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What is IEA PVPS TCP?

The International Energy Agency (IEA), founded in 1974, is an autonomous body within the framework of the Organization
for Economic Cooperation and Development (OECD). The Technology Collaboration Programme (TCP) was created with
a belief that the future of energy security and sustainability starts with global collaboration. The programme is made up of
6.000 experts across government, academia, and industry dedicated to advancing common research and the application
of specific energy technologies.

The IEA Photovoltaic Power Systems Programme (IEA PVPS) is one of the TCP’s within the IEA and was established in
1993. The mission of the programme is to “enhance the international collaborative efforts which facilitate the role of
photovoltaic solar energy as a cornerstone in the transition to sustainable energy systems.” In order to achieve this, the
Programme’s participants have undertaken a variety of joint research projects in PV power systems applications. The
overall programme is headed by an Executive Committee, comprised of one delegate from each country or organisation
member, which designates distinct ‘Tasks,” that may be research projects or activity areas.

The 30 IEA PVPS members are Australia, Austria, Belgium, Canada, China, Denmark, Enercity SA, European Union,
Finland, France, Germany, India, Israel, Italy, Japan, Korea, Malaysia, Morocco, the Netherlands, Norway, Portugal, Solar
Energy Research Institute of Singapore (SERIS), SolarPower Europe, South Africa, Spain, Sweden, Switzerland,
Thailand, Turkey, United States.

Visit us at: www.iea-pvps.org

What is IEA PVPS Task 15?

The objective of Task 15 of the IEA Photovoltaic Power Systems Programme is to create an enabling framework to
accelerate the penetration of BIPV products in the global market of renewables, resulting in an equal playing field for BIPV
products, BAPV products and regular building envelope components, respecting mandatory issues, aesthetic issues,
reliability and financial issues.

Sub-task E on “Pre-normative international research on BIPV characterisation methods” addressed aspects of BIPV
characterisation and testing which were not yet completely covered by BIPV standards at the outset of Phase 2 of Task
15 in 2019. Researchers from four continents collaborated in four Activities on “Determination of Solar Heat Gain
Coefficient (SHGC)”, “Fire safety of BIPV modules and installations”, “Electrical and mechanical safety and reliability of
BIPV and “Standardised procedures to quantify the annual electricity yield of installed BIPV systems”. The theoretical and
experimental work on SHGC of BIPV glazing resulted not only in the journal papers presented in this report but also in
proposals to standards which are in the public enquiry phase at the time of this report’s publication.
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EXECUTIVE SUMMARY

The solar heat gain coefficient (SHGC) is one of the important indicators to evaluate the
performance of the building envelope components. In a BIPV module, secondary heat transfer
to the indoors is reduced, compared to conventional glazing, due to the shielding effect of the
PV cells and energy conversion by power generation. There is a difference in SHGC between
power-generating (MPP) and effectively open-circuit (OC) states.

This report focuses on SHGC evaluation methodology for BIPV modules. Two approaches to
assess the SHGC for BIPV module are treated, 1) calorimetric measurement of the complete
BIPV glazing unit and 2) calculation based on measured component properties. This report
collects two scientific publications published within the Special Issue “Photovoltaics in the Built
Environment” of Energy and Building journal: the first presents the results of calorimetric
measurement for BIPV from an international round robin test and the second focuses on the
calculation-based approach.

In the first paper, in order to prepare a calorimetric SHGC evaluation methodology for BIPV
modules, we documented the current status of the experimental calorimetric test methods and
test apparatus adopted by test laboratories in four different countries and identified the
differences. Differences between the test laboratories were found in the applied test methods,
solar simulator types, spectral distributions, DC or AC power supplies for the solar simulator,
irradiation inhomogeneity on the light-receiving surface of the test sample, temperature
conditions between the test chamber and the metering box, and surface heat transfer
coefficients. Especially, the round robin test results obtained in an inter-laboratory comparison
clarified that the differences in the characteristics of the Calorimetric Hot Box and the Heat
Flux Metering methodologies with a cooled plate, the differences in irradiation inhomogeneity
on the light-receiving surface of the test sample and differences in surface heat transfer
coefficients significantly affect the SHGC evaluation for BIPV modules. In addition, for the
SHGC test in the MPP state, it was confirmed that an absolute SHGC reduction effect of 0.02
to 0.04 due to electricity extraction was obtained for a PV laminate with 81 % cell coverage,
for all SHGC test methods and test apparatus. Pe characterises the effect of converting part
of the sunlight absorbed by the PV cell into electric power and extracting it from the BIPV
module, reducing the heat re-radiated indoors compared to the OC state. Due to this
mechanism, the reduction effect Pe always occurs during power generation, regardless of the
type of PV cell technology and whether the PV cells are opaque or transparent. In addition,
the decrease in SHGC for a given glazing configuration was found to be proportional to the
increase in PV cell coverage ratio. SHGC tests with four different cell coverage ratios
confirmed that the relationship between PV cell coverage ratio and SHGC is linear to a high
degree of accuracy when no electric power is extracted (OC state), provided that the incident
radiation is spatially homogeneous. The results obtained will be useful when proposing a
calorimetric SHGC evaluation methodology for international standardization, as they
document the differences due to a range of test facilities and testing conditions, differences
caused by power generation and extraction, and the effect of varying PV cell coverage ratios.
The insights gained were valuable in identifying which aspects of test methodology and
boundary conditions must be specified with particular attention to detail when calorimetric
testing standards are extended to explicitly address the SHGC determination of BIPV
modules. The paper was published in “Energy and Buildings”.
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Next, in the calculation-based approach, the procedures documented in international
standards for architectural glazing (e.g. ISO 9050 and EN 410) form a suitable starting point.
Easily implemented modifications to these procedures are proposed to take both optical
inhomogeneity (if relevant) and extraction of electricity from BIPV glazing units into account.
Geometrically complex glazing and shading devices, and light-scattering glazing layers, are
outside the scope of the proposed methodology; SHGC determination for obliquely incident
solar radiation is also excluded. For these cases, the experimental calorimetric approach
documented in the first paper, ISO 19467:2017 and ISO 19467-2:2021 is recommended. The
paper also presents results and conclusions from an implementation exercise and sensitivity
study carried out by participants of the IEA-PVPS Task 15 on BIPV. The cell coverage ratio in
the PV laminate, the thermal resistance offered by the glazing configuration, the choice of
boundary conditions and the effect of extracting electricity were all identified as parameters
which significantly affect the SHGC value determined for a given type of BIPV glazing. A
practicable approach to accommodate the great variety of dimensions typical for BIPV glazing
is also proposed. These findings should pave the way for modifying the existing component-
based standards for architectural glazing to take the specific features of BIPV glazing into
account. The paper was published in “Energy and Buildings”.

The outcome of this collaborative research was published in two papers of the Special Issue
“Photovoltaics in the Built Environment” of Energy and Buildings, edited by Angéle Reinders
(Eindhoven University of Technology, the Netherlands) and Francesco Frontini (University of
Applied Sciences and Arts of Southern Switzerland).

The results were also transferred to two standards, which are both — at the time of publication
of this report — in the public enquiry phase:

CD:2024-12 - IEC 63092-3 ED1 - Photovoltaics in buildings - Part 1-1: Evaluation methodology
of SHGC for Building integrated photovoltaic modules with various designs
prEN 410: 2024 Glass in building — Determination of luminous and solar characteristics of
glazing (Annex E: Modifications to the formulae to permit calculation and declaration of the
luminous and solar properties of BIPV glazing)

Keywords: BIPV modules, Solar Heat Gain Coefficient (SHGC, g value, Total Solar Energy
Transmittance), MPP state, Open Circuit state, PV cell coverage ratio, PV cell arrangement,
Irradiance inhomogeneity, BIPV glazing, electricity extraction, optical inhomogeneity
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ABSTRACT

The solar heat gain coefficient is one of the important indicators to evaluate the performance of the building
envelope components. In a BIPV module, secondary heat transfer to the indoors is reduced, compared to con-
ventional glazing, due to the shielding effect of the PV cells and energy conversion by power generation. There is
a difference in SHGC between power-generating (MPP) and effectively open-circuit (OC) states. In this paper, in
order to prepare a calorimetric SHGC evaluation methodology for BIPV modules, we documented the current
status of the experimental calorimetric test methods and test apparatus adopted by test laboratories in four
different countries and identified the differences. Differences between the test laboratories were found in the
applied test methods, solar simulator types, spectral distributions, irradiation inhomogeneity on the light-
receiving surface of the test sample, temperature conditions between the test chamber and the metering box,
and surface heat transfer coefficients. Especially, the round-robin test results obtained in an interlaboratory
comparison clarified that the differences in the characteristics of the Calorimetic Hot Box and the Heat Flux
Metering methodologies with a cooled plate, the differences in irradiation inhomogeneity on the light-receiving
surface of the test sample and differences in surface heat transfer coefficients significantly affect the SHGC
evaluation for BIPV modules. In addition, for the SHGC test in the MPP state, it was confirmed that an absolute
SHGC reduction effect of 0.02 to 0.04 was obtained for a PV laminate with 81 % cell coverage, for all SHGC test
methods and test apparatus. P, characterises the effect of converting part of the sunlight absorbed by the PV cell
into electric power and extracting it from the BIPV module, reducing the heat re-radiated indoors compared to
the OC state. Due to this mechanism, the reduction effect P, always occurs during power generation, regardless of
the type of PV cell technology and whether the PV cells are opaque or transparent. In addition, the decrease in
SHGC for a given glazing configuration was found to be proportional to the increase in PV cell coverage ratio.
SHGC tests with four different cell coverage ratios confirmed that the relationship between PV cell coverage ratio
and SHGC is linear to a high degree of accuracy when no electric power is extracted (OC state), provided that the
incident radiation is spatially homogeneous. The results obtained will be useful when proposing a calorimetric
SHGC evaluation methodology for international standardization, as they document the differences due to a range
of test facilities and testing conditions, differences caused by power generation and extraction, and the effect of
varying PV cell coverage ratios. The insights gained were valuable in identifying which aspects of test meth-
odology and boundary conditions must be specified with particular attention to detail when calorimetric testing
standards are extended to explicitly address the SHGC determination of BIPV modules.
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Nomenclature' qi the secondary heat transfer factor of the glazing
towards the inside
AC alternating current Qin the net density of heat flow rate through the test
Acog projected area of the centre of glazing in the test sample with irradiance (W/m?), also including
sample (m?) center of glazing
Ag glazing area of the test sample (m?) Qin (nee = 0) the net density of heat flow rate through the test
AM air mass sample due to thermal transmission without
Ame effective aperture area of measurement (m?) irradiance when the temperature difference
A test sample area (m?) between internal side and external side is (0, — 0r)
Agp the projected area of the test sample (m?) (W/m?)
BIPV building-integrated photovoltaics Qi Uner = 0) the net density of heat flow rate through the test
BIPV-m building-integrated photovoltaic module sample due to thermal transmission without
BM benchmark irradiance when the temperature difference
c specific heat of air (Wh/(kg-K)) between internal side and external side is (6’ —
CHB calorimetric hot box 0’ (W/m?)
CIGS copper indium gallium selenide Qs rate of heat flow through the specimen (W)
CSTB Centre Scientifique et Technique du Batiment Qsp rate of heat flow conducted through surround panel
DC direct current W)
EVA ethylene vinyl acetate Qu rate of heat flow through the test sample due to
FF fill factor thermal transmission (W)
FL transparent float glass Qwi rate of heat loss through metering box wall (W)
Fraunhofer ISE Fraunhofer Institute for Solar Energy Systems RRT round robin test
G circulating air volume (m%/h) SC short circuit
g the total solar energy transmittance (or SHGC, g SERIS Solar Energy Research Institute of Singapore
value, g factor) SHGC solar heat gain coefficient (or g value, total solar
8cog the solar heat gain coefficient for the centre of energy transmittance)
glazing in fenestration systems SHGCrr3 SHGC of FL (3 mm)
&m the measured solar heat gain coefficient of windows Solar-sim solar simulator
and doors SR spectral response (W/A)
h, outdoor heat transfer coefficient (W/(m?K)) S,A; component at wavelength lambda of normalized
HFM-CP method of heat flux metering using cooled plate relative spectral distribution of global solar
HFM-CB method of heat flux metering using cooled box radiation
h; indoor heat transfer coefficient (W/(m?K)) Tav, cHB average temperature in CHB (°C)
HTC heat transfer coefficient Tin inlet temperature of metering box (K)
IEC International Electrotechnical Commission Tout outlet temperature of metering box (K)
Lnet the net radiant flux of incident radiation (W/m?) TEcq corrected data of output heat exchanger (W)
(N.B. this is the same quantity as gseiqr and Isoiar) TERq raw data of output heat exchanger (W)
Lm maximum power current (A) Un the thermal transmittance of the test sample
I the density of heat flow rate of the incident without irradiance (W/(m?K))
radiation that is transmitted to the external side of Vom maximum power voltage (V)
the metering box after being reflected from the Vo open-circuit voltage (V)
internal side of the metering box (W/m?) Xe-L xenon long arc lamp
I short-circuit current (A) Xe-S xenon short arc lamp
Lsotar solar irradiance (W/m?) (N.B. this is the same a1(4) the spectral direct absorptance of the outer pane of
quantity as gseiqr and Iner) double glazing, measured in the direction of the
v current-voltage characteristic incident solar radiation
JTCCM Japan Testing Center for Construction Materials ay(2) the spectral direct absorptance of the outer pane of
LEg Flow of liquid exchanger (m>/h) double glazing, measured in the opposite direction
MH-S metal halide short arc lamp to the incident solar radiation
MPP maximum power point az(4) The spectral direct absorptance of the second pane
NIR near-infrared of double glazing, measured in the direction of the
oC open circuit incident solar radiation
P, SHGC reduction effect coefficient in MPP state e solar direct absorptance, measured in the direction
P’, P, for light incident from indoor side of the incident solar radiation
PERC passivated emitter and rear cell el the solar direct absorptance of the outer pane within
Dm maximum power (or peak power) the double glazing, measured in the direction of the
PV photovoltaics incident solar radiation
Q amount of solar heat gain (W) ez the solar direct absorptance of the second pane
Qc rate of heat flow removed by chilled water (W) within the double glazing, measured in the direction
Qr rate of heat flow input by electrical devices (W) of the incident solar radiation
Qn rate of heat loss through surround panel flanking Qen heat component of the total solar direct absorptance
W) e = e, + Pe
Qrr3 amount of solar heat gain for FL (3 mm) (W)

! Please note that nomenclature from different standards addressing the same subject has been retained to facilitate traceability. As result, different symbols have

been used to refer to the same quantity, in some cases. 5
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Y air density (kg/m>)

ATrg temperature difference across output heat
exchanger (°C)

One the environmental external temperature with
irradiance (°C)

Oni the environmental internal temperature with
irradiance (°C)

e the environmental external temperature without
irradiance (°C)

0 the environmental internal temperature without
irradiance (°C)

Gsolar the net density of heat flow rate of incident
radiation (W/m?) (N.B. This is the same quantity as
Tnet and Isolar)

A wavelength (in the solar spectral range between
300 nm and 2500 nm)

A the thermal conductance between the outdoor
surface and the indoor surface of the glazing unit
(W/(m*K))

P1(A) spectral reflectance of the outer (first) pane of
double glazing, measured in the opposite direction
to incident solar radiation

pa(4) spectral reflectance of the second pane of double
glazing, measured in the direction of incident
radiation

Pe solar direct reflectance measured in the direction of
incident solar radiation

A, total PV cell area in BIPV-m (m?)

71(4) the spectral transmittance of the outer pane of
double glazing

Te solar direct transmittance of the double glazing unit

123 the heat flow rate through the planes of peripheral
wall of the metering box with irradiance (W)

s the rate of heat flow through the planes of the
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peripheral wall of the metering box without
irradiance (W)

b rate of heat flow removed by the cooling device
with irradiance (W)
b rate of heat flow removed by the cooling device

without irradiance (W)

BCcog rate of heat flow removed by the cooled plate for the
centre of glazing with irradiance (W)

D crcog rate of heat flow removed by the cooled plate for the
centre of glazing without irradiance (W)

b rate of heat flow supplied by one or more internal
fans with irradiance (optional) (W)

s rate of heat flow supplied by one or more internal
fans without irradiance (optional) (W)

bu rate of heat flow supplied by the heating device with
irradiance (optional) (W)

by rate of heat flow supplied by the heating device
without irradiance (optional) (W)

bin the net heat flow rate through the test sample with

irradiance (W)

net heat flow rate through the test sample due to
thermal transmission without irradiance when the
temperature difference between the external side
and internal side is (0, — 0, (W)

rate of net heat flow through the test sample due to
thermal transmission without irradiance when the
temperature difference between external side and
internal side is (0'pe — 0'n), (W)

¢in (qsolar =0)

d)lin (qsolar = 0)

¢p rate of heat flow through the surround panel with
irradiance (W)

oo rate of heat flow through the surround panel
without irradiance (W)

Dolar the net heat flow rate of incident radiation (W)

1. Introduction

Building-Integrated Photovoltaics (BIPV) is one of the approaches
that can contribute to the realization of carbon neutrality in the con-
struction sector, and is expected to become more widespread in the
future. Unlike conventional rooftop-mounted photovoltaic systems,
BIPV is considered as a building envelope element. (The building en-
velope is hereafter referred to as “facade”, although integration into the
roof is also implied). BIPV glazing is expected to be fitted into the vision
and spandrel areas as part of the curtain wall systems in the same way as
conventional glazing products (Fig. 1). BIPV is classified into five

Retrofit to existing
external wall

i,

Semi-transparent BIPV modules of a Opaque BIPV module as

unitized curtain wall facade cladding

Fig. 1. BIPV systems.

categories, Category A to E, as shown in Table 1, according to IEC
63092-1 [1] and EN 50583-1 [2]. By definition, BIPV is required to be
integrated into the facade or roof and satisfy at least one of the basic
performance requirements there. For example, the basic performance
requirements of a facade include wind pressure resistance, watertight-
ness, and airtightness, and these functions should be reliably maintained
by the facade. For this reason, the BIPV modules need to meet at least
those requirements in addition to energy generation.

The most important features of BIPV facades with regard to energy-
economy performance are the ability to generate electric power and the
ability to block solar radiation with PV cells. In other words, PV cells can
play a role in reducing the heat load in summer while generating elec-
tricity on the fagade. In particular, BIPV modules belonging to Cate-
gories B and D are expected to have a direct effect on the indoor comfort
environment. Therefore, in this paper, we focused on Categories B and
D, for which the solar heat gain coefficient (SHGC) is a significant
property. It characterises the extent to which solar radiation is shielded
by a facade component, and is expressed as a dimensionless number.

In previous research on the solar heat gain coefficient of BIPV, Oli-
vieri et al. [3] reported on the construction and application of an
experimental testing facility, but no comparison with another one was
made. The simulation-based study by Zhou et al. [4] shows the differ-
ence in the solar heat gain coefficient between the power-generating
(MPP) and effectively open-circuit (OC) states. However, it does not
address measurement and verification of how much difference actually
occurs. Experimental studies by Kapsis et al. [5] and Ishii [6,7] reported
that SHGC decreased more (compared to equivalent glazing units
without solar cells) when BIPV modules were in the MPP state than in
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Table 1

Summary of BIPV Categories, as specified in IEC 63092-1 [1] and EN 50583-1 [2].

Energy & Buildings 329 (2025) 114843

System type Roof systems Facade systems External devices
Category A B C D E
—
Examples
[14,15]

Tilt angle of BIPV-m (deg.)
Access from indoors to BIPV-m

0~75
Impossible

0~75
Possible
Sunlight transmitted indoors No Yes

75 ~ 115 75 ~ 115
Impossible Possible
No Yes

No specification
Depends on usage
Depends on facade layer

Note: The tilt angle is 0° in the horizontal plane and 90° in the vertical plane.

the OC state. There are differences in the measurement conditions and
the type of test samples that were reported in these publications, and
none of these studies included round robin tests (RRT) within an inter-
national inter-laboratory comparison.

International standards addressing SHGC for windows and doors
include ISO 19467-1 [8] and ISO 19467-2 [9], which are calorimetric
measurement methodologies. ISO 9050 [10], ISO 15099 [11] and EN
410 [12] document approaches to calculate SHGC on the basis of the
optical spectra and thermal properties of the glazing unit components.
At the time of writing, none of the standards specify how to determine
the SHGC of BIPV modules when power is generated and extracted (MPP
state). However, it is expected that the next releases of EN 410 and ISO
9050 will contain annexes addressing this topic. In addition, IEC 63092-
3 NP has currently been proposed as a calorimetric method, adapted
from work presented in a paper by Ishii [13].

Therefore, in this study, we started by researching and documenting
the SHGC evaluation standards, measurement methodologies, and test
apparatus adopted by main laboratories of the four countries repre-
sented in this paper. Then, in an international RRT, SHGC tests were
conducted of BIPV modules with and without extraction of PV power
(called “Test Series 1”") and with different PV cell coverage ratios (called
“Test Series 2), applying the methods usually adopted by each research
and testing laboratory. Based on these results, we confirmed the previ-
ously reported phenomena and behavior, determined some re-
quirements, and identified the problems which must be solved in order
to adapt the existing calorimetric evaluation methodology for SHGC to
be suitable for testing BIPV glazing units.

2. Characteristics of SHGC in BIPV modules
2.1. SHGC of BIPV modules in the OC state

It is to be expected that normal windows and BIPV-m behave
differently after receiving solar energy. Here, we briefly discuss the
general single glazing laminate of Fig. 2 as an example. First, the
behavior of sunlight when it reaches the glass surface differs depending
on the type and thickness of the glass, and depends on the reflectance,
transmittance, and absorptance components as optical properties.

1
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Fig. 2. Glazing configurations of single-glazed and double-glazed BIPV mod-
ules in the open-circuit (OC) state.

Among them, the solar direct transmittance 7, and the solar direct
absorptance a, are directly related to the SHGC, and are defined in more
detail in standards such as ISO 9050 [10] and EN 410 [12]. The solar
direct transmittance 7, characterises the proportion of incident solar
radiation that passes through the glass and reaches the indoors directly,
and the solar direct absorptance a, characterises the proportion of
incident solar radiation that is absorbed by the glass. This absorbed
energy in turn is usually transferred as heat to the indoor and outdoor
surroundings, primarily by radiation and convection. The ratio of indoor
to outdoor heat transfer depends on their respective heat transfer co-
efficients (HTC). In ISO 9050 [10], the SHGC for any glazing configu-
ration is evaluated by summing the solar direct transmittance z, and the
secondary heat transfer factor of the glazing towards the indoors gj, as
expressed in Equation (1). In Equation (2), which is valid for single
glazing, it can be seen that the secondary radiation component g; de-
pends on the absorptance component «, in the glass shown, the HTC
towards the inside h;, and the HTC towards the outside h,.

=T +qi (@D)]
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h;

"he+h; 2

qi = e

Similarly, Equations (3)-(5) indicate the equivalent calculation for-
mulas for g; for double glazing. Double glazing differs from single
glazing, not only because the transmission and absorption properties of
the two panes must be taken into account, but also because multiple
reflections occur between the two panes of the glazing unit. Thus, the
expressions for a.; and .2 include the transmittance component 7;(1)
for the outdoor glass layer, the reflectance component p’;(4) for radia-
tion incident on the cavity-facing surface of the outdoor glass layer, the
reflectance component p,(4) for radiation incident on the cavity-facing
surface of the indoor glass layer, and the absorptance component a’;
for radiation incident on the cavity-facing surface of the outdoor glass
layer and absorbed in that glass layer. The quantity A, the thermal
conductance between the outdoor surface and the indoor surface of the
glazing unit (W/(mZ-K)), is also introduced to allow partitioning of the
heat flow to the outdoors and the indoors, based on simplifying as-
sumptions about the indoor and outdoor surface temperatures, as
documented in ISO 10292 [16] and EN 673 [17].
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The basic principle for triple glazing is the same, with a further cavity
and glass layer added to the configuration; the corresponding equations
are documented in ISO 9050 [10] and EN 410 [12].

2.2. SHGC of BIPV modules in the power-generating (MPP) state

Most conventional glazing has homogeneous optical properties over
its main area. (Glazing with patterns applied by digital or screen printing
represent an exception, which is addressed in Annex C of EN 410 [12].)
By contrast, BIPV-m almost always contains areas with differing optical
properties due to the presence of transparent regions, like glass and the
encapsulant, and the PV cells. The transmissive part can be treated in the
same way as conventional glass, but the PV cell part must be treated
differently, at least when the power it generates is extracted to an
external load. Fig. 3 shows the AM1.5 global solar spectrum and the
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Fig. 3. (Left) Mechanism of SHGC for a single-glazed BIPV-m during power
generation and extraction (MPP state). (Right) The AM 1.5 global (or hemi-
spherical) solar spectrum and the relative spectral response (SR) of a mono-
crystalline silicon PV cell (mc-Si).
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spectral response (SR) of a monocrystalline silicon PV cell (mc-Si). The
SR of the PV cell is non-zero in the visible to near-infrared (NIR) range of
the solar spectrum, indicating that some of the solar energy in this range
is converted photovoltaically into electric power.

In other words, in BIPV-m, some of the incident solar energy is
converted into electric power by the photovoltaic effect due to the large
absorption in the PV cell part, and is removed from the glazing system to
an external electric circuit. The absorbed component ag, that is not
converted to electric power is transferred indoors and outdoors as
thermal energy, and the secondary inward-flowing radiation component
gi is reduced. Therefore, the rate of re-radiation of BIPV-m decreases
during power generation compared to the open-circuit state. This phe-
nomenon has been experimentally documented by past studies, and
when mc-Si is used, the decrease is 2.3 % to 10.3 %, depending on the
coverage ratio of cells in the module and whether single or double
glazing was studied [6,7]. Therefore, we believe that it is necessary to
consider the effects of power generation and extraction when the SHGC
of BIPV-m is evaluated.

Eq. (6) is a simple expression for g; in single glazing considering the
effect of power generation. Here, P, is the proportion of incident solar
energy converted into electric power by the photovoltaic effect. It is
responsible for the reduced value of SHGC for the area of the BIPV-m
covered by solar cells. Also, P, can be calculated from the SR of the
encapsulated PV cell, the open-circuit voltage Vo, the fill factor FF and
the solar spectrum, resulting in a quantity corresponding to the power
conversion efficiency of a PV cell encapsulated in a module. As shown in
Fig. 3, crystalline silicon PV cells are sensitive in the wavelength range
from 300 nm to 1200 nm. The spectral sensitivity characteristics differ
depending on the PV cell technology.

In the case of double glazing with the PV cells in the outer pane,
subtracting the component P, from the corresponding absorptance
spectrum a,;(1) results in Eq. (8) [13]. For the sake of simplicity, the
spectral dependence of P, from Eq. (7) has not been included explicitly
in Eq. (8) but this could be done if spectral effects are to be analysed in
detail. Please see references [4,39] for more detailed discussions of this
point. Eq. (8) replaces Eq. (4) for the area of the BIPV-m covered by solar
cells in the MPP state, and this expression for a.; is inserted into Eq. (3)
to obtain g; for double glazing with the PV module in the MPP state.
Needless to say, in order to absorb more solar energy, it is common to
position PV modules as the outer pane of double glazing (see Fig. 2). If
the BIPV module contains bifacial PV cells, the solar absorptance in the
outer pane can be expressed as in Eq. (9). Eq. (9) then replaces Eq. (4) for
the area of the BIPV-m covered by solar cells in the MPP state, and this
expression for a.; is inserted into Eq. (3) to obtain g; for double glazing
with the bifacial PV module in the MPP state.
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3. Purpose of this study

In this study, we aim to adapt calorimetic SHGC evaluation meth-
odology for BIPV-m. In order to realize this, we first confirmed three
items that should be understood and clarified as our research objectives.
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e The first is to doccument the differences between SHGC measure-
ment methodologies and test apparatus, and the factors that influ-
ence SHGC evaluation during measurement.

e The second is to clearly prove that SHGC is stably lower during
power generation than during the open-circuit state as a phenome-
non which is independent of the choice of test standards or test
apparatus.

e The third is to clarify the effect of differences in the ratio of PV cell
area to the module area on SHGC.

Table 2
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In order to achieve these objectives, we conducted SHGC tests with
and without power generation using similar test samples at testing
laboratories in Japan (JTCCM), Germany (Fraunhofer ISE), and
Singapore (SERIS), which apply different testing methods and equip-
ment. This test is named Series 1. In addition, SHGC tests with different
PV cell coverage ratios were conducted using similar test samples in the
OC state at testing laboratories in Japan (JTCCM) and France (CSTB),
and the trends were objectively confirmed. This test is named Series 2.
The purpose of these tests is to identify the features of the different
existing test processes which should be taken into account when

Comparison list regarding general characteristics of SHGC measurement equipment owned by each testing laboratory [8,9,12,18,19,20,24,29,34,35,36].

Country Location Japan Soka Germany Freiburg

Singapore France Grenoble

Testing laboratory Japan Testing Center for Fraunhofer Institute for

Construction Material JTCCM  Solar Energy Systems Fraunhofer ISE

Appearance of test apparatus

1993
JSTM K6101 [18]

1998
ISO 19467-2 [9],

Start of operation (y)

Implemented standards
(including those defining
boundary conditions)

Measurement method CHB HFM-CP
Effective aperture dimensions 1.00 x 1.00 0.95 x 0.95
(m)
Environmental conditions N/A configurable
Climatic chamber temp. (°C) 20 25
Metering box temp. (°C) 20 25
Outdoor HTC (W/(m?K)) 18 £ 2 25+3
Indoor HTC (W/(m?K)) 12 7.7 £1
Outdoor wind velocity (m/s)  — determined by outdoor HTC
Indoor wind velocity (m/s) - controlled by cavity size
Solar simulator type Xe-L lamp MH-S lamp

Set up of solar simulator

Number of lamps 2 4

Total lamp power (W) 6000 16000

Characterised spectral range ~ 350-2100 300-2500
(nm)

Dist.from solar-sim (m) 1.5 app. 2-3.5

Type of lamp power supply AC AC

Environmental conditions N/A N/A

Irradiance (W/m?) 800 500

Linit of error range +0.1

ISO 52022-3 [29] and EN 410 [12]

For SHGC values < 0.20, the error is typically + +0.02*> +0.05*°

Solar Energy Research Institute of Centre Scientifique et
Singapore
SERIS

Technique du Batiment
CSTB

2012
ASTM C1363 [34], C1199 [35],
and NFRC 201 [36]

2021
ISO 19467 (8]

CHB CHB

0.95 x 0.95 0.95 x 0.95
N/A configurable
32 20

24 20

18.0 10 % 23 or 24
7.7 £5% 8

2 —

0.3 -

MH-S lamp MH-S lamp

1 5

18000 5000

300-1678 300-2500

10 —

AC AC

N/A Summer Winter

500 500 300
+0.05

0.02. It is higher for higher SHGC values. See

[21] for error analysis.

*1 Distance from integration lens *2 in case of uniform samples *3 in case of non-uniform samples.
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developing an SHGC evaluation methodology for BIPV-m, and subse-
quently to make use of this knowledge during the formulation of inter-
national standards.

4. Documentation of experimental facilities and methodologies
4.1. Comparison of the testing facilities

In this section, we briefly describe the experimental SHGC testing
facilities of each testing laboratory to identify their common points and
differences, before presenting and analysing the international RRT.
Table 2 summarizes the characteristics of SHGC measurement test
apparatus owned by each test laboratory, allowing quick comparison.

4.2. Test apparatus of JTCCM

JTCCM’s test apparatus (see Fig. 4) complies with JSTM K 6101 [18]
and consists of a solar simulator (Solar-sim), a calorimetric hot box
(CHB), a temperature control chiller, a heater, and a test sample
mounting frame, applying the CHB method. The test sample is installed
directly on the test sample mounting frame over an opening in the
metering box. The effective aperture of the test sample is 1 m x 1 m. The
SHGC test apparatus is installed in an air-conditioned room with a
controlled constant temperature of 20 °C, and there is no climatic
chamber Fig. 4. The average temperature in the metering box was
controlled to 20 °C so that it would be the same as the temperature in the
air-conditioned room, to prevent thermal transmission between the air-
conditioned room and the metering box via the test sample.

The solar simulator uses two xenon long arc (Xe-L) lamps connected
to a 50 Hz AC power supply, so the radiation fluctuates. Fig. 5 shows the
results of measuring the spectral characteristics of the Xe-L lamp. The
spectral distribution obtained from the discharge in high-pressure xenon
gas matches that of solar radiation to a certain extent in the ultraviolet to
visible light range, but there is fairly strong intensity also in the NIR
from 800 nm to 1000 nm. Therefore, one of the two lamps is equipped
with a KF-1 filter supplied by DAIPLA WINTES and HOYA to block the
line spectrum in this range. The irradiance is 800-1000 W/m? which is
similar to the intensity of sunlight at AM 1.5, and is different from 500
W/m? that is recommended (but not prescribed) in ISO 19467 [8].

In ISO 19467-2 [9], a procedure is included for determining the
average irradiance from measured values of the irradiance at different
positions over the test area of interest. ISO 19467 [8] contains the
following specification on spatial homogeneity of the irradiance: “The
non-uniformity of the irradiance on the test plane shall be measured in
accordance with IEC 60904-9 [21] and shall be within 5 %.” For eval-
uation of photovoltaic glazing units, the irradiation inhomogeneity is
also significant. A map of the inhomogeneity for the JTCCM facility is
presented in Table 5.

The measurement principle applied to determine the solar heat gain
Qis as shown in Equation 10. The amount of solar heat gain Q that enters
the metering box through the test sample during irradiation by the solar

Metering box inlet

temperature (T; Blower
sin?gllgior Test sample b | ()
Air blower for
v 1
temperature
control
i~ .
Anemomet Chiller

Air curtain | N )

(©
 — L e—

7 ‘ 7 7 7
Metering box outlet
temperature (T,,)

Fig. 4. Schematic cross-section of test apparatus at JTCCM[18].
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Fig. 5. Hemispherical spectral distribution of the solar simulator in JTCCM
(Xe-L lamp) [19] and the hemispherical AM 1.5 solar spectrum according to
ASTM G 173 [30].

simulator is replaced by cooling air, and it is derived from the amount of
replaced air during that time and the temperature difference Tou—Tin
before and after replacement. According to the standard [18], the out-
door surface HTC is 18 W/(m?K) + 2, and the indoor surface HTC is 12
W/(m?K). The SHGC is determined according to Eq. 11, using the solar
heat gain Qg3(W) for 3 mm thick, transparent float glass (FL3) with the
same effective area as the test sample and the SHGC value for FL3
(SHGCFL;;) of 0.88.

Q =c 7'(Tout - Tm)G (10)
SHGC = -2 SHGCps an
Qrr3

where Q is amount of the solar heat gain (W), c is the specific heat of
air, y is the air density, Ty, and Tj, are the external and internal air
temperatures, respectively, and G is the circulating air volume.

4.3. Test apparatus of Fraunhofer ISE

The Fraunhofer ISE test apparatus applies a methodology called
Center-of-Glazing g-value determination which eliminates the effects of
the four edges around the irradiated surface of the test sample. A paper
by Kuhn presents two test methodologies, both of which are based on the
use of heat flux metering (HFM): the cooled-plate method (HFM-CP) and
the cooled-box method (HFM-CB) [20]. The applied HFM-CP method is
almost identical to the HFM-CP method specified in [9], and is the
method which is most commonly applied at Fraunhofer ISE and which is
relevant to BIPV-m characterization. The HFM-CB methodology is
applied only for very specific geometric configurations of a test sample.
As shown in Fig. 6, the test apparatus consists of a solar simulator, cli-
matic chamber, metering box, cooled absorber plate connected to an
external thermostat, air conditioner, etc. Usually, a test sample with an
area of 1 m x 1 m (height x width) is installed over the aperture to the
metering box within the climatic chamber, and the effective aperture

1 solar-sim for
normal incidence

2 climatic chamber

3 metering box

4 test specimen

5 cooled absorber

6 air conditioner

7 solar sim for
oblique incidence

8 temp. sensors

radiometer <=

data acquisition and fontrol system—,
A - .

Fig. 6. Schematic cross-section of test apparatus at Fraunhofer ISE [9].
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area of the test sample after perimeter masking is usually 0.95 m x 0.95
m. However, for the inter-laboratory comparison, the exposed area was
0.866 m x 0.866 m, as agreed with the client, to reduce the effect of heat
flow through the edge area of the glazing.

The climatic chamber and the cooled absorber plate of the metering
box can be independently temperature-controlled. The temperatures are
selected to reduce the experimental error for a specific sample. If the
SHGC is required for the boundary conditions that are specified by a
standard, this value can be calculated by applying conversion functions
to the originally determined value. Behind the test sample, there is a
cavity of 10 mm thickness which separates it from the cooled absorber
plate. An additional metal plate with an area of 1000 mm x 1000 mm
and a thermally separated zone in the middle of the plate (width x
height: 200 mm x 970 mm) was inserted in front of the cooled absorber
plate to homogenise the heat flux behind the inhomogeneous BIPV-m
sample (see Fig. 23). The cooled absorber plate absorbed the heat flux
that passed through the test sample and additional metal plate, and was
responsible for removing that heat. Heat flux sensors are embedded
within the cooled absorber plate as shown in Fig. 7 to measure the heat
flux. The signal from the central heat-flux sensor No. 5 is the one that is
primarily evaluated to determine the SHGC, but for this test, the signals
from heat-flux sensors 4 and 6 were also evaluated. For the SHGC
determination reported here, the solar simulator was equipped with four
4 kW metal halide short arc (MH-S) lamps which are operated from an
AC power supply. The climatic chamber is designed to allow irradiation
at normal and oblique incidence, as indicated by the two different po-
sitions of the solar simulator in Fig. 6. The spectrum of the solar simu-
lator (Fig. 8) is similar to the standard spectrum specified in EN
410:2011 [12]. With reference to the global AM 1.5 spectrum specified
in IEC 60904-3:2008 [21] (Fig. 8), this corresponds to a Class A spectral
match according to the specifications of IEC 60904-9:2007 [22].

In HFM-CP, the convective-radiative HTC between the indoor sur-
face of the test sample and the surface of the absorber is set by choosing
the cavity width shown in Fig. 7. The measurement evaluation is based
on the local energy balance at the center of the test sample, directly
resulting in the SHGC of the center of the glazing. The SHGC according
to the HFM-CP methodology is determined from the measurement re-
sults by Equations 12 to 16, corresponding to Eq. (1), Egs. (9)-(11) and
Eq. (13) of ISO 19467-2 [9]. The net density of the heat flux through the
test sample with irradiance, using the HFM-CP methodology, gi, is
calculated using Eq. (13). The net density of the heat flux through the
test sample without irradiance g;,(I,er = 0) should be calculated using
Eq. (14). The edge effect can be analyzed using the heat flux sensors No.
1,3,7,10 and 11 in Fig. 7.

Qin — qin(Inet = 0)

12
Ine[ ( )

8cog =

o ¢C,cug

in = 1
q Acrg 13

Cooled absorber plate

Test sample Heat flux

sensor

E]
=]
B E E EE

Fig. 7. Schematic configurations of metering box, including test sample, (left)
and heat-flux sensors embedded within the absorber plate (right) for the HFM-
CP measurement at Fraunhofer ISE. Dimensions are in mm [9,20].
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Fig. 8. Spectrum of the solar simulator at Fraunhofer ISE (MH-S lamps) and the

solar spectrum specified as a reference for measurement of PV module power in
IEC 60904-3 [21].

qin(Inet = O) = UN‘(ene - eni) (14)
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U = (g;le - H/ni) (15)
Gin(lnee = 0) = forco (16)

Acog

where I, is the net radiant flux (power) of incident radiation (W/
m?), gin is the net density of heat flow rate through the test specimen in
the centre of glazing with irradiance (W/mz), Qin (Inee = 0) is the net
density of heat flow rate through the test specimen in the centre of
glazing due to thermal transmission without irradiance when the tem-
perature difference between internal side and external side is (O, — Op)
(W/m?), ¢, cog is the heat flow rate removed by the cooled plate for the
centre of glazing with irradiance (W), Uy is the thermal transmittance of
the test specimen without irradiance (W/(m2~K)), One is the environ-
mental external temperature with irradiance (°C), 6y; is the environ-
mental internal temperature with irradiance (°C). g’ (Ine: = 0) is the net
density of heat flow rate through the test specimen in the centre of
glazing due to thermal transmission without irradiance when the tem-
perature difference between internal side and external side is (6’pe — 6’1
(W/mz), 6’pe is the environmental external temperature without irradi-
ance (°C), 0’y is the environmental internal temperature without irra-
diance (°C) and @’ is the flow rate of heat removed by the cooled
plate for the centre of glazing without irradiance (W).

Room side, Weather side
Guarding box \Mitering box

Surround panel

Airflow
straighteners

Fans Solar simulator

Chilled water | |
heat exchanger__|
and heater [

0.95m x 0.95m

Baffle plate
with cooling
coil

External air curtain

"~ ~Fans 10m

_l«——nRotational axis

Fig. 9. Schematic cross-section of test apparatus at SERIS [23].
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4.4. Test apparatus of SERIS

The SERIS test apparatus combines a CHB system [23] with an SHGC
measurement system [24]. Fig. 9 shows a schematic cross-section of the
SERIS test apparatus. The test apparatus consists of a thermal guard, a
metering box, a chiller, a surround panel, a solar simulator, and an
external air curtain. In this test apparatus, on the outdoor side the
climate box was replaced by a solar simulator and an external air cur-
tain, because the test room itself, in which the test apparatus is placed,
plays the role of a climate-controlled room in this system. The baffle
plate has a solar absorptance of 0.952, and the absorbed heat is removed
by cold water supplied from the chiller to the copper coil on the back of
the baffle plate. The copper coils and the back of the baffle plate are
covered by a 20 mm thick insulation sheet in order to limit direct heat
exchange. The other chilled water loop and DC powered electric heater
are mainly for air cooling and heating. The air temperature can be
precisely controlled with a high temporal stability of better than + 0.01
°C after reaching a steady state. Heat extraction by the baffle plate
cooling water loop is determined by the volumetric flow rate and the
differential temperature. The size of the test sample that can be installed
is 1 m x 1 m, but the 25 mm perimeter is masked with extruded poly-
styrene (XPS) foam, so the nominal test sample width and height di-
mensions exposed to solar radiation are 0.95 m x 0.95 m.

The solar simulator has one metal halide-short arc (MH-S) lamp
operated with an AC power supply, and is positioned 10 m away from
the test sample surface. Fig. 10 shows the spectrum of the solar simu-
lator. Since SERIS is unable to measure the spectral characteristics in the
300 nm — 2500 nm range of the solar spectrum, the measurement results
for 300 nm —1700 nm [23,24] are shown in Fig. 10 together with the
AML.5 direct normal and hemispherical irradiance spectra [25]. How-
ever, it is believed that the measured range is sufficiently representative,
as it contains approximately 93.5 % of the total solar energy in the 300
nm — 2500 nm range of the direct normal AM1.5 spectrum prescribed in
NFRC 300 [26,27]. In the subsequent calculations, the solar spectrum in
the range of 1678 nm — 2500 nm is assumed to be identical to the
standard AM1.5 spectrum [24].

The mean irradiance of the solar simulator is 616 W/m?, and the non-
uniformity is 10 % according to the definition of IEC 60904-9 [22,28]. In
order to adjust the outdoor convective HTC, an air curtain was installed
on the outdoor side of the test sample to provide forced convection. The
air curtain was created by five AC-powered axial fans arranged in a row.
An upward air flow rate of up to 6 m/s was achieved.

The SHGC can be derived by adding up all the input heat amounts
and dividing the input heat total by the irradiance from the solar
simulator and the irradiated sample area. Equations 17 and 18 show the
calculation formulas. However, SHGC results determined using this test
apparatus for conventional glazing deviate from the SHGC calculated
according to ISO 9050 [10], EN 410 [12], or NFRC 300 [27] procedures,

25
—— Normalized solar simulator spectrum
—— Normalized AM1.5 direct normal
20L reference spectrum (NFRC 300)
—— AM1.5 direct hemispherical
— reference spectrum (ISO 9050)
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Fig. 10. Spectrum of the solar simulator at SERIS (MH-S lamp) [24] and the
normalised solar spectra from the NFRC 300 [27] and ISO 9050 [10] standards.
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which apply three different reference solar spectra for their evaluations.
The deviation is mainly caused by the mismatch with the spectrum of the
solar simulator. In general, the test results are close to the ISO 9050 [10]
calculation results, where an AM 1.5 global (or hemispherical) solar
spectrum is used, but are not very close to the NFRC calculation results
obtained with an AM 1.5 direct normal solar spectrum. The spectral
selectivity of the glazing makes a difference, but compared to ISO 9050
[10] the deviation is generally 0.02 for low spectral selectivity and 0.05
for high spectral selectivity.

Qs = — (Qc+ Qe+ Qwm+Qu+ Qs + Qu) a7
Qs
SHGcfm 1s)

where Qg is rate of heat flow through specimen (W), Q¢ is rate of heat
flow removed by chilled water (W), Qg is rate of heat flow input by
electrical devices (W), Qu is rate of heat loss through metering box wall
(W), Qg is rate of heat loss through surround panel flanking (W), Qs is
rate of heat flow conducted through surround panel (W), Qy is rate of
heat flow through the test sample due to thermal transmission (W), Isoiqr
is mean solar irradiance (W/mz) and Ag is test sample area (mz).

4.5. Test apparatus of CSTB

CSTB has the only CHB test apparatus that was designed to comply
completely with ISO 19467 [8] among all the tests conducted this time.
Fig. 11 shows the test apparatus “Gmetre” developed at CSTB. “Gmetre”
consists of one CHB unit with dimensions (width x height x depth) of 4
m x 4m X 4 m and consisting of three chambers. The first is a climatic
chamber for the outdoor environment, the second is a metering box for
the indoor environment, and the third is a thermal guard to stabilize the
environment inside the metering box. Temperature control of the cli-
matic chamber and the metering box is possible, and the solar simulator
and a cooling device are positioned outside the climatic chamber. The
test sample is placed between the climatic chamber and the metering
box, and the effective measurement aperture of the test sample is 0.95 m
x 0.95 m.

The temperature of all chambers is controlled to minimize the
amount of thermal transmssion through each wall. The energy balance
of the box measurement (solar simulator on or off) is determined by
measuring the heat exchange at the exchanger level. The solar simulator
has five AC-powered MH-S lamps placed outside the climatic chamber.
The SHGC is determined at CSTB according to Egs. (19)-(24) from the
measured data, corresponding to Eq. (1) and (2), Egs. (4)-(7) of ISO
19467 [8]. ISO 19467 also specifies the temperature difference between
the climatic chamber and the metering box depending on the conditions
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Exchanger
Exit
OO PT100 [ Exchanger
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Fig. 11. Schematic cross-ction of test apparatus at CSTB.



H. Ishii et al.

in summer and winter, and the thermal transmittance without irradia-
tion by the solar simulator is determined by Egs. (22)-(24).

qin — qin(qxolar = 0)

§m = Gotar 19)
Gooar = d;x:” Lot X Ap — I X Ay AX; b x A (20)
= o
Gin(Gsotar = 0) = (/"'"(qjli’;zo) = Uy+(0ne — On) 22)
0, (o = 0) = ®(Gsotar = 0) _ $o— s — dp — by — Do (24)

Sp ASP

where g, is the measured solar heat gain coefficient of test sample, g, is
the net density of heat flow rate through the test sample with irradiance
(W/m?), Qsolar 1S the net density of heat flow rate of incident radiation
(W/m?), ¢y is the net heat flow rate of incident radiation (W), Ay is
the projected area of the test sample (m?), Liqr is the density of heat flow
rate of the incident radiation (W/mz), I.is the density of heat flow rate of
the incident radiation that is transmitted to the external side of the
metering box after being reflected from the internal side of the metering
box (W/mz), Ay is the glazing area of the test sample (mz), ¢in is the net
heat flow rate through the test specimen with irradiance (W), ¢ is the
heat flow rate removed by the cooling device with irradiance (W), ¢p is
the heat flow rate through the planes of peripheral wall of the metering
box with irradiance (W), ¢r is the heat flow rate supplied by the one or
more internal fans with irradiance (optional) (W), ¢y is the heat flow
rate supplied by the heating device with irradiance (optional) (W) and
¢p is the heat flow rate through the surround panel with irradiance (W).
U, 6ne and 0y; are the same as specified in Eq. (14). The quantities with
the prime symbol, ¢, @'nes Onis @'ins ', ¢'B, ¢'5 ¢’ and ¢'p represent the
same quantities as the corresponding unprimed symbols, but without
irradiance.

4.6. Difference in test conditions

4.6.1. Outline

In this section, we will compare the differences in the test conditions
that are generally adopted by each research and test institute for the
SHGC evaluation of BIPV-m, concentrating on the requirements that
have a large impact. Specific comments applying to the conditions used
during the round robin tests are presented in Section 5.6.

4.6.2. Differences due to environmental conditions

The configuration of the test apparatus for SHGC evaluation in each
country is basically similar, consisting of a solar simulator, climatic
chamber, metering box and cooling device, but there are differences in
the conditions during the SHGC measurement, as documented in
Table 2. SERIS and CSTB take into consideration the thermal trans-
mission caused by the temperature difference between the climatic
chamber and the metering box via the test sample when “summer” or
“winter” boundary conditions are imposed. At Fraunhofer ISE, the
temperature difference between indoors and outdoors is kept as small as
possible to minimize the effect of thermal transmission through the test
sample on the SHGC. The effect of the small remaining temperature
difference is corrected when calculating the final SHGC value. At
JTCCM, an SHGC evaluation is applied which does not cause a tem-
perature difference between indoors and outdoors and is not affected by
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thermal transmission via the test sample.

Since a higher HTC has the effect of accelerating the transfer of
absorbed heat, it is directly related to the secondary radiation compo-
nent g; shown in Equations (2) and (3), and has a large impact on the
evaluation of the SHGC. The indoor and outdoor HTC values are divided
into two cases: “summer” and “winter”, and no seasonal variation. CSTB
takes seasonal factors into account, and recommends the conditions of
ISO 15099 [11] and ISO 52022-3 [29] listed in ISO 19467 [8]. Seasonal
factors are not taken into account in the test facilities of JTCCM and
SERIS, where there is no temperature difference between the climatic
chamber and the metering box. Fraunhofer ISE currently uses the HTC
values that are specified as reference conditions in EN 410, as docu-
mented in Table 2.The outdoor surface HTC is the same for JTCCM and
SERIS. The indoor surface HTC is the same for Fraunhofer ISE, SERIS and
CSTB, and JTCCM has a slightly higher setting.

4.6.3. Differences due to solar simulator and spectral distribution

Each testing laboratory has a different type of solar simulator, with
different spectral distributions (see Table 3 and Figs. 5, 8, and 10). The
main differences are the types of lamps such as Xe-S, Xe-L and MH-S
lamps, the number of lamps, the spatial distribution of the lamps and
the distance from the solar simulator to the test sample surface. The Xe-S
lamp has a spectral distribution and color that are closest to those of
natural sunlight, but it has a high near-infrared radiant intensity, so
durability is a problem. JTCCM uses two AC-powered Xe-L lamps. In
addition, there is a strong spectral increase in the NIR range from 800
nm to1000 nm, so the line spectrum in this spectral range is intentionally
blocked with a filter. Since the intensity of Xe-L lamps is greater than Xe-
S lamps, and the temperature is higher, the temperature of the Xe-L lamp
is controlled by water cooling. As a result, the long-wavelength com-
ponents in the NIR tend to decrease Fig. 5. The MH-S lamp has a spectral
distribution close to that of daylight, good color rendering and high
efficiency, and has characteristics close to that of a point light source, so
that in combination with parabolic reflectors, a quite parallel beam of
light with a large cross-section can be provided. It has been adopted by
many research and testing laboratories such as Fraunhofer ISE Fig. 8,
SERIS Fig. 10 and CSTB. However, these light sources are all AC-
powered, such that the light intensity oscillates at 100 Hz.

ISO 19467 [8] specifies that the spectral match rating of the solar
simulator is determined according to the method described in IEC
60904-9 [22] and must be within the range of 0.55 to 1.45. Table 3
shows the results for the investigated facilities, applying the criteria of
IEC 60904-9:2007 [22] for spectral matching over the spectral range of
400 nm - 1100 nm, as not all participants were able to supply data for
the solar spectral range (300 nm — 2500 nm) which is specified in ISO
19467 [8]. However, it is emphasized that radiation at all wavelengths
within the solar spectral range is relevant when the SHGC value is
determined. The spectral match rating over the complete solar spectrum
will be determined in a future inter-laboratory comparison. In Table 3,
the bold printed values are the ones where the degree of spectral
matching over the limited spectral range is not satisfied according to the

Table 3

Comparison of spectral match rating for each solar simulator [8].
Wavelength range JTCCM Fraunhofer  SERIS CSTB
range [nm] specified ISE

by [8]

300-400 from compliant
400-500 0.55 to 0.66 1.20 1.33 with
500-600 1.45 0.62 1.04 1.18 ISO 19467
600-700 0.55 0.90 0.94
700-800 0.45 0.61 0.76
800-900 2.32 1.22 0.88
900-1100 1.88 1.04 0.78
1100-1700
1700-2500
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criteria of IEC 60904-9:2007 [22]. The solar simulators of Fraunhofer
ISE and SERIS each have a high spectral match rating (see Table 3, Fig. 8
and Fig. 10). Since the solar simulator of JTCCM did not aim to conform
to ISO 19467, it does not satisfy the spectral match rate requirement
[4,10]. However, a revised version of the standard specifying mismatch
requirements, [EC 60904-9:2020 [28] has been published since ISO
19467 appeared in 2017 [8]. It specifies spectral matching over an
extended spectral range (300 nm - 1200 nm), which would be more
relevant for the evaluation of solar simulators that are intended for
determining the SHGC of BIPV glazing. It will still be necessary also to
specify mismatch criteria in the NIR range between 1200 nm and 2500
nm.

4.6.4. Differences due to DC light and AC light

ISO 19467 [8] does not specify the type of solar simulator, and there
is a possibility that there is a difference due to the difference between
DC-powered or AC-powered light, or between xenon and metal halide
lamps. In the PV industry, the continuous-wave solar simulator is widely
adopted for IV measurement. The reason for adopting the DC light is that
the continuity of the IV characteristics can be guaranteed. If AC light is
used as the light source for IV measurement, there may be oscillations in
the IV characteristic due to the AC oscillations, and there may be a
problem that accurate evaluation cannot be performed. For example,
Fig. 12 shows the results of measuring the power generation of a BIPV
module under MPP state using a Nippon Kernel PV analyzer under
irradiation with an AC lamp at JTCCM.

It is clear that the output oscillates, which is assumed to be due to the
AC light source. Thus, although the total amount of energy acquired is
the same, there is variation in the amount of electricity generated at
given any measurement point. Whether this is a problem or not, depends
on the reaction time constant of the instrument measuring the IV
characteristic.

For the construction industry, the building components that are
being tested for their SHGC values usually have a large thermal mass and
the measurement equipment has a slow response, such that the rapid
oscillations of an AC-powered light are simply averaged out when the
SHGC of a non-photovoltaic glazing unit is determined. However, since
one SHGC evaluation of BIPV-m is performed in the power-generating
state, it is better to use DC-powered light if possible, as the problem of
oscillations in the measured current is avoided. Fig. 13 as a reference
shows the result of an IV measurement made by CSTB with AC light. It
can be seen that there is an amplitude in the oscillating current value. By
contrast, at Fraunhofer ISE, the IV curves measured with an electronic
ballast and using the AC-powered solar simulator of the calorimeter do
not fluctuate in the same way, presumably because the response time of
the instrument was long enough to average out the 50 Hz variation — see
Fig. 13.

A difference in power generation between DC-powered light and AC-

—o— Power generation 1
--e--Voltage 1

—a— Power generation 2
--A--Voltage 2

< 80 L 145
575 F 14 o
£ 3
5 70 F 135 &
) I
g 65 F 13 =
£ 60 L 125
55 12

any measurement p oint

Fig. 12. Power generation and voltage derived from arbitrary measurement
points in an IV characteristic measured at JTCCM using an AC lamp.
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Fig. 13. IV characteristics determined for PV modules illuminated by AC light
at CSTB (left) [19] and Fraunhofer ISE (right).

powered light can be observed, but it is not clear at this stage how much
this will affect the amount of decrease in the secondary radiation g;.

4.6.5. Differences due to irradiance distribution

The spatial distribution of the irradiance plays an important role in
SHGC measurements during BIPV-m power generation. If the irradiance
distribution is inhomogeneous, there is a concern that the output value
of the BIPV-m will differ from that for homogeneous irradiance with the
same average value, as the output current of a cell string will be limited
by the cell receiving the lowest irradiance. The difference in output
electric power then ultimately affects the SHGC evaluation. At the
testing laboratories shown in Table 5, the non-uniformity of the irradi-
ance, as defined in IEC 60904-9 [22,28], on the light-receiving surface at
Fraunhofer ISE and SERIS is as small as 8 to 10 %, and it can be seen that
the spatial distribution is quite smooth. On the other hand, JTCCM has
large irradiance non-uniformity. This is not a problem for performing
the SHGC measurement of a relatively uniform material like transparent
laminated glass if the solar direct absorptance is low. Houever, it may
affect the evaluation of SHGC if the test object itself has areas with
different optical properties, as in a semi-transparent BIPV-m, or when
power is generated by PV cell strings.

5. Test
5.1. Round robin test (RRT)

In an international RRT, the SHGC of BIPV-m was evaluated at each
of the testing laboratories described in the previous chapter as prepa-
ration for formulating an international standard. In Test Series 1, the
SHGC test was conducted with the BIPV-m in the OC state or MPP state.
The SHGC values of single glazing test samples with different PV cell
coverage ratios were also investigated in Test Series 2. The reason for
using single glazing is that the structure is simple, comparison of results
is easier, as the absolute effect of power extraction on the SHGC is larger
than in better insulating double or triple glazing, and the influencing
factors are easy to identify.

Extracted electricity Not extracted electricity

Extracted electricity

Fig. 14. Example of operation when an error occurs in a string of a
BIPV system.
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5.2. Test Series 1 — SHGC tests in the OC and MPP states

A BIPV-m is in the power-generating state if it is connected to a load
in an environment exposed to solar radiation. This will change the SHGC
value if the generated electricity is actually extracted. On the other
hand, a BIPV-m is not always in the power-generating state, as it may
have an electrical fault, or it may be an intentionally designed dummy
module. A BIPV-m that does not generate power due to an error will be
bypassed within the string and no power will be extracted from that part
of the module (see Fig. 14). Dummy modules are often installed in
buildings to achieve a uniform appearance, even at positions like a
north-facing surface where power generation would be low, or at posi-
tions where the voltage is not uniform due to complicated geometrical
shapes (see Fig. 15). In addition, some BIPV-m include dummy cells in
the parts where frequent shading can be predicted, e.g. close to the
window frame (see Fig. 15). Dummy modules, etc. have the same
geometrical configuration as the active BIPV module, with no difference
in appearance. Furthermore, even if BIPV-m are electrically connected
and are irradiated, no electricity will be extracted if the output voltage of
the BIPV installation at the inverter input is lower than the pre-
programmed inverter threshold voltage. Therefore, SHGC evaluation
of BIPV-m requires evaluation both with and without power generation
and extraction.

Three main factors affecting the SHGC evaluation of BIPV-m were
investigated here: the presence of various components such as PV cells,
the uneven spatial distribution of materials up to the edges, and the
effect of power generation by PV cells. Therefore, in this test, in order to
cover these influencing factors, the test objects we used were a trans-
parent glass laminate and a BIPV-m (25 PV cells) in the OC and MPP
states. In addition, the RRT was conducted in order to confirm that,
independent of test standards or test apparatus, SHGC during power
generation and extraction is always smaller than that without power
generation, in agreement with the law of conservation of energy as a
phenomenon. Measurement and evaluation of BIPV-m in the OC and
MPP states were conducted at three locations: JTCCM in Japan,
Fraunhofer ISE in Germany, a major European laboratory, and SERIS in
Singapore, which is located right on the equator.

5.3. Test Series 2 — SHGC tests with variation of PV cell coverage ratio

The SHGC test for varying PV cell coverage ratios investigated the
effect on the SHGC of the ratio (XA, /An) of the total PV cell coverage
(ZA.) to the BIPV-m area (Ap,), for BIPV-m in the OC state only. As a
hypothesis, it was predicted that SHGC would increase as the PV cell
coverage ratio decreased, and that the slope would be constant. As
shown in Fig. 16, a BIPV-m contains multiple materials with different
optical characteristics, such as glass, encapsulant, PV cells, and bus bars,
and PV cells in particular may have a significant impact on the SHGC
evaluation. Therefore, the area ratio of PV cells in a BIPV-m is defined as
the PV cell coverage ratio (A. /Ap). In this test, four different BIPV-m
with 0, 25, 16, and 9 PV cells were used as test objects, as specified in
Table 4. In order to clarify the relationship between PV cell coverage
ratios in test samples containing a mixture of multiple materials, it is

i
<—Dummy BIPV Module »
| “<Dummy part

el

in module

CIGS BIPV modules PV roller shade module

Fig. 15. Dummy BIPV-m [14] and dummy PV cells [31].
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Fig. 16. Example of diverse materials composing a BIPV-m.

simpler to exclude the effect of power generation. Thus, the SHGC
without power generation (OC state) was evaluated here. The mea-
surement and evaluation of SHGC were conducted at two locations:
JTCCM in Japan and CSTB in France.

5.4. General test methods for SHGC of BIPV modules

As mentioned above, there are some differences in the SHGC eval-
uation methods, depending on international standards, national stan-
dards, and standards of testing laboratories. Basically, the test sample is
placed between the climatic chamber and the metering box. The solar
simulator emits radiation with a spectrum close to that of natural AM 1.5
sunlight from the outside of the climatic chamber. This is transmitted,
directly and as secondary heat, to the metering box, and the total
amount of inward heat flux is measured. A cooled plate is installed in the
metering box to keep the internal temperature constant, and the energy
input for the cooling is used to identify the total amount of heat flux
acquired in a “hot-box” method (CHB), or the heat flux is measured
directly by heat flux meters in the “cooled-plate” method (HFM-CP). The
thermal transmission through the walls and ceiling of the metering box
must be well characterised and matches the heat balance including the
input from the solar simulator. There are two fundamental types of
measurement methodology. One is to set the temperature difference
between the climatic chamber and the metering box by the test appa-
ratus and to take the thermal transmission through the sample explicitly
into account. The other measurement method avoids thermal trans-
mission through the sample, as far as practicable, by setting the ambient
“outdoor” and “indoor” temperatures to be almost equal.

As an example, Fig. 17 shows a schematic diagram of the ISO 19467
[8] measurement equipment with the additional electronic ballast in-
strument necessary for measuring BIPV power generation. This consists
of an electronic load that matches the output characteristics of the BIPV-
m in order to evaluate the MPP condition. The electronic load device is
designed and programmed such that the BIPV-m can track the MPP
during power generation. During the SHGC measurement, it is necessary
to confirm that the test sample was generating electricity reliably. One
approach is to attach a 100 mQ shunt resistor to the terminal block and
to check the IV (current voltage) periodically with a PV analyzer. In
another approach, it is possible to program the commercially available
electronic ballast to briefly interrupt the MPP tracking by an IV mea-
surement, e.g. once every five minutes.

The IV curve is used to document the status with and without power
generation, and to identify whether BIPV-m electrical errors occur
during testing. Fig. 18 shows an example of IV curve measurement re-
sults. The IV curve shows the relationship between the operating current
and operating voltage in a PV module for a specified incident irradiance
level. In the figure, the vertical axis indicates current and the horizontal
axis indicates voltage. When no power is generated, the PV module
voltage is equal to the open-circuit voltage V,. and no current flows;
when power is generated, the output value is determined according to
the IV curve. Equation 25 is the formula for calculating the maximum
output at the MPP, and Equation 26 shows the fill factor (FF). The fill
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Table 4
List of BIPV-m test samples with different PV cell coverage ratios [37,38].
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Test sample

Test sample No. A0 Al A2 A3
Number of PV cell 0 PV cell 25 PV cells 16 PV cells 9 PV cells
PV cell configuration 0x0 5x5 4 x4 3x3
Gap between PV cells (mm) - Each direction 3.5 Each direction 3.5 Each direction 3.5
Cell-to-edge distance (mm) - 101 181.15 261.3
PV cell coverage ratio 0 0.61 0.39 0.22
Peak power for 1.0 sun and 0.5 sun (W) - 1 sun 0.5 sun 1 sun 0.5 sun 1 sun 0.5 sun
0 Av.105 Av.52 Av.67 Av.33 Av.38 Av.19
factor is one of the parameters that express the power generation
Climatic chamber Metering Peripheral characteristics of PV modules, and is mainly affected by the internal
/ /v . . . .
7 T =) Heat flow series resistance, parallel resistance, and diode factor. Therefore, the
J gl‘e\%z'éfi"g higher this value, the lower are the internal losses within the PV module
Solar simulator Test ﬂ Coolin and the higher is the power conversion efficiency of the PV module.
External side baffle sample ovice
N . . ﬂ Py = Ipm X me (25)
External airflow generator
ﬂ Internal
Transparent aperture hu" . FF = Pm/(lsc X Vac) (26)
Load deyice (1 Cable e - T .
PV analyzer N At each testing laboratory, there is a dimensional difference between
VA I . .
77077 “Connect to BIPV-m Surround panel the test sample size and the effective aperture of the test apparatus, due

Fig. 17. Schematic SHGC evaluation for BIPV-m test apparatus with electronic
ballast connection.
Adapted from Fig. 3 of [8]
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Fig. 18. IV characteristic of BIPV-m.
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Fig. 19. Adjustable mounting conditions to accommodate the difference in size
between the test sample and the measurement aperture.
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to the test sample mounting (see Fig. 19).

Therefore, the edges of the test sample were masked with aluminum
tape with a high reflectance in order to eliminate the influence of the
edge region in the test samples so that the test conditions would be
similar in all test facilities (see Fig. 19).

Although the effective aperture (Ap.) of the test sample for the
measurement at all testing laboratories is slightly reduced compared to
the width x height dimensions of the sample, the influence of the
transparent perimeter can be effectively reduced. Both test samples were
treated in the same way to achieve comparable test conditions in the
tests with and without power generation and for the comparison of
different PV cell coverage ratios. However, the width of the aluminum
tape was 67 mm for the tests with and without power generation (test
series 1), and 50 mm for the tests with different PV cell coverage ratios
(test series 2). Thus, they were slightly different for the two types of
tests, but the effects of the edges of the test samples were minimized in
both cases.

5.5. Test samples

5.5.1. Test samples for testing in the OC and MPP states

Considering the test facilities of each testing laboratory, the SHGC
test samples for testing with or without power generation (Test Series 1)
had width by height dimensions of 1 m x 1 m. The laminated glass test
sample consisted of one pane of 5 mm low-iron, fully tempered glass and
another pane of 5 mm fully tempered glass, and the PV cells and bus
wires were encapsulated using two sheets of 600 pm ethylene vinyl
acetate (EVA) film. These test samples were distributed to each testing
laboratory by the Japanese PV module manufacturer. The total thickness
of the test sample is 11.5 mm. However, it is evident from the spectra
shown in Fig. 20 that the composition varied from sample to sample. The
sample supplied to JTCCM and SERIS for this optical measurement are
presumed to contain two panes of low-iron glass. By contrast, the sam-
ples supplied to Fraunhofer ISE were described as consisting of one low-
iron glass pane and one iron-oxide-containing glass pane, which is
consistent with the spectra shown. The absorption bands caused by the
encapsulant in the samples supplied to Fraunhofer ISE also indicate that
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Fig. 21. Test sample (25 PV cells connected in series) [37].

the encapsulant layer was thicker for the A1 sample than the AO sample.
This discrepancy is probably explained by insufficient production time
and a lack of awareness by the PV module manufacturer that the samples
were intended to be used for a comparison of SHGC evaluation. Within
the PV industry, it is of course widely known that a variation in the back
glass pane composition or the encapsulant thickness has very little effect
on the IV characteristic or the power conversion efficiency of a mono-
facial module. The effect of the solar direct absorptance on the SHGC is
less widely known.

As shown in Fig. 21, 25 single 6" PV cells were distributed to form a
square matrix. The distance between adjacent PV cells in the test sample
was set to 3.5 mm in the horizontal and vertical directions for ease of
fabrication, and the distance from the PV cell edge to the glass edge was
approx. 101 mm along all four sides of the BIPV-m. The PV cell used in
this test sample is a mono-crystalline silicon PV cell (mc-Si) of the
Passivated Emitter and Rear Cell type (PERC). The output was measured
by irradiating the test sample three times under two irradiation condi-
tions of 1 sun (1000 W/m?) and 0.5 sun (500 W/m?) using a Class AAA
solar simulator in an environment with a room temperature of 25 °C
(STC: standard test conditions) according to IEC (International Elec-
trotechnical Commission) 61215-2 [32]. The average output was about
105 W/m? at 1 sun and about 52 W/m? at 0.5 sun at the time of
shipment.

5.5.2. Test samples with different PV cell coverage ratios

The test samples with different PV cell coverage ratios for Test Series
2 also have width x height dimensions of 1 m x 1 m, again taking the
requirements of the test apparatus in both countries into consideration.
The Al test sample was specified to be the same as the Al test sample
used for Test Series 1. Table 4 shows the test parameters such as the PV
cell coverage ratio of the test samples. Different BIPV-m were prepared
as single glazing laminates, with a PV cell coverage ratio of 0.00 when
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the number of PV cells is 0, 0.61 with 25 PV cells, 0.39 with 16 PV cells,
and 0.22 with 9 PV cells. Regardless of the number of PV cells, the same
type and thickness of encapsulant was used for all test samples. The
configuration and dimensions are all the same except for the direction in
which the electrodes are taken out (e.g. Al, A3 vs A2). The output of
each PV module was measured by irradiating the test sample three times
under two irradiation conditions of 1 sun (1000 W/m?) and 0.5 sun (500
W/m?) according to IEC 61215-2 [32], similar to the SHGC test sample
with and without power generation. Table 4 shows the average output
values at the time of shipment. The BIPV module test samples with
different PV cell coverage ratios were manufactured by the same
manufacturer and with the same specifications as the test samples for the
SHGC tests with and without power generation. However, it appears
probable that different glass types were used for the two series of
samples.

5.6. Test conditions at each testing laboratory

5.6.1. Overview of test conditions

Section 5.6 describes the test conditions applicable to each testing
laboratory for the two different test series of the inter-laboratory com-
parison. Table 5 summarises the test conditions for all test laboratories.
Tables 6 and 7 show the specific sample parameters and the effective PV
cell coverage ratios for the two different test series. The effective sample
aperture dimensions are the sample area values excluding the perimeter
area that was covered by aluminum tape. The measurement was made
with normally incident radiation (angle of incidence: 0°) at all testing
laboratories.

5.6.2. JTCCM

JTCCM conducted both test series, Test Series 1 in the OC and MPP
states, and Test Series 2 with different PV cell coverage ratios. The basic
test procedure was according to JSTM K 6101 [18], similar to the con-
tent explained in Chapter 4. However, the cross-flow ventilator was
adjusted such that the outdoor surface HTC was 20.3 + 2 W/ (mzK), and
the indoor HTC was 8.1 W/(m?K) in this test. The indoor and outdoor
surface HTCs are close to those of other standards due to this change.
The gap between the test sample and the installation frame of the test
sample was filled with thermally insulating material and covered with
aluminum tape in both tests.

An electronic load as illustrated in Fig. 22 is connected for SHGC
evaluation during BIPV-m power generation. The permissible values of
this electronic load are 0 to 200 V, 0 to 20 A, and 185 W or less at DC,
such that the BIPV-m power generation, open-circuit voltage Vo, and
short-circuit current Is¢ all lie within its measurement range.

5.6.3. Fraunhofer ISE

The HFM-CP method was used to measure both the BIPV-m and the
benchmark transparent glass laminate samples at Fraunhofer ISE. The
measurement method conforms to Reference [20]. The samples were
each mounted with air-tight sealing material in front of the cooled
absorber plate of the calorimeter. Lateral heat losses were minimised
with an insulating frame of polystyrene. For measurement of the BIPV-m
test sample, an additional black painted metal plate with an area of
1000 mm x 1000 mm and a thermally separated zone in the middle of
the plate (width: 200 mm) was mounted behind the sample in front of
the measurement absorber, covering this completely. This was done to
average the measurement for the cell areas and the transparent gaps
between the cells by homogenising the heat flux behind the sample,
especially in the separated zone of the plate. The averaged heat flux of
an area of about 200 mm x 520 mm behind the centre of the sample was
measured (see Fig. 23). The three heat flux meters 4, 5 and 6 were
evaluated to determine the SHGC value. 520 mm is the height between
the upper edge of heat flux meter 4 and the lower edge of heat flux meter
6. The test for the reference glass laminate was carried out without the
additional metal plate (see Fig. 23).
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Table 5
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Test conditions applied by the different testing laboratories during the two SHGC test series of the inter-laboratory comparison.

Country Testing laboratory

Japan Japan Testing Center

for Construction Materials

Germany Fraunhofer
Institute for Solar

Singapore Solar Energy
Research Institute of

France Centre
Scientifique et

JTCCM Energy Systems Singapore SERIS Technique du
Fraunhofer ISE Batiment CSTB
OC or MPP state test period (Test Series 1) Jan. 2019 Feb. 2019 Feb. 2019 -
PV cell coverage ratio test period (Test Series 2) Jan. 2020 - - Mar. 2020

Implemented standards

JSTM K6101 [18]

ISO 19467-2 [9] ASTM C1363[34],

C1199(35], and NFRC

ISO 19467(8]

201[36]
Incidence angle of solar-sim radiation (°) 0 0 0
Sample type AO Al, A1(MPP) Al, AO Al,AI(MPP) A0  Al, A1(MPP) A0 Al A2,
A2, A3 A3
Average irradiance over evaluated sample area (W/m?) 803 828, 881, 934 303*3 606*> 539 539, 542+%2
Test Series 1 2 1 1 2
Maximum irradiance in irradiated sample area (W/mz) 1091 1091 322 632 615 615 N/A
Minimum irradiance in irradiated sample area (W/mz) 269 541 505 506 N/A
Mean irradiance over irradiated sample area (W/m?) 298 580 582 N/A

Irradiance spatial distribution of effective measurement area** (W/m?)

[reyep—p—

- not available

inhomogeneity 0.50
“Outdoor” temperature (°C) 20
Metering box temperature (°C) 20
Outdoor HTC (W/(m?K)) 20.3
Indoor HTC (W/(m*K)) 8.1

Outdoor wind velocity (m/s) -
Indoor wind velocity (m/s) -

0.08 0.10 N/A
25-26 23.2~21.2 20

25 - 26%1 24.1~24.3 20

25 +3 - 12.7~13.2
7.7 41 - 12.3~12.5
- 1.9 -
controlled by cavity size 0.2 -

*1 The “metering box temperature” for Fraunhofer ISE refers to the surface temperature of the cooled absorber plate during measurement.

*2 The average irradiance of SERIS is 539 W/m? for the OC measurement and 542 W/m? for the MPP measurement.

*3 This is the irradiance value for the centre of the glazing that is used for the SHGC evaluation.

** 1t should be noted that the values given for all the regions along the four edges in all institutions are low because they included the areas behind the opaque masking

where the irradiance is 0 W/m?.

Table 6
Sample parameters and measured effective cell coverage ratio for test series 1 in the OC and MPP states.
Test parameter Effective areas during measurement PV cell Japan Germany Singapore France
tio i JTCCM F hof SERIS CSTB
Irradiated Irradiated area (m?) PV cell area (m?) f:overAage ratio in raumhoter
X . irradiated area ISE
width x height (m)
0 PV cell 0.866 x 0.866 0.7499 0.0000 0.0000 A0 A0 A0 —
25 PV cells (OC) 0.866 x 0.866 0.7499 0.6084 0.8113 Al Al Al -
25 PV cells (MPP) 0.866 x 0.866 0.7499 0.6084 0.8113 A1(MPP) A1(MPP) A1(MPP) -
Table 7
Sample parameters and measured effective cell coverage ratios for test series 2 with different PV cell coverage ratio in the OC state.
Test parameter Effective areas during measurement PV cell Japan Germany Singapore France
io i TCCM F hof E. TB
Irradiated Irradiated area (m?) PV cell area (m?) coverage ratio in Jree raumhoter SERIS s
i . irradiated area ISE
width x height(m)
0 PV cell 0.900 x 0.900 0.8100 0.0000 0.0000 A0 - - A0
25 PV cells 0.900 x 0.900 0.8100 0.6084 0.7511 Al - - Al
16 PV cells 0.900 x 0.900 0.8100 0.3894 0.4807 A2 - - A2
9 PV cells 0.900 x 0.900 0.8100 0.2190 0.2704 A3 - - A3

With a cross-flow ventilator, wind conditions were established on the
outdoor surface of the sample with a wind speed of 3 m/s - 4 m/s. This
corresponds to an outdoor heat transfer coefficient HTC of 25 + 3 W/
(m?K), corresponding to the standard conditions of EN 410:2011 [12].
The distance between the inner surface of the sample and the absorber
was chosen such that the indoor HTC was 7.7 + 1 W/(mzK), again
corresponding to the standard conditions according to EN 410:2011
[12]. The absorber surface temperature (internal temperature for the
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measurement) and the air temperature in the measurement chamber
(external temperature) were each about 25 - 26 °C. Depending on the
position of the lamps, the light from the solar simulator has a divergence
of 3° - 12°; the effect of divergence on the measured SHGC is thoroughly
analysed in [33]. The four lamps were set up in a 2 x 2 configuration (as
illustrated in Table 2), such that the resulting divergence was as small as
possible in the plane in which the tested sample in question would react
sensitively to divergent radiation. The spectrum of the incident radiation
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Fig. 22. Electronic load device as used by JTCCM and SERIS [37].

Central, thermally separated segment
of the additional black metal plate
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v

Fig. 23. Schematic image of the usual HFM-CP configuration at Fraunhofer ISE
(right) and the additional black metal plate (left) that was positioned in direct
thermal contact with the cooled absorber plate for the BIPV-m sample
measurement.

from MH-S lamps is practically identical to the standard spectrum
specified in EN 410:2011[12]. For this reason, the measurement results
were not corrected spectrally. For the test of the transparent glass
laminate, the incident irradiance on the centre of the sample was set to
306 W/mz, and was 606 W/m> during the test of the BIPV-m (see
Table 4). An electronic ballast (type: ESL solar) which adjusts the
resistance automatically was used by Fraunhofer ISE for the MPP
tracking.

5.6.4. SERIS

SERIS conducted its measurements using a CHB and a solar simu-
lator (see Fig. 8). Both devices are installed in a large air-conditioned
room, which also serves as a temperature-controlled room. The test
sample was placed in the 0.95 m x 0.95 m portion of the effective
aperture area of the metering box (see Fig. 9). A gap of less than 5 mm
between the edge of the test sample and the surrounding panel was filled
with cotton wool to achieve thermal insulation, and all joints were
sealed with packaging tape to ensure airtightness. The outdoor surface
of the test sample was ventilated with a wind speed of 2.0 m/s by an
external air curtain so that the outdoor surface HTC was kept within the
range of 18 W/(m3K) + 10 %. In addition, by setting the wind speed on
the back of the test sample in the metering box to 0.2 m/s, the indoor
surface HTC was kept within 7.7 W/(mzK) + 5 % as specified. The
temperature in the air-conditioned room during the test was 21.1 °C to
23.2 °C, and the temperature inside the metering box and guard box was
set to 24 °C, but the actual temperature was 24.1 °C to 24.3 °C. Fig. 10
shows the spectrum of incident light generated by the solar simulator
with one 18 kW MH-S lamp. Here, the average irradiance was 539 W/m?
when the transparent glass and the BIPV-m in the OC state were
measured and 542 W/m? when the BIPV-m was measured in the MPP
state. The steady-state heat flux through the test sample was measured
to determine the SHGC. The electronic load device used in SERIS was
the same as JTCCM (see Fig. 22).

5.6.5. CSTB
CSTB’s “Gmetre” is based on the CHB methodology, and consists of
three chambers, the solar simulator, a cooling device, and peripheral
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devices. The test sample is installed between the climatic chamber and
the metering box. The effective aperture of the measuring device was
0.95 m x 0.95 m (+0.05 m), and the gap between the aperture and the
test sample was filled with thermal insulating material. The temperature
in each chamber was maintained at 20 °C. The surface HTC values of the
test sample differ slightly from the test parameters before and after
irradiation, such that the outdoor HTC was 12.7 to 13.2 W/ (m*K) and
the indoor surface HTC was maintained within the range of 12.3 to 12.5
W/(m?K). At the time of measurement, it took at least 3 h to reach a
steady state. The estimated uncertainty of the g-value measurement is
+0.05.

6. Test results and disccusion
6.1. Test Series 1 — SHGC tests by OC state and MPP state

6.1.1. Test results

Table 8 shows the results of SHGC measurements conducted at each
testing laboratory, and Table 9 shows the measurement results of each
element necessary in the SHGC evaluation process. The SHGC of the A0
test sample (transparent glass laminate) was close to 0.77 for JTCCM
and 0.76 for Fraunhofer ISE, but SERIS was 0.82 which was 6 - 7.5 %
higher. As discussed in Section 6.1.2, this is assumed to be due to the fact
that the tested samples had different compositions.

The SHGC of the A1 test sample (BIPV-m under OC state) was close to
0.40 for JTCCM and 0.40 for SERIS, but Fraunhofer ISE was 0.27, which
was approx. 30 % lower than JTCCM and SERIS using CHB. In addition,
the SHGC of the A1(MPP) test sample (BIPV-m under MPP state) was
close to 0.38 for JTCCM and 0.37 for SERIS, but Fraunhofer ISE was 0.23
which was approx. 40 % lower than JTCCM and SERIS using CHB.
Reasons for these differences are discussed in Section 6.1.2. The relation
of the A1(MPP) test result to the Al test result was similar for each in-
dividual laboratory. Although there were some differences in the test
results among the testing laboratories, when comparing the SHGC
measurement results for the OC and MPP states, the SHGC value for the
MPP state is always lower than for the OC state. The difference between
the SHGC value without and with power generation was 0.02 (5 %) for
JTCCM, 0.04 (14.8 %) for Fraunhofer ISE and 0.03 (6.8 %) for SERIS.
This reduction P, is caused by the conversion of some of the light energy
absorbed by the PV cell into electricity and its extraction from the BIPV-
m, reducing the amount of heat transferred indoors. Due to this mech-
anism, the reduction P, always occurs during power generation,
regardless of the type of PV cell technology and whether the PV cells are
opaque or transparent. From the above, it was reconfirmed by the in-
ternational RRT that the SHGC is lowered when power is generated and
extracted (MPP) compared to the OC state, regardless of the test meth-
odology or test apparatus.

6.1.2. Discussion of glass laminate results (AO)

Fig. 20 shows the result of the spectral measurements made by
Fraunhofer ISE of the provided AO test sample and the transparent area
of the provided Al test sample, and those made by JTCCM of a small
laminate sample which the PV manufacturer described as being iden-
tical to the distributed test samples. It is evident that the three spectra
differ more than the usual experimental error of 0.01 for these
straightforward optical measurements of non-scattering, transparent
samples. The spectral distribution for the samples provided to
Fraunhofer ISE show strong absorption in the range that is typical for
iron oxides in glass (o = 0.22 and 0.24), whereas the sample measured
by JTCCM shows much weaker absorption in this range (ae = 0.11),
indicating that the laminate probably contained only low-iron glass
panes. Applying the method of ISO:9050 [10] to calculate the SHGC
value from the transmittance and reflectance spectra, values of 0.77 and
0.76 were calculated for the A0 and Al (transparent region) samples
provided to Fraunhofer ISE, which agrees well with the calorimetrically
determined value at Fraunhofer ISE of 0.76 reported in Table 9. By
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Table 8
Comparison of SHGC test results and reduction P, due to power generation [37].
Test parameter JTCCM Fraunhofer ISE SERIS
SHGC Reduction ratio relative to AQ SHGC Reduction ratio relative to AQ SHGC Reduction ratio relative to AQ
PV cell 0 A0 0.77 1.000 AO0/A0 0.76 1.000 A0/A0 0.82 1.000 A0/A0
PV cell 25 OC Al 0.40 0.526 A1/A0 0.27 0.351 Al1/A0 0.40 0.485 Al1/A0
PV cell 25 MPP A1(MPP) 0.38 0.500 A1(MPP)/A0 0.23 0.299 A1(MPP)/A0 0.37 0.452 A1(MPP)/A0
Absolute difference A1-A1(MPP) 0.02 0.04 0.03
Reduction effect Pl 5.0 14.8 6.8
*1 P, (%):(A1-A1(MPP))/Al.
Table 9
Measurement results for each element required for evaluation of SHGC with and without power generation [37].
JTCCM Fraunhofer ISE SERIS
BM 3mm (= FL3) A0 Al A1(MPP) A0 Al A1(MPP) A0 Al A1(MPP)
0 cell 0 cell 25 cell 25 cell 0 cell 25 cell 25 cell 0 cell 25 cell 25 cell
— — oC MPP - oC MPP — oC MPP
I sorr (W/m?) 882 888 802 801 I solar (W/m?) 306 606 606 I solar(W/m?) 539 539 542
A (m?) 0.7499 0.7499 0.7499 0.7499 Ag(@md) 0.7499 0.7499 0.7499 Ag(@md) 0.7499 0.7499 0.7499
QW) 582.4 512.7 264.7 251.0 Qc(W) —-372.4 —188 —173.6
¢ (J/(kg K)) 1008 1008 1008 1008 Qg (W) 12.9 12.9 12.9
4 (kg/m3) 1.191 1.183 1.190 1.187 Qw (W) 5.3 3.3 4.2
Tout (°C) 25.04 26.94 24.48 25.05 Qu(W) 10.5 10.5 10.5
Tin (°C) 21.57 23.87 22.92 23.56 One (°C) 25.4 25.4 25.6 Qsp (W) 7.5 2.83 -2.77
Tav. cus (°C) 23.305 25.405 23.7 24.305 Oni (°C) 24.7 26.4 25.8 Qu(wW) 5.4 —1.66 —1.47
G (m®/h) 503.24 504.29 509.42 506.77 Qs(W) 330 160 150
shading coefficient 0.88 0.45 0.43
Qrs 582.4 - 582.4 582.4
SHGCpy3 0.88 - - -
SHGC - 0.77 0.40 0.38 SHGC 0.76 0.27 0.23 SHGC 0.82 0.40 0.37
Table 10
Measurement results for each quantity required for evaluation of the SHGC for varying PV cell coverage ratios [38].
JTCCM CSTB
BM 3mm (= FL3) A0 Al A2 A3 A0 Al A2 A3
0 cell 0 cell 25 cell 16 cell 9 cell 0 cell 25 cell 16 cell 9 cell
I (W/m?) 832 835 827 834 828 Iar (W/m? 306 606 606 606
As (m?) 0.81 0.81 0.81 0.81 0.81 Ag (m?) 0.81 0.81 0.81 0.81
QW) 593.0 568.1 321.4 459.1 496.5 Solar sim off on off on off on off on
¢ (J/(kgK)) 1008 1008 1008 1008 1008 AT (°C) 0.59 2.03 0.59 1.60 0.59 1.69 0.57 1.79
v (kg/m3) 1.185 1.184 1.193 1.193 1.191 LEg (mg/h) 0.51 0.50 0.49 0.47 0.48 0.47 0.51 0.49
Tour (°C) 26.48 26.62 23.72 24.1 24.81 TEgq (W) 285 959 276 709 276 751 276 838
Tin (°C) 23.13 23.38 21.89 21.5 22 TEcq (W) 146 826 137 577 135 618 138 706
Tay, cus (°C) 533.41 528.75 525.69 528.5 529.99 hi(W/(mzK)) 12.2 12.5 12.2 12.3 12.2 12.3 12.2 12.3
G (m®/h) 24.805 25 22.805 22.8 23.405 he(W/(m’K)) 13.0 13.2 12.8 13.2 12.8 13.1 12.4 12.7
shading coefficient 0.96 0.54 0.77 0.84 Balance 680 440 482 568
Qr13 582.4 - - - - on / off
SHGCry3 0.88 - - - -
SHGC - 0.84 0.48 0.68 0.74 SHGC 0.82 0.44 0.56 0.66

contrast, the SHGC value resulting from the small sample provided to
JTCCM is 0.84, which agrees with the value determined calorimetrically
by JTCCM and reported in Table 10. Comparing these SHGC values with
those reported in Table 9 and Table 10 for the AQO samples provided to
the different test institutes, it seems probable that the A0 results apply to
clear laminates of at least two different compositions. The SHGC values
determined calorimetrically for AO in the first measurement series by
JTCCM and Fraunhofer ISE almost certainly refer to laminates that
contain at least one pane of iron-containing glass, whereas the values
determined for AO samples by SERIS in Test Series 1 and by JTCCM and
CSTB in Test Series 2 probably refer to laminates containing only panes
of low-iron glass. Assuming that this hypothesis of two different sample
compositions is correct, the agreement in calorimetrically determined
SHGC values between the different institutes is good. Unfortunately, it
was not possible to measure the relevant spectra for all distributed
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samples four years after the round robin had taken place. This obser-
vation underlines the importance of initial sample screening to ensure
that “identical” samples are indeed very similar, before they are
distributed for measurement in an inter-laboratory comparison.

6.1.3. Discussion of BIPV-m results (A1)

At present, our hypothesis is that one of the reasons for the different
results obtained by the testing laboratories for the BIPV-m sample is the
difference due to the characteristics of the CHB methodology, evaluating
the entire irradiated aperture area of the sample, and the HFM-CP
methodology in the “centre-of-glass” version as described by [9].

JTCCM and SERIS each used a CHB. The CHB methodology de-
termines the SHGC by summing the amount of heat input into the
metering box through the test sample, the amount of heat entering and
exiting from the surrounding area, and the amount of heat input to keep
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the temparature constant within the metering box. A BIPV-m consists of
diverse materials with different optical properties, and the PV cells are
not evenly distributed over the entire area of the BIPV-m, as there is a
transparent region around the edges, adding a further degree of spatial
complexity. However, in the case of a CHB, it is possible to collect all the
heat flows input into the metering box even for a test sample in which
different materials are combined, as in BIPV-m. On the other hand, in
the centre-of-glass version of HFM-CP, the test methodology applied by
Fraunhofer ISE, the average heat flux into the black cooled absorber
plate behind the test sample is measured with one or more heat flux
sensors (see Fig. 23 (right)). An additional intermediate black metal
plate was used for the A1 measurements to spatially average the heat
flux through the BIPV-m over an area of 200 mm x 970 mm as illus-
trated in Fig. 23 (left). The heat fluxes determined by the heat flux
meters 4, 5 and 6 were used to determine the SHGC values of the BIPV-
m. Therefore, this evaluation methodology intentionally does not eval-
uate the complicated heat flux contribution at the edge of the test
sample; the equipment is designed to implement the procedures of ISO
19467-2 [9] to determine the centre-of-glazing g value. It is presumed
that one cause of the large difference in the measurement results from
the three laboratories for the A1 samples (BIPV-m with 25 PV cells) in
the OC and MPP states was related to the heat flow input through the
transparent glass part along the perimeter of the BIPV-m. This hy-
pothesis is consistent with the fact that the SHGC values determined for
the BIPV-m by JTCCM and SERIS, where a larger transparent share of
the BIPV-m is evaluated, are significantly higher than those determined
by Fraunhofer ISE, both in the OC and MPP. The measured SHGC values
from JTCCM and SERIS are also very similar to each other, both in the
OC state and during power generation in the test results of the A1 and Al
(MPP) test sample (25 PV cells). The lower SHGC results determined by
Fraunhofer ISE are considered to be partly due to the selection of the
sample area which is evaluated by the center-of-glass measurement
method. One of the reasons for this is that the SHGC ratio of the A1 test
sample to the AO test sample Table 8 is 0.351 for Fraunhofer ISE and
0.526 for JTCCM. This indicates that the shielding effect by the PV cells
was weighted more strongly in test results of Fraunhofer ISE. This is
because the effective measurement area for the centre-of-glass version of
the HFM-CP methodology is 200 mm x 520 mm in the center of the test
sample, and the proportion of transparent glass in that area is as low as
6.4 % (see Fig. 24 (left)). In the JTCCM and SERIS test samples, the area
of the transparent glass part in the effective measurement area of
0.7499 m?is 0.1416 mz, which accounts for 18.9 % (see Fig. 24 (right)).
We consider that this is the main explanation for the difference between
the two sets of results.

A further reason for the lower SHGC value determined for the Al
sample by Fraunhofer ISE is given by the values for the HTC documented
in Table 5. Compared to JTCCM, the values at Fraunhofer ISE are
significantly higher for the outdoor HTC and slightly lower for the
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Fig. 24. Evaluated heat flux meter area for determining the centre-of-glazing
SHGC of the BIPV-m sample with the HFM-CP methodology at Fraunhofer
ISE (left) and PV cell positions and the spatial irradiance distribution at
JTCCM (right).
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indoor HTC. In combination with the low thermal resistance offered by
the tested BIPV-m sample (effectively single glazing), the proportion of
absorbed radiation transferred indoors as heat should be noticeably
lower at Fraunhofer ISE than at JTCCM, also contributing to the lower
SHGC value. The dependence of the SHGC on the relative values of
outdoor HTC, indoor HTC and thermal resistance of the BIPV-m is pre-
sented by Wilson et al. [39].

The difference between JTCCM and SERIS for the Al sample was
zero, and the difference between the A1(MPP) samples was also 2.6 %,
so they are in good agreement, within experimental tolerances. Initially,
it was predicted that there would be differences due to the spectral
characteristics and irradiation inhomogeneity of each solar simulator,
but in fact no significant difference was observed. In addition, the
sensitivity of the spectral response in the mc-Si PV cells of the A1(MPP)
test sample increases in the NIR (Fig. 3), but in the spectral distribution
of the solar simulator, the intensity in the NIR is higher in JTCCM than in
SERIS. For this reason, it was predicted that the SHGC of JTCCM would
be lower than for SERIS, as the JTCCM energy conversion by the
photovoltaic effect would be higher than at SERIS. However, the SHGC
value determined at SERIS during power generation was actually
slightly lower than at JTCCM.

The transparent and the opaque parts of the BIPV-m sample are not
uniformly arranged from the center to the edge (see Fig. 17), such that
the effect of irradiation non-uniformity is large. For these specific
samples, it is not known whether the A1l samples provided to JTCCM and
SERIS include glass with a non-negligible iron oxide content, further
adding to the uncertainty of the comparison. Thus, the explanations for
the difference in results must remain qualitative, but it will be necessary
to make quantitative comparisons again in the future, ensuring that the
sample compositions are identical and taking the spectral match rating
of the solar simulator radiation, the SR of PV cells, and irradiation in-
homogeneity into account.

6.2. Test Series 2 —SHGC tests for different PV cell coverage ratios

6.2.1. Test results

In contrast to the first test series discussed in Section 6.1, the BIPV-m
samples presented here were all in the OC state during the SHGC mea-
surements. Fig. 25 and Table 11 present the SHGC results as a function of
the cell coverage ratio, and Table 10 shows the measurement results for
each quantity needed for the SHGC evaluation process.

Firstly, as the PV cell coverage ratio increases from 0 % to 27 %, 48 %,
and 75 %, the PV cell shielding effect increases, and SHGC shows a clear
downward trend for both JTCCM and CSTB. The JTCCM test results show
some fluctuations, but the least squares method shows that linearity is

100 —— JTCCM Test results
0.90 CSTB Test results

A R Linear regression (JTCCM)
Linear regression (CSTB)
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0.30 R>=10.9946
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Fig. 25. SHGC [g value] measurement results versus PV cell coverage
ratio [38].
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Table 11
SHGC test results by PV cell coverage ratio.

Test result of SHGC Difference from results of CSTB

Test parameter CSTB JTCCM (%) Limit oferror
A0 PV 0 cell 0.82 0.84 +2.4 OK
A3 PV 9 cells OC 0.66 0.74 +12.1 NG
A2 PV 16 cells OC 0.56 0.68 +21.4 NG
Al PV 25 cells OC 0.44 0.48 +9.1 OK
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Fig. 26. Relation of PV cell positions in the A2 and A3 samples and spatial
distribution of the irradiance at JTCCM.

generally obtained, with R = 0.9525. On the other hand, the linear fit to
the test results of CSTB is characterized by R = 0.9946, which indicates
much higher linearity than at JTCCM. CSTB applies the CHB methodology
according to ISO 19467 [8], and ensures that the specified measurement
conditions such as spectral match and high spatial homogeneity of the
irradiation are met; we thus believe that highly accurate results were
obtained.

6.2.2. Discussion of glass laminate results (A0O)

In order to clarify the differences due to test methodologies and test
apparatus, it is effective to start with the transparent glass laminate,
which has a simple structure. Table 11 shows the difference between the
SHGC measurement results from JTCCM and CSTB. The result of JTCCM
differs only by +2.4 % with that from CSTB, which is a good level of
agreement. This indicates that the determined SHGC result is not sen-
sitive to the measurement method, spectral match rating, irradiation
homogeneity, etc., if the test sample is spatially homogeneous and has
low absorptance and low spectral selectivity, as is the case for trans-
parent glass laminate made of low-iron glass. Here, the limit of error
(allowable error) for JTCCM is approx. 10 %. OK or NG indicates
whether or not it is within the allowable difference, again assuming that
results for samples with similar compositions are being compared.

6.2.3. Discussion of BIPV-m results for different PV cell coverage ratios
(Al, A2, A3)

The difference between the test results of CSTB and JTCCM was
significant when the PV cell coverage ratios were 27 % (9 PV cells) and
48 % (16 PV cells). These differences are not within the allowable range,
even considering the JTCCM tolerance of +10 %.

This difference is assumed to be caused by the spectral match rating
and the inhomogeneous spatial distribution of irradiance characterising
the solar simulator of JTCCM Table 2. As a basis for analysing the effect
of spatial inhomogeneity, Fig. 24 (right) shows the relationship between
the irradiance distribution of the solar simulator at JTCCM and the
arrangement of PV cells in the Al test sample.

The secondary radiation g; to the indoor side increases linearly with
the absorbed incident radiation. Diverse materials with different optical
properties are often combined in BIPV-m samples, and the spatial dis-
tribution of the PV cells may also differ between the central part and the
perimeter, as in the A1, A2 and A3 test samples (see Fig. 24 and Fig. 26).

For this reason, measurement errors may occur, even when power is
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not being generated, if the irradiance distribution for the solar simulator
is very inhomogeneous and several materials with different optical
properties are combined. Spatial inhomogeneity of the irradiance dis-
tribution was generally within 8-10 % for Fraunhofer ISE and SERIS in
Test Series 1 but not for JTCCM. (CSTB did not provide detailed data on
irradiance.) An additional error is introduced by inhomogeneous radi-
ation in the power-generating state if the PV cells are connected in series
in one or more strings within a PV module. The generated and extracted
module power will be determined by the cell located at the position of
lowest irradiance, rather than by the average irradiance over the eval-
uated irradiated aperture area.

7. Conclusion

In this study, in order to prepare a calorimetric SHGC evaluation
methodology for BIPV modules as an international standard, we
compared the SHGC measurement methods and test apparatus of four
different testing laboratories. In addition, round-robin tests were con-
ducted within an interlaboratory comparison to determine the SHGC of
BIPV modules with and without power generation and differing cell
coverage ratios. As a result, the following findings are noted:

e An international round-robin test confirmed that the SHGC is always
lower when power is generated and extracted from the BIPV-m (MPP
state) than when the BIPV-m is in the OC state, regardless of test
standards, test methods, and test apparatus. This is because some of
the solar energy absorbed by the PV cells is converted by the
photovoltaic effect into electricity and is removed from the glazing,
rather than being radiated indoors as heat. It was also confirmed in
Test Series 1 that the SHGC value was reduced by 0.02 to 0.04 (5 to
14.8 %) in the case of the investigated samples, consisting only of the
BIPV-m, i.e. single glazing. Absorbed solar radiation which has been
converted to electricity and extracted from the PV module is no
longer available to contribute to the secondary heat transfer towards
the inside. Thus, the SHGC value for a BIPV-m is always lower in the
MPP state than in the OC state due to power generation and
extraction, regardless of the PV cell technology and regardless of
whether the PV cell is opaque or semi-transparent.

e The SHGC decreased proportionally with the increase in the PV cell
coverage ratio. A linear relationship, with the R? value for each
laboratory exceeding 0.95, was strongly supported by the results of
Test Series 2 on BIPV-m with different coverage ratios in the OC
state. However, this linear relationship applies only if the irradiance
from the solar simulator used is spatially homogeneous over the
BIPV-m. Thus, if this condition is met, it is possible to predict the
SHGC of a BIPV-m in the OC state from the cell coverage ratio and the
SHGC values of two BIPV-m samples with the same glazing config-
uration but significantly different coverage ratios.
For the transparent glass laminate, which was optically homoge-
neous over the test sample area, very similar SHGC results were
obtained by JTCCM and Fraunhofer ISE for the samples provided for
Test Series 1, and between the samples provided to JTCCM and CSTB
for Test Series 2 and to SERIS for Test Series 1. As the SHGC values
for the two different groups also agree with the two different SHGC
values calculated from the spectra presented in Fig. 20, it is assumed
that the different values are caused by different sample compositions
between the two groups of samples.

Optically diverse materials are combined in the investigated BIPV

modules, such that they are spatially inhomogeneous. JTCCM,

SERIS, and CSTB all apply the CHB methodology, which evaluates

the whole irradiated aperture area of the BIPV-m. They obtained

similar results for the A1 samples in the OC state, within the allow-
able error margins, and assuming that the sample compositions were
similar. The center-of-glass SHGC evaluation for the BIPV module by
the HFM-CP methodology at Fraunhofer ISE obtains a different value
primarily due to the different cell coverage ratio in the evaluated
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area. Careful specification of this evaluated area is thus essential
when values are determined by applying the centre-of-glazing
methodology of ISO 19467-2 [9].

Although the solar simulators differed in the type and number of
xenon and metal halide lamps and the spectral match rating, this did
not cause a significant difference in the SHGC test results, which
were within the allowable error. This may be different when BIPV-m
multi-pane glazing units contain strongly spectrally selective layers
such as low-e coatings, or when the spectral response of the PV
component covers a narrower portion of the solar spectrum (e.g.
InGaAs solar cells).

The complete solar spectral range (300 mm to 2500 mm) should be
used when the spectral match of solar simulators for SHGC deter-
mination of BIPV-m is characterized.

For SHGC evaluation of BIPV-m, it is recommended to reduce the
irradiation inhomogeneity as much as possible; a value of 10 % or
less is proposed.

Solar simulators with DC power sources are common for module
efficiency measurements in the PV industry, whereas AC-powered
solar simulators are usual for calorimetric SHGC determination of
construction products. It is not yet clear whether the type of power
source for the solar simulator needs to be explicitly taken into ac-
count in developing a calorimetric SHGC evaluation methodology for
BIPV.

Particularly for single-glazed BIPV-m offering low thermal resis-
tance, it is important to specify the HTC values that are used for
calorimetric SHGC determination.

To summarise, the information and insights gained during the re-
ported international round robin on calorimetric measurement of BIPV
glazing provide a good basis for further refinement and development of
an international standard on this topic.
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ABSTRACT

Building-integrated photovoltaic (BIPV) systems are intrinsically designed to generate electricity and to provide
at least one building-related function. When BIPV modules act as glazing products in windows, skylights or
curtain walls, their ability to control the transmission of solar energy into the building must be characterised by a
Solar Heat Gain Coefficient (SHGC) or g value (also known as Total Solar Energy Transmittance — TSET - or
“solar factor™). For the comparison of BIPV glazing products consisting of one PV laminate and possibly further,
conventional glazing layers separated by gas-filled cavities, the procedures documented in international stan-
dards for architectural glazing (e.g. ISO 9050 and EN 410) form a suitable starting point. Easily implemented
modifications to these procedures are proposed to take both optical inhomogeneity (if relevant) and extraction of
electricity from BIPV glazing units into account. Geometrically complex glazing and shading devices, and light-
scattering glazing layers, are outside the scope of the proposed methodology; SHGC determination for obliquely
incident solar radiation is also excluded. For these cases, the experimental calorimetric approach documented in
[ISO 19467:2017; ISO 19467-2:2021] is recommended.

The paper also presents results and conclusions from an implementation exercise and sensitivity study carried
out by participants of the IEA-PVPS Task 15 on BIPV. The cell coverage ratio in the PV laminate, the thermal
resistance offered by the glazing configuration, the choice of boundary conditions and the effect of extracting
electricity were all identified as parameters which significantly affect the SHGC value determined for a given
type of BIPV glazing. A practicable approach to accommodate the great variety of dimensions typical for BIPV
glazing is also proposed. These findings should pave the way for modifying the existing component-based
standards for architectural glazing to take the specific features of BIPV glazing into account.

1. Introduction

glazing to multiple-pane glazing units containing coated glass panes and
gas-filled cavities that provide effective thermal insulation. With ther-
mal transmittance values of 1.2 Wm™?K ! and less being achieved by
commercially available glazing units, they provide adequate thermal

Since the 1970’s, architectural glazing has evolved from single
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Nomenclature

AM Air mass

BIPV Building-integrated photovoltaics

CR Coverage ratio

DGU Double glazing unit

MPP Maximum power point

oC Open circuit

PV Photovoltaic

RRT Round robin test

SHGC  Solar heat gain coefficient (or g value)

TSET Total solar energy transmittance (or g value)

Acen surface area covered by PV cells within the total PV module
area

Ainact surface area covered by electrically inactive material (e.g.
transparent encapsulant) between PV cells within the total
PV module area

Aintercon  Surface area covered by interconnectors between PV cells
within the total PV module area

Ajp surface area covered by the junction box within the total
PV module area

Anmod total PV module area

g Total Solar Energy Transmittance (or SHGC or solar factor)

hin heat transfer coefficient towards the inside (Wm™ K1)

Rout heat transfer coefficient towards the outside (Wm™ K1)

qi secondary heat transfer factor of the glazing towards the
inside

Teell ratio of surface area covered by PV cells to total PV module
area (= cell coverage ratio CR)

Tinact ratio of area covered by electrically inactive material (e.g.
transparent encapsulant) between PV cells to total PV

module area

Fintercon  Tatio of total interconnector area to total PV module area

Tip ratio of junction box area to total PV module area

Tin indoor glazing surface temperature (°C)

Tout outdoor glazing surface temperature (°C)

U thermal transmittance without irradiance (Wm2 K%)

Qe solar direct absorptance

Qe1 solar direct absorptance of the outer pane within a double
glazing unit

ez solar direct absorptance of the second pane within a double
glazing unit

ai(A) absorptance spectrum of the isolated ith glazing layer for
radiation incident on the outdoor-facing surface

a’i(A) absorptance spectrum of the isolated ith glazing layer for
radiation incident on the indoor-facing surface

Ein emissivity of an indoor-facing surface of a glazing layer

Eout emissivity of an outdoor-facing surface a glazing layer

A total thermal conductance of a glazing unit (single or
multiple-pane glazing)

n power conversion efficiency of a PV device (irradiation of
outdoor-facing surface)

n’ power conversion efficiency of a PV device (irradiation of
indoor-facing surface)

Pe solar direct reflectance

pi(2) reflectance spectrum of the isolated ith glazing layer for
radiation incident on the outdoor-facing surface

p'i(A) reflectance spectrum of the isolated ith glazing layer for
radiation incident on the indoor-facing surface

Te solar direct transmittance

7i(A) transmittance spectrum of the isolated ith glazing layer

insulation and are installed over large areas of building facades. Solar
radiation that enters the building provides welcome natural lighting and
reduces the demand for space heating in winter, but may cause over-
heating in summer. Already in the 1990's, a new metric was introduced
to quantify the total amount of solar radiation transmitted by glazing
into the building [1-3]. This metric, variously designated as Total Solar
Energy Transmittance (TSET), solar factor, Solar Heat Gain Coefficient
(SHGC) or g value, takes account of both directly transmitted solar ra-
diation and absorbed solar radiation that is transferred indoors as heat
[4].

Semi-transparent building-integrated (BIPV) glazing represents a
further development of architectural glazing which combines the classic
optical and energy-transmitting functions of transparent areas and the
shading functions of opaque areas with the electricity generation of PV
cells. As has been documented in a number of experimental studies
[5-9], the extraction of photovoltaically generated electricity from the
BIPV glazing unit acts to lower the SHGC value of the window. In this
paper, a component-based calculation method is proposed for BIPV
glazing that can be readily integrated into SHGC determination methods
that are already documented in standards for characterising and
comparing glazing products under standardised boundary conditions.
Like the underlying standards, application of the proposed method is
limited to normally incident solar radiation and glazing products that
consist of one PV laminate and conventional, planar glazing layers
separated by gas-filled cavities. Fig. 3 shows an example of such a
glazing configuration. If the PV laminate or the glazing layers contain
air-permeable “holes” [10], they cannot be treated by the presented
approach. The treatment of a BIPV glazing unit containing strongly
light-scattering layers is also excluded from this approach. Development
of a more sophisticated calculation-based dynamic approach that is
based implicitly on [11] and is commensurate with the needs of building

energy simulation has been introduced by Zhou et al. [12] but is not the
topic addressed here. Geometrically complex glazing (including that
containing strongly light-scattering layers) and shading devices, and
SHGC determination for obliquely incident radiation, are outside the
scope of the proposed methodology; for these cases, the experimental
calorimetric approach documented in ISO 19467-1:2017 and ISO
19467-2:2017 [13,14] is recommended.

What is explicitly addressed in the proposed methodology are fea-
tures commonly encountered in BIPV glazing units, namely optical in-
homogeneity of the PV “glazing layer”, analogously to Annex C of EN
410, and extraction of the photovoltaically generated electricity.

2. Principles of component-based SHGC determination for
glazing product characterisation

The basic definition for SHGC, the fraction of incident solar radiation
which is transmitted directly or by re-radiation through architectural
glazing into the indoor space of a building, is expressed mathematically
in Eq. (1) as

g:Te+qi (1)

where g is the SHGC, 7, is the solar direct transmittance of the glazing
unit and g; is the secondary heat transfer factor towards the inside. As
documented in ISO 9050:2003 [15], EN 410:2011 [16] or NFRC 300-
2023 [17], the transmittance spectrum for a glazing unit 7(1) is calcu-
lated by multi-layer optical calculations from the transmittance and
reflectance spectra of the component panes. All spectra are determined
for radiation that is (near-)normally incident on the characterised
sample. The solar direct transmittance for the glazing unit 7, is calcu-
lated by weighting the transmittance spectrum by a specified solar
spectrum, which is based on the spectral distributions for AM1.0 global
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in EN 410:2011 [16], AM1.5 global in ISO 9050:2003 [15] or AM1.5
direct in NFRC 300-2023 [17], respectively. Similarly, the solar direct
absorptance for radiation incident on the outdoor-facing surface of the
ith glazing layer within the glazing unit, a,;, is also calculated by multi-
layer optical calculations from the transmittance and reflectance spectra
of the component panes (the “glazing layers”) and weighting by the
specified solar spectrum.

Each of the component glazing layers is characterised by its trans-
mittance spectrum 7(4) and reflectance spectra p(4) and p’(4) for radi-
ation normally incident on the outdoor-facing and indoor-facing
surfaces, respectively. The transmittance and reflectance spectra are
measured for each glazing layer separately and serve as input data for
the multi-layer calculations. For each individual glazing layer i in
isolation (i.e. not within the glazing unit), the absorptance spectrum
a;(2) for the outdoor-facing surface is calculated according to Eq. (2) as

ald) = 1-7(k) - pi(4) @

where 7;(A) is the transmittance spectrum of the ith glazing layer and
pi(2) is the reflectance spectrum for radiation incident on the outdoor-
facing surface of the ith glazing layer. The analogous equation for the
absorptance spectrum «’;(A) for the indoor-facing surface is given by Eq.
(3) as

@i(A) =1—-15(1) — p’(4) 3

where 7;(A) is the transmittance spectrum of the ith glazing layer and
p’i(2) is the reflectance spectrum for radiation incident on the indoor-
facing surface of the ith glazing layer.

It is emphasised that Equations (2) and (3) refer to the absorptance
spectra for the individual, isolated glazing layers. The absorptance
spectra for the ith glazing layer within a multiple-pane glazing unit
containing two or more layers are modified by the presence of the other
panes and must be calculated using the multi-layer approach docu-
mented in e.g. [15,16] or [17].

As the spectra are determined for normally incident radiation, the
multi-layer calculations are not valid for strongly scattering layers and
the results obtained for slightly scattering layers will have a larger error
than for the originally foreseen “glass-clear” transparent layers.

In the original versions of the standards EN 410 and ISO 9050 for
conventional architectural glazing, it is assumed that all of the absorbed
solar radiation is converted to heat and is transported by conduction,
convection or radiation either to the outdoor or the indoor environment.
The cited standards follow the conventions, methods and sets of
boundary conditions set out in the parallel standards for calculating the
steady-state thermal transmittance U for the centre of glass of archi-
tectural glazing, [18,19], for product comparison. One-dimensional heat
transport through the glazing unit is assumed, neglecting any lateral
flows or edge effects. The thermal resistance 1/U caused by the glazing
unit between the outdoor and the indoor environment is modelled as the
sum of resistances corresponding to external and internal surface heat
transport, conduction through the solid glazing layers, and conduction,
convection and radiation within the gas-filled cavities between panes.
Thermal properties for glass, low-e coatings and the commonly used
gases for inter-pane cavities are specified in these standards. For product
comparison purposes, standardised values for the external and internal
heat transfer coefficients are also provided. Based on the thermal
properties of the component materials, the thicknesses of the component
layers and the specified boundary conditions, the U value of a complete
glazing unit can be calculated by applying a one-dimensional series
resistance model. The same approach can be applied to calculate the
partial resistances between the different glazing component surfaces.

Once the solar direct absorptance a,; for each ith glazing layer within
the glazing unit and the partition of thermal resistances, as defined
above, are known, the proportion of incident solar radiation that is
absorbed within the glazing unit and is transported indoors, g;, can be
calculated by the equations specified in EN 410 or ISO 9050.
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Corresponding to the U-value calculations, the form of the equations for
g; varies with the number of panes in the glazing unit. Specifically, for
single glazing consisting only of a PV laminate, the equation specified in
EN 410 or ISO 9050 for g; is

qi = achin/ (hou + hin) 4)

where q, is the solar direct absorptance of the PV laminate as described
above and hy, and h;, are the heat transfer coefficients towards the
outside and inside, respectively, as specified in EN 673:2011 [18] or ISO
10292:1994 [19].

Making use of the definition of the thermal transmittance U from EN
673:2011 [18] or ISO 10292:1994 [19] as

l/Uzl/hout+1/A+1/hin (5)

where hy,; and h;, are defined as above and A is the total thermal
conductance of the glazing, Eq. (4) for single glazing can be reformu-
lated as

qi = 2. U/ (hou(1 — U/A)) (6)

Taking into account that the thermal conductance A of a PV laminate is
about 20 times larger than the corresponding U value, Eq. (6) for a PV
laminate can be approximated as

qi = Qe U/hout (7)

indicating a nearly linear dependence of q; on @, and U/hgy;.
An analogous reformulation of the expression for g; of double glazing
from EN 410 or ISO 9050 results in the equation

qi = Qe U/hout + Q2 (U/hout + U/A) (8)

where a,; and a.2 are the solar direct absorptance values of the outer and
inner panes within a double glazing unit, respectively, and the
remaining terms are as defined above. Again, there is a linear depen-
dence of g; on a1, the absorptance in the outer pane (the most common
position for the PV pane in double glazing), and on U/hgy.

3. Features of semi-transparent BIPV glazing

There are two main features of semi-transparent BIPV glazing which
distinguish it from most conventional architectural glazing and which
demand modifications in the approach to determine the SHGC value.

The defining property of BIPV glazing is its ability to convert incident
solar radiation to electricity by the photovoltaic effect. This means that
the assumption stated above for conventional architectural glazing,
“that all of the absorbed solar radiation is converted to heat”, no longer
applies. When the PV layer of a BIPV glazing unit is connected to an
external electric circuit, some of the absorbed solar radiation is extracted
as electricity and removed from the glazing unit; the amount of heat
which can be transported indoors is reduced, decreasing the SHGC value
of the BIPV glazing unit.

As illustrated in Fig. 1 and Fig. 3, the second, frequently encountered
property of semi-transparent BIPV glazing is optical inhomogeneity at a
macroscopic level, meaning that different regions of the glazing unit are
characterised by different transmittance and reflectance properties.
Most commonly, the “photovoltaic glazing layer” consists of a PV glass-
glass laminate or a glass-backsheet laminate, where one main area is
occupied by crystalline silicon PV cells and a second significant area is
transparent, with a transparent encapsulation material such as ethylene
vinyl acetate (EVA) or polyvinyl butyral (PVB) embedded between the
front and back covers. There may also be significant areas covered by
metal interconnectors between the cells or by an electronic junction box
that is exposed to solar radiation and thus is visible from outdoors.
Phovoltaic glazing based on inorganic thin-film technology may also
consist of different macroscopic areas alternating between coated and
laser-ablated areas to provide areas for clear vision. (The fine laser-
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Fig. 1. PV semi-transparent glazing manufactured by Onyx Solar and installed in the Kubik experimental building at Tecnalia facilities in Derio, Spain, within the
BIPVBoost project.

Source: Eneko Setien, Tecnalia

ablated lines that are intrinsic to the construction of inorganic thin-film

properties but also the power conversion efficiency is available for each
PV modules are not usually treated as “optically different” areas because

different PV region, and the different PV regions are not connected

of their small dimensions compared to the beam cross-sections used to
determine optical properties spectrophotometrically. In this case, the PV
laminate can be treated as optically homogeneous.) In principle, organic
PV glazing with differently coloured PV regions may also be charac-
terised by the proposed approach, providing that not only the optical

BIPV module

no
(Section 5)

electrically in series.
An approach to take these features of BIPV modules into account is
described in detail in the following two Sections 4 and 5. An overview of

the procedure and references to the relevant Subsections is provided by
Fig. 2.
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Fig. 2. Flow chart outlining the modifications needed to take optical inhomogeneity (if relevant) and extraction of electricity into account when calculating the
SHGC of BIPV modules. Details are provided in the indicated Sections of this paper.
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4. Proposed modification to SHGC determination to account for
photovoltaic conversion of incident solar radiation on an
optically homogeneous BIPV glazing unit

4.1. Open-circuit case

If the cells of a BIPV glazing unit are exposed to solar radiation but
are not connected to an external circuit, i.e. are in the open circuit (OC)
state, all of the absorbed solar radiation is converted to heat. If the whole
area of the glazing unit can be considered to be homogeneous, as is often
the case for organic and inorganic thin-film photovoltaics, the method
for determining the SHGC of the BIPV glazing in the OC state is identical
to that for non-photovoltaic glazing, based on measurements of the
transmittance and reflectance spectra for the PV laminate and any other
further panes of the glazing unit, i.e. no modification to the SHGC
determination procedure is necessary.

4.2. Maximum-power-point case

Still considering the optically homogeneous case, but with the PV
laminate connected to an external electric circuit, some of the absorbed
solar radiation is converted photovoltaically into electricity and is
extracted from the BIPV glazing. For a PV module in the form of a single
PV laminate (i.e. not within a BIPV glazing unit), the photovoltaic
conversion efficiency is defined in IEC TS 61836:2016 [20] as the “ratio
of electric power generated by a PV device per unit area to its incident
irradiance”. Introducing the symbol 5,4 for this quantity, the extraction
of electricity from an optically homogeneous BIPV glazing unit can thus
be taken into account by modifying Eq. (2). For the isolated ith layer that
consists of the optically homogeneous PV laminate, the absorptance
spectrum o;(A) for the outdoor-facing surface is given by Eq. (9):

ai(d) = 1=7(2) = pi(4) = Nmoa, C)

where 7;(A) is now specifically the transmittance spectrum of the PV
laminate, p;(1) is the reflectance spectrum for radiation incident on the
outdoor-facing surface of the PV laminate and #m.q,; is the power con-
version efficiency of the homogeneous PV module (i.e.,, the PV
laminate).

Most commonly, the PV module will be the external layer of the BIPV
glazing unit, in which casei =1 in Eq. (9). However, Eq. (9) is also valid
if the PV module is included in a different position and the glazing layers
located between the solar radiation and the PV module feature spectrally
constant optical properties, such that the use of a constant value for #mq,
iis justifiable. This condition of spectral constancy is fulfilled sufficiently
by panes of low-iron glass, which would be an advisable choice for panes
positioned between the solar radiation and the PV module to minimize
the loss in generated electricity due to absorption in the intervening
panes. The condition of spectral constancy is not met e.g. by low-e
coated glass. In this case, the spectrum of the radiation incident on the
PV module differs significantly from that specified in [21] for determi-
nation of #meq,i. In that case, the relevant value for 7,04 would have to
be redetermined, taking the spectral response of the PV module into
account. Considering firstly, that the spectral response is not usually
supplied by PV module manufacturers, and secondly, that the PV
module will be the outer pane in the great majority of BIPV multiple-
pane glazing units, the authors have decided to retain Eq. (9) in the
presented simple form. As a corollary, its use will lead to errors if it is
applied to multiple-pane BIPV glazing with the PV module “behind”
glazing layers with strong spectral variation of the transmittance. The
magnitude of the error depends on the combination of the PV spectral
response and the spectral variation of the glazing transmittance.

To obtain the SHGC value of the complete BIPV glazing unit, Eq. (2)
is replaced by Eq. (9) for the ith layer that consists of the PV laminate in
the multi-layer calculations documented in EN 410:2011 [16] or ISO
9050:2003 [15]. For monofacial PV laminates, Eq. (3) remains
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unchanged. For bifacial PV laminates, it would be necessary to differ-
entiate between the values of 7,04 for irradiation of the outdoor-facing
and indoor-facing surfaces. Equation (3) would need to be modified by
subtracting the value of #’moq; for irradiation of the indoor-facing sur-
face. In addition, the use of a single value for #’meq,; is permissible only if
the relative spectral distribution of the radiation incident on this indoor-
facing surface agrees sufficiently with that of the solar spectrum used for
spectral weighting. This would not be the case e.g. for solar radiation
after reflection by a glass pane with a low-e coating.

The module photovoltaic conversion efficiency 7,04 ; is usually based
on the maximum power point (MPP) value, meaning the point on the
current-voltage characteristic for the module at which maximum power
can be extracted. As noted in IEC TS 61836 [20], the photovoltaic
conversion efficiency is “typically measured under standard test condi-
tions (STC)”, which are defined in the same document as “in-plane
irradiance ... = 1 000 Wm'2, PV cell junction temperature (25 °C) and
air mass (AM) = 1.5”. Among these conditions, the PV cell temperature
is the most influential parameter on PV efficiency in the solar-shading
context and mainly depends on ambient temperature and solar irradi-
ance (PV efficiency typically decreases between 0.4% and 0.2% for
every degree increase in cell temperature) [22]. In BIPV applications,
the PV cell junction temperature usually reaches values above 25 °C. In
addition, the radiation is normally incident on the module during the
test measurement, whereas the solar radiation is often obliquely inci-
dent on BIPV arrays, resulting in higher reflection losses. Standard test
conditions are thus more favourable for photovoltaic electricity gener-
ation than those that are usually experienced in building-integrated
applications, so for practical purposes concerning SHGC determination
for product characterisation, the value of #y,04; can be considered to
represent an upper limit for the electricity extracted from a BIPV glazing
unit. In other words, the SHGC value determined according to the pro-
posed method under MPP conditions will be lower than is frequently
encountered in reality. Again, it is emphasized that this method is
intended to enable product comparison under well-defined conditions; it
is not intended for use in building energy simulations.

Although the photovoltaic conversion of radiation to electricity has a
spectral dependence which is characterized by the spectral response of
the photovoltaic device, the integral value of #,04,; is considered to be
adequate for the purpose of product characterization addressed in this
paper. (Exceptions have been noted in the discussion above on Eq. (9)
and the special case of a bifacial PV laminate within a multi-layer BIPV
glazing unit. In such cases, #moq,i OF 77’moa,i should be replaced by the
suitably normalized spectral response function. This approach was
described by Zhou et al. [12]. The conditions specified in IEC 60904-
9:2020 [21] for the solar simulators that are used in measuring #mod,;
include requirements on the spectral mismatch. According to those
definitions, the solar spectra documented in EN 410:2011 [16] and ISO
9050:2003 [15] both satisfy the spectral mismatch requirements for a
“category A” solar simulator. In other words, the value reported for #moq i
in the data sheet of a PV module would be very similar, within the
category A tolerance values, to that obtained on the basis of the spectral
response and the solar spectra documented in EN 410:2011 [16] and ISO
9050:2003 [15]. A further argument supporting the use of #y04,; in Eq.
(9) is its widespread availability in PV module data sheets, whereas the
spectral response of a PV module (as distinct from a “naked” solar cell) is
not generally available.

Finally, once the modified absorptance a;(4) of the PV module in
isolation has been obtained according to Eq. (9), the solar direct
absorptance a,; of the ith pane within a multi-pane BIPV glazing unit is
determined by applying the multilayer optical calculations and spectral
integration according to EN 410:2011 [16] or ISO 9050:2003 [15]. It is
noted that computer programs to perform the multilayer optical calcu-
lations commonly use input files containing the spectra for (1), p(1) and
p’(2) of the individual glazing layers. A convenient method to ensure use
of the modified value of a(4) according to Eq. (9) is to add the #pmeq value
to the input p(4) values for the PV laminate. However, it must be
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remembered that this modified input file should be used only for
calculation of the modified value of «,; for use in the SHGC calculation; it
should not be used for calculation of the purely optical properties such as
solar direct transmittance or solar direct reflectance of the BIPV glazing
unit.

The modified value of a,; is then inserted into the relevant expression
for the secondary heat transfer factor towards the inside g; of the BIPV
glazing unit, which varies according to the number of glazing layers in
the unit. For the boundary conditions prescribed by the underlying
standards [18] or [19] for the U value, the temperature change due to
the extraction of electricity has a negligible effect on the U value and can
be ignored [23]. Application of Eq. (1) with the modified value of g;
results in the SHGC value that applies for the MPP state, i.e. when
electricity is extracted.

5. Proposed modifications to SHGC determination to account for
inhomogeneous optical properties

Although conventional architectural glazing is usually optically ho-
mogeneous over its entire surface area, non-photovoltaic exceptions
exist in the form of printed glazing. Ceramic prints are applied by screen-
printing or digital methods, often as a means to reduce the SHGC value
by reducing the solar direct transmittance, or to create translucent areas
for daylighting functions, or for decorative purposes. As is documented
by Appendix C to EN 410:2011 [16], a recognised method to calculate
the optical characteristics and the SHGC of optically inhomogeneous
glazing units is to determine the transmittance and reflectance spectra
separately for each of the different regions, carry out the multi-pane
calculations and then weight the contributions of the different regions
to obtain the final, integrated results according to the relative area of
each region. In accordance with the remainder of [16], this applies for
normally incident radiation. This approach ignores the fact that regions
with different solar direct absorptance values will heat to different
temperatures when irradiated, which would cause lateral heat flow
within the optically inhomogeneous layer, changing the transmission of
heat through the glazing unit. This effect was considered to be small
enough to be neglected in the existing Annex C of EN 410 for optically
inhomogeneous, non-photovoltaic glazing, and the same assumption is
made here for optically inhomogeneous BIPV glazing.

An optically inhomogeneous PV module - e.g. a laminate consisting
of individual crystalline silicon solar cells separated by translucent or
transparent regions — of total surface area A,,q typically contains
different regions with the following surface areas:

Ay the surface area covered by PV cells within the total module
area.

Ajp the surface area covered by the junction box within the total PV
module area.

(If the junction box is not exposed to solar radiation, Aj = 0.)
Aintercon the surface area covered by interconnectors between PV cells
within the total PV module area.

Ainact the surface area covered by electrically inactive material (e.g.
transparent encapsulant) between PV cells within the total PV
module area.

It then follows that
Amod = Acell + Ajb + Aintercan + Ainact (10)

The corresponding ratios of the component surface areas to the total
surface area are:

Teell = Acell/Amod (1 1)

(also known as the cell coverage ratio CR)

1o = Ajp /Amod (12)
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Tintercon = Aintercon / Amod (13)

Tinact = Ainact/Amud (14)
It then follows that
1= Teell + Tip + Tintercon + Tinact (15)

Separate transmittance and reflectance spectra are to be available for
each of the component areas defined above. The thermal resistance from
front to back of the PV laminate is considered to be constant over all of its
optically different regions, as the insertion of highly conductive semi-
conductor cells or metal interconnectors will have a negligible effect on
the thermal resistance caused by the dielectric glass, encapsulant or
backsheet components. Depending on the required accuracy of the final
optical and SHGC results, it may be possible to ignore the contribution of
small areas such as interconnectors. Taking the case of interconnectors as
a possible example, Aintercon and Tingercon Would then be set equal to zero in
Equations (10) and (15), respectively, and the “missing” area should be
added to the Ajnger and ring.r components. Ignoring the contribution of
opaque interconnectors would mean that the solar direct transmittance
corresponding to the “inactive” region is too high. As it will not be
completely compensated by the resulting increase in secondary heat
transfer towards the inside, the resulting SHGC value would be slightly
higher than taking a non-zero value of riercon into account, i.e. the error
is on the conservative side, assuming that a lower SHGC is usually desired
for solar-shading purposes. In [7], the effect of a region with a relative
area less than 0.05 was found to be negligible on the SHGC value.

5.1. Open-circuit case

For the open-circuit case (OC), the optical properties and the SHGC
value should be calculated according to the multi-layer calculation
procedures of EN 410 [3,16] or ISO 9050 [2,15] separately for each PV
laminate region combined with the remaining panes of the glazing
configuration. The area weighting to obtain each optical property and
SHGC value should be done using the final calculated properties for the
different areas of the complete glazing configuration that correspond to
the different regions of the PV laminate.

Thus, taking the solar direct reflectance of a BIPV triple glazed unit as
an example,

Pe, mod, triple glazing = Tcell X Pe, cell, triple glazing +Tp X Pe, jb, triple glazing + Tintercon

X P, e, intercon, triple glazing + Tinact X P, e, inact, triple glazing
(16

where

Pe, cell, triple glazing 1S the solar direct reflectance of a hypothetical triple
glazed unit in which the PV module area is covered completely by PV
cells.

Pe, jb, triple glazing is the solar direct reflectance of a hypothetical triple
glazed unit in which the PV module area is covered completely by the
junction box.

Pe, intercon, triple glasing 1S the solar direct reflectance of a hypothetical
triple glazed unit in which the PV module area is covered completely by
interconnectors.

Pe, inact, triple glazing iS the solar direct reflectance of a hypothetical triple
glazed unit in which the PV module area is covered completely by
electrically inactive material (e.g. transparent encapsulant).

and the multi-layer calculation procedures for triple glazing are
applied to calculate the solar direct reflectance,

Pe, xx, triple glazings With “xx” referring to each PV component area
separately.

NOTE: In the case of multiple-pane glazing, it is not correct to
initially calculate area-weighted spectra for the optically inhomoge-
neous PV laminate and then use these spectra for subsequent
calculations.
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5.2. Maximum-power-point case

For the maximum-power-point case (MPP), the spectral optical
properties (transmittance, reflectance and absorptance) remain un-
changed and thus are equal to the optical properties for the OC case.
However, to calculate the SHGC value for the MPP case, the effect of
extracting electricity on the solar direct absorptance of the PV layer must
be taken into account. The value of 7,04, as introduced in Section 4.2, is
again the basis, as for the optically homogeneous case. However, when
this value is reported in the data sheet for an optically inhomogeneous
PV module, it refers to the whole module with its combination of PV
cells and non-PV regions. To quantify the power conversion efficiency
specifically for the area covered by PV cells in the module, the quantity
Ncell,mod is introduced and is defined by Eq. (17) as follows:

Neett, mod = Mmod / Teell a7

where 17moq is again the module (power) conversion efficiency as defined
in IEC TS 61836 [20] and rcey (equal to the cell coverage ratio CR) is as
defined in Eq. (11). Both quantities in Eq. (17), f;;04 and rej, must refer
to the same PV module and will usually be documented in the electrical
data sheet for the PV module in question. 7 mod can also be understood
as the photovoltaic conversion efficiency of a hypothetical PV module
which is completely covered by solar cells, i.e. where r..; (= CR) = 1.

For the solar cell region of the isolated, optically inhomogeneous PV
laminate that is used as the ith glazing layer of the BIPV glazing unit, the
absorptance spectrum a; ¢, mpp(A) for the outdoor-facing surface is
given by Eq. (18):

Qi cell, MPP(/l) =1- Ti, 6811(/1) — P cell(/‘[) - cell, mod (18)

where 7; (M) is now specifically the transmittance spectrum of the cell
region of the PV module, p; cu()) is the reflectance spectrum for radi-
ation incident on the outdoor-facing surface of the cell region of the PV
laminate and #; i, mod is defined by Eq. (17). As above, the absorptance
spectrum a’; ., mpp(4) for irradiance incident on the indoor-facing
surface can be calculated analogously if that surface is photovoltai-
cally active. The same restrictions on the validity of Eq. (9) and its
equivalent for irradiation of an indoor-facing surface apply equally to
Eq. (18) and its equivalent for irradiation of an indoor-facing surface.

The modified absorptance spectrum a; . mpp(4) according to
Eq. (18) is then used to determine the solar direct absorptance a; ceii, mpp
of the solar cell region of the PV laminate as the ith pane within a multi-
pane BIPV glazing unit by applying the multilayer optical calculations
and spectral integration according to EN 410 [16] or ISO 9050 [15]. The
modified value of ae; ceni, mpp is then inserted into the relevant expression
for the secondary heat transfer factor towards the inside g; cen, mpp of the
cell region of the BIPV glazing unit. Application of Eq. (1) with g;
replaced by q; cei, mpp results in geey, mpp as the SHGC value that applies
for the cell region of the BIPV glazing unit in the MPP state, i.e. when
electricity is extracted.

The SHGC values for all other regions of the BIPV glazing unit remain
unchanged by the extraction of electricity from the cell region. The
SHGC value for the complete BIPV glazing unit in the MPP state is then
calculated by area weighting, using g.., mpp as the component for the
cell region. Taking the SHGC value gnod, Mpp, double glasing Of @ BIPV double
glazing unit as an example,

&mod, MPP, double glazing = Tcell X &cell, MPP, double glazing + Tjp X &jb, double glazing
+ Tintercon X 8intercon, double glazing + Tinact
X &inact, double glazing

19

where
8eell, MPP, double glazing 1S the SHGC value of a hypothetical double glazed
unit in which the PV module area is covered completely by PV cells in
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the MPP state.

&b, double glazing is the SHGC value of a hypothetical double glazed unit
in which the PV module area is covered completely by the junction box.
(This value is zero if the junction box is not exposed to solar radiation.)

Sintercon, double glazing 1S the SHGC value of a hypothetical double glazed
unit in which the PV module area is covered completely by
interconnectors.

inact, double glazing i the SHGC value of a hypothetical double glazed
unit in which the PV module area is covered completely by electrically
inactive material (e.g. transparent encapsulant).

As BIPV glazing units are commonly manufactured with a wide range
of heights, widths and cell coverage ratios, it is recommended that the
SHGC values for 100% coverage of each of the optically different regions
should be reported separately. Both the OC and MPP values should be
reported for the PV cell regions. The overall SHGC value for any specific
BIPV glazing unit can then be easily calculated, using the relevant area
ratios for the optically different regions.

6. Application of modified SHGC determination procedure to
realistic cases of BIPV glazing

The authors of this paper collaborated within the framework of IEA-
PVPS Task 15, “Enabling framework for the development of BIPV” to
develop and then apply the methodology described in the previous
Sections to realistic cases of semi-transparent BIPV glazing units. Each
participant calculated the SHGC values of specified BIPV glazing sam-
ples in the OC and MPP states under well-defined boundary conditions,
most participants using the standard that is applicable to their global
region for SHGC calculations as the individual starting point. Duplica-
tion in the choice of standards among the participants allowed cross-
checking and verification of the individual results.

The exercise had three main goals:

- to determine the magnitude of the effect of electricity extraction on
the SHGC value for different BIPV glazing configurations and solar
cell coverage values.

- to compare the magnitude of the electricity extraction effect with
that of other influences on the calculated SHGC value, such as the
solar spectrum used for weighting or the heat transfer coefficients
used to calculate thermal transmittance.

- to determine whether the effect of electricity extraction on the SHGC
was large enough to warrant efforts to include it within international
SHGC standards.

6.1. Specification of samples

A partly transparent, glass-glass PV laminate with monofacial crys-
talline silicon solar cells was taken as the starting point. To illustrate the
effect of different cell coverage ratios, variants with a total of 36 cells or
72 cells were considered. Three different glazing configurations were
considered to investigate the effect of different U values:

- the glass-glass PV laminate alone

- aBIPV double glazing unit (DGU 1) with the PV laminate as the outer
layer, a 25.4 mm air-filled cavity and a glass pane with a pyrolytic
low-e coating as the inner pane. (This corresponds to the BIPV double
glazing unit that was investigated experimentally by Kapsis [7].)

- aBIPV double glazing unit (DGU 2) with the PV laminate as the outer
layer, a 12 mm argon-filled cavity and a glass pane with a silver-
based low-e coating as the inner pane

Fig. 3 illustrates the schematic configuration of the BIPV double
glazing units.

It is noted here that in many European countries, energy-saving
regulations effectively require the use of triple glazing units in many
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Sealant
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'— Transparent backsheet

Low emissivity glass

Fig. 3. Schematic diagram of a semi-transparent BIPV double glazing unit integrating a partly transparent, crystalline silicon, glass-glass PV laminate as the outer

layer [7].

buildings. Although triple glazing units were not included in the
calculation exercise, the results allow conclusions about BIPV triple
glazing units to be drawn and are presented later.

Parameters specifying the geometric configuration of the BIPV
glazing units and the thermal properties of their components were fixed
and are documented in Table 1. Transmittance and reflectance spectra
for each of the glazing layers were provided to the participants; separate
sets were provided for the solar cell region of the PV glass-glass laminate
and the transparent region. The small areas corresponding to the
interconnectors were not taken into account and the junction box was
not exposed to solar radiation, so Tinrercon and rj, were set equal to zero.

6.2. Variable parameters

For historical reasons, several different solar spectra are specified in
standards for SHGC calculation, resulting in different values of the solar
direct transmittance value 7, of Eq. (1), which was thus one of the var-
iable parameters in the joint exercise. These solar spectra are widely
used in standards to characterise products for solar energy application,
and are intended to represent “typical” spectra for use in product com-
parison. (A much wider range of spectral distributions is encountered at
any given location in reality, depending on the solar altitude and at-
mospheric conditions.) A second variable is the approach taken by
different standards to calculating the U value and its components, which

Table 1
Geometrical and thermal parameters of the layers of the investigated BIPV
glazing.

Parameter Unit Value
Nmod Of 72-cell PV laminate (92.2% coverage) [-1 0.15
efficiency #cen,moq Of all-cell PV laminate (100% coverage) [-] 0.1627
effective conductivity of PV laminate wm?lk! 0.6
thickness of PV laminate mm 5
£oue Of PV laminate [-] 0.84
&in of PV laminate [-1 0.84
effective conductivity of low-e-coated glass pane (1) NFRCID ~ Wm'K! 1
9924
thickness of low-e-coated glass pane (1) mm 5.64
€our Of low-e-coated glass pane (1) [-1 0.157
&in of low-e-coated glass pane (1) [-1 0.84
effective conductivity of low-e-coated glass pane (2) wmlk! 1
thickness of low-e-coated glass pane (2) mm 5.85
gour Of low-e-coated glass pane (2) [-1 0.028

¢&in of low-e-coated glass pane (2) [-] 0.84

are needed to determine the the secondary heat transfer factor of the
glazing towards the inside, g;, the second term of Eq. (1). The standards
[19] and [18] apply the same static method, fixing the average tem-
perature and the temperature difference between the outermost and
innermost glazing layers. These two standards differ only in the speci-
fied values for the external and internal heat transfer coefficients, and
are referenced by ISO 9050:2003 [15] and EN 410:2011 [16] respec-
tively, the standards addressed by the proposed modification. By
contrast, the ISO 15099:2003 standard [11] applies a dynamic heat-
transfer calculation method, where the outdoor and indoor air temper-
atures are the specified boundary conditions and the heat transfer co-
efficients vary with the temperature of the glazing layers once thermal
equilibrium has been achieved. To minimize differences caused by the
different U-value calculation methods, all participants agreed to use the
same sets of values for the external and internal heat transfer coefficients
and to use the same value for the air and adjacent glazing surface
temperature. Table 2 documents the participating institutions and the
standards which they applied.

In total, the solar direct transmittance, U value, secondary heat
transfer factor towards the inside and SHGC value were calculated by
each participant for 48 variants. This resulted from two values each for
the external and internal heat transfer coefficients, two electrical states
(OC and MPP), three glazing configurations as specified in Section 6.1
and two different coverage ratios (corresponding to PV laminates with
36 and 72 solar cells). The values for these parameters, together with the
fixed values of the outdoor and indoor temperatures, are listed in
Table 3. The two values for the external heat transfer coefficient hyy, 25
Wm2K! and 12 Wm2K}, are typical of values specified by standards to
represent “winter” and “summer” conditions, respectively. The two

Table 2

Institutions participating in the comparative calculation exercise, the standards
which they applied and the underlying solar spectra. AM = air mass, g = global,
d = direct. See list of authors for the full names of the institutions.

LIXIL, CIEMAT, Hunan U ConcU, ISE,
RMIT Tecnalia LBNL

Solar AM 1.5g AM 1.0g AM1.5g AM1.5d

spectrum

U value 1SO EN 673 ISO 15099 1SO 15099
10292

SHGC 1SO 9050 EN 410 JGJ/T ISO 15099

151-2008 with NFRC
300
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Table 3
Thermal boundary conditions applied and values of varied parameters.
Tout Tin hout hin Electrical Cell coverage Glazing
state ratio configuration
°C °C Wm K WwmZK!
25.1 25.0 25 8.1 ocC 0.922 PV laminate alone (glass-glass)
12 6.6 MPP 0.461 PV laminate; 25.4 mm air; low-e pane 1

PV laminate; 12 mm Ar; low-e pane 2

values for the internal heat transfer coefficient hy, 8.1 Wm™2K! and 6.6
Wm™K!, span a range of values that could be typically encountered
indoors.

6.3. Results

The first sets of results are for the solar direct transmittance of the
BIPV glazing units, which varies with the cell coverage ratio and glazing
configuration, but is independent of the electrical state (OC or MPP). As
expected and presented in Table 4 for the investigated PV laminates with
opaque crystalline silicon solar cells, the cell coverage ratio dominates in
determining the solar direct transmittance value, followed by the
transmittance-reducing effect of the low-e-coated panes in the two BIPV
double glazing units. By comparison, the variation resulting from
applying different solar spectra to determine the 7, value for a given
glazing configuration and CR value is relatively small. For the more
densely covered samples, the maximum variation is 0.003. A maximum
difference of 0.016 is observed for the lower CR value and the glass-glass
PV laminate alone.

The calculated thermal transmittance U values depend only on the
input values for the outdoor and indoor heat transfer coefficients, tem-
peratures and thermal properties of the three different glazing config-
urations. They are considered to be independent of the electrical state
(OC or MPP) and the cell coverage ratio CR as discussed in Section 4.
Table 5 documents the results calculated according to the different U-
value standards listed in Table 2. The U values from the different stan-
dards agree to two significant figures for a given set of input parameters
and the boundary conditions specified for the exercise. The last three
columns of Table 5 present values for the ratio U/hy,, which indicates
the distribution between outward and inward flow of heat originating
from the outermost glazing layer, i.e. the PV laminate for the discussed
examples. The dominating influence on its value is the thermal resis-
tance provided by the glazing itself; the relatively low thermal resistance
of the glass-glass PV laminate leads to the highest values of U/hyy,
indicating that the inward-flowing share of heat is greatest for this
glazing configuration, in accordance with the discussion presented in
Section 2. The U/hgyy, ratio is lowest for the second BIPV double glazing
unit (DGU 2) with an argon-filled cavity and a soft low-e coating on the

Table 4

Solar direct transmittance values obtained for the different BIPV glazing units,
calculated using the different solar spectra specified by the applied international
SHGC standards. AM = air mass, 7, = solar direct transmittance, CR = (cell)
coverage ratio, DGU = double glazing unit.

Glazing 7. ISO 9050 7. EN 410 7e NFRC 300
configuration, CR (AM1.5g) (AM1.0g) (AM1.5d)
PV laminate, CR = 0.066 0.063 0.064
0.922
DGU 1, CR = 0.922 0.046 0.045 0.044
DGU 2, CR = 0.922 0.021 0.021 0.019
PV laminate, CR = 0.451 0.435 0.441
0.461
DGU 1, CR = 0.461 0.316 0.308 0.304
DGU 2, CR = 0.461 0.144 0.146 0.134

indoor pane, where the high thermal resistance of the glazing unit en-
sures that the inward heat flow is low. For each glazing configuration,
the U/hgy ratio is lowest when the external heat transfer is high and the
internal heat transfer is low, i.e. when relatively little heat flows inward
through the glazing and into the indoor space. Conversely, the ratio is
highest when the external heat transfer is low and the internal heat
transfer is high. For the double glazing units, the ratio is effectively in-
dependent of the internal heat transfer coefficient due to the high
thermal resistance of the glazing unit itself.

As expected from the discussion at the end of Section 2 and illus-
trated in Fig. 4(a) and (b), the U/hy, ratio is useful as an independent
variable when analysing the variation of the secondary heat transfer
factor towards the inside q; among the different BIPV glazing variants.
Considering first the case of BIPV glazing with the higher cell coverage
ratio of CR = 0.922 shown in Fig. 4(a), a general trend of g; increasing
with the U/hy, ratio is observed for both the OC and the MPP cases. With
this high cell coverage ratio, the heat absorbed in the solar cells of the
PV laminate dominates the total amount of heat absorbed in the
BIPV glazing units, and the share which flows inward is significantly
higher for the poorly insulating PV laminate alone than for the BIPV
double glazing units. The g; value for the PV laminate alone also varies
strongly with the choice of both outside and inside heat transfer co-
efficients, for the same reasons as discussed in the previous paragraph
with respect to the U/hy, ratio. By contrast, the high thermal resistance
of the double glazing units decouples the effect of heat transfer to the
outdoors and the indoors: for a given value of the U/hy, ratio, which is
predominantly determined by the h,, value, the g; values increase
significantly with the h;, value. As expected, the g; value for a given
glazing configuration and U/hgy, ratio is higher for the OC state than for
MPP, with the magnitude of the difference correlating with the magni-
tude of g; in the OC state. For heat transfer coefficients similar to those
specified by EN 410 [3,16] and ISO 9050 [2,15] to represent winter
conditions, hyy = 25 Wm2K! and hiy, = 8.1 Wm'ZK'l, the calculated
difference in g; caused by the extraction of electricity is 0.038 + 0.001
for the PV laminate alone, whereas it is only 0.003 + 0.001 for DGU 2.
(Please note that the tolerance values indicate the range of values
calculated by the participants using the methods of the different stan-
dards documented in Table 2; they should not be interpreted as uncer-
tainty values.) For values that are more typical for summer conditions,
hoye = 12 Wm2K ! and hin = 8.1 Wm'zK'l, the calculated differences in g;
due to extraction of electricity for the densely covered PV laminate alone
and the DGU 2 increase to 0.061 + 0.001 and 0.016 + 0.002,
respectively.

Turning to the case of a lower cell coverage ratio of CR = 0.461, as
may be more typical for applications requiring significant daylighting
through a partly transparent BIPV glazing unit, the dependence of g; on
the U/hgyy ratio is more complex, as illustrated by Fig. 4(b). The effect of
reducing the cell coverage is easily explained for the PV laminate alone;
halving the cell-covered area essentially halves the solar direct absorp-
tance and thus the amount of heat flow to the inside for any given value
of the U/hyy ratio. The difference in the g; value caused by electricity
extraction is also halved. For the BIPV double glazing units, however,
the solar radiation that is absorbed in the low-e-coated indoor pane
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Input values for outdoor and indoor heat transfer coefficients (h,, and h;,, respectively) and the resulting thermal transmittance values U and U/h,, ratios for the three
different glazing configurations (PV laminate alone, DGU 1 and DGU 2). DGU = double glazing unit. As discussed in the text, these values are assumed to be inde-

pendent of the cell coverage ratio CR and the electrical state (OC or MPP).

hout hin U U/hout
WmZK! wmZK! WmZK! [-]
PV laminate DGU 1 DGU 2 PV laminate DGU 1 DGU 2
25 6.6 5.0 1.4 1.2 0.20 0.06 0.05
25 8.1 5.8 1.4 1.3 0.23-0.24 0.06 0.05
12 6.6 4.1 1.3 1.2 0.34-0.35 0.11 0.10
12 8.1 4.6 1.4 1.2 0.39 0.11 0.10
0.40 4 0.40 4
0359 cell coverage ratio: 0.922 5 9359 cell coverage ratio: 0.461 | ™ PV laminate alone, OC
= DGU1,0C
0.30 LI 0.30 1 = DGU2 0C
] o PV laminate alone, MPP
0.25 - g 0.25 - o DGU 1, MPP
L o DGU 2, MPP
== 0.20 A = 0.20 |
=2 = -
ig T g
0.15 i ] B 0.15 4 g
m PV laminate alone, OC
0.104 ) = DGU1,0C o10{ B 3 %
2 = DGU?2 0C
o PV laminate alone, MPP
0.05 ' 0.05
g o DGU 1, MPP
a
0.00 T T D|GU 2 MPP, | 0.00 T T T T 1
0.0 0.1 0.2 0.3 0.4 0.5 0.0 0.1 0.2 0.3 04 0.5
Ulhgy [ Uy, [

(@)

(b)

Fig. 4. Dependence of the secondary heat transfer factors toward the inside g; on the U/hy,, ratio for different BIPV glazing configurations in the OC and MPP
electrical states and cell coverage ratios (a) of CR = 0.922 and (b) CR = 0.461. OC = open circuit, MPP = maximum power point, DGU = double glazing unit (as

specified in Section 6.1 and Table 1).

contributes significantly to the heat flowing inward when more than half
of the outdoor pane, the PV laminate, is transparent. For the OC state,
the combined contribution of heat generated in the PV cells and heat
generated in the irradiated sections of the indoor pane results in g; values

0.6
0.5 cell coverage ratio: 0.922
0.4+
- ]
O
Qo3 o
n
&
024 2 5] ®m PV laminate alone, OC
= DGU1,0C
E = DGU?2,0C
0.1+ Ha i o PV laminate alone, MPP
o DGU 1, MPP
o DGU 2, MPP
0.0 T T T T
0.0 0.1 0.2 0.3 0.4 0.5
Ulhgy -]

@)

that are higher for CR = 0.461 than for CR = 0.922. Again, the difference
in g; between the OC and MPP states, caused by extraction of electricity
for a given glazing configuration and U/hy, ratio, is halved when the cell
coverage ratio is halved.

»
0.6 - s
0.5
__ 04+ = 5 cell coverage ratio: 0.461
8
0.3
I =
» g
. m PV laminate alone, OC
024 = DGU1,0C
= DGU2 0C
0.14 o PV laminate alone, MPP
o DGU 1, MPP
o DGU 2, MPP
00 T T T T 1
0.0 0.1 0.2 0.3 0.4 0.5
Ulhgy [F]
(b)

Fig. 5. Dependence of the solar heat gain coefficient SHGC on the U/hy,, ratio for different BIPV glazing configurations in the OC and MPP electrical states and cell
coverage ratios (a) of CR = 0.922 and (b) CR = 0.461. OC = open circuit, MPP = maximum power point, DGU = double glazing unit (as specified in Section 6.1

and Table 1).
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The slight scatter of points in Fig. 4 for a given value of the U/hyy,
ratio, glazing configuration and electrical state is due to the fact that the
participants used three different standards, NFRC 300 [17], EN 410 [16]
and ISO 9050 [15], as the basis of the calculations. The previously
mentioned differences in the solar spectrum cause slight variations in
the determined value of the solar direct absorptance a, and slightly
different approaches are specified to calculate the U value; both effects
contribute to the visible variation in g;.

The range of SHGC values calculated for the 48 parameter combi-
nations explored in this sensitivity exercise are documented in Fig. 5(a)
and (b), again plotted versus the U/h,, ratio. In accordance with Eq. (1),
they were obtained as the sum of the solar direct transmittance values 7,
of Table 4 and the secondary heat transfer factors q; toward the inside,
from Fig. 4. In addition to the slight variations in q; and U/hg,; caused by
the different underlying standards that were visible in Fig. 4, the
different solar spectra also cause slight variations in the solar direct
transmittance 7, component of the SHGC plotted in Fig. 5.

For the low solar direct transmittance values of the configurations
with CR=0.922, the SHGC behaviour is dominated by the g; component
and the same arguments apply as in the discussion of influences on g;.
However, for the investigated configurations with CR = 0.461, the solar
direct transmittance contribution can represent up to two-thirds of the
SHGC value. Clearly, the solar direct transmittance does not affect the
magnitude of the difference in SHGC due to electricity extraction for a
given glazing configuration and U/h,,; the difference in SHGC between
the OC and MPP states is identically equal to the corresponding differ-
ence in g;.

The results illustrated in Fig. 5 for “DGU 1” agree well, within
experimental error, with the experimental results reported for the dou-
ble glazing unit investigated by Kapsis [7], providing evidence of the
validity of the component-based approach proposed here.

For the summer conditions characterized by hyy = 12 Wm2K! and

in = 8.1 Wm2K'}, Fig. 6 illustrates the dependence of the calculated
SHGC of the different glazing configurations and electrical states on the
cell coverage ratio CR. The SHGC values illustrated in Fig. 5 for CR =
0.922 and 0.461 were used as inputs to define these linear functions. For
clarity, only the results calculated according to ISO 9050 [15] are shown
as an example. As expected, in the absence of solar cells (CR = 0), the
SHGC values are identical for the “OC” and “MPP” electrical states, and
the difference in SHGC for a given glazing configuration increases with

—— SHGC (ISO 9050) PV laminate alone, OC
--- SHGC (ISO 9050) PV laminate alone, MPP
(

1.0 -
—— SHGC (ISO 9050) DGU 1, OC
- -- SHGC (ISO 9050) DGU 1,MPP
08 SHGC (ISO 9050) DGU 2, OC
— SHGC (ISO 9050) DGU 2, MPP
=)
806
(o)
O
(2]
O 0.4+
O]
I
%)
0.2
0.0 T T T T 1
0.0 0.2 0.4 0.6 0.8 1.0

coverage ratio [-]

Fig. 6. Solar heat gain coefficient SHGC versus the cell coverage ratio CR for
different BIPV glazing configurations in the OC and MPP electrical states,
illustrating the linear dependence. OC = open circuit, MPP = maximum power
point, DGU = double glazing unit (as specified in Section 6.1 and Table 1). For
clarity, only the SHGC values calculated according to ISO 9050, with hy,, = 12
Wm2K"! and h;; = 8.1 Wm2K! (summer conditions) are shown as an example.
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A PV laminate alone, CR = 0.922 2
0.064| & DGU1,CR=0.922
DGU 2, CR =0.922 2
_ A PV laminate alone, CR = 0.461
o A DGU 1, CR=0.461
g_’_‘ DGU 2, CR = 0.461
s 0.04 }
(©]
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Fig. 7. Dependence of the difference between solar heat gain coefficient SHGCs
in the OC and MPP electrical states on the U/h,, ratio for different BIPV glazing
configurations and cell coverage ratios, CR = 0.922 (solid symbols) and CR =
0.461 (hollow symbols). OC = open circuit, MPP = maximum power point,
DGU = double glazing unit (as specified in Section 6.1 and Table 1).

the coverage ratio. This linear dependence of the SHGC on the coverage
ratio for both electrical states has also been confirmed experimentally, e.
g. by Kapsis [7].

For ease of consultation, the differences in SHGC due to electricity
extraction are illustrated in Fig. 7 for the 24 investigated combinations
of cell coverage ratio, glazing configuration and outside and inside heat
transfer coefficients. Values between 0.062 and 0.003 were determined
for the investigated variants. The largest difference of 0.062 was
determined for the single glazing variant with CR = 0.922 under sum-
mer conditions. Values greater than 0.03 were determined only for the
poorly insulating, single glazing variants consisting of the PV laminate
alone.

7. Discussion

Returning to the stated goals of the calculation exercise using the
proposed calculation methodology, the results presented here for real-
istic cases of BIPV single and double glazing document that

- the magnitude of the effect of electricity extraction on the SHGC
value for the investigated BIPV glazing configurations reached a
value of up to about 0.06 for a PV laminate alone with a high cell
coverage ratio. The value became typically less than 0.02 when BIPV
double glazing units with one low-e coating and a high cell coverage
ratio were considered. Comparable results have been obtained in
experimental investigations, such as those reported by Kapsis [7].
However, it should also be remembered that the examples were
calculated using a module power conversion efficiency of 15%. With
current module power conversion efficiencies already exceeding
20%, the magnitude of the electricity extraction effect on the SHGC
value shown in Fig. 7 can be expected to increase proportionately to
the power conversion efficiency. However, it should also be
remembered that the electricity extraction effect based on a given
Imod Value for standard test conditions and the MPP represents an
upper limit that will often not be reached in practice.

the size of the electricity extraction effect on the calculated SHGC
value for a given BIPV glazing unit, particularly for the double
glazing units, is observed to be of the same order or magnitude as
that caused by evaluation applying different solar spectra specified
in different standards or the values used for the outdoor and indoor
heat transfer coefficients when calculating the thermal trans-
mittance. This underscores the importance of clearly stating the
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input parameters used when presenting calculated SHGC values — not
only for BIPV glazing!

the size of the determined effect of electricity extraction on the SHGC
was considered to be large enough to warrant inclusion within in-
ternational SHGC standards and is currently being addressed by the
appropriate technical committees for architectural glazing within
CEN and ISO.

The presented results also document the general trend of the effect of
the reduction in SHGC value due to electricity extraction decreasing as
the thermal insulation provided by a glazing unit improves. Considering
that triple glazing units with two low-e-coated panes typically have a U
value of 0.8 Wm™2K™! or less, the trend shown in Fig. 7 indicates that the
difference in SHGC value due to electricity extraction will be typically
less than 0.01 for a BIPV triple glazing unit, which would usually be
regarded as negligible.

Although the derivation of the proposed SHGC calculation approach
has concentrated on semi-transparent BIPV glazing, where at least one
region of the PV laminate layer has a non-zero solar direct trans-
mittance, it is equally valid for a completely opaque BIPV glazing unit.
In this case, the solar direct transmittance for the entire PV laminate
layer would be set to zero. However, the q; component will still ensure
that the SHGC is greater than zero, and, in the case of a PV laminate
alone, can reach a value of 0.30 or more.

8. Conclusion

A simple modification to existing methods to calculate the SHGC of
conventional architectural glazing has been presented, which allows the
effect on the SHGC value of extracting electricity from a BIPV glazing
unit to be calculated. The only additional information needed to take
electricity extraction from the PV component into account is the power
conversion efficiency of the PV laminate and the coverage ratio of solar
cells within it. As BIPV glazing units are commonly manufactured with a
wide range of heights, widths and cell coverage ratios, it is recom-
mended that the SHGC values for 100% coverage of each of the optically
different regions should be reported separately. Both the OC and MPP
values should be reported for the PV cell regions. The overall SHGC
value for any specific BIPV glazing unit can then be easily calculated,
using the relevant area ratios for the optically different regions.

Like the underlying calculation methods, the presented approach is
intended for the comparison of BIPV glazing at the product level, not for
dynamic calculation of the SHGC under variable boundary conditions
within the building energy simulation context. As in the underlying
calculations, the assumptions of normally incident solar radiation,
essentially non-scattering, parallel and planar glazing layers, and
simplified calculation of one-dimensional thermal transmission apply.
Within these constraints, the authors are convinced that the presented
approach is useful, allowing the SHGC of many widespread and diverse
BIPV glazing products to be declared in both the OC and the MPP
electrical states. They hope that this will support the dissemination of
BIPV glazing and thus its contribution to increasing the share of elec-
tricity generated from renewable sources.
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