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Abstract

Theurgent need to combat global warming and transition towards sustainable energy sources has focused
attention on the building sector, a major contributor to energy consumption and greenhouse gas emissions.
To achieve netero energy building performancegs@mprehensive approach is essential, involving energy
conservation measures, enhanced building systems efficiency, and integratiitg mmewable energy
generation. Within this context, the integration of photovoltaic window technologies become elsgentia

the generation of renewable electricity and reduction of solar heat gains which impacts building heating,
cooling, and electric lighting loads as well as visual and thermal comfort.

The aim of this thesis is to introduce the theoretical backgrofiachovel experimental methodology for

the determination of total solar energy transmittance (TSET) of buildegyated photovoltaic (BIPV)
windows using outdoor measurements. Existing studies and standards dictate the use of indoor test
facilities conssting primarily of a hot box calorimeter where the window is mounted and characterized
under a steady state solar simulator. The calorimetric (thermal) methods require steady state conditions
that have been proven challenging to achieve for windows ticatporate advanced shading devices or
photovoltaic cells, potentially resulting to significant measurement errors of the TSET. Also, these studies
rarely characterize the angular dependency of TSET.

To overcome these challenges, a novel experimental rdetbgy is proposed to measure TSET using
optical measurements under outdoor conditions. The experimental setup uses pyranometers (for solar
transmittance measurements), pyrheliometer (for direct incident measurements), several Resistance
Temperature Deteor (RTD) sensors and infrared cameras (for surface temperature measurements),
allowing the determination of TSET (and its angular dependency) based on a series of instantaneous
outdoor measurements under sunny conditions that could result to reliableepedtable TSET values.

For the case of BIPV windows, a load at maximum power point (MPP) is connected to the window, allowing
the maximum fraction of the absorbed solar energy to be converted into electricity. Finally, a new approach
is proposed for the gorersion of measured TSET to TSET under standard conditions, using a reference
window of known TSET.

The unique aspects of the proposed TSET methodology are: i) the use of optical measurements ii)
performed under transient outdoor test conditions. Currstaindard TSET calorimetric tests use thermal
measurements that require long window conditioning under steady state conditions. The new
methodology is also able to perform TSET measurements under a range of solar angle of incidence (i.e., 0
to 60 degrees)including normal TSET. The limitation of the proposed methodology is that it is not
applicable to products with angular selective properties (e.g., microshade film). While it is developed for
BIPV windows, and can be applied for TSET determination @dcoaflective, and electrochromic
windows, under outdoor test conditions.

In summary, a novel experimental methodology is proposed for the determination of the total solar energy
transmittance of Buildingntegrated Photovoltaic windows using outdoor meaments. The proposed
methodology aims to provide a framework to quick, accurate, consistent, and repeatable approach to TSET
testing that can potentially be standardized for BIPV windows and other advanced window technologies.
The proposed methodologyténds to support the advancement of sustainable building practices, enhance
energy efficiency, and foster the integration of renewable energy technologies into building design and
construction, paving the way for a more sustainable built environment.
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Chapter 1. Introduction

1.1 Introduction

Globalwarming has raised awareness toward renewable energies and sustainable development strategies.
The building sector accounts for 40% of all energy use and greenhouse gas emissidi$ (i)
studies have been conducted regarding sustainable and energy efficient buildinggtaimgduce energy
consumption in buildings, especially in major areas of energy consumption (heating, cooling, and lighting).
Electrification and decarbonization of buildings and the built environment have become of paramount
importance, primarily throgh the construction of netero energy, fully electric buildings.

To achieve netero energy buildings (NZEBs) performance goals, existing standards and practice has
demonstrated three distinct linear steps, in building design, construction and operhji@mergy
conservation measures through high performance envelope design, 2) energy efficiency measures through
efficient building systems, equipment and controls, and 3) onsite renewable energy geriéjakoergy
consewation and efficiency measures aim to reduce the energy consumption and peak power demand of
the building through the implementation of well insulated, airtight building envelope with moderate
Windowto-WallRatio (WWR) and effective solar shading, eneffigient HVAC, lighting and plug loads.
Onsite renewable energy aims to offset the building energy consumption of the building within a period of
a year. While there is a wide range of esi$ective and reliable technological solutions regarding energy
conservation and efficiency, when it comes to onsite renewable electricity generation, the only available
solution is the use of photovoltaic technologies. Note that solar photovoltaic power is highly growing in
Canada and has seen an average growth a8 8% per year since 20B].

2 A0K LRLzE FdA2y NARAST NI LAR 3INRSGK ghghg ddatdméwt 0 dzA €
architecture styles, the impact of the glazing optical and thermal characteristics on yearly energy load
becomes prominent under every climate. The emergence of Building Integrated Photovoltaics (BIPV)
technology, with full envelope fationality, enables building surfaces to generate electricity acting as
environmental separators. BIPV is a subset of PV. As it refers to building envelope technologies, it can
directly impact the energy (cooling, heating, and lighting) performance dinggland occupant comfort.

t AOGdzZNE M aK2ga RAFTFSNByG . Lt aeaidsSvya YR GKSAN
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Figurel The application of BIPV converts sunlight directly into onsite electricity and it can affect building performance in terms of
heating, cooling and daylightirfdj.

Similar to conventional window technologies, BIPV windows are available in various configurations from
single glazed to mullazing assemblies providing electricity generation and great potential on effective
shading, thermal management, lighanagement, and glare protection. Note that increasing solar cell area
coverage (in spaced cell BIPV windows) or increasing absorption-(imaegh BIPV windows) leads to
higher electricity generation but reduction of TYRJT For highly glazed buildings, one of the main
contributors to the energy consumption is the total solar energy transmittance (T3&ldghttthe
windows. While the visible transmittance (VLT) demonstrates the optical behavior of a window as perceived
by the occupants, TSET measures the part of solar energy that passes (i.e., directly transmitted and
absorbed and reemitted toward indooitsirough the window. Whereas the solar heat gain of windows
and glazing units is experimentally investigated with the use of calorimetric hot box and solar simulator as
an existing method, obtaining the TSET values for a BIPV window remains problentatit)dlectricity
generation and 2) the inhomogeneous nature of some of the BIPV window technologies. Recently, the
International Electrotechnical Commission (TE€hnical Committee has announced the development of

an international standard for the rable determination of TSET of BIPV windows. The theoretical study
presented under this thesis aims to provide input to T€aB& guide the development of a new TSET
experimental standard using optical measurements.

1TC 82 scope is to prepare international standards for systems of photovoltaic conversion of solar energy into
electrical energy and for all the elements in the entire photoiméiaergy system.
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1.2 Problem statement

The need toeduce energy consumption and GHG emissions in the building sector has focused attention
on onsite energy generation technologies. BIPV windows can be considered an effective solution for highly
glazed buildings as they can reduce energy use up td4O0®BIPV windows not only actively generate
electricity but also, they passively regulate glare and solar heat gains, effectively reducing coolffgrloads.
highly glazed buildings, one of the main contributors to the energy consumption is the totahsoigr e
transmitted (TSET) through the windows that is commonly reported in the form of a performance metric
known astotal solar energy transmittance (TSET).Currently, TSET is calculated either with simulation
models and programs like LBNL WINDI®Wr is experimentally measured using calorimetric hot box
apparatus. Current experimental standard methods cannot accurately deteime TSET for active
technologies such as BIPV windows.

The main difference between BIPV and conventional windows is that BIPV windows generate electricity.
For BIPV windows part of the absorbed solar irradiance is converted to electrical poweramamat

heat. In general, TSET depends on angle of incidence and the spectral distribution of the incident solar
radiation. For BIPV window$SET also depends on electricity generataomd glectrical conversion
efficiency). Thus, BIPV technologies pdsdlenges on the determination of solar heat gain based upon

the use of existing experimental methods as they do not account for any electricity generation, they tend
to measure TSET only under normal incidence angle (i.e., perpendicular to the suiadew). On the

other hand, simulation software do not consider the electricity generation of the BIPV windows and thus,
overestimate the TSET value.

As BIPV technologies are becoming more popular, a reliable methodology of evaluating TSET to account for
angular dependency and electricity generation in BIPV windows is ne@deént standard TSET
calorimetric tests use thermal measurements that require long window conditioning under steady state
conditions. However, the BIPV window electrical output, dethe TSET, is outdoor temperature
dependent, and using steady statandardtest conditions does not generate realistic results.

Meanwhile, outdoor experimental methods, using radiometers and optical instruments, have been
commonly used to determine thtbermal, optical, and electrical performance of different BIPV windows
based upon redime environmental conditions. Similar methods can be deployed to determine TSET for
BIPV windows based on outdoor conditions and under a range of solar angle oticide

The scope of this research is the reliable and repeatable measurement of TSET for BIPV Wiadoais.
objective is to develop a methodology for TSET determination which is athgjoéardent and generation
dependent.The proposed methodology aint provide a framework for quick, accurate, consistent, and
repeatable approach to TSET testing that can potentially be standardized for BIPV windows and other
advanced window technologies.

In summary, existing calorimetric standanded for the determinabn of TSET on (inactive) conventional
windows cannot be applied for BIPV window technologiesthey are both angulalependent and
generationdependent.n this thesis, a new experimental TSET methodology is proposed, suited for both
conventional and BN windows. In this first effort, the theoretical background, methodology and
limitations are presented, including a critical review of existing procedures for the determination of the
TSET.



1.3 Thesis Overview

This thesipresentsdevelopment ofin innovative methodology designed to assess the total solar energy
transmittance (TSET) of BIPV windows experimgthiabugh outdoor optical measurements. Chapter 2
delves into an extensive literature review, and presents evolution & ®Bthnology, specifically BIPV
windows and their impact on heating, cooling, and occupant comfort within the built environmisnt. Th
chapter presents fundamentals about TSET and its numerical and experimental determination, followed by
the literature revew regarding the outdoor and indoor experimental measurement of TSET for BIPV
windows.Literature review of TSET experimental measurenmeBtiPV windows is grouped under two
categories off) larcalorimetricmethod, andii) solaropticalmethodwith their advantages and limitations
Thesolar calorimetric methogrimarilyrelies on the measurement of heat transfieroughBIPV window
under steady stateexperimenal condition. While the solar optical methodemploys radiometric
instruments to measure TSET

In Chapter 3, the novel methodology is explained, providing a detailed exposition of TSET determination
process utilizing optical measurement. By applying this methodyinaamnic condition of outdoor seti,

it promises a more accurate and realistic representation of BIPV window performance, thus setting the
stage for a shift ITSET experimental determinatiéurthermore, Chapter 4 offers andepth discussion

regarding the new methodology and its piaat applications, focusing onpeototype sample oCdTe

olad8SR . Lt+ 6AYR26d ¢KA& SELX 2Nl GA2Yy y2i 2yfeé dzyRS
potential limitations and challenges that could arEee thesis contributes not only to tlelvancement

of BIPV window technology but also to the energy performance assessment of other glazing aydtem
transparenttechnologiesFinally, Chapter 5 summarizes the main contribution of this thesis and research
needs.



Chapter 2. Literature Rew

2.1 BIPV windowategorization

Building Integrated Photovoltai(BIPY are building envelopéechnologies that convert solar irradiance
into electricity and provide osite renewableelectricity [3]. BIPVproductscan be integratedn roof,
exterior walls, externally integrated systeragy(,solarshades, balcdas canopy) orffenestration The
terms solar windows,BIPV windowssemitransparent photovoltai (BIPY window, photovoltaic
fenestration systemsyhile they have slightly different meanings, they are all typically referring to a broad
range of active solar energy harvesting window solutimhéch also fulfill daylightingind view
requirements. In this study, thewill be referred to as BIPV windo(#gure2).

Figure2 BIPV curtainwall with-8i solar cells (top Left, source: Ertex Solar), Transparent glazing veéntiyged solar cells (Top
right, source: Soltech in Sweden), Amorphous silicon glass panes (bottom source: Onyx Solar)

BIPVwindowsneedto meet function requirements associated to i) building construction products (i.e.
thermal protection, weather protection, safety, daylight control, and noise protegiipalectrotechnical
products, and iii) fire safetjr]. In addition, theelectrical efficiency o&ny BIPV window product is
recommended to bequal or more than 593], in order to provide any substantial dlécity generation

for use in buildings.

BIPMvindows candirectly impacts the energy (cooling, heating, and lighting) performance of buildings and
occupant comfort(visual and thermal)lThe most advantageous performance of this technology lies in
onsite electricity generation, daylighting glare control, and solar heat gain redi4dtion

While redwcing energy consumption in buildings and the built environment have become of paramount
importance the use ofsolar photovoltaic power has seen an average growth rate of 13.8% per year since
2004 [8]. BIPV technologies are growimgiickly in Canada and contribute to electrification and
decarbonizatin of the built environment. BIPV windows have the full functionality of fenestration and
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enable glazing areas to become energy genesatbere still providehe primary function of a window of
daylight utilization and views to the outdoor.

Olivieri et al[9] in an experimental studgnalyzed daylighting and glacé both BIPV window and
conventionalvindowand showed the use ahactivea-Si base®IPV windowvith visible transparency of
32%and eletrical efficiency 06.8%can provide sufficientdaylightand preventglare while offsetting
building electricity consumption by up to 25%he analysis waserformed for windowto-wallratios
(WWR) of 33% to 88%.

2.1.1 BIPV window technologies and apilbns

In terms of photovoltaic categorizatidBlPV windows are commonly grouped urigher maincategories

of i) spaced silicon celbnd ii) thin film modules. The former group contains opadqi#ono- or multi)

crystalline silicogells that partlyobstruct the view, and laminated between two layers of gkissilar to

a safety glass assemble latter categoryrefers totransparentthin films BIPV windows (e.g., CdTe,
micromorplous), with various possibilities for visual appearance and degteznsparencyThe thin film

is an intrinsic part of the Transparent Conductive Oxide (TCO) glass substrate while a second layer of glass
is laminated on the rare side to protect the thin film from damage and deteriofdalj(rigure3).

o
i
H1111]
4

e A

Figure3 top: Mono-Simodule middle:a-Simodulebottom: CdTe ModuléCreated by the author)

While spaced Si cells create nonhomogenemusitransparent surfacelue to opaque PV cells and the
clear space between them, thin filBIPVmodulestend to provide relatively uniform daylighting and
luminance distributionFigure4 shows simplified chematicof the two main types of BIPWindow
categoriescompared to opaque BIPV module (in this example installed on the curtain wall sphiudeel)
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that in both cases,he laminated glasglass photovoltaic layer will be the outermost glass pane of an
Insulated Glass Unit (IGU).

Figured. Semiransparent BIPV, "see through" module in the left side and "spaced solar cells" on the right pErtbkeside
curtain wall systerand opaque BIPV panel spandre(Created by the author)

Thin filmBIPVimodulescan incorporate different thin film technologiliee amorphousilicontandem(a-
S), cadmium telluridéCdTe, or cooper indium galliur(di)selenide CIG¥deposited ora TCOIn most thin
film BIPV modules the deposited photovoltaic layer is lasere@ttih achieve higher visible light
transmittance (20%r highej. The active layer in thin film modules is betw8eh um thick, while the
thickness of Crystalline silicon wafers used$nlsased BIPV windows is between-260um[11].

Even though thin film technologies tend to hasggher degradation rate and lower efficiency compared
to ¢Si, they can be preferred dure to their homogeneous appeafd2¢e

There are various upcoming thin film photovoltaic technologies under research and development. Whereas
these new generatioaf technologiesnight have higher efficiency and might provide the ability of tunable
optical {.e.,transparery and colour)propetties ¢ an attribute that is key to building applicationghe

biggest limitation that currently prohibits their integration in buildings is their short life span of less than
25 years. Organic or dyensitized tandem films, quantum dots and perovskitessame examples of
emerging 3 generation photovoltaic that can potentially be used in BIPV windaws iear future[12].

Liu and Wu[13] have conducted ra in-depth review on advanced architectural glazing technologies
including Dielectric based Compound Parabolic Concentrators (D|ORI@sE energy savirg and
daylighting behavior @xistingand advanced neBIP\echnologies are extensively reviewed.

In terms of opticatategorizationBIPV windows can also be categorized based on dpticgparency as
semitransparent or translucent produci&4]. While £mitransparent modules allowirect light to be
transmited through the modulethe transmssion oflight in translucent moduleskes place ypdiffuse
transmission (scattering).



Figure5 illustrates the PV systems with various degree of transmjssigapsulated into a substrate with
average visible transmittance (AVT) of betwe@®0®[15].

L L

Thin PV Concentrator Canc trator

Suﬁate

Substrate Substrate Sub rate Substrate Substrate

Opaque Non-selective UV/NIR-selective

>

Figureb. PV systems with various degreeVisibletransmsson. a, opaque P\h, semitransparent PV. c,&ef, translucent PV.
Resource: Christopher et al. 2015].

In terms of application categorizatid&C 63092 standardclassifieBIPV applicatioim the building skin

in 5 different categoes A mmprehensive reporftl4] provided by IEA describes these filessin detail,

while taking into account the main features of eaategorysuch as function, performance, nptiology,
structure, and energy related asped&cording to IEC 6309RIPV windows and fenestration lies under
categoryB and D,(Tablel ) which are both integrated into the building and accessible from within the
building.In the former categoryB)the products are installed at a tilt angle between 0 and 75 fiwm
horizontal plane likatriums orskylights and in the latter categdiy), the modules are installed at tilt angle
between 75 and 90, such as windowsirtainwalls,or double skin facadestigure shows example
application of silicon based solar cells and thin film solar cells in curtain wall and skylight from category D
and B, respectively.

Tablel- Application categories, Resource IB@81, 2020[16]

Application categories

Category A Sloping, roofntegrated, not accessibieom within
the building

Category B Sloping, rocintegrated, accessible from withing tt
building




Category C Nonsloping (vertically), envelopetegrated, not
accessible from within the building

Category D Nonsloping (vertically), envelopeintegrated,
accessible from within the building

Category E Externally integratedaccessible or not accessit
from within the building

‘ “i\“-ﬁ-p
’l —

Figure6 c-Si based BIPV curtain wall (left, Source: Ertex $e&itlin film BIP\{Right, Source: Onyx Solar)

Figure7 illustrates the design of interconnected solar cells that are encapsulated into laminateglagass

units to form the BIPV module, protecting the PV layer from mechanical damage, outdioonreent,

and metal grid corrosion (e.g., busbars) T3je op illustration shows senrtransparent BIPV glass with
partial view obstruction due to the use of opaque wafers being connected in series by electrical contacts.
Thebottom illustration represets the typical thin film material which is deposited on a layer of glass and
etchedby laser, creating a series of thatrips Thin film BIPV windows require transparent conducting
electrode to maintain the transparency and aesthetic of the glass forffmsthand rear side, however in

some cases the regular electrical contacts are (meelconductencapsulated in front side and the other
onthe back side of the deposited thin f)lm
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Note: the same principles apply to modules consisting of other types of solar cell

Figure7 Top Schematic of typicalSi glasdased PV modul®ottom Schematic of laser grooved tfilm glassbased PV
module[16]

2.1.2 Electrical performance

The electrical efficiency of a BIPV window is proportionhlepacking factor and inversely proportional

to temperature and transparency of the BIPV module. BIPV windows are expected to replace the
conventional glazing areas where opaque PV modulasiéikely to be applied. In general, the higher the

light transmittance of BIPV window either duddwer packing factor (the total area of opaque cells to

total area of BIPV window) smallerthickness of the absorbing layer leads to decreased poweersion

efficiency and less opay to human eyeFigure8 highlights the highest and lowest electrical efficiency of

three different BIPV module techlogies (i.e., mono crystalline, amorphous silicon and Cadmium Telluride)
underST& a | Fdzy OGA2Yy 2F Y2RHzZ SQa GAaroftS GNIXyavAdGal

2 Standard test conditions (irradiance 1 kW/m2, ambient temperature 25 °C, AM 1.5G solar spectrum)
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Figure8 Electrical efficiency of BIPV window products with different visible transmittance. Data sourceSMa8qg and CdTe
YI ydzFlF OGdzNBENJ O2YLI yAS&aQ LINRRdAzOG RIGFakKSSiha

Inthis graph(Figure8) the data fromthree types of commercially available semitransparent modares

the relations between modules transparency and energy conversion effiaieprgsented In ¢Si based
BIPV windows the transparerisyachieved by the empty space between opaque solar cells in which the
partial light could pass through, which is a function of packing factor. Hisashj1&] alerformed an
experimental study on transparent BIPV module with different packing $aatat observed that the area
occupied by the solar cells affects module power output and operating temperature.

The electrical efficiency of a BIPV window is inwepgseportional to transparency of the BIPV modutes
data fromthe following chart are gathered froseveralexperimentalktudieson different BIPV window
configurations done by Kapsis et al. (FRRi)j19], Chinazo et al. (CdT{RO0], Olivieri et al. i)[21], and
Chae et al. (8i)[22]. The results indicate that the electrical efficienéy BIPV transparent module is
inversely proportional to the BIPV module visible light transggren
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Figure9 Electrical efficiency of different BIPV transparent modules adoptediiiferent experimentaitudies.

Lee et al[23] presented he I\ curves of BIPVmodules with different transparendgvelin the following

graph(Figurel0). The IV curve provides valuable insight into éadh

Lt =+

6 A Y R 2 gighe

light absorptance (less transparengsults in highercurrent flowing through the transparersctive

material, and simultaneousikhibitsgreater powerconversion efficiency

ty (mAlcm?)
o (4] 9

- =
S o

Transmittance
___ 50%
— 40%
30%
_. 20%.

Current densi
o (4]

0

100 200 300 400 500 600
Voltage (mV)

Figurel0I-V characteristics of transparent BIPV with visible light transmittance eBQ3f23]

LIS NJFF 2

Additionally, Miyazaki et aJ24] conducted a standard simulation study on different BIPV window
transmittance and WWR with EnergyPlus, in which they modeled an entire office floor to conduct annual

energy analysis. The resuhowed that theannual energy production fa WWR of 50% is inversely
proportional to the solar cells transmittancks depicted irFigurell, the difference between solar

radiation of southern and northern zone is calculated to be about 33% at any solar cell transmittance.

31V curve, or currentoltage curve, depicts the relationship between voltage (V) and current (1) in a circuit, offering
insights intats electrical behavior.

12



2

Electricity production from photovoltaics [kWh/m~]
o

—
=]

14

—+— SW Zone
—o— SE Zone

+ NW Zone
~-a-- NE Zone

0 1 L L 1 L 1 L L
01 02 03 04 05 06 07 08

Solar cell transmittance

Figurell EnergyPlusimulation of electricity production as a function of solar cell transméttand the orientatiof24]

Theefficiency of the BIPV windows is dependent to the mdd@enperature and itgonfiguration since
the module configuration affects the temperatukigure12 depicts the experimental and simulation
results ofthe inner surface temperature of semitransparent BIPV winf@&j

55
50

Solar Irrad. = 800W/sq.m

Temperature (deg.C)
= NN W WA b
g O O O O O O

—
o

(&}

o

Figurel2 Inner temperature of semitransparent BIPV winfi&y

2.1.3 Optical performance and daylight

Similar to conventional glazing systeBHV windowsignificantlyaffect buildings thermal andaylight
performance hence,impacting the building cooling, heating and lighting loads. Beyond energy, BIPV
window optical properties such as the visible light transmittance (VLT), colour rendering and uniformity
AYLIE OG 200dzLJ y ([26}k Opadué didicdn ceBs? iv-%i 2bséd BIPV window create
Y2YyK2Y23SyS2dza t A3IKG RAAOGNAOdziAZ2Y GKI G CvatdetR | FFS

Daylight simulation or experimental outdoor tests can guide design to mitigate glare, potentially finding an
optimal balance between daylight use and solar electricity genef@ii@rChinazzet al., through annual

building energy performance simulations, found that the optical characteristics of BIPV windows have
AGNRBY3 AYLIOG 2y 200dzLd yiQa O2[20F ZneIparamefrik analgkis t RA y 3
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showed that high (i.e., VLT=50%) visible transmittance of BIPV windows is preferred for office buildings
located in high latitudes (i.e., the study investigated Geneva and Helsinki with latitudes of 46° and 60°
respectively), while in the case of low latitudes (i.e., Casablanca at 34°), VLT = 20% yielded optimal results
between building energy consumption and occupant comfort. Note that increasing the packing factor in ¢

Si based BIPV windswr decreasing trasparency in thin (transparent of translucent) solar films leads to
higher electricity generatiomn a similar parametric study for an offlmgilding in Toronto (latitude of 43°),

Kapsis et a[19] found that VLT= 30% provided sufficient daylight availability.

Further, Barman et al[28] conductedan experimental study on five CdTe based BIPV nmditle

different visible light transparendg.g.,7%, 12% 17%, 25%, 3280} analyzed data regarding different
window orientationand WWRof between 20 % t60%> ¢ KS& O2y Of dZRSR GKIF G GKS
is the most sensitive factor compared to window to wall ratio lzsaglthe biggest effect aartificial light

energy consumptiorHowever, achieving higher transparency via Perovstidéetechnologyenables the

VLT of above 70% without showing major decrease in energy efficiency and consequelightiless

energy consumptiof29].

Regarding special applications of BIPV window technologies, Sufs@}etplored the indoor luminous
effect of BIPV window by applying 4 different PV technologies (shdwguire@13) in a south facing office
setting. The study concluded that although all the tested wirsdeduce the glare probability compared
to a clear doublgylazed (DG) window;Si based double glazing embedde@ssedCompoundParabolic
Goncentrator (CCPC) has the best performance in terms of daylight annual performance.

e

= sunm mnm

e - =7

EEE EEN

EEE EEHN

(a) DG (b) 10% _CdTe PVG (c) 50% CdTe PVG  (d) flat_siPVG  (e) CCPC+si PVG

Figurel3 Schematic diagram of window systems in Sun et al. daylighting reg&jrch

Note that regarding BIPV window patterns, Markvart §84l.performed a comprehensive experimental
studyon indoor daylight availability and visual comfort for BIPdaws and concluded that the horizontal
striped patterns in thifilm based windoware preferred over square patterns. Based on their evaluations
(on both user experience and illumination measurement), the horizpatéérn and undisturbed view to
the outside seems to be preferred over squared pattdffigurel4) as the view through thetripped
pattern is maintained, and the daylight in the room become more present.
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Figureld. Comparing two test rooms with different CdTeégpas conducted by Markva31].

Moreover, Musameh et d132] in anbuildingenergyanalysicompared the optical aspects etand &5i
based BIPV windows. Th&idased module reduces the glare by 22% howeverSipmvides the better
daylighting and glare reduction of 27%.

Chinazzo et aJ20] in their simulation based study provided results on the relationship between energy
and comfortin BIPV windows with different transparencies of 20%, 30%, 40% and 50% in different climates
using 1)a uniform, 2)a twsection and 3) a thresection facade desigin their research, the optimal
design in terms of daylighting was the combinatioa wio section fagade with0%on the upper section

and 30%on the lower section of thBIP\facadewhich allowed for 19.5% ergy savindFigurel5). Their

study can be helpful for the installation of BIPV windows with different transpasenc

Oce 1: Temporal Comfort Anslysis Oce 1 Te npnulcamluﬂl alysis

K
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Figurel5 Transparency design variation and temporal comfort analysis by Chinazjadgt al.
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Thin film BIPV windows are more homogeneous compared to semitransparent BIPWswSpbxed

silicon cells create nonhomogeneous daylighting due to opaque PV cells and the clear space between them.
Figue 16 shows simplified sketchf A0%60% transparency degrees created by spaces between opagque
crystalline silicon cells. The greater the light transmittance (Wider inner cell distance), the better the
lighting and the view to outside.

Thin film BIPV windows would not cast shaglimwooms. Additionally, these type of BIPV windows are
better compared to sertransparent BIPV windows, in terms of aestlsetiue to their uniform
appearanc¢33]. Semitransparent BIPV windows with spaced crystalline silicomoelés/er have better
efficiencies in most cases and can modify the view to outdoor where the view is not pleasing. Transparency
of these technologies is the ratio of transparent swef@mt covered with opaque wafers) to the total area

of the glazingFigue 16 shows different transparency ratios in semitransparent modules.
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Figue 16 Different transparency degrees of crystalline silicon based BIPV njadlles

2.1.4 Solar and thermal behaviour

Similar toa conventional window, the thermal performance of a BIPV window can be describedWsing i)

value and iijhe total solar energy transmittance (TSEInply put, the energy flow through a window is

the sum ofd (temperature driven heat transfer), atid (solar driven heat transfer) (Equation 1). The U

@t dzS NBFTSNA (2 (GKS 6AYyR26Qa GKSNXIE GNIyaYAlGlryO!
(Equation ZB5], whileTSET describes the total amount of solar energy gain through the window (Equation

3) when exposed to sunlight.

C
C-
C

(1)
Y o o ;Y - —/— ny=— )

430%8 0 3)

([et]

Note: in the above simplified equations (from 1ISO 13899energy transfer due to air leakag@eglected

where
0 is the conductive and convective energy exchange due to temperature difference (temperature of
the sky, ground, and surrounding objdrts
"Y is thermal transmittance] g ob
0 s the area of the windowd| ;
0 0 isthe temperature dference between outdo@and indoos;
'Y isthermalresistanced 0 /W];
_ isthermal conductivityd 7a & ;
1 is the thickness [m] of each layer;

"Q is exterior surface coefficient of heat transl!@r g ol

‘Qis interior surface coefficient of heat transfé} g o)
0 is thesolar heat gain TSE]is TotalSolarEnergy Transmittand@6} and
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‘O s theincidentirradiance on the plane of arr@‘}’ P ]-

John Wrighf36]in an extensive study, summarizes and compares different methods to calculate solar heat
gain of windows (including center of the glass, edge of the glass, and the frame). VISION and WINDOW are
the widely used programs thaglculate the TSET of windows whkRir wide inventory of glazing system
product parametergexcluding BIPV windows).

For the BIPV windows,\@lue can be assumed to be equivalent to a conventional window using a
laminated safety glass as the outermosidow pane, since the thermal conductivity ¢f the PV cells is
high [Table2) with negligible thickness (200 and 500 pm).

Table2 Thermal transmittance of a BIPV window, and outlineaflue

Layers < W] Thicknes§ [mm]
Frontglass I 29

EVA or PVB ‘ 0.35 0.20.5

PV cell ' 150 0.0020.005
EVA or PVB 1 0.35 0.20.5

Rear glass | 1 2-19

Note: The thickness of the rear glass is dependent on th
of the BIPV window.

As shown in Equation 2;¥dlue determination islependent orthe indoor and outdoosurfaceair film

valuesand temperatureslSO 1029[B7], and ISO 150985]includeU-valuecalculation methochowever,

there areother glazingstandardsand rating system@.e., ASHRABRIFRCRassivéouse) thatuse different

surface film coefficiestand boundary conditionshichconsequentlyesult in differenresults. Hanam et

al. [38] comparel different rating systems for a tripfmneinsulatedglaing unit and showd that the U

value can vary up to %for asameg Ay R2 g O2y FAIdzNF GA2ya O2YLX @Ay 3
environmental conditiongFigurel?). Bae et al[39] discussd the discrepancies between different ISO
standardsn U-value calculatiom more detailsOverall it is important to specify environmental conditions

while comparig Uvalue from different standards

—=—NFRC, -18°C

—e—NFRC, -7°C
NFRC, 0°C
NFRC, 5°C

{ _8—1S0, -18°C

(180, -7°C

180, 0°C

180, 5°C

Centre of Glass U-value, W/m?-K

0.5

10 12 14 16 18 20
Gap Size, mm

Figurel7 U-value in relation to gap size for different standards procedure using different surface temperature for similar glazing
unit [38]
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Unlikethe Uvalue, solar gain of BIPV windows is noticeably différantregular windows, which is mainly
due to the electricity generation of PV layer undelar irradianceAccording toYang et al[40], in the
thermal performance analysiswas emphasizetthat TSET has the most siigant impact on the thermal
performance of BIPV windowsu and Law41] simulated a generic office room in Hong Kong, and
compared the annal total heat gainboth solar and thermabf semitrarsparentBIPV window and clear
glass for five different orientationsigurel8). They cacluded that thebest electrical benefit can lgmined

from a BIPV window installed @outhEast sidevhich demonstrated 65% energy conservation compared
to clear glassPV cells absorb part of the sun radiation striking the window and transform it into electricity,
whereas in clear glass sample, that eneigyyransmitted directlyindoors Figure 18 illustratestheir
simulation results.

600 -
I_ @ BIPY Module O Clear Glass
500 | ]
r_
- -

300 |

200 |

100 | !|
0

South South-east South-west East West

Annual Total Heat Gain (kWh/m2)

Orientations

Figurel8. Comparison of annual total heat gain through BIPV window and clear glass window by Lu4tld Law

While a BIPV product has almost the samalule, its total solar energy transmittance is noticeably lower
compared with other common double pane windows. Fung &levaluated the TSET of a BIPV window
using a Serrtransparent Photovoltaic Module Heat Gain (SPVHG) numerical model. They studied the
impacts of different parameters and found out that the major component in total heatofjcdgPV
windows is the electrical efficiency of the BIPV window, and the area of solar cells and/or the transparency
of the active layer.

The key parameters of the vacuumgtadzingand vacuum glazing adopted in the energy simulation by Qiu

and Yangd?2] are displayed in th&able3. In asimulation studyisingenergyPlugheydemonstrated that

the aSi based vacuum PV glazing can improve the energy performance by 66.0% (dependent to the climate
backgrounds)Accordingly, it can be translated that the thermal performance of BIPV window, is mainly
dependent on TSET.

Table3 Vacuum PV glazing and Vacuum glazing key paranjédrs

Glazig Type Thickness Visible Transmittance U-value SHGC
(mm)

Vacuum PV glazing 20.8 0.120 0.557 0.143

Vacuum glazing (low) 115 0.693 0.648 0.391
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19). Equation 4 showthe fractions of incident flux onr@gularwindow. Their sum equals unity
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Figurel9 schematic of solar incident radiation withégular window(lllustration by author)

The dsorbed part of solar energubsequently is either reemitted inwafiyl  or outward(r} )(Equation
5.).Each of these opticptopertiesy  YSt & a2t FNJ NI yaYAGdlryOSomyd 2 NBT
aregular or BIPV window under open circuit condgicem be calcalted usinglSO 905(43].

o N ®)
However, when a BIPV window is connected telaatric load (i.e., closed circuiiart of absorbed solar

incidentenergyis converted into electricitfFigure20). Equatiorb shows the absorbed solar incident in a
BIPV modules

where

f is the fraction of absorbed solar energyragliated outwards

1 is the part of solar incident reemittedmards

— is the power conversion efficiency of the BIPV windbigh is the quotient of usable generated
electricityas a portion of theolar incident radiation striking tiePV window.

I (6)
n n - T p ()
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Figure20 Schematic of solar incident radiation within BIPV window

Solar Heat Gain Coefficient (SHGC), Total Solar Energy Transmittance (TSkalyendlgrefer to the
fraction of incident solar radiation admitted through a window or BIPV window.

Packing Factor (PF) is the ratio of total area of PV cetitat@rea of PV moduléEC 63092 part B14]
demonstrated the dependency of TSET RIA(Figure 21). It is shown that the total solar energy
transmittance isnverselyproportional to the number focrystalline silicosells
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Figure21 Cell area dependance of TSET under MPP, and operating cg@fition

The optethermal performanceof CdTebased BIPV window withs different transparencieswere
investigatedoy WINDOW?7.3 softwarf28]. The resukt showed that as the &Sif I & Baddparency
increasesproportionallythe total solar energy transmittance increag@&able4).
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Table4. Simulation study by Barman et al. results for window systems and their prd@éities

Window systems
CdTebased BIPV WIN

CdTebased BIPV WIN 2
CdTebased BIPV WIN 3
CdTebased BIPV WIN 4
CdTebased BIPV WIN 5

Fungand YangdR5] conduceda laboratory test on semitransparent solar cafidconcludedhat the area

Construction

PV1/airgap/lowe glass
PV2/airgap/lowe glass
PV3/airgap/lowe glass
PV4/airgap/lowe glass
PV5/airgap/lowe glass

Efficiency U-value SHGC

9.91% 1.812
8.8% 1.812
7.73% 1.812
6.64% 1.812
6.04% 1.812

0.129
0.158
0.186
0.228
0.271

VLT
7.0%
12.3%
17.7%
25.2%
32.7%

of solar cells and/or the transparency of the active layer has significant effect on total heat gain, however,
2T GKS Y2RdzZ SaQ

iKS AyTt dzS

yOS

shows the experimental resahf their test.

{0 Kidaghil ef 815 in By R
experimental studwpscertained that that the thermal transmittance in BIPV modulasngstequivalent

to the UValue of the conventionallass regardless of the cell distanCeEsey performed an experiment
and concluded that Walue does not depend dAFand cell distance in8i based BIPV windoWhable5

Table5 Experimental result of-ialue in different BIPV configuration comparing to the regular benchpgrks

Glass Ty Laminated IGU Low-E coated IGU
Not Low-E | Not Low-E | Summerver. | Winterver,
Aperture Ratio (%) | (W/m?2-K) (W/m2-K) (W/m2-K) (W/m2-K)
100 BM O [512] @ [311| @ [226] 2.37 |
20 BIPV | @ [509| @ [315] © [228] 231
30 BIPV | ® [5081 @ [296| @ [230] @ | 231
40 BIPV | @ [514] @ [299]| @ [233] @ | 2.33
30Wide | BIPV | ® | 508, ® [306| @ [229] @ |227 |
: I F I N I ' I !
| Rl E AN RH(BRIRL 00
i ] N = | H
Q.3 6L @ __@____ ©_ Ao __ o @ |l® @ ___@__1

aztl

BIPV windows can be constructed simply with the same configuration as glazing systems, where the outer

pane of the glazing system is replaced with laminated PV mochelating a mukiglazed IGUThe
constructionschematiof Lowe reference IGldnd a BIPV |Gtan beseenin Figure22. Different layers in

CdTe based double glazed photovoltaic windatl low-e coatingare presented inFigure23.

.

I

Out

Starphire Lite
Air Gap
Low-e coating
Glass Lite

In

Out

Starphire Lite
PVB interlayers
Solar cell strings

Starphire Lite
Air Gap
Low-e coating
Glass Lite

In

Figure22top: regular lowe IGU; bottom: BIPV IGU
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4 mm glass substrate
transparent condug
oxide (TCO)

CdTe active layers
Back contact
Encapsulant

(PVB laminate)

4 mm glass

Junction box
and conduit }

}L?mm Argon
alr mix

low-e coating

6 mm glass

o

Figure23 schematic of CdTe BIPV window

Semitransparent BIPV assemblies as part of a building envelope should provide thermal insulation during
winter and regulate solar energy gain during the summer. For example,eéagiéaing BIPV windows can

be designed anduilt in such a way that offer optimal solar and thermal performance, as well as
contributing to energy saving approachiédse recovering heat in a doublazed PV curtainwadr
ventilated BIPV facadeAt the same time, the electrical efficiency of Bifddule changes linearly with
surface temperature-dowever the temperature coefficient depends on the PV technology.

When it comes to ventilated fagade configuratioggperimental results have shown treat air gap of
between 4@-600 mm in a ventilated BIPV fagadat least 20 mmyventilation gag46]) can reduce the

solar heat gain coefficienpto 0.15and substantially improve the module efficierfegure24 shows four

BIPV facade systems which were compared by numerical models. The changelus &hd indoor
thermal comfort in these four facade systems were compared: (1) single skin facade, (2) Non ventilated
BIPV double skin facade, (3) naturally ventilated BIP\ledskih facadg (4) fan assisted BIPV double skin
fagade.Yang et al. declared that fassisted BIPV double skin facaegure24, 4)can drastically improve

the year round energy output by 35 % compared to nonventilated fa¢d@g In similar experimental

study He et a[47] compared the PV double glazed window and PV single window, in which they indicated
that the dominant source of heat gain through the BIPV window is the secondary heat gain (absorbed solar
energy that is reemitted inwards). In PV double glazed window, the openings at the top and bottom
contributed to the lower solar heat gain transmittance.
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Figure24 Four types of BIPV/T facade systems by Yang et al[42)18

Peng et al[46] investigated ventilated-8i based PV doubskin facade (RBSF) with a 400mm airflow
cavity. Based on their experimental resuibe ventilated PADSF provides lowdSETand better energy
conversion efficiency compared to neantilated PMDSF due tds much lower operating temperature.

Wang et al[48] compared the energy performance between PV double skin fagRd43SFand PV
insulating glass unit®\VIGU)(Figure25). They foundhat the average TSET of thePSF has lower rate
compared to PYGU, with average saving potential of 28.4% and 30%, respectively.

Air outlet lQuver Divider

Semi-transparent '

a-SiPV 2 Tempered glass
3.2 mm ; 3 mm
Outd
nidoor Air space
400 mm

Air inlet louver

a) Structure of PV-DSF

Tempered glass Divider
3 mm N
Semi-transparent
a-Si PV Air space
3.2 mm 9 mm
Indoor Outdoor Indoor
Sliding window Tempered glass
5 mm 5 mm
b) Structure of PV-IGU

Figure25 Schematic diagrams of the a)PV double skin facade and b) PV insulating ¢gj48k unit

BIPV thermal behavior affects syse@ 2 dzi LJdzi @

Il A3KSNI 2LISNF GAy3 GSYLISN]

with no proper ventilation on the rear side of the glazing system can affect the efficiency of the system as
well as resulting in higher degradation rate. Gok 48].in an experimental research with two different
mounting setup (with same €Si based BIPV module) showed that the thermal insulation asdue of
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the BIPV window influences the performarndt the systenwhereas theventilated system hademarkedly
lower performance loss rate than the insulated system

Wang et al[48] measured the energy conversion efficiencyeftilatedP\VV\DSFand compared the data
with PVIGU with similaa-Si PV module properti€§LT of 205 and Efficiencf/6.3%) They showed that
with lower module temperatur@\DSF has 1.8% higher efficiency thai@®W.n an experimental test in
Hong Kong, themeasured the SHGC of the-B8F and PG Ufor 0.15 and 0.23, respectiveljhe PADSF
demonstrated less SHGC and slightly highealue

2.2 Total Solar Energy Transmittance (TSEFRalug of windows

Total solaenergytransmittance (TSEBSHGOr g-valuemainlydescribeghe fraction of theenergy of the

sun that passes through theaging.SHGC and-¢plue and TSE@re all metrics used to quantify the
performanceof windows and glazing systems with regard to solar energy transmission, but they are
typically associated with different standards and regionSO 905043], definestotal solar energy
transmittanceas the sum of the solar direct transmittandg &4nd the seconary heat transfer factor
towards the insidery), the latter resulting from heat transfer by convection and longwave IR radiation of
that part of the incident solar radiation which has been absorbed by the gl&zjngtior8, Figure26).

Figure26 Schematic of total solar energy transmittance through window
YYO'™r N 8)

where T is the total solar transmittance, ang is inward flowing fraction of absorbed incident solar
radiation. TSETof windows account for not only transmitted energy by direct ligt also the
hemispherical (diffuse) lighT.SET ifighly dependenbn angle ofincidence, ISO 0899 and ASHRAE
provide detailednumerical calculatiors, including the effects of angular and spectral dependence.
Calculation oftotal solar energy transmittancleased on direciand indirect transmittancejncluding
angular popertiescan be presented in the following equation:

YYO¥ T — 8 8 T 8 8 n ©)

4SHGC Is primarily used in Noktfmerica,and it is defined by ASHRAE, howeveralge is more commonly used in
Europe and Internationally, especially in ISO. TSET on the other hand, is often used in the context of BIPV windows
and windows that generate electricity.
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2 KSNBE * Aa GKS I|yt3£ S 375 Aishadv&yranSmittédpdrtlon of solar
incidence from the wavelength of 350 nm to 2500 nm, nd g g Isthe hemispherical
transmittance, and is the reemitted absorbed soldrermalenergy towards the inside.

Asdemonstrated in equatio®. the TSET is the summation of transmitted solar energy (both direct and
indirect) and the inward flowing heat that has been absorbed by fenesttafions, the energy balance
for regular and BIPV windowan be rewritten as fliws:

Regular Window (or BIPV window in open circgit): o, 1 1) ARV A= (10)
BIPV window in closed circut: A, + _a 01 Ak A (12)

where
N is the absorbed part of solar energy that is reemitted inward;
f is the absorbed part of solar energy that is reemitted outward;

With this in mind, in BIPV windows, the electricity generation and visible transmittance are inversely
proportional. Figure27 shows the data gathered from EnergyPlus simulations by Miyazaki2t]ah

respect to the effect of transmittance, WWR and electrical efficiency oftsmmsparent solar cells on
TSET.
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Figure27 Annual electricity generation (Left) and annual cooling load (right) as a function of solar cell transmittance with different
WWR by Miyazaki et f24]

Similar to conventional windows, BIPV also useslmigsivity coatings to reduce radiative heat exchange
between the window muliayers.As it is seen ifigure28 coatings can selectively reduce radiant heat
exchange while transmitting more than 75% of the visible portion ofis@ldiance As a result, the use of
low-e coatingsanreduce the imvard flowing fraction of TSET.

5As it was described previoustyEquation 5;The absorbed part of solar energy is either reemitted inwérd ¢r
outward €] ).
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VARIOUS OUTER GLAZINGS
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Figure28 Visible transmittance versg8$1GCor different glazing systenfis0]

The primary purpose of a window is to provide daylighting and a view of theoositdhmwever, the
GAYR26aQ SySNHe aLISOG LX Fea |y iGwariid bdidgodertiés? S Ay
like transmittance, absorptance and reflectance as well as TSET are providedvitnadmsiproducts or

can be accurately calculatedingsimulation programs like LBNL WIND®W/Clune){50] comparel the

visible transnttance of different glazing systems as a function of Sgire28).

TSET mainly depends on the transparency of BIPV m@dulee PV cells coverage in semitransparent
modules)and the energy that can pass through the systarstead of being reflectedXu et al.[51]
condwted anEnergyPlusimulation studyor China, comparing different WWR and packing factors. They
concluded that 80% reduction in yearly energy consumption can be achieved by applying BIPV window to
south facing fenestration with WWR of 0.83 and cell cgyg=cd 0.87, compared to reguldouble-glazed

window (Figure29).

" = = = B
| = = = 8
s = = = @ optimal PV cell coverage ratio (%)
m = === orientation WWR
e Eyesll sogcemo T 02 025 03 035 04 045 05 06 06 065 0.7
E 25 40 40 45 50 60 60 60 70 70 70
a
(@) SE 25 40 40 45 S0 60 60 65 70 70 75
S 35 40 50 55 55 60 70 75 75 75 80
| —— |
‘ SW 35 50 50 60 65 65 70 75 75 75 80
| ‘
W 35 50 S50 60 65 65 70 75 5 75 80
WWR=0.2 WWR=0.45 WWR=0.7
(b) (©

Figure29 (a) PV cell coverage ratios with different inner cell difference and cells number, (b) different Window to Wall ratios applie
to the research, (c) optimal PV cell coverage for different BIPV oriefiafion

Inward flowing secondary heattransfgr,> Ay | O2y @Sy GA2y It 3JtFT Ay3 dzy Al
and inside and outside boundary conditions like wind velocity, natural convectiosjvégnief the
surfaces, and vented/ unvented air spadeguationl2, 13).
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Single

- A (12)
Secondary hea  9lazing
transfer factor
towards inside, I R
A Double , Q Y 13)
& glazing n 2 P P
N QY

where

A is the net density of heat flow rate through the window to the inc[ébrd I;

» gisportion of absorbed solar energy by thiegleglazing pane (%);

) m Feo & £, are the portion of absorbed solar energy by the first and second glazingrisspectively.

The absorbed heat transfer coefficient of the glazing towards the if@idand outward flowing energy
coefficient towards outsidéQ , have been stated for simplicity by ISO 9050 in the conventional conditions
where the glazing is vtécal, wind velocity 4 m/s and inside surface is under natural convection:

R o o (14)
. 8- (15)
P N I )
« o Moy a

Hanam et al[38] in a literature review and simulation stuclympares the center of glass SH@® both
NFRC and ISO standandsgTHERMoftware. In their study, different calculated SHGC results complying
with different standardsare presented andthe differences between North American, European, and
Passive House window thermal performaaoe studiedFigure30).

0.80 B NFRC Centre of Glass

B IS0 Centre of Glass
‘Whole Window - NFRC Fixed Size
‘Whole Window - NFRC Casement Size

Double - High SHGC Double - Low SHGC Tnple - High SHGC Tuple - Low SHGC

0.70

0.60 4

040

0.30

0.20

Solar Heat Gain Coefficient

0.10

0.00

Figure30. SHGC for various window configurations using NFRC and I1SO s{&8tlards

Klems[52] developed a method for TSH&termination of products with shading. His computational
method can be used for TSET and performance determination of geometrically complex fenestration
systems containing those with shades, venetian blinds, or translucent glazing. In another researeh Kle
al.[53]compared the calculated and measured TSET, and demonstrated that their TSET calculation method
agrees with the gathered experimental data for the most optically complex fenestration elements such as
venetian blinds.
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Oveall, TSET depends on various parameters that are determined by environmental conditions, and facade
properties, in addition to the thermal and optical properties of the glazing system (like solar reflectance,
solar transmittance, emissivity of the surface thermal conductivitie§d4]. Glazing units with a low TSET
rating are preferred for hot and sunny climates, where the solar gains are undesired, while glazing units
with high TSET rating might be more effective fating dominated climate. The optimal solar heat gain
through a glazing unit strongly depends on climate, building type and window to wall ratio.

2.2.1 Shading Coefficient (SC)

Unlike modern alternatives such aSETwhich provides more comprehensive evaluation of window
performance, Shading Coefficient (SC) refers totdkad solar energy transmitted through the subject
window relative to the total solar energy transmitted throlyB mm (/8-inch) clearreferenceglass
(Equation B). At normal incidencb5].

Woas 1 CHUCHDTTHERTTHT ) (16)
N T =2

While SC is occasionally used within the architectural commuonaityfacturers are now moving towards
the use ofSolar Heat Gain Coefficient (SHGC)TSHT rather than SC

SC

2.2.2 Solar Heat Gain Coefficient (SHGC)

Solarheat gain coefficient (SHGGQptal Solar Energy Transmittance (TS&dIar factor omg-value all
determine the ability of a fenestration in transmitting total solar energy. All theskicientsare often
used synonymously in the literature, ddeghe fact that there are some differences in thagfinition.

SHGCepresents the solar heat gain through the fenestrat@ative to the incident solar radiation. SHGC
is adimensionlessumber between 0 and, Where higher number indicates the higbah gain through
solar energySHGC can be determined for any angle of incidence, fqration of solar incident that
either transmits through the window or reradiates inward after being absorbed by fenestidimangle
dependent and Wavelengitieperdent calculation method folSHGC igxpressecby ASHRA6] in
Equation ¥.

SHGGh)=W-h_ 0» -h_ a7

where

—issolarincidenceangle

_is the wavelengtht isthe portion of incidehsolar irradiancéhat istransmitted through the glazing
(direct and diffuse)

Nis inward flowing fraction of absorbed incident solar radiation;

) is thetotal spectral absorptance tfie glazing systerg—).

While TSET (also known gwalue under European standards and indusspgcifies the solar energy
transmittance of the glassnly, SHG@ay includethe frame as wellSHGC values can be presented for
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center of glass or for thentire product In the following chart, individual components from two commonly
used standards are compar€thbleb).

Table6 Comparison of TSET and SHGC calculation

Standard Window Area Solar Heat Gair
IS09050 | & Total Glass VORI b o6 o 2@l STEMGh T £ MG ol
andEN | Area ) 1T AERRATDOAR OCd)
410
NFRC20( o Total Glass ~N'O"OB 0 Qui 6YOEGKD D& £ QA @i
Area DV QYO a@GE Q1 WO 0
0 FrameArea

Solar heat gain values using ISO standards are greater than solar heat gain resulted from NFRC ratings, as
the solar energy transmittance through the framing is up to 50% less compareddtattsein energy that

would pass through the glass. Hence, it is important to be aware of different standards and not compare
solar heat gain values from North Amenigaoductswith Europ@n ones as they are based on different
calculation procedurel$7].

In addition, theboundary conditions foilTSETdetermination such asnterior temperature, exteror
temperature, solar radiationnside surface film coefficie(if2 ), and outside surface film coefficigf® )
aredifferent from the ones used for SHGC, as presentédlite?.

Table7 boundary and environmental conditions for SHGC calculation, vertical glazing.

70 33 ¢ =2U = g
©5 &2 3 §8 8 S K
) o 8 = =
g g 5 oo 5 @
o o =} o 5 [ol=1
o 5 —h >
°C °C W W wifh 0
Fa Ja o
NFRC 100 ¢ 32 24 783 26 3.29(Interior Aluminum Frame’ Interior coefficients are
200 3.00(Interior Thermally Broke convection only
, SHGC Frame)
3.12(Interior Thermally
Improved Frame)
2.44(Interiorwood/vinyl Frame)
ISO 15099 30 25 500 20 3.6 Convective heat transfe
g-value coefficient
Passive Hous| 30 25 500 25 7.7 Combined convection an
Certification radiation coefficient,
Criteria increasedsurface resistance
modeled at corners tc
account for reduced
radiation/convection heatl
transfer

29



Overall, he discrepanciebetween TSE{gvalue)and SHG®aluesare due to differentcalculation
procedures and different boundary conditioncorresponding teeach standardWhereasthe calculation
methodologies are the same, it is important to reference the values withtdstiimg conditionvalues

Wang et al[48] experimentally compared the TSE& PWouble skin facaddPV\DSFand a PV insulating
glass uni{PVIGU)with the use of opticahstruments andtalculated the total solar energy transmittance
by Equatiori8.

OGS O “O O (18)
0]

where

“O is the direct transmitted solar radiation;

0O is the inward radiated absorbed energy from the inside window to the room;

“O is the convective heat transfer from the inside window to the indoor room;

O is the incident solar radiation striking the windo@uter surface.

Their comparative studydeed for 7 months, and it was conducted to validate the simulation model for
predicting the energy performance of PV double skin fagade and PV insulating glassaumitmerical
simulation model validation stugyeng et al46] evaluated the overall energy performance of a ventilated
double skin facad@|sousing Equation 18n order to conduct the overall energy performance of a double
skin PV fagade iEnergyPlusPeng et al[33] validated their modevia longterm outdoor experimental

setup with optical measurement. They concluded that the simulation results agree well with the measured
data.Similarly, the objective of their outdoor optical measurenvesito validatea simulation modeand
consideroverall performance and the accuracy of the simulation software or models available to measure
the performance of BIPV windows (i.e., Sandia Array Performance Model (SAPM), EnergyPlus or Optic)

2.2.3. Existing testing standards

Traditional fenestration systems are experimentally tested for d&iending on the specific requirements
and available resourcgSalorimeter hot box is the existing method to determine TSET experimentally that
is designed and built perform the testunder steady state conditio@alorimetric approach using a solar
simulator is described in ISO 19467.

The TSET testing standards for traditional fenestration can also be utilized for BIPV Minslowsortant

to test the BIPV windows under maximum poweint (MPP) and closed circuit (CC) condition due to the
integration of photovoltaic element&ven though researchehave performed experimens on BIPV
windowsunderopen circuit conditiofOCYo better understand the impact of electrical efficienayISET,

it is unrealistic to report the TSET under Ofd asactice theBIPV windoware rarely disconnectgopen
circuit). In summary, testing TSET of BIPV windows under MPP allows compreheadsnealistic
assessment of their performanckable8 outlines the existing standards for TSET determination of BIPV
windows. These existing standards ensure accurate and consistent total solar eaesgyittance
measurement.
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Table8 Existing standards for TSET determination

Testing Standard Description

ISO 19467 Thermal performance of windows and doarsDetermination of solar heat gai
coefficient using solar simulator

1ISO15099 Thermal performance of windows, doors and shading devid@stailed calculations,

ISO 9050 Glass in building Determination of light transmittance, solar direct transmittance, tc
solar energy transmittance, ultraviolet transmittance, and relai@zing factors

IEC 609048-1 Photovoltaic devicedPart 81: Measurement of spectral responsivity of a photovoli
(PV) device

EN410 Glass in buildirgdetermination of luminous and solar characteristics of glazing

ASTM E424 Standard test methods fesolar energy transmittance and reflectance measuremer
transparent materials

NFRC 200 Procedure for determining fenestration product solar heat gain coefficient and v
transmittance at normal incidence.

NFRC 201 Procedure for interinstandard test method for measuring the solar heat gain coeffic
of fenestration systems using calorimetry hot box methods

ASTM C1363 Standard test methods for the thermal performance of building materials and env
assemblies by means of a hot lapparatus.

2.3 Experimental determination of TSET for BIPV windows

TSET of conventional windows is experimentally measured in an indoor environment that is kept under
steady state conditions using a solar simulator as a light source. The amenet@f used to keep the
environment in steady state yields the TSET. Future, complex systems like BIPV windows with embedded
PV cells or naghomogeneous surfaces can be tested in calorimeters. However, literature indicates that the
experiment is more chalhging and new methodologies are needed.

Experimental determination of TSET for BIPV windows is grouped under two categories of i) solar
calorimetric method, and ii) solar optical methbdt are presented in this section with their advantages

and limitatons. The solar calorimetric method primarily relies on the measurement of heat transfer
through BIPV window under steady statandard test conditionswhich is the current experimental
process used for both regular windows and BIPV windowshe otherhand,the solar optical method
employs radiometric instruments to measure TSET by analysing the direct and diffuse transmittance of
solar energy through BIPV windows.

The experimental determination of TS&Tboth solar calorimetric method and solar optimethod then

can be categorized into two groups: 1) indoor test facility ussioépa simulatoand 2) outdoor test facility,
using sunlightOverall,in all experimental test setups determining the fenestration total solar energy
transmittance can be ith different methods, sensors, or different boundary conditions. The TSET results
are based on various test parameters and conditions:

- Indoor or outdoor (Sun or solar simulator, wavelength and the value or incident solar irradiance)
- Angle ofincidence (normal or variable)
- Boundary conditions (e.g., ISO, ASHRAE, Passive House or real)
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- Tested area (Center of glass or whole window)
- Module test conditions (e.g., BIPV window under MPP or OC)
- Test condition (STC or real test condition)

Many studieswere conducted on the solar thermal method in TSET determination of BIPV windows,
however there has beetimited focus on solar optical methadiazzali et al[58] conducted an indoor
experimenal test using Hot Plate and Solar Calorimeter, and showed that the use of laminated BIPV system
improves energy performance and modifies the energy balance of the building system both in winter and
summer. Peng et al. [65] in an experimental comparativdysbetween conventional IGU and the BIPV
IGU, indicated that the discomfort glare is reduced in BIPV IGU, and their analysis showed that these
technologies save approximately about 17% of total electricity use of the room.

Hisashet al. (2016) conductedn indoor experimental test in accordance with 1ISO 19467 (International
Standard about thermal performance of windows and doors and determination of solar heat gain
coefficient using solar simulator) and demonstrated the decrease in SHGC by 1.6 te2.9 tim

Kapsis et al. [2] focused on the experimental measurement of SHGC under operational conditions. It was
observed that the solar heat gain coefficient of a 40% VT photovoltaic window and nominal conversion
efficiency of 7%, reduces by 2% when it is@raximum power point rather than when it is not generating
electricity and it is under open circuit conditions. In addition, BIPV windows with less Visible transmittance
(VT 6% and nominal conversion efficiency of 15%) showed 23% reduction in SHGAJ Méaogd59]
designed ad developed instruments to measure the glazing parameters in an inexpensive atwessy
procedure.

2.3.1 Solar calorimetric methods

Hotbox calorimeters are commonly deployed for measuring thallle and TSET of building components.
This section fagses on hotbox calorimetric methods used for the determination of TSET. A hotbox
calorimeter is a welhsulated airtight chamber equipped with a cooling systeigu¢e31). The glazing

unit under testing is placed at the aperture of the calorimeter facing a solar simulator of known spectrum
and collimation. Alternatively, the calorimeter box is exposed tetimeand the test is conducted in an
outdoor setup.

Figure31 General view of SERIS chamber system when it is under test and the inside view from left to right rigQjectively
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There are distinct differences and challenges between indoor and outdoor calorimetric methods. While
TSET is angtiependent, for indoor testing, the solar simulator is mostly maintained at near normal to the
plane of the window, for instance, ISO 1946d BIFRC 201 specify the tilt angle less than 5°. On the other
hand, most outdoor calorimetric tests are conducted under real irradiance condilibpse outdoor
calorimeters are either tilted towards the sun or are placed vertigatlyat a greater anglef incidence

Indoor testing provides controllable conditions and test repeatability under both sstatgyor dynamic
conditions. Kapsis et §19] used 8 metal halide lamps emulating the sunlight with test bench positioned
from 0° to 90° to simulate the results for both vertical facadeaafidt roof, respectively{gure33). To
achieve homogenous and uniform light, Chen ef5lpositioned the lamps at 10 m distance from the
specimen and applied a correction factor to minimize the spectral misnfatplr¢32). While indoor
calorimeters provide test repeatability, outdoor tests are effective on the angular characterization of TSET
with most sunlight being collimated. Outdoor calorimetric methods have also been used to test advanced
fenestration systems like BIRNhdows or advanced shading devices under realistic and dynamic climate
conditions, where angular dependency of the TSET is important.

Indoor side Outdoor side

Guarding box Metering box Surmound panel
~y |

Airflow

Fans [: Solar simulator

Chilled water
heat exchanger —{:
and heater

1
Insulation sheet | Extemal air curtain

1
Baffle plate with < |
cooling coil Fai

ns
10m

CF’, Rotational axis

Figure32 SERIS CHB schematic diagram with a rotational axis to create different anglerdff&jcid

Figure33 TSET experimental determination at Concordia University, laftsi8alator, Right: Environmental chamfr]
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aperture size, solar spectrum, and the sgstesed to condition within the calorimeter are some of the key
configurations that can vary between different facilities and mettiedgire33). The following sections

discuss the technical difference, challenges and solutions for the two main categories of solar calorimeters:

1) indoor, and 2) outdoor TSET testing.

Using a thermally guarded calorimeter, the TSET can be determined under sd¢adpisditions, using
linear regression analysis.

0 0 0 Y'Yy Y'Y [W/a 1(19)
0 WY
YO Y = (20)
where
0 s the total energy transfer through the window W/
0 is transmitted solar irradiance to the plaokarray [Wh ;

0 is the conductive energy transmission through test windové[V}/
"Y"Y'As$Yhe total solar energy transmitted through BIPV window[V}/

‘O s total solar irradiance to the plamé-array (POA) [V&/ ];

"Yis the thermal transmittance charristics of tested BIPV window [&V/ 2} ]; and
Y"Vis the temperature difference between inside and outsitle. [

2.3.1.1 Correction of-\alueAdjusting for Surface Film Coefficient

As temperature differences and ambient conditions affect the meadinenal transmittance, it is
necessary to provide reliable information about the boundary conditions during measurements. In order
to check the quality of the measurement, the heat flux meter (HFM) method can also be implemented,
following the 1SO 102982], using a windowpecimen of known alue Wright[63] indicated that using

fixed surface film coefficient in overalMdlue calculation can result in measurement inaccuracies.

There are many different predictive models for convective and radiative film coefficients, in this section
one of the method is pmented as one of the commonly used models for surface film coefficient
determination.

The indoor surface coefficients can be estimated including both convective and radiative film coefficient
(Equation 21)64].

) L. L... L= (21)
J .. d .. d ..

8 Avormttmil - EvosBeidlvo sleda 1o- Talvo smbdad

where

"Q is indoor surface air film;

"Q is the convective and gas convective heat transfer coefficient;

"Q is the convective surface film coefficient;
Y is the temperature of innermost surface; and
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, Is the StefarBoltzmann constant.

Similarly, the outdoor film coefficierif can be calculated by including both convective and radiative
film coefficients. The Equation 22. can be U&&dl

bo< koo bsm bosctvormeGalvo smttn dva Tdve smstadvae (22

where )
Q is outdoor surface awﬂlnﬂ’(d )

"Q is the convective and gas convective heat transfer coeffid'?ew (CI));
"Q s the radiative surface film coefficiekt G )

Cis the emissivity of the outermost surface;
Y is the temperature of outermost surface;

"Y is the effective sky temperature or radiative temperature and can be estimated by Equation 23. And
clear sky model from Clark & Allen Equation 24.

23
I 2 ° & @)

T4uatme 8 8 meqml - 24)

where
‘™ isthe infrared radiation rate emitted from the sky on an upwaaing horizontal surfac@( g )

“Y is dewpoint temperature in Kelyin
» 1S the StefarBoltzmann constant.

The exterior convection coefficient®  can be estimated by Sparrow, Ramsey, and Mass (1979) model
(Equation 25). The total convection coefficient in their model is split into forced and natural components.

L...k | (25)
kR 8 sHulv=" (26)
I 8 Hs7 (27)

where

w is the wind direction modifier;

'Y is the surface roughness multiplier (where in this experiment is 1.00 for glass as a very smooth
surface);

P is the perimeter of surface [m];

w is the local wind speed at altitude z (z is altitude, height above ground) [m/s];

0 is the surface are@ ); and ,

"Q is the natural convective heat transfer coefficight & :1'))' For standard film coefficients, see

Appendix.
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2.3.12 Indoor testing

In indoor TSET testing, measurements are conducted in a controlled environment under steady state solar
simulator as described in 1ISO 19467. Indoor calorimeters have different configurations based on the
calorimetric box size, measurement, and controleapst Olivieri et a[66] assessed the accuracy of an
indoor calorimeter under controlled and quaséady conditions. The main components of their indoor

test facility were 1) calorimeter box, 2) chiller with integrated pump 3) afidctkvater buffer tank as
represented in following schematic diagrafig(ire34). The simplified thermal model used in the Olivieri

et al. [66] calorimetric testing facility is presented in Equata® In general, the energy balance of the
calorimeter box yields the normal TSET value for the BIPV window under test.

Heat STPV
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— | Heat exchanger | ..
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—
g

D
e N\
Buffer tank \ Flow meter
PID control system By-pass valve

Thermowells and thermocouples E /

Pyranometer

Figure34 schematic digram of indoor calorimeter testing facility with a ch[i&]

n n n n n n n n (28
where
n is the solar gain [W],
N s the internal gains due to the fans [W],
N is the thermal power extracted by the water heat exchanger [W],
n
n

is the thermal loss through the glass,
is the thermal loss through the calorimeter walls [W],

n n

are the thermal power stored in the water and in the box, respectively [W]. Guarded airtight calorimeters
with well insulated cooling systems reduces measurement uncertainty.

To prevent uncertainty in data acquisition, at least 30 measurements are typically used to minimize the
variations like the heat flow between the box and the ambient environrBartde the testare performed

under quasstate condition to determine the net flow passing through the test specimen, the existing test
methodology requires enough time to stabilize depending on thermal properties of the specimen, the
storage of the apparatus and mecl@al equipment controls that can result to cycling or drifting. Long run
periods are a necessary to achieve accuracy of the conducted tests, and ranges from few hours to more
than a day to maintained the temperature difference and indoor and outdoordigfficients prescribed

by existing standard§7].
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Apart from thermal energy exchange between the two environments (i.e., inside the calorimeter that
emulated indoor building conditions, and outsitte calorimeter that emulate outdoor conditions) for
indoor solar calorimeters, the TSET indoor experimental determination also requires the use of a steady
state solar simulator. Full scale solar simulators need to comply with ISO 19467 regardirtgsiheclighm
distribution and collimation. Chen et #.0] introduced a linear correction factor to account for the
spectrum of the solar simulator and reflection properties of the absorber plate. [R8hpresented a
thorough TSET experimental determination under gstate laboratory conditions, using different
transparent and translucent materials including BIPV modules.

The advantages and limitations of indoor calorimetric mesmsants using a solar simulator can be
summarized as follows:

Advantages

Controlled and Reproducible Environménttoor setups provide a controlled testing environment,
allowing for consistent testing conditions and reduced external variables, facilitating consistent and
repeatable measurements.

Versatility:Tests can be conducted regardless of weather conditiotimmerof day, ensuring yeaound
availability.

Limitations

Spectral Accuraciven advanced solar simulators might not perfectly replicate the full spectral complexity
of natural sunlight, potentially affecting accuracy for certain materials.

NonUniformty: Achieving uniform irradiance across large test samples might be challenging, leading to
nonruniform heating effects and thus, potentially unreliable TSET measurements.

Long Measurement Periad&iterature has indicated that calorimetric measurementguire long
conditioning periods to achieve quastady or steady state conditiof&9].

2.3.13 Outdoor testing

The main difference between outdoor and indoor tests is the light source, where in indoor test apparatus,

a solar simulator is used instead of natural sunlitutdoor calorimeter test facilities are preferred for

TSET determination of BIPV windows due to high light collimation and solar spectrum, assuming clear sunny
sky conditions.

Harrison and Collif30] fabricated an outdoor solar calorimeter that was able to test both thermal and
optical performance of a test specimen. They proposed a smaller calorimeter chamber along with solar
tracking capabilities rapidly and accurately perform TSET measuremerupti€armeasurement, they
positioned two pyranometers to the mask wall, for direct and diffuse radiation, along with a pyrgeometer
for long wave measurement (figure 37). The researchers noted that it was challenging to determine the
indoor and outdoor fih coefficients due to the tilt angle and fluctuation of wind speed.
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Figure35 Outdoor solar calorimeter for TSET measurement at Queen's Un[V@isity

Bloem et al[71]in a comparative analysis, developed an outdoor calorimeter to test thermal and electrical
performance of BIPV windows under real climatic conditionsigure36 their calorimetric setup with
external dimensions of 2 m x 2 m x 0.46 m is shown. Thaipsstowed full size PV modules to be tested
with dimensions of 1.2 m x 1.2 m, and 30 mm thick.

Figure36 front and rear view of outdoor experimental setup for BIPV window TSET deterrfiidtion

TSET experimedit tests are subject to climate condition uncertainties and variations. While for
conventional glazing systems the effective TSET at oblique angle of incidence can be extrapolated from
experimental measurements at normal, the method is not viable foradgt@mmplex fenestration systems

[72].

Paud et al[73]in an experimental study, developed, andlesated a portable calorimeter which can be
mounted on existing glazing units and measure the TSET under real operating conditions (figure 39). The
portable nature of their calorimeter (with dimensions of 500 mm x 500 mm x 500 mm), allows fast TSET
assessmat. However, the study showed that the apparatesdsto overestimate TSET when compared

to normal standard values.
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Figure37 transportable calorimeter for-situ measure of TSER]

Backer and Van Dijf4] conducted research on the outdoor PASLINK test facility and developed a
procedure which aimed to achieve accurate tesgults under real dynamic outdoor conditions. The
researchers found that employing multiple shorter tests within dynamic outdoor testing conditions, as
opposed to measurements within longer intervals under gst@as¢ conditions, lead to more accuratedT
measurements.

The advantages and limitations of outdoor calorimetric measurements can be summarized as follows:
Advantages

Realistic Condition$SET measurements are conducted under actual solar and environmental conditions,
providing the most accate representation of reakorld performance.

Solar Spectrum and Uniformityyatural sunlight contains the entire solar spectrum, fully collimated and
uniform across test specimens, capturing all spectral interactions with window materials, includiitgy PV ce

Angular MeasurementQutdoor measurements have been proven effective when it comes to developing
a better understanding on the performance of advanced window systems under various incidence angles.

Limitations

Weather Dependenc®leasurements arimfluenced by weather conditions, including cloud cover and time
of day, potentially limiting test availability.

Variability Natural sunlight is dynamic, leading to variations in solar angle, intensity, and spectral
composition.

ComplexityOutdoor setupsre subject to external variables that might be difficult to repeat or measure
accurately.

2.3.2. Solar optical methods

To tackle the various challenges and limitations associated to calorimetric measurements, researchers have
proposed optical methods fdhe experimental determination of TSET. Optical measurements can bring
more accurate results compared to calorimetric methods due to i) effective spectral resolution, ii) ability
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to measure under dynamic conditions and iii) ability to capture the peaioce of complex,
inhomogeneous and active window technologies, like BIPV windows.

Spectral Resolutiolany glazing systems and materials selectively absorb or reflect specific portion of the
solar spectrumOptical measurements can analyze solar razhasicross a wide range of wavelengths,
allowing them to capture the varying response of materials to different parts of the solar spectrum.
Calorimetric methods often do not account for these spectral variatiOptical measurements can
preciselyquantify this behavior, while calorimetric methods might overlook the selective nature of energy
absorption.

Dynamic Condition®ptical measurements can be conducted under dynamic conditions that closely mimic
realworld scenarios, considering changingasangles, cloud cover, and shading. Calorimetric methods
are often conducted under controlled steashate (or quassteady) conditions, which might not replicate
reatlife variability. TSET is influenced by properties like transmittance, reflectad@hsamptance, all of
which are better characterized through optical measurements. Calorimetric methods primarily focus on
overall heat transfer.

Inhomogeneous Material®ptical measurements can account for variations in optical properties across a
singlematerial, such as coatings with different layers or dyes. Calorimetric methods might struggle to
differentiate these nuances. In addition, TSET involves intricate interactions between incident solar
radiation, transmitted radiation, absorbed radiationgdae-radiated heat. Optical measurements directly
capture these interactions, providing a more comprehensive understanding of the system's behavior.

As previously discusse@livieri et al.[9] used UV/VIS/NIR spectrophotometer to obtain optical
characterization of different elements coupled with EnergyPlus simulation to obtain TSET of BIPV windows
with differenttransmittances, whil&lems et a[53] utilized a scanning photometer, to determine TSET for
complex fenestration systemilems et al[75] carried outdoor measurement with two calorimeter
chambergo compare the TSET of selective glazing with clear double glaaivitich they usednelectric
heater, anda liquid-to-air heat exchanger to obtain an accurate heat balance on 10 minutes interval
measuremerg. A sun tracking pyrheliometer ahdrizontally mountegyyranometer was also used outside

the chambers to measure the beasolar intensityand total horizontal solar intensity, respectivein
addition to a vertically mounted pyrgeometer that measured the total-Weange incident radiation
reemitted by the skand groundAs thermal sensors are much less sensitive than the photometric sensors,
they demonstrated that solaroptical measuremest appear to be the most agreeablavith the
characterzation(including TSET) of complex fenestration systems (like BIPV wiiiéws)

The following equipment can be used in the optical determination of window TEST and other optical
properties:

Pyranometersfotal Plan of Array (POA) irradiance and transdwties measured using two pyranometers:
one placed outdoors or the POA and one indoors behind the window, respectively. The ratio of the two
gl & dzaSR (2 RSGSN¥YAYS GKS RANBOG a2fF NI GNXyavYAdGdl

PyrgeometerA pyrgeometer wassed to determine the inward flowing fraction of absorbed incident solar
radiation, g from around 4400 to 50000 nm.

PyrheliometerA pyrheliometer attached to a solar tracking weather station was used to determine the
ratio of directto-diffuse irradiance, from around 200 to 4000 nm.
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2.3.2.1 Indoor testing

The primary advantages of indoor optical testing rfeldly controlledenvironment andi) repeatability.
Generally, optical tests tend to be faster and more accurate as they do not require sty conditions
However, the solar simulator uniformity and collimation might create measurement discrepancies. 1SO
9060 addreses the specification and classification of instruments for measuring direct and hemispherical
irradiance. Employing cla8soptical measurement instruments (i.e., pyranometers and pyrgeometers) can
minimize the error with uncertainty of less than 2%.

Chenet al.[5] in an indoorcalorimetric setup with solar simulator, used a pyranometer on the outside
surfa@ of the calorimetric boto measuresolar irradiance distribution. It was estimated that the dominant
uncertainty in the TSET determination of BIPV window is abgain8is mainlydue tothe measurement

of solar irradiance, where solar simulator lammaggirradiance grid density distribution, and position of
the pyranometer arall contributors to the measured uncertaintlyigure38 illustratesthe contours of
solar irradiance and its distribution on enlx 1m specimen planavhich shows a bright spot in the center
that cannot be avoidedConsequently, aorrection fator was developed to take into account the
uncertainties related to the mean irradiance and its variation in the 3h test interval.
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Figure38 Solar irradiance distribution contours for a solar simulator used in Chen et alekpkranen{5]

Feng and Wanp9] designed, developednd validated a lowost measurement system. They employed
optical sensors to test glazing characteristics under gui@sdy conditionsTheir goal wato develop an
inexpensive easiyp-use home window measurement, where they us@dj8nter to fabricaé the main
instrumentcasing and supparénablingthe selected sensors be welinbedded.
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2.3.2.2 Outdoor testing

The biggest challenge in experimental determination of TSET in photovoltaic windetesnsningthe
electricity generation of the modulegich is anglelependent and varies significantly under real condition
as it is highly dependemin solar spectrum and angle of incidence. Outdoor TSET determination using
optical methods can be more effective as it is performed under dynamic and rigaherental conditions.

Wang et al[77] conducted outdoor optical measurementsdesesshe energyperformance ofa BIPV
window (aSi based insulating glass umith 9mm air gap, PAGU)(Figure39). The purpose of their field
experiment using optical measurement was to validate the results obtained by devetopeichensive
simulationmodelwithin EnergyPlusTwo pyranometer were adopted in the experiment that are shown in
the Figure39. Horizontal pyranometer and vertical pyranometer were used for measuring the total solar
radiation (global and diffuse), and incident solar radiatiam the window plangrespectively. The
environmental parameters with optical sensors were measured and inputted into the simuhaiitah

andit wasfound out that theannual overall energy performance of PV IGU determinstiiylation result
wasreliable However, the simulated heat gain through the W was slightly overestimated compared
with the data measured with heat flux met&igure40). Overall, the purpose of their optical method was

to evaluate the numerical simulation model which was more reliable and accurate compared with their
previous study48], and the influence of air gap depth ovesall energy performance of PV IGU.
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Figure39 outdoor optical measurement instrumepis] Figured0 Measurement instruments inside the rofi]

Peng et al[33] studied variousimulationmodels developed foralible-skinfagadeand theirthermal and
power performance and simultaneously, took into acdotlie daylighting and dynamic power output
performance of the full syste. Thecontinuous optical measurement waarried out to validate the
various submodels such as $AF and the measured data was compared witleyious outdootests in
Hong Kongj77].

Similarly, Xu et g§b1] conducted an experimental test under outdoor conditions and used optical sensors
to better address environmental impact and weatbenditiors. The test bed was constructed on the roof

6 Sandia PV power model (SAPM) considers several power performance factagiétingrPV system power under
variable irradiance.
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of a building iwWuhan,China(Figure41). The test was conducted for over a yeavatidatethe model for
calculation of optimaPV cell coverage and electricity consumption for different window to wall réties.
purpose of the study was to establish techniques for optimal PV cell coverage ratio determination and
consequently incorporating themto EnergyPlu$or overall energyperformance of the room, including

cooling, heating, and lighting

Figured1 Experimental setup for BIPV module TSET determiftion

Wang et al[48] compared the overall energy performance of PV double skin fagcadeSP)\and PV
insulating glazing units (FPBU) viaasimulation model that was develogpen EnergyPlusBoth PV modules

were aSi withsimilarproperties Long term outdoor optical experiment was also conducted to validate the
simulation results. Figure 40 shows their measurement setup, where they have used three pyranometers
for incident anl transmitted POA irradiance, RTDs and heat flux meters to measure the temperature and
thermal performance respectively. With their optical instruments, they verified the results gained from
simulation, concluding that the performance ofll®W and PNDSFare 28.4% and 30%, respectively, better

than regular insulating glazing units.
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Figure42 schematic diagram of the measurement setup by Wang et al in a comparative study between two different glazing
systemg48]
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This outdoor opticabxperimentwas conductedor about 7 monthsn the south side of the site office
building in Hong Konffigure43), and the performance comparison of the-BSF and RMGU was
performed in January (mostly sunny in Hong Kong). The purpose of the outdoor optical test was to validate
the developed simulatiomodel andcalculate theTf SEBnd UValues of the PIDSF and RMGU.The TSET

was approximately measured using Equationsl@raviously described2.2.2 Solar Heat Gain Coefficient
(SHGC)n their TSET optical experiment was only conducted when the solar irradianbighesthan

200 Wk to minimize the calculation error.

Figure43 Test bed onhie south facing facade in Hong KongilierP\A\DSF and the PN&U various performance compari$4a.

Overallreviewedliterature presentsvariousoptical measurement methods in an outdoor experimental

test setup. However, none of the reviewed methods were developed to measure accurate TSET of BIPV
windows. Equipment and testbeds were mostly conducted to compare energy performanoeptéxco
fenestration systems like Photovoltaic window double skin fagade with ventilation, that highly rely on
outdoor test conditions.

2.3.3 Numerical modelling

An indepth thermal study of BIPV windoves)d several numerical models for TSET determination are
proposed. These models aekinginto account the energy balance between and across IGU |&jgusg
44).
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Figure44 energy balance for BIPV double glaz2ty

There are different numerical models for TSET calculation, sim#iélahd more complek78] models

which have been provenreliable for regular windows, however experimental measurement is
recommended for complex fenestration systefirluding BIPV windowgj6]. A simplified numerical

model that assumes homogenous properf@seach surface is presented below, inspired by ISO 15099.
Energy transfer within a double glazing BIPV window is modeled in EQ®tdB3? where can be applied

to any type of multglazed BIPV window configuration, analogously. In this numerical modédirecton

heat conduction is assumed, and since the glass panes including the BIPV glass are thin enough, the model
ignores any thermalapacity. Furthermore, distribution of solar irradiance absorbed is equally distributed
within each pane, including the BIPV module.

For energy transfer between the outermost surfaae Gurfacel) and the outdoor environment and the
surface2 of BIPV mdow:

O 0 .
O- Yoy oy 2 Sy oy oy (29)
q Go
BIPV window between surfa@eand surface3:
- O 0 - -
VAR I_ ) ) Y QY Ty (30)
q co p P - P -
BIPV window between surfaBeandsurface4:
.- O .
; Yoy ooy oy 0y oy oy 1)
p P - p - q
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Theenergy exchange betweeahe innemostsurface(i.e., surface4) and indoorcan be calculated with
following equation:

W Y |TO _ 'Y O - 0 Y Y (32
where
O (0 7& ): SolaiPOAIrradiance
0 HO (®74& ): Thermal radiation incident on window outer surfaces
0 (W): The output of BIPV window under NIPP
Y hiY  (@7& 0): Thermal transmittance of the PV module and thermal transmittance of inner
glass respectively
. [5.6703-188 w7a Q]: StefarBoltzmann constant
“Y(K): Average temperature of each surface (i=1 outermost surface and i=4 innermost surface)
"Y ATY (K): Indoor and outdoor air temperatyre
“Y(K): BIPV window cell temperature the outermost surface temperature (T¢ = T1)
- isEmissivity of each surface
"Q  (W/m"2K): Convective heat transfer combined with-garsductive heat transfezoefficient of
the sealectavity, and
"Q RIQ(W/m”2K): Indoor and outdoor air film convective heat transfer coefficient respectively

Beanas and Machadid8] presented a more complex numerical model accounting for the thermal capacity

of each window layer and any inhomogeneous properties such as opaque and transparent parts of the BIPV
module. The model was validatgerforming fieldmeasurement on aase study. The model also
accounted forthe spectral sensitity of the PV layer. The relative spectral distribution of the solar radiation

in the model is given by the following equation:

0 ] 33
— - Yl ——Q01 (83)

Finally, Fung and Yajp] evaluated the TSET of a BIPV window using thetBersparent Photovoltaic
Module Heat Gain (SPVHG) model. They studied the impacts of different parameters and found that the
design parameter thdtas the biggest impact on TSET for BIPV windows is the area of solar cells and/or the

transparency of the active layer. Their model was also validated by using an indoor calorimeter and a solar
simulator.
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2.4 Summary

With population rise, rapid growth@f 20 f o0dzZAf RAy3a Ff22NJ I NBIF | yR NA:
architecture styles, the impact of the optical and thermal characteristics of glazing on annual energy
consumption for buildings become prominent in every climate. As Bditdeégratd PhotovoltaicEIPV)

windows are expected to become more popular, especially in office building applications, the can assist

with climate change mitigation through the generation of onsite sustainable solar energy. These windows

not only let in light wié moderating unwanted solar gains but also generate electricity from the sun.

BIPV windows are commonly categorized under two main categories of i) spaced silicon cells and ii) thin
film modules. Spaced silicon cells are comprised of opaque crystéittiore cglls that partly obstruct the

view. On the other hand, thin film modules am@mprisedof transparent layer deposited onto glass,
allowing for a clearer view. The properties of BIPV window depend on several factors, including the
embedded solar ceiéchnology, transparency, PV cell coverage, and the window assembly configuration.
Achieving the right balance between daylighting, thermal performance, and electricity generation is
essential to maximize the benefits of BIPV technologies.

Total solar enggy transmittance (TSET) of BIPV windows plays a crucial role in determining their impact on
0KS o0dzAf RAy3aQa SySNH& LISNF2NXIyOSs SyadaNAy3a GKS N
electricity generation is achieved. Measuring TSET f&f BifRdows is a challenge especially when
electricity production is considered, as part of the energy that is converted into the electricity.

Currently, TSET for regular windows is typically calculated using established methods like LBNL Window
simulation software, or for more complex glazing configurations, it is experimentally measured, as
simulation software has limitatisnn such cases. Similarly, when it comes to BIPV windows, simulation
software does not take into account the electricity productmt hence the need to develop a specialized
experimental method to accurately assess their overall energy performance and balance becomes
apparent.

TSET of regular windows is currently measured thermally with calorimetric hot box and a solar simulator.
INLARS GKS OFf2NAYSGSNE GAYR22N) 0dzAft RAy3dé O2yRAGAZ
G2dzi R22NJ O2yRAGA2Yy&aé I NB SYdzZ F iSR® ¢KA&a OFf2NARAYSE:
state condition. The amount of energy usedqt& SLJ G KS GAYR22NJ SYGANRYYSyié
TSET.

However, existing standard methods often fall short when it comes to BIPV windows because they rely on
indoor tests with normal angle of incidence and fixed conditions, which may not fulynador the
dynamic interplay between energy generation and thermal performance ol applications.

Researchers have investigated the reduction of the TSET in BIPV windows in relation to PV cell coverage,
transparency, angle of incidence, amansient outdoor test conditionsThe literature on BIPV window

shows the need to develop a measurement method that considers the dependencies of the on angle of
incident, spectral properties of the solar irradiance and the boundary conditions on TSET.

Devebping a reliable experimental test for determining TSET of BIPV window, using outdoor and optical
measurement has not been investigated in literatuhe.Chapter 3, a new methodology that is angle
dependent and fits well into new generation of active windechnologies like BIPV is proposed. In this

47



first effort, the theoretical background and methodology are presented, including a critical review of
existing procedures for the determination of the TSET. The challenges and limitations associated to

experimental procedure and effectiveness of the proposed methodology are discussedlinageers.
Discussion
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Chapter 3Methodology

This section introduces a new experimental methodology for the determination of the total solar energy
transmittance (TSET) of BIPV windows. Umkisting calorimetric standards, the proposed method
employs optical measurements instead of thermal measurements.

The methodology is versatile and can be applied in both outdoor and indoor testing facilities. Although
specifically designed for BIPV windowt has the potential to be utilized for other window technologies,
such as coated, reflective, and electrochromic windows.

The proposed methodology consists of three distinct steps: 1)BIPV windalgoaeterization, 2) Test
setup, and 3) Experimentdétermination of TSET. Determining TSET of BIPV windows under Maximum
Power Point (MPP) operatiaacounts for thapart of the absorbed solar radiatitimat becomes electricity

and not just heat.

3.1 BIPV Window Rfeharacterization

Prior to the experimatal determination of TSET, mechanical, thermal, and electrical characteristics of the
module should be measured, calculated, and reported. The following section describes the steps that
proceed the experimental determination of TSET for BIPV windowedéf@ | O K& INN®D G SNAT I G A
Note that some of these values are used as inputs in the calculations associated to the determination of
TSET.

3.1.1 Mechanical Characteristics

The pe-characterization is performed for the IGU, excluding window framefdllbaiing mechanical
characteristics of the BIPV window should be reported:

- Integrated photovoltaic technology (e.g., CdTe, mBh@Si)

- Dimensions: width, height and thicknedsarea exposed to the sun (framelegs)mm)
- Packing factor, when applidabPF (%)

- Weight, W (kg)

- Number of panes, including the outermost laminated PV glass layer

- Type of junction box

- Description of each IGU layer, including composition of gas cavity, when available

C2NJ Iy SEFYLX SS 4SS G¢KS2NBGAOIE {(GdzR&é¢ dzy RSNJ / K|
3.1.2 Thermal Characteristics

The following thermal characteristics of the BIPV window should be reported:

- Steady state thermal transmittance;vidlue (W/n3K)
- Innermost and outermost surface emissivii{%o)
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The steady state thermal transmittance of the BM@ow can be determined using one of the following
standard procedures, under open ciré{®dC):

- The guarded hot plate method based on ISO 1(29[lor ASTM C17[B0]
- The heat flow meter method according to ISO 10B23 orASTM C208B1]
- The calculation method, following the 1SO 1033

Note that the boundary conditions under steady state standard testing conditions may differ from the ones
under the proposed TSET procedure, effectivelyltiaglin a different Wralue. For more information on
K2g G2 GFLO1tS GKAa OKIf SIS AyRSEI ¢ K2 NNSQdH nzy 2 7F

As temperature differences and ambient conditions affect the measured thermal transmittance, it is
necessary to provide relikbinformation about the boundary conditions during measurements. The heat
flux meter (HFM) method can also be implemented, following the ISO 162P3ro experimentally
measure the steadgtate thermal transmittance wita HFM, longterm tests should be implemented in
locaions with less regular climatic conditions (dagations with irregular or fluctuating climate conditions
such ascold climates where it is hard to have the steady outdoor temperature). The measurement
frequency can be set to 20 seconds to providesrable accuracy and track small effects. Furthermore,
the temperature sensors should be attached at least 25 cm away from the edges to prevent thé edge
glass temperature differend82].

In order to calculate the longwave radiation heat exchange between the BIPV window and the surrounding
environment, the emissivity of theriermost and outermost surfaces can be measured with the calibrated
emissometer complying with ASTM C13B183] standard. The emissometer is calibrated prior to each
measurement using a reference specimen of known surface emissivity. To get a reliable emissivity
measurement of the innermost and outermost IGU surfaces, at least fiva&iragasnt locations for each
surface are recommended as shownFigure45. The final surface emissivity for each surface is the
statistical average value of the five (or more) measurements.

e

Figure45 Minimum recommended measurements to deli@e surface emissivity values for innermost and outermost surfaces of
the BIPV window.

7 State with no electricity production

50



3.1.3 Electrical Characteristics

The following electrical characteristics of the BIPV window should be measured and reported under
Standard Test ConditionSTCirradiance of 1000 WA , air mass of 1.5, and module temperature of 25
°Q, as described under IEC 6184,
f a2RdzZ S St SOGNAROIE SFFAOASyOezZ ' &30
Maximum power at MPP (W)
Voltage at MPRp (V)
Current at MPPO (A)
Open Circuivoltagew (V)
Short Circuit Current® (A)
T t26SNJ GSYLISNI GdzNB O2STFFAOASY Gz | G:rKYD

=A =4 =4 4 =4

When applicable, the electrical and TSET characterization should take place after the window is
light-soaked. Lighinduced degradation (LID) is a phenomenat tlepletes efficiency or causes a power

drop in the solar modules when exposed to light. E.g., CdTe photovoltaic technologies should be
light-soaked in compliance with the light induced stabilization procedures under IECZ[BE]5to0

ensure stable performance upon exposure to light during testing.

CdTe based PV degradation rate is higher under OC compared to MPP cdB@itidmansient effects on
thin film module performance over periods of hundreds of hbakge been observed by Gostein and Dunn
[87].

3.2 Test Setup

This section gives an overview of the most important aspects to be considered for the mounting of the BIPV
window, as well as how to install and configure any optiealsurement systems. The descriptions below
primarily address outdoor TSET testing of a BIPV window. However, these practices can also apply to indoor
testing with a continuous solar simulator. The methodology involves installing the BIPV window for
charaderization and a nojphotovoltaic "Reference window" with a known standard TEigUiré46).
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Figure46 Schematic of the Retarce (left) and BIPV (right) window, and test instrumentation.

3.2.1 Window preparation and Installation

Prior to any steps, the BIPV window and Reference window must be carefully inspected under an
illumination of no less than 1000 lux to ensure thatr¢hare no cracks, bubbles, delamination, internal
condensation or any evidence of visual def@#4s.

For optimal measurements, the BIPV window and Reference window should be installed on the same
facade of an outdoor facility, fagj nearsouth (i.e., South £ 45assuming a location on the northern
hemisphere). The two windows should be installed at least 0.8 m above the tmadntkxt to each other.

The mounting location should be selected to ensure no shading during testingspéelhe use of a
thermally broken stick curtain wall system is recommended. The use of pressure plates that are fastened
to the outside of the mullions to retain the IGUs in place, allow easy mounting and dismounting of the test
specimensKigure47). The mullions should cast minimal shading on the BIPV window while enabling wire
management without compromising the continuity of the control layees, (water, air, vapor and
thermaly®. The indoor room surfaces should minimize solar reflecmsbe maintained at spatially
uniform and steadstate conditions

The BIPV window requires to be connected to an electric load operating magénum power point
(MPP). Monitoring of the performance with an IV tracker can ensure that the window operates at peak
efficiency and possibly detect any failed or malfunctioning components or shiiginge46).

The Reference window should be a clear dogtdeed insulated unit of known TSET that does not
incorporate any angulaselective films or coatings.

8 The height of 0.8 is chosen to simulate #&atld conditions where most windows are typically installed at certain
height above the groundh addition,influence othe ground reflections reducedaind the risk of window obstructions
by people or objects passing by the area is minimized.

9 Note that the photovoltaic layer dimensiosisould beless than the frameless IGU dimensions to allow mounting
while minimizing shading effects due to window frame.
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LEGEND

1. SEMI TRANSPARENT BIPV

2. INNER GLASS WITH LOW-E

3. MULLION

4. TRANSOM

5.SOLARCELLS

6. SETTING BLOCK TO SUPPORT
WEIGHT OF GLASS

7.THERMAL BREAK

8. PRESSURE PLATE WITH BOLT
AND SNAP-ON MULLION COVER
9.CABLES

10. EDGE JUNCTION BOX

Figured7 Pressure plates fastened to the outside of the mullions, retaining the IGUs in place.

3.2.2 Equipment Selection and Setup

A series of actinometers is deployed to perform quick (i.e., in the order of minutes) and reliable
measurements that can be used to detene the TSET of a BIPV windAs/discussed earlier, a Reference
window is used to correct the optical measurements for the termination of the TSET of the BIPV window.
Care must be taken that all outdoor instruments do not shade the BIPV and Referelmesaduring the

test periods.

Pyranometers

As shown inFigure46, three pyranometers, one pyrheliometer, an IR camera and several RTDs are
deployal to perform the window characterization. An outdoor pyranometer is installed at the height of
window centroidnormal to the windowto capture thdotal solar irradiance to the plara-array O ).

A second pyranometer should be instaliedoors, behind the BIPV window, facing outwandsmal to

the windowto measurehe transmitted solar irradiance incident to the plaofearray for the BIPV window

(© ). The distance between the indoor pyranometer and the BIPV window deperthe specimen
technology (e.g., Si;%i, thin film, CdTe, etc.) and should represent the overall performance of the IGU.
E.g., For a CdImsed window, due to homogenous nature of the PV film, the pyranometer behind the
windowshould bewithin less han 2@mmfrom the innermost window surface.

Similarly, a third pyranometer should be installed indoors, behind the Reference window, facing putwards
normal to the windowto measurehe transmitted solar irradiance to the plan&array for the Referaze
window @ ).

Pyrheliometer

An outdoor pyrheliometer is used to measure direct normal irradid@ce)t is recommended that the
pyrheliometer is installed on a sun tracker to constantly face normal to thé88linThe directsolar
irradiance incident to the plaref-array(O ) can be determined by EquatiBd. [88]:
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moord BHO %R (39)

where AOI refers to the solar angle of incidence.

Weather Station

A weather station located in proximity to the testing site should monitor the following climatic conditions:

9 Outdoor dry bulb temperature measured at approximately 1.5 m above @@
1 Wind speed measured at 10 m above grouindY(

Infrared Camera

An IR camera should be installed indodasjng the window, to measure the average indoor surface
temperatures for the BIPV ddv i) and Reference window gk j). Similarly, an IR camera should be
installed outdoor, facing the window, to measure the average indoor surface temperatures for the BIPV
(Teipv_og @and Reference windowrgk oy

The distance between the camera and the window surface depends on thicgtieas of the device

where cameras with wider field view can be installed further away to capture the surface temperatures for
both BIPV and Reference window. The IR cameras should be oriented so to minimize thermal reflections.
RTD surface sensorsdae used to achieve a measurement accuracy of +2°C or 2% of the meastfrement
(whichever is larger).

RTD Sensors

Solarshielded RTDs can be installed on the surface of the window frames to measure surface temperatures
that can be used to calibrate thed&mera surface window measurements. The RTD surface sensors should
not obstruct the view of any actinometers and should not cast shadow on the windows. In addition, the
indoor average temperature should be measured, accounting for both air and surfgueratumes ().

As indicated in ISO 19467 Anng8%, the surface temperature should be measured preferably at nine
locations on the internal and external sides and at least 25 cm away from the window frame. The RTD
sensorarebetter ableto eliminate thempactsof casting shadow on the active layer p#rBIPV window

as much as possiblEigure48).

The RTD sensors used for measuring surface temperature can be used to calibrate the IR camera.
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Figure48 schematic illustration of RTD sensors placement, to prevent edgelofv temperature difference. Note : the sensors
are thin to prevent shadow casting and are statwnto scale in the illustration.

Data Acquisition System

A data acquisition system should be connected to actinometers and RTDs and collect sgdchroniz
measurements. The frequency of the measurements is recommended to be 20 seconds or more to meet
AyaliNHzySyidaQ NBaLRyasS GAYS IyR NBRdzOS GNIXyaaSyid
planes, or small cloud movement.

Table9 summarizes the instruments placement and the frequency of the measurements neegled.
49 schematically shows the location, and direction of each instrufent

Figure49 Instruments setup location and orientation. Note that instrument installation must not obstruct BIPV window surface
from direct or diffuse light.

1 The accuracgnd uncertaintyof the instruments are indicated iffablel7
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Table9 Summary of the location, direction and frequency of measurements taken of all instruments.

Instrument Setup Direction Measurement Measurement Frequency 0 Measurement period
locations input location measurements
Pyranometer,  Outdoors Facing window B-oa At height of At 20 seconds interva Average out to 5 min
Spectrally  Fla outwards, along window centroid or longer based o
Class A with the window RS@PAOSQa
normal response time
Indoors  Facing window Qgipy_sl 20 cm away fron
outwards, alon¢ Qrer sol the window
with the window
normal.
Pyrheliometer, outside  Normal to 'O At height of 1.5 n At 20 seconds interva Average out to 5 min
Spectrally  Fla sunrays (i.e. from the ground or longer based o
Class A installed on sur RS@PAOSQa
D tracker) response time
IRcameras Outdoors Facing window Tgipy oyt At height of 1.5 n At 20 seconds interva Average out to 5 min
inwards Trer _Out from the ground
- Indoors ~ Facing window Tgjpy in
outwards Trer _in
RTDs Outdoors N/A TSPy out Window  frame At 20 seconds interva Average out to 5 min
TSREF out surface of BIP
. Indoors TS - ar_1d Referenct
IPV_in window
TSer in
Tin
Weather Station Outdoors N/A Tout 15 m above At 5 seconds intervals Average out to 5 min
ground
(I[[[D oY 10 m above
ground

3.3 Experimental Determination of TSET

3.3.1 Test conditions and period

In order to achieve repeatable angproducible results, the experiment is recommended to be conducted
on a sunny day with limited cloud cover and under solar angle of incidence (AOI) of no more than 60
degrees. Thedgashould not vary more than 50 W#rar 5% (whichever is smaller) durig ttest period.

The indoor and outdoor air and surface (i.e., window, frame and indoor surfaces) temperatures should be
constant with a variation of less than°€2during the test period.

The test period should be for 5 minutes. The measurement frequiencihe various equipment is
presented under. The statistical average and standard deviation should be calculated for all measurement
inputs as follows:

Statistical average for input X (Equati&:
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Standard deviation for inpx (Equatior36):

(36)

pes ”_
=

3.3.2 Determination of the TSET for the BIPV window

The perceived TSET for the BIPV window under the specific test conditions is calculated as follows:

L L..
yf pqliiskee b -
Fl k=
where0 ~is measured by indoor pyranometer and tﬂaels calculated as follows:
L. | ]
|rf§§f§f t" - |h|.:n:)-|| I E o 'I|§§3§§- (38)

Similarly, theperceived TSET for the Reference window under the specific test conditions is calculated as
follows:

L L.
J g I pavew IF 4 g (39)
'|| '” |ﬁ'|,f=1 ——
Where
If?§§5§5=| SR ':GOJILI Fee JI (40

The equipment responsible for measuring the variables in the above equations is detailed in the following
table (Table10):
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Tablel0Measured variables arabrrespondingquipment.

Parameter Description of Measured Variable Unit Equipment
Fycpye n Direct and diffuse solar irradiance 0 76 Indoor pyranometer
transmitted through BIPV window (facing theBIPV
window)
|F=| Fave ® Direct and diffuse transmitted solar o Ta Indoor pyranometer
irradiance through reference window (facing the REF
window)
T k= Solar global irradiance w T& Outdoor pyranometer

(mounted outside on
the facade plane)

A Emissivity of the innermost surface of % Emissometer
the BIPV window

] | & |+;‘~rﬁ{|4 g4 - Average indoor surface temperatures f 0 IR camera
the BIPV and REF window

Note: the accuracy and measurement intervals of the equipment is further discussaelin.

Note that he perceived TSET for both the BIPV and reference window are under a specific AOI, solar
spectrum and specifi@atio of direct to diffuse irradianceThe placement of the sensasshown in the
following schemati¢Figure50), withthe corresponding measured ddtalicated

Instrument symbol measured factor

Pyranometer (x2) A Eron

Spectrally Flat Class A
Pyrheliometer E
=Direct
Spectrally Flat Class A
IR camera (x2) . Taipws Tree

Resistance Temperature

Tseipy Ioker
Detector (RTD) sensors

Weather Station

'H'E

Figure50 The location of sensors, and corresponding measured data
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3.3.3 Measurement result correction using the Reference window

The perceived TSET for both the BIPV and Reference windoWeO('Y and "Y"Y'O Y, respectivelyare
under a specific AOI, solar spectrum and ditedtiffuse irradiance ratio.

The corrected directy"Y'O "Y can be calculated for any AOI using the following empirical equation:

For double glazed IGU with no angular selective properties

g pr ke Hmbo) § gl yofom F L fom b L fomp L Mo Lg @D

where”Y'Y'O "Yrefers to known normal direct TSET of the Reference windma the coefficients
are:

W prtap
Pg @p T

TS TT TT W

S

TBLITp Q@

O O I O

PEITTT WP

Note that the empirical coefficients of tHgjuation 41 were statistically developed using polynomial
regression analysis witf0 double glazed IGUs of known angular TSET properties as (Refs to
Appendi¥, generated using LBNL Window 7.8. The TSET prediction error f808©4 was estimated to
be less than 5% for a double glazed IGU with no angular selective properties.
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Chapter4. Discussion

This section discusses the challenges, solutimak limitations of the limitations of the experimental
determination of the TSET of BIPV windows using optical measurements. A CdTe based BIPV window is
used as an example to discuss the methodology in further details. The following section provides a
theoretical example of the proposed methodology applied, followed by a discussion on challenges,
limitations and potential steps to overcome them.

It is important to note that the study aims to provide the theoretical foundation for the TSET optical
characteization of TSET, using i) fundamental principles of heat transfer and ii) existing literature. However,
the proposed solutions to foreseen challenges need to be evaluated and potentially modifies through an
experimental study. IEA PVPS Task 15 aims ta&yaind fine tune this proposed methodology through

an international experimental rouAtbin and provide input to the development of a new international
TSET standard applicable to BIPV windows and other window technologies.

The main key steps of the prased methodology are i) module prharacterization ii) TSET test setup,

and iii) experimental determination of TSET. Prior to the experimental determination of TSET, mechanical,
thermal, and electrical characteristics of the tested module are eitherurezdsr calculated. The optical
measurement equipment is mounted and installed as discussed in Chapter3, subsequently the experiment
is conducted and the TSET is calculated based on the gathered data.

For correcting the result, a reference window with WnoTSET is used aad empirical equation is
developed to adjust the values accordingly. The fourth order empirical equation (Equation 41.) is
statistically developed to take into account the specific AOI, solar spectrum andalétise irradiance

ratio. Seventydifferent double glazed IGUs with knoamgular TSET properties are generated as inputs
using LBNL Window 7.Bigure51, Note: the inputéd IGUs can be find ilsppendiy, to generate the
correction equations. Subsequently, the error has been estimated to be less t(ibatiéhl) for a double

glazed IGU with no angular selective properties, anckAQdeg.

o# 1 MName: InputlGU1

# Layers: 2 Tilt: a0 ° 1G Height: 1000.00 mm

-

Environmental

condit MFRC 100-2010 W G ichth: 1000.00 mm
onditions

Comment

COrwerall thickness: 24.400 mm Maode: # [_Itodel Deflection 1 2

1D Mame tode Thick, Flip
Glazz 1 33 3814 Optiwhitet. lof 3 a8 O
San N PP —— 127 -
Gilass 2 113 115 ipre_7037_23215Ck25118_6. # i 5.8 1 [

Figure51input IGU generated using LBNL Window to develop correction coefficient.
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Tablell Root Mean Square Error (RMSE) asduRred of the generated polynomial regression model

a b c d e
Polynomial coeffients -1.03199E -1.2666E 9.09516E -0.00166 1.00491
08 06 05
Standard error values forth 2.02288E 3.67102E 2.14121E 0.00044 0.00251
coefficients 09 07 05
Coefficient of determinatior 0.996
Standard error for the TSET estim: 0.022

4.1 Limitations

As discusseith theliterature review, the experimental determination of TSET under outdoor environment
has the following intrinsic limitations.

4.1.1. Weather Dependence

Measurements are influenced by weather conditions, including cloud cover and tiag, gfotentially
limiting test availability. To reduce error associatgith weather variability, it is recommended that all
outdoor measurements are conducted under the following conditions:

Tablel2 Proposed experimental conditidresed on literature.

Global horizontal irradiance X pWm? o

Temporal variation of global irradiance to t XX 50 W/n? or X 5%

planeof-array (f| | (whichever is smaller),
during the test period

Solar angle of incidence (AOI) < 60°

Cloudcover X Hp: 00f SIEN

Outdoor dry bulb air temperature +2°C during the test period

4.1.2 Solar Spectrum Variability

Solar spectrum has daily and seasaralations,but it canalso vary between locations of different
geographic latitude and elevati. To correct the outdoor measurements to standard condition
measurements (i.e., 1.5 Air Mag#®)STM G17@0]) the Sandia or CREST empirical methods can be used,
as desched under Marion (201(91]. Both methods should be tested and evaluated for effectiveness
prior to use. Alternatively, measurements carcbreducted indoors, under a continuous solar simulator of
a standard spectrum.

4.1.3 Angular Dependance

Considering that the TSET measurements take place outdoors, the AOI is expected to be different than
normal. In section

61



3.3.3 Measurement result correction using the Reference windowempirical equation is provided to
correct the TSET measured under AOI < 60° to any AOI, including normal (pelgretodibe window).

The following section describes the derivation of the empirical equation (32) for double glazed IGU with no
angular selective properties. Similar equations can be developed and used for a triple or higher glazed IGU.

Step 1Generated Data Using LBNL Window 7.8, the angular variation of TSET for sevéi@) doable
glazed IGUs were simulatéd; Y'O5Y0 "QAll IGU models were developed using the following conditions:

Two layers of glass

12.7 mm cavity, mix 5% air ans9® Argon

A lowemissivity coating in surfaéeor-3

1 No use of angular selective properties (e.g., films or coatings)

= =4 =4

Step 2: Data Normalizatio@onsidering that the angular TSET of each IGU can vastly differ due to the
optical characteristics of eaclags layer, the generated data was normalized as follows:

“YYO'Y 6 6 'O —, where’Y'YO'Y @ pandY'YO'Y w' T

Step 3: Polynomial Regression Analysisig the normalized data as input, an empirical EgHation was
developed using polynomial{érder) regression analysis:
"Y'YO5Y) 'O "YYOity 00D 0 'O 0B 0 'O 0D § 'O QB U "0q

where”Y"Y'O "Yrefers to known normal direct TSET of the Reference window, and the coefficients are
(Tablel3):

W prdap T
® pR@pm
TS TT TT W

&
Q TP QO
Q p8imttT WP

Note that the empirical coefficients of the Equation 41 were statistically developed using polynomial
regression analysis with 70 double glazed IGUs of known angular TSET properties as inputs (Refer to
Appendiy, generated using LBNL Window 7.8. The TSET prediction error §808@¢ was estimated to

be less than 5% for a double glazed IGU with no angular selective properties.
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Tablel3 Generated empirical coefficients of the Equation 41 using polynomial regression analysis with 70 double glaz
known angular TSET properties as inputs.

a b c d e
Polynomial coeffients -1.03199E -1.2666E  9.09516E -0.00166 1.00491
08 06 05
Standard error values forth 2.02288E 3.67102E 2.14121E 0.00044 0.00251
coefficients 09 07 05
Coefficient of determinatior 0.996
Standard error for the TSET estim: 0.022

4.2 Measurement of indoor ara@utdoor combined

Literature has indicated that measuring combined indoor and outdoor window film coefficients accurately
may require a combination of various methods (e.g., surface heat flux measuretinemntsl imaging,
comparative analysis using a reference specimen), careful experimental design, and data analysis to
account for the complex interactions involved. Prior to TSET testing, it is essential to experimentally
investigate and evaluated the effaeness of the applied methods, document all experimental conditions
and sources of potential error to ensure the validity of the experimental results.

4 3 Window installation

Prior to outdoor experimental tests, The BIPV window should be visually eddamnidefectsor damage,
and preconditioned to two cycles of light and dark exposure efOP4hours eacli86]. The pre
conditioning allows the BIPV window to achieve some level of stabilization before performing the test.

The edges dfhe BIPV frameless window should allow for the unit to be mounted into a window frame
while avoiding any shading effedi&gure52).

---..| Shading
effect

Figure52 Schematic of BIPV window installation without overhangs or shading effect on CdTe active area
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BIPV window and the reference window should be installed to prevent air and water leakage, while
minimizing the thermal effectd the mounting frame. ASTM E2112 covers the installation process required

for BIPV and reference window in new and existing constru@jnA gasket should be applied on the

FNI YSE Saa Y2Rdz SQa SR3ASaA G2 @iind with gtandall pradicé $oNJ | Y R
installation of exterior window.

4 4 Theoretical Characterization of a CdTe BIPV Window

For this theoretical study, a BIPV Gbased double IGU is assum@ijure53). The proposed steps are
common across BIPV technologies (e.g.,-Si, €I1GS) and IGUs (e.g., double, triple), unless otherwise
specified. The following properties should be measured/simulated andeds specified und€hapter

3. Methodology

& CdTe module

&———— 12.7mm Argon/air mix

e low-e coating

Figure53Schematic of BIPV CdTe double glazed window

4.4.1 Mechanical Data Report

The BIPV window has dimensions of 1000 mm by 1000 mm and total thickness of 25 mm. -The semi
transparent photovoltaic technology used is Cadmium Telluride (CdTe) thin film. The outer pane-is a semi
transparent CdTe laminated glass miedthat consists of (outside to inside): 4 mm glass substrate with a
transparent conducting oxide (TCO) which acts as a front contact for the CdTe thin film, the CdTe active
layers, the back contact, the PVB laminate, and a 4 mm back sheet glass #us pinetactive layers from
damage and deterioration. The inner pane of the IGU is a 6 mm glass witkemiksivity coating on

64



surface3. Between the outer and inner glass, there is a 12.7 mm sealed cavity with mixture of 5% air and
95% Argon. The BIP\éahnanical data is summarizedTiablel4.

Tablel4 Mechanical Data of CdTe BIPV window

BIPV Window Specification Data

Photovoltaic Technology CdTe

Dimensions (excl. frame) 1000 mm x 1000 mm x 25 mm

Weight ~25 kg

Outer BIPV module 4 mm / 4 mm laminated; heat strengthene:
safety glass *

Inner glass pane 6 mm, clear glass with legvcoating

Sealed Cavity 12.7 mm, mix 5% ailand 95% Argon
thermally broken spacers

Junction box Edge with T4 connectors

4.4.2 Thermal Data Report

Further, the thermal transmittance of the BIPV window should be determined and reported. In this
theoretical study, the detailed calculation method is used through LBNL WINDOW?7.8 software, following
the ISO 1029237]. Note that WINDOW?7.8 calculates the thermal transmittance of a window assembly
under steady state ahdard testing conditions. However, thevilue does vary based on outdoor and
indoor conditions (e.g., ambient temperature, wind).

Tablel5 Thermal characteristics of the CdTe BIPV window

BIPV Window Specification Data
Steady statéhermal transmittance, Yalue 1.603 W/mK
Emissivity, outermost surface 84%
Emissivity, innermost surface 84%

4.4.3 Electrical Data Report

Before running the test, the electrical characterization of BIPV window should be reported undab&TC.
16 summarizes the electrical characteristics of the CdTe based laminated window.

Tablel6 Electrical characteristics of the CdTe BIPV window.

BIPV Window Specification Data
a2zRdzZ S STFAOASYOe:s11.8%
Maximum Power Output, Pmax 117.8 Wdc
Voltage at MPP, Vmp 70.1 Vdc
Current at MPP, Imp 1.7 Adc
Open Circuit Voltage, Voc 88.1 vdc
Short Circuit Current, Isc 1.8 Adc

¢ SYLISNI GdzZNBE 02 ST T A-0.311%/K at MPP
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(Figure54).
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Figure54 1V curve of the BIPV window

4.5 Uncertainty and Error Report

To illustrate the range of typical uncertainty for the proposed methodology using optical measurements,

the accuracy and uncertainty of equipment should be reporfethle 17 provides an example from

A4St SOGSR AyailiNHzySydaQ YIFydzFl OGdzZNENJ AaLISOAFTAOI GAZY
For optical equipment like pyranometer the performance is correlated to i) temperature, ii) level of
irradiance, and iii) angle of incidence. Ovgfalla high quality pyranometer the WM@B] expects up to

3% uncecrtainty for the total hourly radiation, and 2% daily.
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Tablel7 The accuracy and uncertainty of thediequipment.

. Setup locations . . Measured
instrument orientatior
Parameter
Along witt
Qutside thewindow 'O
Class
normal
Pyranometer
0
Inside Fgcmg 0
window
0
Pyrheliomete Eacmg Yo
. (installed
outside
on sur o
tracker)
RTD
YQ&
(More YQ&
accurate) Inside andutside
Or “YQa 1
thermocouple
IR camera :
inside Facing f
window
the
measurem
. NA
Emissomete| ent from
Take 5 spot f(
S surfacel -
both inside an
; and
outside
surface4
of window

45.1 Equipment Calibration

¢KS AyaidNdzySyia

dzaA SR Ay

Instrumentuncertainty

Accuracy Accuracy Notes

Tilt response <1%

%0 (W= Temperature respon: CMP 6/ CMA 6 fro
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0S5

As a new methodology, it is hecessary that the quality and accuracy of the result undergo some uncertainty
and error evaluation/assessment. Reliability of the procedure andtsdbereforeneedto be assessed.

The uncertainty of the result of this optical measurement may reflect the uncertainty of sensors which can

be adjusted with correction factor. ISO/IEC Guid8 @§8esents uncertainty in measurement (GUM) and
accepted proedure for characterizing the quality of a measurement.
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Chapters. Conclusions and Future Steps

The global need to combat climate change has brought building sector and its need for significant reduction
in energy consumption into focus. Achieving -r&0 energy building performance requires a
comprehensive approach, including energy conservation measures, improved building systems efficiency,
and onsite renewable energy generation. Building Integrated Photovoltaic (BIPV) window plays a crucial
role inthis transition, as they generate renewable electricity while also reducing solar heat gains and
enhancing visual and thermal comfort.

This thesis introduces a novel experimental methodology for determining the total solar energy
transmittance (TSET) aff® windows using outdoor measurements, addressing the limitations of existing
indoor calorimetric methds. By employing optical measurements under-waald conditions, this
methodologyaims to offer moraccurate faster,andpractical approach to TSEFting. It is adaptable for

various window technologies and is particularly suitable for BIPV windows. The proposed methodology also
considers the angular dependency of TSET, providing a more comprehensive assessment of window
performance.

The main diffeznce between the proposed new methodology and current calorimetric measurement is
the use of optical measurements instead of thermal measurem#hisle the calorimetric method
requires controlled and steady state condition, the optical measurement simply can be applieactumaler
solar spectrum for different AOI and undealboundary conditions.

The main key steps of the proposed methodology areogube precharacterization ii) TSET test setup,

and iii) experimental determination of TSET. Prior to the experimental determination of TSET, mechanical,
thermal, and electrical characteristics of the tested module are either measured or calculatectidaie op
measurement equipment is mounted and installed as discussed in Chapter3, subsequently the experiment
is conducted and the TSET is calculated based on the gathered data.

The experimental setup uses pyranometers (for solar transmittance measuremgntg)jometer (for

direct incident measurements), several Resistance Temperature Detector (RTD) sensors and infrared
cameras (for surface temperature measurements), allowing the determination of TSET (and its angular
dependency) based on a series of intaaeous outdoor measurements under sunny conditions that could
result to reliable and repeatable TS&&asurementsFor the case of BIPV windows, a load at maximum
power point (MPP) is connected to the window, allowing the maximum fraction of the abswilaed

energy to beextracted anctonverted into electricity.

Anew approach is proposed for the conversion of measured TSET to TSET under tetstrwbenditions,
using a reference window of known TSET.

An empirical equation is developed to adjust thalues accordingly. The fourth ordpolynomial
(empirica) equationwasstatistically developed to take into account the specific AOI, solar spectrum and
directto-diffuse irradiance ratioSeventydouble glazed 1GUs with knovamgular TSET properties are
generated as inputs using LBNL Window 7.8, to generatentipiricalequation and the error has been
estimated to be less than 5% for a double glazed IGU with no angular selective properties <&G@ta@!|
(The method is not applicable to products vatigular selective coatings and AQrethan 60 degrees,
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since the hemispherical transmittance value has larger discrepancies for the larger angle of incidence,
namely 60°).

Furthermore, the methodology implication is not limited to BIPV windows, andecapptied for TSET
determination of coated, reflective, and electrochromic windows, under test conditeymndstandard
test condition ST{irradiance of 1000 W¥ , air mass of 1.5, and module temperature of 26 °C

While this research presents a thetical foundation for the TSET optical characterization of BIPV windows,
further experimental validation and refinement are essential steps into future contribution.

Overall, the research presented in this thesis lays a strong foundation for advancasgelksement of
Building Integrated Photovoltaic (BIPV) windows and other advanced window technologies. To further
enhance the impact and applicability of this research, several future steps and areas of development can
be considered:

1- Simulation of the $ET optical measurement:

Tools such as EnergyPlus, Ladybug, and Honeybee can be used to model the proposed optical
measurement, where the simulated outcomes can be used to compare and validate the measured
results.

2- Experimental Validatioof the ProposedMethodology

As mentioned, experimental validation is crucial to confirm the effectiveness and accuracy of the
proposed methodology. Conducting a series of-neald experiments with various types of BIPV
windows &d also regulawindows will help refine the methodology and ensure its robustness.

3 - Collaboration with international standardizatiand research organizations

Thelnternational Electrotechnical Commission (IEC) or the American Society for Testing and Materials
(ASTM), can facilitate the development of standardized testing procedures for TSET measurement
using optical method<Collaboration with international resedr associations like IEA Task 15 helps
exchange knowledge and refine the methodology.

4 ¢ Applicability beyond BIPV windows

This methodology has the potential to be investigated for fenestration systems other than BIPV
windows, and in different test setfor example in a calorimetric box). Complex fenestration systems
like electrochromic windows can be used to investigate the optical method in TSET determination.

5- Efficiency analysis

This methodology can be conducted to evaluated actual total solagyet@nsmittance in a faster

and more realistic test. Energy analysis from gathered results can be conducted and the environmental
benefits of BIPV windows can be assessed in future research.

By pursuing these future steps and areas of development, ggsureh can play a pivotal role in advancing
the adoption of BIPV windows and other eneefficient building technologies, ultimately contributing to
a more sustainable and environmentally friendly built environment.
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Appendix

In order to correct the masured TSET, reference window with equivalent characteristics of BIPV window
is assumed and the coefficients are generated using LBNL Window?7.8.

SHGC for different angle of incidence generated with LBNL Window is shown in the following diagram for
few geneated reference windowslablel8).

Tablel8 SHGC of reference windows as a function of AOI, calculated by LBNL Window

IGU Layers TSET(AOI)
Outer

glass  Inner Glass
NFRC# NFRC# 0 10 20 30 40 50 60 70 80 90 Hemis
9814 7115F 0.437 0.44 0.44 0.437 0.43 0.415 0.382 0.309 0.172 0 0.39
11510 7115F 0.436 0.439 0.439 0436 0428 0413 0.381 0.308 0.171 0 0.388
21514 7115F 0.433 0.436 0.436 0433 0.425 0.41 0.377 0.305 0.17 0 0.385
11503 7115F 0.427 0.43 0.43 0.427 0419 0404 0.371 0.3 0.166 0 0.38
12266 7115F 0.424 0.428 0.427 0.424 0416 0401 0.369 0.298 0.164 0 0.377
2020 7115F 041 0413 0412 0409 0.401 0.385 0.353 0.284 0.156 0 0.362
3191 7115F 0.253 0.254 0.251 0.246 0.238 0.224 0.202 0.161 0.09 0.001 0.214
2258 7115F 0.156 0.158 0.156 0.154 0.151 0.145 0.133 0.108 0.064 0 0.137
25532 7115F 0.146 0.148 0.147 0.144 0.141 0.136 0.124 0.1 0.058 0 0.128
8815 7115F 0.138 0.139 0.138 0.137 0.134 0.129 0.119 0.098 0.059 0 0.112
18810 7115F 0.127 0.128 0.127 0.126 0.123 0.119 0.11 0.092 0.056 0 0.113
14709 3303F 0.724 0.724 0.721 0.715 0.703 0.675 0.609 0.47 0.243 0 0.628
3073 3303F 0.675 0.675 0.671 0.665 0.653 0.626 0.564 0.436 0.226 0.001 0.583
2020 3303F 0.672 0.671 0.667 0.661 0.647 0.62 0.557 0.429 0.22 0 0.578
9874 3303F 0.464 0.463 0.458 045 0.436 0413 0.368 0.284 0.149 0 0.389
14127 20712F 0.376 0.379 0.374 0.368 0.361 0.345 0.309 0.237 0.127 0 0.322
3068 11580 0.585 0.585 0.582 0.578 0.569 0.547 0.496 0.387 0.203 0.001 0.51
401 11580 0.393 0.393 0.389 0.382 0.371 0.351 0.313 0.242 0.126 0 0.331
20946 11580 0.38 0.383 0.378 0.372 0.364 0.348 0.311 0.238 0.126 0 0.325
5067 11580 0.414 0.413 0.408 0.401 0.389 0.367 0.326 0.25 0.128 0 0.346
4340 11580 0.648 0.649 0.647 0.644 0.635 0.614 0.559 0.439 0.235 0 0.571
120 11580 0.588 0.588 0.586 0.581 0.572 0.549 0.497 0.387 0.202 0 0.512
9994 11580 0.288 0.29 0.286 0.282 0.276 0.265 0.239 0.185 0.101 0 0.248
18177 11580 0.304 0.306 0.303 0.298 0.292 0.279 0.251 0.194 0.105 0 0.261
5004 11580 0.645 0.645 0.643 0.639 0.631 0.609 0.555 0.435 0.233 0 0.567
9816 11580 0.641 0.641 0.639 0.636 0.627 0.606 0.551 0.432 0.231 0 0.564

70



3005
2988
5434
5385
3116
5316
6229
5284
6046
6261
3114
5439
6298
5393
2047
9834
9874
9884
21523
21523
21547
28176
1624
1646
13536
5071
2179
5052
14145
14145
28000
9814
5466
5481
14186
5004
5004
17605

9924
9924
5012
5012
5012
5012
5004
103
103
103
103
103
103
103
103
19546F
19546F
19546F
19546F
20966
20966
20966
10503
10503
10503
14346
14346
21485
21485
9726F
9726F
1682F
9721
9721
19552F
19552F
19554F
19554F

0.765
0.656
0.268
0.225
0.213
0.155
0.382
0.387
0.375
0.282
0.278
0.269
0.247
0.246
0.241
0.257

0.34
0.277
0.435
0.378
0.358
0.371
0.307
0.235
0.388
0.424
0.196
0.329
0.348
0.421
0.758
0.346
0.216
0.228
0.475
0.502
0.424
0.407

0.765
0.656

0.27
0.227
0.215
0.157
0.385
0.389
0.377
0.284

0.28
0.271
0.249
0.247
0.242
0.258
0.341
0.278
0.438

0.38

0.36
0.374
0.309
0.237

0.39
0.427
0.199

0.33
0.352
0.426
0.764
0.349
0.217

0.23
0.478
0.506
0.427

0.41

0.763
0.652
0.267
0.225
0.213
0.155

0.38
0.385
0.373
0.281
0.277
0.268
0.246
0.245

0.24
0.255
0.339
0.275
0.438

0.38
0.359
0.373
0.305
0.234
0.386
0.427
0.197
0.326
0.348
0.422
0.763
0.349
0.215
0.227
0.476
0.505
0.427

0.41

0.759
0.646
0.263
0.222
0.21
0.154
0.374
0.379
0.367
0.277
0.273
0.264
0.243
0.241
0.237
0.249
0.335
0.27
0.435
0.378
0.356
0.371
0.3
0.23
0.38
0.424
0.194
0.318
0.342
0.414
0.757
0.347
0.211
0.224
0.472
0.502
0.424
0.407

0.749
0.633
0.257
0.217
0.205
0.151
0.366

0.37
0.359

0.27
0.267
0.258
0.237
0.236
0.231

0.24
0.325
0.261
0.427
0.371
0.349
0.364
0.294
0.225
0.372
0.417

0.19
0.305
0.333
0.403
0.742
0.341
0.206
0.219
0.464
0.494
0.417
0.399

0.722
0.606
0.245
0.208
0.197
0.145
0.349
0.353
0.342
0.258
0.255
0.246
0.227
0.226
0.221
0.226

0.31
0.247
0.412
0.357
0.336

0.35

0.28
0.215
0.355
0.402
0.182
0.286
0.318
0.384
0.714

0.33
0.197

0.21
0.449
0.477
0.402
0.385

0.655
0.545
0.218
0.187
0.178
0.133

0.31
0.314
0.305

0.23
0.228
0.219
0.204
0.203
0.199
0.203
0.281
0.223
0.379
0.329
0.307
0.321
0.249
0.192
0.317
0.371
0.165
0.255
0.287
0.345
0.652
0.305
0.178

0.19
0.411
0.441
0.371
0.354

0.51
0.421
0.166
0.146

0.14
0.107
0.234
0.239
0.232
0.175
0.176
0.167
0.158
0.158
0.155
0.161
0.223
0.177
0.306
0.265
0.247
0.259
0.189
0.146
0.242

0.3
0.132
0.199
0.223
0.268
0.517

0.25
0.138

0.15
0.329
0.359

0.3
0.286

0.269
0.216
0.086
0.081
0.077
0.062

0.12
0.124
0.121
0.091
0.094
0.087
0.085
0.085
0.084
0.088

0.12
0.096
0.169
0.147
0.135
0.143
0.098
0.076
0.127
0.168
0.075
0.106
0.122
0.144
0.276
0.142
0.076
0.084
0.184
0.202
0.168
0.158

O O O O O O O O O O O O o o o o o o

0.001
0.001

0.001

O O O O O O O O O O o o o o o o

0.671
0.565
0.229
0.195
0.185
0.137
0.325

0.33

0.32
0.241
0.238

0.23
0.212
0.212
0.207
0.216
0.293
0.235
0.387
0.336
0.316

0.32
0.261
0.201
0.332
0.378
0.171
0.273
0.299
0.362
0.669

0.31
0.185
0.197

0.42
0.448
0.378
0.362

71




17605
17726
5004
5004
5004
5005

3308F
3308F
3308F
11571
5368F
5368F

0.693 0.693 0.689 0.683 0.671 0.643 0.58 0.447 0.23
0.234 0.236 0.233 0.23 0.225 0.216 0.195 0.153 0.085
0.773 0.773 0.771 0.767 0.756 0.729 0.66 0.512 0.268
0.636 0.641 0.64 0.635 0.624 0.601 0.551 0.442 0.241
0.467 0.47 0.47 0.468 0.46 0.443 0.409 0.33 0.183
0.465 0.468 0.468 0.466 0.458 0.441 0.407 0.328 0.182

O O O o o o

0.599
0.203
0.677
0.564
0.416
0.414

35

30

25

20

15

10

1.2

0.8

0.6

0.4

0.2

Frequency Distribution of TSET

[0,0.2) [0.2,0.4) [0.4,0.6) [0.6,0.8) [0.8,1.0]

Figure55 Frequency distribution of TSET for 70 inputted IGUs
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Figure56 TSET trendline of 70 inputted IGUs as a function of AOI
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Surface film coefficients in different standards:

For the purpose of comparing glazinggdlues, 1ISO 10292 specifies surface film coefficients of indoor and
outdoor surface film coefficients for @nd 23w & Qrespectively. However, EN 6F®], which is a
standard based on 1SO 10237, uses slightly different surface film coefficients ( hi=6.#& "Qand
ho=25m Ta Q.

The following table, comprehensively shows different surface film coefficients useddtreltalculation
from different standards:

Exterior Interior (@7 | Notes
(¥ Q |a Q
NFRC 100 26.0
- Interior Aluminum Frame 3.29
- Interior Thermally Broken Frame 3.00
- Interior Thermally Improved Frame 3.12
- Interior Wood/ Vinyl frame (Fram 2.44
and edge of glass simulations)
ISO 10072 25 7.7
ISO 15099 20 3.6
EN 673 25 7.7
(Center of glass simulation)
ISO 10292 23 8
(Center of glass simulation)
Passive House Institute Window Certificat| 25 7.7
Criteria

Unlike most standards that do not consider different surface film fordilation, ISO 15099 specifies surface film
O2STFTFAOASYy (& 2F Hodp YR yon F2NIAYGSNAZ2NI I yR SEGSNR2NI |
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