittance may not be sufficient to predict the cell performance
after lamination. The difference in effective transmittance was ~ 1.1%, whereas the difference
in Isc drop was ~ 2.1%. On the other hand, the level of transmittance may provide a valuable
first conjecture as it follows from comparison of samples no. 2 and 5. The difference in effective
transmittance was ~ 1.21% and the difference in Isc drop was ~ 1.45%. These two examples
confirm the necessity of experimental verification of the components used for the lamination.
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g. 5. Compilation of results for Algc and R after lamination.
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Finally, electroluminescence images of the samples before and after tests shown in Fig. 6
confirm that the observed results were not caused by any internal damages. If there is any cell
breakage or contact discontinuity, it results in clearly visible darkening of the defective area. The
darkened area seen in the EL images repeated in both pictures reflects dislocation and initial
wafer non-idealities. No traces of damage were found for all the samples of other series.

1 2

o

Before lam.

1]

After lam.

]

Fig. 6. Electroluminescence images of selected series of cells before and after the lamination process. The
cells’ size was 30 x 30 mm.

4. Summary and conclusions

The optical properties and performance of photovoltaic modules were examined for vari-
ous glass samples additionally characterized by differently developed surfaces. This examination
confirmed the necessary experimental character of the photovoltaic glass evaluation. For that
purpose a complex procedure was developed including optical and electrical measurements as
well as samples’ control. The accuracy of evaluation was assessed by determination of the dis-
tribution of scattering and components of uncertainty. It was shown that for the examined glass
samples Isc of photovoltaic modules can drop from 0.5 to 3.5%, what confirms the necessity of
appropriate glass selection. Among the examined glass types the best performance was obtained
for the sample with a high initial transmittance, low reflectance after lamination and rather low
haziness resulted from its delicate texture.
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