INSTITUT FUR Solar Glass PV

SPF SOLARTECHNIK

Institut fir Solartechnik SPF

OST - Ostschweizer Fachhochschule
CH- 8640 Rapperswil

www.spf.ch

Certification of solar glass-PV
Photovoltaic modules

Version 1.3, July 2019

Contents
R CT=T o T=T = LI 0] 12 4= i o o 2
L1 INOAUCTION . 2
i o] o[PS P PP PTT PP PRPPPP 2
2 Technical fUNAAMENTAIS.........coiiiiiiiiie e e e e e e e e e e e e e e eatataaeaeeeeeeennnes 3
2.1 Performance Of SOIAr glass ..........ooouiiiiiiii i 3
2.2 The glass effiCIENCY TACTON. ... .. uuiiiiiiiiiiiiieiieee it beeeneeenee 3
G T O 11 o= o o PSSP 4
0 O 7= o T - 4
3.2  Classification and 1abelling...........ooeuiiiiiiiii e 4
3.3 Certificate identifiCation ............oeiiiiieiiies e 5
B4 VaAlILY o e e e e e e e et ar 5
Appendix A: TranSmISSION FACION Frpy ..ociiiiiiiiiiiiiiiiiiiiiiiieieeeeee e 6
Appendix B: Incident angle modifier faCtOr Fiampy. ... ee e oo 8
Appendix C: PhotolySiS faCtOr Fuv pv. . eeeeeeeeeiie e 10
Appendix D: Glass-certificate as a basis for quality CONtrol ... 11
Appendix E: Further documents and information................coooieiiiiiiini e 11
] (=] €= o = PSR 12

Certification of solar glass for Photovoltaic modules, Version 1.3 1/12



INSTITUT FUR Solar Glass PV

SPF SOLARTECHNIK

1 General information

1.1 Introduction

The performance of a photovoltaic (PV) module depends on the optical properties of the cover
used. Assessing and quantifying the effect this glass has on the yield of the module is a laborious
task, and because cost-pressure on manufacturers has increased over the last years, this in-
formation has become ever more important in accurate estimations relating performance to price.

Currently there is no Norm for the testing of solar glass, which is why SPF developed their own
certification process, whereby glass can be placed into varying performance-categories based on
optical measurements. This classification allows an estimation of the effective module yield in
regards to different glass coverings. The SPF-glass-certificate provides thereby a foundation of
technical specification for the acquisition and quality assessment of solar glass in the manufac-
turing of PV modules.

The SPF solar glass certificate encompasses solely optical properties. Aspects of safety, me-
chanical loading capacity and soiling are explicitly not part of the certificate. All relevant Norms
and regulations are to be observed independent of this certificate. In particular, SPF recommends
the use of hardened glass meeting the minimum requirements of EN12150.

Due to the differing properties Solar Thermal Collectors and Photovoltaic Modules require of solar
glass, there are two respective assessments and certificates:

- Solar glass PV, intended for Photovoltaic modules
- Solar glass ST, intended for Solar Thermal collectors

1.2 Scope

The present certificate is valid for plate-glass (with flat, structured or anti-reflex surfaces) intended
for use with crystalline silicon PV modules. In the case that front and back surfaces differ, it is
required that the manufacturer specifies the orientation. Should the glass be intended for both
orientations a different certificate is required for each orientation.
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Figure 1: Typical PV module configuration with cells made from crystalline silicon
(source: www.renewable-energy-concepts.com)
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2 Technical fundamentals

2.1 Performance of solar glass

The optical performance of solar glass intended for use in PV modules can be characterised
essentially with three main parameters:

Backside-interface-corrected transmission: This characterises the part of a unilateral incident
radiation that is transmitted through the glass to the embedding material at the back surface and
therewith the amount available for electricity generation in the PV module. When a glass pane is
measured in air, the transmission is reduced by extinction in the material body and reflection on
both the front and back sides of the pane. In the case of PV modules, there should ideally be next
to no reflection at the backside interface (to the embedding material), which is why a measure-
ment of a glass pane in air must be corrected for the backside reflection inherent in the meas-
urement. The unilateral backside-interface-corrected transmission is measured in a “di-
rect-hemispherical” set-up over the spectrum of radiation relevant for PV modules. Typical
crystalline solar cells are only sensitive to a limited range of wavelength, therefore the measured
transmission spectrum must be weighted for the typical solar spectrum and for the sensitivity of
crystalline silicon cells to create a relevant factor. This factor is made up mostly from the refractive
index and chemical composition of the glass, as well as any relevant surface effects (anti-reflex
coatings). This appraisal is tailored specifically to modules with crystalline silicon cells and is
therefore limited in its applicability to other technologies.

Incident angle factor: The annual yield of a PV module depends not only on the transmission of
unilateral incident radiation but also that of varying incident angles. This effect is accounted for by
the Incident Angle Modifier (IAM) weighting factor. It describes how a measured glass affects the
performance of a crystalline silicon solar cell over varying incident angles and whether this might
lead to loss or gain in a typical module. In the case of structured surfaces or anti-reflex coatings an
improvement in the PV modules’ annual yield can be obtained due to their influence at small
incident angles.

Aging though photolysis: Photolysis or Solarisation is a discolouration of the glass due to
component oxidation resulting from long-term UV exposure and leads to a reduction in trans-
mission. Not accounted for in this test are influences from soiling or degradation due to weather
and climate.

2.2 The glass efficiency factor
The PV glass-efficiency-factor 74, py Was defined to combine the performance characteristics of
solar glass into a single value. It specifies the influence a glass has on the annual yield of a
simulated crystalline silicon PV module reference system positioned in Rapperswil SG, Switzer-
land (typical middle European climate, coordinates: longitude=-8.82, latitude=47.23), with an
inclination angle of 30° facing south.

The glass-efficiency-factor is a product of the above mentioned performance characteristics.
Each factor is defined such that they and the overall glass-efficiency-factor 7, py are propor-

tional to the simulated reference system:

Nerpv = Frpv * Frampv * Fyv py (2-1)

For a detailed explanation of each factor refer to Appendix A-C. The effect these factors have on
the reference system are calibrated accordingly; as such a PV glass-efficiency-factor of 1 cor-
responds to a simulation of a fictive glass cover without loss from internal absorption or reflection,
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having no effect on the incident angle modifier of an embedded crystalline silicon cell and exhib-
iting no photo-degradation with time.

3 Certification

3.1 General

The rights and duties in the scope of the certification as well as its validity are contractually de-
fined between the Institut fir Solartechnik SPF and the manufacturer of the solar glass. The
manufacturer can also be represented by distributors or OEM manufacturers. The duties in regard
to the rules of the certification are non-negotiable. All certified solar glass types are published on
the SPF website (www.spf.ch) — a certification without publication is not possible. Along with the
name of manufacturer and contractual representation the important characteristics and classifi-
cation are displayed.

3.2 Classification and labelling
In the certification procedure a solar glass is categorised into one of two types:

Px: Untreated solar glass
PC: Colored solar glass
Rx: Single-side Anti-Reflex (AR) treated solar glass

Within these two categories a classification is then made based on the efficiency factor. These
four classes are shown for each category in the following tables:

Table 1: Classification of untreated glass

P untreated glass
Class P1 NGL,pv 2 0.940
Class P2 0940 > nepvy = 0.925
Class P3 0925 > nepy = 0910
Class P4 0910 > nepy = 0.890
Not solar glass  0.890 > ncLpv
Table 2: Classification of colored glass
P colored glass
Class PC 0.000 > nepv = 1.000
Table 3: Classification of AR treated solar glass
R single-side treated AR glass
Class R1 NGL,pv = 0.980
Class R2 0980 > nepy 2 0.965
Class R3 0965 > nepy 2 0.950
Class R4 0.950 > r]GL,PV = 0.925
Not solarglass 0.925 > ngLpv

The glass certificate consists thus of the glass category and classification (e.g. R4 refers to an AR
treated glass of the 4" class). Below a certain threshold glass is no longer considered solar glass.
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3.3 Certificate identification

For every glass certificate a unique identification is created containing all relevant information.
These are listed below with an explanation for the short-forms:

Certifying body . SPF
Certificate number . Year (2 positions) e sequential number (3 positions)
Type/Classification . seeTablel,2and3

An example of identification:
SPF19e999-R3: Glass with test number 999, tested in 2019, anti-reflex treated glass with the
classification 3.

3.4 Validity

The released certificates are valid for three (3) years. It is the duty of the bearer of the certificate to
ensure that only the glass certified is distributed with the certificate. In the case where
non-certified glass is distributed with an SPF certificate, especially with the knowledge of the
certificate bearer, the certificate can be declared invalid and deleted from publication. The bearer
of the ticket will be informed and has no claim to reimbursement.
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Appendix A: Transmission factor F;pv
The transmission factor F; p, quantifies the influence that transmission through the solar glass
has on the yield of a typical c-Si PV-module. It is defined by:

Frpy = Tesi (A.1)

Here, 1.5; is defined as the “direct-hemispheric transmission factor with backside interface cor-
rection and c-Si weighting”. Weighting consists of accounting for the typical spectral sensitivity of
c-Si cells and the well established solar spectrum with air mass 1.5 (AM1.5) of the ISO8945-1.

On the assumption that in the case of ¢c-Si PV modules a glass covering is optically coupled at the
backside to an embedding material, an accurate optical assessment must account only for re-
flective losses on the front side and extinction losses (i.e. inner transmission) in the glass itself.
Due to the direct lamination of the c-Si cell to the backside of the glass there are next to no re-
flection losses at the glass-embedding material interface. The immediately measured transmis-
sion spectrum of the glass in air 7;,:(4) - which aside from accounting for the internal transmis-
sion loss t(1) also has the reflection losses of the front and backside interface with air (r; (1) and
r,(1)) - must therefore be corrected for the backside interface. These quantities are spectrally
dependent and are judged accordingly but are not mentioned in the following notation for reasons
of clarity.

On the assumption that multiple reflections are subject to the same scattering, the following model

iS used:
T P D
Frontside interface (1)
(1-ry)*t
. (1-r)*.. Glass
Backside interface (2)
(1-ry)* (1) Figure 2: A schematic of the transmitted

(1-r,)**F, *r, *(1-r,) and reflected scattering occurring in flat
glass; made up of reflection at the front

C 2' > (r1) and backside (r2) interfaces and inner
1ot transmission (t).

As visible in Figure 2 the measureable values for the total direct-hemispheric transmission t,,;
and reflection p;,; are dependent on reflection at the front side r;, transmission through t and
reflection at the back side r, of the glass according to:

Teor = (1 = 1) (1 = )t Yoo 113t (A.2)
Prot = 11+ (1 = 1) *rpt? T o iyt (A.3)
Whereby r;, , and t are average values of the differently scattered light-rays. The calculation

applies under the assumption that the scattering is the same for all multiple reflections, particu-
larly in the case of flat or isotropic scattering surfaces. For anisotropic scattering surfaces this
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model is not quite correct. For typical types of glass this uncertainty remains significantly below
measurement error.

When a light trap is coupled to the backside of the glass the respective interface refraction be-
comes zero (i.e. backside r, = 0) which, as can be seen in Eq. A.3, leaves a measured di-
rect-hemispheric reflection of p.,. s = 1. When a light trap is used this direct-hemispheric re-
flection at interface 1 can be measured directly, as well as p;,; and 7;,;. The remaining un-
knowns r, and t can be found via Egns. A.2. and A.3 iteratively using the measured values t;,;,
Pror @Nd pyor - The sought value for backside-interface-corrected transmission follows from Eq.
A.2 when r, = 0:

Tkorgz = (1 — 1t (A.4)

The backside-interface-corrected transmission is measured spectrally and weighted with a typical
solar spectrum and the sensitivity of a typical c-Si PV cell:

o = {TKor62 () AMy 5 (1) cSi(A)dA
eSET T [ AMy 5(A)-cSi(A)-dA

(A.5)

The solar spectrum with air mass 1.5 as defined in ISO 9845-1! “hemispherical solar spectral
irradiance” is utilised. For the weighting of the c-Si sensitivity (cSi(1)) the IQE (internal quantum
efficiency) as published by Thomas et al. 2 for typical polycrystalline silicon cells is used, where
the assumption that one photon only creates one electron pair is applied. The IQE is used be-
cause it is independent of the integration of the cell into the module or respective anti-reflex
coatings used and represents the upper limit of an obtainable EQE (external quantum efficiency).
Any absorption in the embedding material is neglected, even though the typical material such as
EVA absorbs light in the uv-region. The spectral range affected by this simplification below 400nm
only accounts for about 1.5 % of the relevant spectrum.
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Figure 3: A plot of the weighted spectrums (normalised); the AM 1.5 standard solar spectrum, the utilised internal
quantum efficiency (IQE) and the resulting c-Si efficiency. The Combined Weighting involves superimposing the c-Si
and AM 1.5 weights via Eqg. A.4.
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Appendix B: Incident angle modifier factor Fiampv
The incident angle modifying factor Fiawpv quantifies the influence the angular dependence of
transmission has on the annual solar yield of a typical PV module. It is defined as:

Frampy = min([Fg + Flli]; [Flli + F}?]) (B.1)
where:

F&s = ¥, (IAMPYS [IAMyof ) - SS€° (B.2)
and

[AMAxis IAM-measurement at angular position n of an optically coupled
glass and cell.

[AM, ¢ 5 Reference IAM-measurement of the cell with EVA embedding but
without glass cover.

SGeo Coefficient for the angular position n
n=20,..5 Index of angular position
Axis € (T, L) Axis of incident angular modification

(Transversal, Longitudinal)

Geo € (V,H) Orientation of the glass (vertical, horizontal):
horizontal axis lies parallel to the earth’s surface.
vertical axis and earth’s surface define the inclination angle.

The coefficients S5¢° define the fraction of annual irradiation available at a given incident angle
(n) for a south-orientated module in central Europe (Rapperswil, SG, CH) with a 30° inclination.
Because the orientation of PV-modules is normally not specified (portrait or landscape) at in-
stallation, the poorer performing variant is used to assess the glass. The measured incident
angles and their respective coefficients S5¢° are given in Table 2.

Table 2: The incident angle modifying factor S5¢° reflects the fraction of annual irradiation incident at a given angle for
a south-orientated module in Rapperswil, SG with a 30° inclination to the horizon.

n 0 1 2 3 4 5
Angle [°] 0 30 40 50 60 70
sver 0.068 0.121 0.078 0.055 0.036 0.027
SHor 0.070 0.194 0.108 0.097 0.087 0.059

The influence of a glass on the IAM response of PV modules is measured with a test-cell. This cell
has an active dimension of 20x20mm. A laser diode providing homogenous collimated light and
spread to approximately 60 mm diameter is used as a source. Its 650 nm wavelength lies in the
middle of the weighting spectrum (see Appendix A). As could be shown in model calculations and
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measurements®, this monochromatic measurement can be seen as a representation for the
complete range of wavelengths.

Due to the heavy dependence of the IAM response on the polarisation of the light source, either a
completely un-polarised light must be used or two measurements rotated 90° are averaged. For
reference the IAM response of a reference cell (polycrystalline silicon from a leading company
embedded in 0.5 mm EVA) is used. The glass is coupled to the EVA embedding material with a
glycerine film. The weighting factors are determined from annual simulations. With the Software
Polysun 5% the annual irradiation is calculated in dependence of the incident angle. Polysun 5
uses weather data from Meteonorm 6%, in which an anisotropic diffuse irradiation model following
Perez et al.b is used.

The sum of irradiation encountering the module at a given incident angle n over a year defines the
coefficient for weighting S5¢°. In the case where an incident angle lies between two supporting
points, the irradiation is linearly subdivided into the two respective bins. For example, irradiation
incident at 10° increases the coefficient for 0° by two thirds and 30° by one third of the irradiation
incident at that angle over a year. The measured difference in IAM sensitivity between the cou-
pled glass cell and the reference cell (with EVA but without glass) for a given angle is weighted
with the annual irradiation incident at that angle on the reference module.

The reference module is defined as south orientated with an inclination angle of 30° and located in
Rapperswil (SG, CH). An investigation of differing orientations and locations (Madrid, Rapperswil
Freiburg and Stockholm) showed that the distribution of irradiation between locations varied little
and differing orientations led to similar coefficients. In the case of very steep inclination angles
(e.g. facade integration) there is however a significant difference in irradiation distribution. For the
certification of glass coverings this special case is not considered however, due to its rarity.
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Appendix C: Photolysis factor Fuv,pv

The Photolysis factor defines the degradation of transmission due to UV-radiation triggered So-
larisation. The factor quantifies the influence this degradation has on the annual yield of a PV
module. It is defined as follows:

uv

Fyypv = Trc_g} (C.1)

cSi

Here, ré’s‘,’ defines the backside-interface-corrected transmission factor (Appendix A) of the un-
exposed glass and 7oy , the same factor after the glass has been irradiated with UV light. Any
change in transmission factor occurs mostly due to a change in internal extinction or the an-
ti-reflex coating on the front side. This can be approximated quite well with the change in di-

rect-hemispheric transmission without backside-interface-correction (see also Eq. A.2):

TtL;:/ _ (- rluv )(1- rzuv ) * 1+ rluv rzuv (%) +..) (C.2)
Ttr;[f (1_ r1 ref ) (1_ r2ref )tref (1 + r1 ref rzref (t ref )2 + )

The variables in Eq. C.2 are wavelength dependent. This is however not shown in notation for
reasons of clarity. On the assumption that the reflection at the interface is around 4% (typical
glass) or significantly lower (anti-reflex coatings), it can be shown that the first multiple reflection
makes up for less than 0.16% of the transmitted light. Every further multiple reflection accounts for
a factor 1000 less, and as such is neglected. Further, the reflection at the backside interface is
considered unchanged by UV exposition, allowing Eq. C.2 to be simplified without accounting for
(2-r2) and multiple reflection to:

o A=t (@) e ©3)
Ttr;f Q- rlref )tref @ z'|r<eofr,c;2

In this way we can approximate the backside-interface-corrected transmission following UV ex-
position with the backside-interface-corrected transmission of the un-exposed glass:

uv

W _ref Thot
= z-Kor,GZ ~ z-Kor,G2 * ref (C4)

tot

uv
¢Si can thus be determined with Eq. A.4. Through this simplification separate measurements of

the direct hemispheric reflection with and without light trap are not necessary. The error associ-
ated with this simplification amounts to around 0.0002 with a 5% change in internal transmission
across the whole light spectrum (which worst case would lead to a classification in the last class).
A change in the front side interface is in the case of anti-reflex coatings possible. However, even
in the case of a significant change in the anti-reflex coating of the order of Ar1=0.02 (which
amounts to a halving of the maximal improvement an anti-reflex coating can achieve), the asso-
ciated error lies under 0.1%. The change in a tested glass through solarisation (relative to its
original condition) can thus be quantified accurately enough without interface-correction.

T

The exposure should consist of at least 80 kwh/m? of UVA and 3 kwh/m? of UVB. This equates
approximately to the amount of UV exposure expected in one year in central Europe.
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Appendix D: Glass-certificate as a basis for quality control

The SPF solar glass certificate is used by many manufacturers from PV modules as a basis for
quality control. To ensure that this remains the case, SPF recommends the observation of the
following points:

The technical specifications should be explicitly note the certificate classification as listed in
Section 3.3. Itis also worth noting that both glass material and surface coating are covered by the
certificate. In the contractual arrangements (e.g. Delivery specifications, quality control agree-
ments, orders etc.) it is worth anchoring the certification number in the duties regarding distribu-
tion of certified glass. Module manufacturers are advised to test random glass samples at SPF in
the framework of incoming goods inspection. It is also recommended to refer only to reference
measurements made by SPF. In this way a high quality control is ensured.

These recommendations relate only to the optical properties of the glass. All further aspects (e.g.
tolerances, hardness, etc.) are to be considered separately.

Appendix E: Further documents and information

Glass in building; tempered safety glass, concepts, dimensions, processing, specifications,
German Standard DIN 1249, Part 12

Glass in building, Basic soda lime silicate glass products - Part 5: Patterned glass, European
Standard EN 572-5, November 1994

www.spf.ch
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