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Abstract

Modelling, Design and Experimental Study
of Semi-Transparent Photovoltaic Windows
for Commercial Building Applications

Konstantinos Kapsis, PhD candidate
Concordia University, 2016

As the building sector is moving to net-zero energy building performance targets and
beyond, the use of building integrated solar systems becomes essential. Semi-transparent
photovoltaic (STPV) window technologies are expected to play a key role in on-site electricity
generation of new and retrofitted high-performance commercial and institutional buildings. In
most commercial and high-rise residential buildings where reducing the costs of cooling energy
1s important, STPV windows can be used as integrated strategy to reduce solar heat gains and
generate solar electricity while still providing adequate daylight and view to the outdoors.

The research presented on this thesis 1s based on the conviction that window technologies
should be considered as an integral part of a broad strategy of energy-conserving,
energy-efficient building design. The main objective of this work is to provide a systematic study
of STPV windows through experimental work and simulations that will allow these
technologies to become ubiquitous on buildings in the near future. The end goal 1s to
transform buildings from energy consumers to energy producers without compromising on
occupancy comfort. Hence, all performance characteristics (e.g., electrical, thermal and
daylighting) should be studied and quantified individually and in combination in order to
capture the impact such technologies have on the building energy performance and occupancy
comfort.

In this work, design concepts of windows integrating STPV technologies are developed,
modelled and studied in typical perimeter zones. The thermal and electrical performance of
four crystalline Si-based prototype STPV windows was studied experimentally. Specially
designed prototypes were mounted 1n a calibrated hot-box calorimeter apparatus developed for
this study. The apparatus is placed mside a two-storey high environmental chamber with a solar
simulator (SSEC) and exposed to emulated sunlight produced by a continuous solar simulator.
The SSEC facility allows tests to be performed under fully controlled and repeatable conditions
(temperature and irradiance). Operating cell temperatures of up to 80.5°C were observed
under 1000 W/m’ irradiation, still air and ambient air temperature of 21°C. An experimental
procedure for the determination of Solar Heat Gain Coefhicient (SHGC) for STPV windows 1s
also developed. It was found that the electricity generation from the STPV windows can result
m up to 23% reduction of SHGC in comparison to a heat-absorbing (e.g., tinted or fritted glass)

window with the same optical and thermal properties. In addition, the performance data
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generated was used to verify thermal-clectrical performance models for the prediction of cell
operating temperatures and solar energy yield.

Low-order thermal models for various STPV window assemblies were developed. Using
typical meteorological weather data as mputs, the thermal models could predict the operating
cell temperatures of an assembly (e.g., double glazed low-e¢ argon window with integrated
photovoltaics) within £ 5°C, resulting in less than £3% error in the annual solar energy yield. A
general simulation methodology was developed integrating thermal, electrical and daylighting
performance modelling. The methodology was applied to evaluate the potential benefits of
various STPV facade designs i cooling-domimated commercial building applications under
continental climate. The simulations revealed that the selection of the ideal STPV optical
properties 1s sensitive on the daylight and lighting controls applied in the building, and
photovoltaic cell technology utilized (crystalline Si-based spaced cells, a-Si “see-through” and
fully transparent organic thin film technologies were examined). In regards to design of a
building facade, it was shown that the three-section design concept mtegrating Si-based spaced
PV cells on the upper section of the facade (daylight section) and “see-through” thin PV film on
the middle section (view section) has the potential to maximize daylight utilization and view to
the outdoors while minimizing the possibility for glare to occur and producing an optimal

amount of solar electricity.
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“Profound ideas are always obvious once they are understood”.

Donald A. Normal, 1958

" The design of everyday things: Revised and expanded edition: Basic books, 2013.
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Abriviations

AM air mass

a-S1 amorphous Silicon

BPS building performance simulation
cDA continuous daylight autonomy
CFD computational fluid dynamics
COP coefficient of performance

DGP daylight glare probability

DSC dye-Sensitized solar cells

EVA ethylene-vinyl acetate

HVAC heating, ventilating and air conditioning
IGU msulated glazing unit

IR mfrared

LED light-emitting diode

LPD lighting power density

mono-Si monocrystalline Silicon

MPPT maximum power point tracking
Ue-St micro-crystalline Silicon

ne-Si nano-crystalline Silicon

NIR near-infrared

(0) %Y organic photovoltaic

poly-Si polycrystalline Silicon

PV photovoltaic

PVB polyvinyl butyral

PVDF polyvinylidene fluoride

PVF polyvinyl fluoride

RTD resistance temperature detector
sDA spatial daylight autonomy
SHGC solar heat gain coefficient

SSEC solar simulator and environmental chamber
STC standard testing conditions
STPV semi-transparent photovoltaic
STPV/T semi-transparent photovoltaic/thermal
TCO transparent conductive oxide
uv ultra-violet

WWR window-to-wall ratio
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Nomenclature

Symbols

a empirically-determined coefficient governing the upper temperature limit under
low wind speeds and high solar irradiance

A surface area (m’)

b empirically-determined coefficient governing the rate at which the back-surface
temperature drops with the rise of the wind speed

C correction factor

GCo specific heat [J/(kg'K)]

L energy (J)

f packing factor

h convective film coefficient [W/(m* K)]

1 current (A)

L diode saturation current (A)

L shunt current ()

k slope of the line [(m*K)/W]

m mass flow rate (Kg/s)

N {raction of absorbed solar energy reemitted

i usual ideality factor (V)

N, number of cells in series

P power (W)

Q energy rate (W)

qe electron charge (1.60218-10" C)

R resistance ()

Ra shunt resistance ()

S incident solar irradiance (W/m?)

SHGC solar heat gain coefficient

T temperature (K)

t tme (s)

U thermal conductance [W/(m* K]

\Y% voltage (V)

WS wind speed measured at standard 10-m height (m/s)

Greek Symbols

emissivity

wavelength (um)

solar angle of incidence (°)

Stefan-Boltzmann constant [5.6703-10° W/(m* K")]
absorbance

o ideality factor (V)

n conversion efficiency

2 g © > ™
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Greek Symbols (contd)

u temperature coeflicient (%/°K)
p reflectance

G variance

T transmittance

Subscripts

abs absorber plate

b back-surface

cav window sealed cavity

cell covered with PV cells

cond through conduction

D diode

el electrical

enc not covered with PV cells

f front-surface

gap cavity between window and interior shading device
guard gruard box

1,k index

m mdoor

L light

lkg leakage

mask mask wall

meas under test conditions

mp under MPPT

net net energy flow

0 exterior

oc open circuit

out outdoor

pla plate

rel under reference conditions
S In series

sc short circuit

sh shade

sol solar heat gains

st under standard test conditions
th thermal

vis visible
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Chapter 1
Introduction

1.1 Introduction

There 1s currently a major transformation taking place m the building sector. Energy
conservation and energy efficiency measures are becoming an integral part of the building
design and operation through national building codes, roadmaps and building rating systems.
‘While moving toward energy-positive, carbon-neutral building performance targets, the use of
on-site energy generation becomes compulsory (IEA-PVPS, 2015). Solar photovoltaic
technologies are expected to play an important role in achieving these goals (Rekinger et al.,
2014). More specifically, building integrated photovoltaic (BIPV) technologies are expected to
be the main technology to generate on-site electricity in high performance buildings since 1t can
be utilized to wirtually cover any building surfaces that have access to direct sunlight.
Commercial, institutional and high-rise residential buildings (commercial building installation
costs can be up to 20% less expensive than residential due to larger scale installations) will be
the niche market (Drachman and Adamson, 2012).

On the other hand, international architectural trends are moving toward highly glazed
envelopes due to the fact that daylight and view to the outdoors has to some extent a positive
effect on occupants’ health, well-being and productivity (Farley and Veitch, 2001; Veitch and
Galasiu, 2012). In addition, the presence of windows or skylights on buildings may have a
positive effect on retailing (Heschong et al., 2002). Nonetheless, glazing typically has lower
thermal resistance than opaque wall or roof constructions and can cause unwanted solar gains -
particularly in cooling-dominated climates and/or buildings that have high internal gains. This
creates an opportunity for BIPV technologies such as semi-transparent photovoltaic (STPV)
windows to emerge in the marketplace (Figure 1.1).

In most commercial and high-rise residential buildings, where reducing the costs of cooling
energy expenditures 1s important, an integrated strategy to control the transmission of solar
radiation needs to be adopted. Rather than having reflective, tinted or fritted windows to reduce
solar transmission (Figure 1.2), STPV windows may be used to reduce solar heat gains and
generate solar electricity while still providing adequate daylight and view to the outdoors (Bahay
et al., 2008; James et al., 2009; Qiu et al., 2009; Vartiainen, 2001). The term STPV windows 1s
used here to cover a broad range of PV technologies, from semi-transparent Si-based PV
windows to translucent thin films such as a-Si/uc-Si (Klein et al., 2012; Sai et al., 2014), to fully
transparent organic PV (Krebs, 2009; L1 et al., 2012) and perovskites (Eperon et al., 2014
Snaith, 2013).
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Figure 1.1 Existing semi-transparent photovoltaic window installations utilizing various PV technologies.

If designed and implemented properly, the use of STPV technologies may contribute to the
climate-resiliency of the building or building cluster through distributed and localized energy
generation and consumption. It may also eliminate grid transmission losses and reduce the
need for specifically devoted land for solar energy generation (e.g. solar farms) by being an
mtegral part of the building skin (Gaiddon et al., 2009; Temby et al., 2014).

1.2 Problem statement

Semi-transparent photovoltaics are new disruptive technologies that are being slowly
mtroduced n the building industry and they are expected to be a major technology to generate
on-site electricity in new and retrofit high performance buildings (Drachman and Adamson,
2012). STPV windows need to meet but are not limited to all expected functions of windows
(the following functions are in no particular order as they are all essential to the relhiability and
performance of the technology):

e  Maintain occupancy comfort (thermal, visual and acoustic) and view to the outdoors;

e Deliver high thermal performance (e.g. low U-values and regulate solar gains to
minimize building energy expenditures);

e Meet technical requirements such as structural, weather proofing and condensation
resistance;

e Provide durability (they should perform at least 20-30 years), fire protection and
blast resistance;

e (Generate solar electricity.
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Figure 1.2 Sankey diagrams for solar energy transmission, reflection, absorption and electricity

conversion for a STPV window (left), a reflective window (centre) and fritted window (right) under

NFRC 100-2010 conditions (NFRC, 2014a). All windows have an average solar transmittance of 209%.



It 1s mmportant that balance 1s attained between all functions by obtaining occupancy
comfort, and minimizing energy and maintenance expenditures. In some cases, the aforesaid
functions might compete with each other. e.g. lowering the optical transmittance of a STPV
window integrated on a cooling-dominated building facade will result m an increase in solar
electricity yield, reduction of solar gains, and also reduction of daylight availability (De Boer
and van Helden, 2001; Miyazaki et al., 2005). Insufficient daylight leads to increased electric
lighting energy consumption and possibly increased building cooling costs through sensible
heat. In return, an increase in electric lighting might diminish any savings on cooling costs
mitially achieved due to reduced solar gains.

A deeper understanding of STPV technologies will allow the PV and window industry to
provide the necessary materials and designs for high performance STPV windows. When solar
radiation strikes a window surface, it 1s partly reflected (p), partly transmitted (1) and partly

absorbed (a):
p(A,0) +T(A,0) + X, 0) =1 (1.1)

where A 1s the wavelength and 0 the solar angle of incidence. In the case of a STPV window, a
fraction of the energy absorbed 1s converted to solar electricity while the rest becomes thermal

energy:

a0, Typpy) = N ct(h0)+ N, oL, 0) +1, (1,0, Ty py) (1.2)

out

where Tswv 1s the operating cell temperature, Nou 1s the fraction of absorbed solar energy

reemitted outwards, Ni 1s the fraction reemitted mwards and nais the fraction of incident solar
radiation that 1s absorbed and converted to solar electricity also known as electrical conversion
efficiency. It 1s apparent that the electrical efficiency of a STPV window 1s strongly linked to its
optical and thermal properties. The solar gains and daylight that comes through the window 1s
also dependant on the optical and thermal properties of the window. Thus, balance should to
be attained between electrical efficiency and solar and thermal transmittance of a STPV
window 1n order to achieve a visually and thermally comfortable indoor environment while

minimizing building energy expenditures (in the form of cooling, heating and electric lighting).
g g gy €xp g g g g

1.3. Thesis scope

The research presented on this thesis i1s based on the conviction that STPV window
technologies (and BIPV in general) should be considered as an integral part of a broad strategy
of energy-conserving, energy-efficient building design. The end goal 1s to transform buildings
from energy consumers to energy producers without compromising on occupancy comfort.
This cannot be achieved by studying STPV alone. All performance characteristics (e.g.
electrical, thermal, dayhghting and others) of the STPV windows should be studied and



quantified idividually and in combination in order to capture the impact such technologies
have on the building energy performance and occupancy comfort.

This thesis provides a systematic study of STPV windows through experimental work and
simulations by addressing the following emerging issues that will allow STPV windows to
become a ubiquitous building technology in the near future:

e the mimpact the various window design parameters have on the temperature profile and

solar energy yield of STPV windows;

e the potential benefits of emerging STPV window technologies such as thin film Si,
organic PV and perovskites;

e a general design methodology that could be easily followed by architects and engineers
for the selection of ideal STPV window properties specific to climate, facade
configuration and building typology;

o the development of low-order, easy-to-use and reliable thermal models for the
prediction of cell operating temperatures that can be used to assess the solar energy
yield of a STPV window systems during preliminary design stage;

o the development of an experimental standard test procedure suited to determine the
solar heat gain coefficient and U-value of STPV windows based on existing PV and

window test standards.

While the conducted research focuses on crystalline Si-based STPV windows for
commercial building applications, the findings can be extended to emerging thin film
technologies and other building typologies. We are hoping that through this effort, we will
provide the reader with new insights and a better understanding of STPV window technologies

and their impact on built environment.

1.4 Thesis overview

This thesis follows the manuscript-based format. Chapter 2 provides a technology overview
on PV and window advancements suited to STPV window applications followed by a
comprehensive literature review on STPV windows performance studies. Chapter 3 presents
an experimental procedure for the determination of SHGC of STPV windows. It is important
that current Solar Calorimetric Standards get updated to address current challenges and
provide guidelines on how to test and characterize disruptive window technologies such as
STPV windows. Chapter 4 takes a closer look on how STPV window assembly affects its cell
operating temperatures. Experimentally-validated low-order thermal models are also
developed. Chapter 5 investigates the potential benefits of STPV windows on the mtegral
(energy, dayhghting and thermal) performance of commercial bulldings through the
development of a building performance simulation methodology, while chapter 6 focuses on
the visual comfort aspects and daylighting performance of various STPV facade configurations.

Finally, chapter 7 summarizes the main contribution of this thesis and research needs.



Chapter 2
Literature Review

2.1 Introduction

This section provides an overview of major STPV technologies and studies on efforts to
optimize the electrical, thermal and daylighting performance of STPV windows for
cooling-dominated commercial building applications. Since there was no standard way on
reporting results among the researchers, there are many instances where they cannot be directly
compared to each other. Often, this inconsistency is due to modelling assumptions specific to
the application studied or particularities to facade design. Furthermore, the studies are

scattered across the globe, introducing a wide variety of climatic conditions.

2.2 Semi-transparent photovoltaic modules

Depending on the manufacturing process followed, STPV modules can be categorized on
(Bizzarri et al., 2011): (1) matrix-based, where opaque PV cells are spaced each other allowing
daylight to pass through the unfilled space between them, (1) process-induced, where part of
the semiconductor substrate 1s removed using laser-etching techniques thus creating voids that
allow daylight to pass through and () mtrinsic-based, utilizing thin film transparent PV
technologies (Figure 2.1).

Matrix-based STPV modules utilize conventional square-like (156 mm x 156 mm)
crystalline S1 PV cells. Other novel technologies utilize spaced micro spherical Si-based cells
(Biancardo et al., 2007), mono-Si shiver cells (Deutsche Gesellshaft fur Sonnenenergie, 2005a)
and concentrating photovoltaics (CPV) using transparent low-concentration prisms (Yamada
et al., 2011). Typical process-induced STPV modules utilize a-Si/uc-Si thin film while intrinsic-

based modules are been developed based on polymer-based, perovskites or a-Si/nc-Si thin

films.

Figure 2.1. Matrix-based STPV windows using: poly-Si opaque spaced PV cells (left), induced-based
“see-through” a-Si/pc-Si thin film (centre) and fully transparent a-Si/ne-Si thin film that can be used on
mtrinsic-based applications (right).
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When it comes to appearance, matrix-based modules provide an interchange between
transmitted light and shadows cast by opaque PV cells. By alternating the spacing between
opaque PV cells, simple (e.g., equally spaced cells) to complex patterns (e.g., treating PV cells
as pixels of an image drawn on the building facade) can be generated (Baum, 2011). When the
opaque PV cells integrated on the STPV window come in the form of strips rather standard PV
cells, they are perceived from the occupants as less obstructive to outdoor view (Markvart et al.,
2012). On the other hand, both process-induced and intrinsic-based modules provide a”see-
through” appearance with nominal or no obstruction to the outdoor view but may affect the
colour rendering properties of the window (Lynn et al., 2012). Finally, emerging thin film
technologies are being developed to harvest the near-infrared or ultraviolet spectrum of the

sunlight and thus maximize transparency and colour neutrality under the visible spectrum
(Betancur et al., 2013; Lunt and Bulowvic, 2011).

2.2.1 PV technologies suited for STPV window applications

Advances m a range of relevant technologies, including the solar cells themselves, have
made STPV an increasingly attractive option for building integration, replacing conventional
windows and skylights. Various PV technologies can be utilized on STPV window applications
with the most common being opaque, spaced crystalline S1 PV cells and o-Si/pc-Si transparent
thin films. Low-cost PV technologies with tuneable transparency and colour as well as
mechanical flexibility are currently under development allowing the functional and architectural
mtegration of PV technologies into the building skin.

Crystalline Silicon (81)-based modules (first generation): Crystalline Si-based PV cells hold
the lion’s share - out 80% of the overall cell production are crystalline silicon cells (IEA-PVPS,
2015). Solar radiation 1s captured and converted into electricity by the PV cells based on the
photovoltaic effect. Commercially available PV modules can convert up to 22% [and 25.6% on
cell efficiency (National Renewable Energy Laboratory, 2016)] of the incident solar radiation
mto electricity while a major portion of the absorbed solar energy is converted into heat
(roughly 30-70%, depending on the optical and thermal properties and PV technology used)
and contributes to increase the temperature of the PV cells. As the PV temperature increases
(primarily, due to increase on irradiance levels and secondarily, due to increase on the ambient
air temperature) the diffusion current on the cells increases, leading to a reduction of the
charges at the edges of the cells. As a result, the open circuit voltage significantly decreases
while the short-circuit current slightly increases, causing an overall reduction of the power
output and thus electrical efficiency of the module (Duffie and Beckman, 2006). In addition, as
the solar radiation incident on the PV module increases, the short circuit current and thus
power output of the module mcreases almost with a linear fashion (Figure 2.2). Since efhiciency
generally decreases as the PV cell operating temperature increases, this overheating is usually
undesirable. Depending on the cell technology, the power of PV modules can be affected at a
rate of as much as 0.55 9%/°C. Less often, the PV cells are bifacial, making use of the secondary

solar radiation that 1s reflected from the indoor space toward the rear side of the STPV window
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Figure 2.2. Current-Voltage curves under various operating cell temperatures with constant incident
solar radiation (left) and under various incident solar radiation levels with constant operating cell
temperature (right).

resulting to marginal increase on the power output of the module (up to 4%, when a highly
reflective surface such as a roller shade is used).

o-Sy/uc-St and a-Sync-Si transparent thin films (second generation): o-S1/11c-Si and o-Si/nc-
Si thin PV films are multi-junction (tandem cells) technologies utilizing a-Si as the front layer
(1.7 eV), and pc-S1 (or nc-S1) absorber layer (1.1 ¢V) deposited as a bottom layer
complimenting the spectral response of the a-S1 and thus increasing the cell efficiency (Green,
2007; Klem et al., 2012), while the frontsheet carries the electrodes (Figure 2.3). Currently,
commercial products have module efficiencies of up to 9% [and 13.6% on cell efficiency
(National Renewable Energy Laboratory, 2016)].

Emerging PV technologies (third generation): Transparent polymer-based (organic) PV
(OPV) and perovskites are emerging thin film technologies, suited for window and skylight
applications due to their tuneable transparency and colour as well as their foil form. Using low-
cost raw materials (e.g., polymers, tin) and low-cost, low-temperature (<120°C) and scalable
processes, they are expected to be a cost-effective, fully recyclable, wvisually attractive
technologies well suited for STPV window applications. Perovskite-based cell efficiencies of up
to 21% (not stabilized) and OPV of up to 11.5% have been reported under laboratory
conditions (National Renewable Energy Laboratory, 2016).

Nevertheless, commercially available products are currently limited by low efficiency (£5%)
and experience quick degradation (£3 years) from exposure to atmospheric conditions and
sunlight (namely UV radiation). Moreover, due to the relatively low temperatures in
manufacturing processes, prolonged operating temperatures above 75°C should be avoided due
to accelerated film degradation and possibly permanent failure. Significant progress therefore
needs to be made before they reach competitive efficiencies (above 5%) and operational
lifetimes (25 years and above) on a commercial scale (Jorgensen et al., 2008; Snaith, 2013).

Despite the various cell architectures, OPV consists of at least five layers (Abdulrazzaq et
al., 2013) (Figure 2.3): (1) a transparent substrate, (1) a front transparent conductive oxide
(T'CO) layer that acts as a transparent anode to the photoactive layer, (i1) an electron-blocking
hole transport layer (HTL) that separates the anode and the photoactive layer as well as
prevents charge trap centres that will result in cell degradation, (iv) the active layer, where

sunlight 1s absorbed, that consists of donor-acceptor interfacing as layer-by-layer or mixed
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Figure 2.3. Conceptual architecture of o-Si/pe-Si (left), organic-based (centre) and perovskite (right)
STPV modules.

together to create a bulk heterojunction (BHJ) with a bandgap as narrow as 1.4eV (Li et al.,
2012), and (v) the cathode layer that acts as an electron collector. Up to 609% transparency on
the visible spectrum has been reported but with significant reduction on conversion efficiency
(£4%) (C. C. Chen et al., 2012).

Initially developed within the field of dye sensitized solar cells (DSSC), perovskites-based
cells share a similar-by-principal architecture with OPV cells (Snaith, 2018). In less than a
decade, research developments resulted to up to 6 times increase on Perovskites conversion
efficiencies (from 3.59 on 2009 to 219 on 2016), the steepest increase between all PV
technologies. With tuneable bandgap (Green et al., 2014), perovskites are ideal for the
development of tandem high efficiency PV devices (Bailie et al., 2014; Liu and Kelly, 2013).

2.2.2 Semi-transparent photovoltaic module assembly

Similar to PV modules, STPV modules consist of at least three layers: (1) the frontsheet, (1)
the STPV and encapsulation layer and (1) the backsheet. STPV modules are most commonly
frameless as they are meant to be integrated into a window, skylight or a curtain wall assembly,
as the outermost layer of the multi-glazed insulating unit (Figure 2.4). However, framed STPV
modules can be found and used on other building integrated applications such as overhangs
and canopies. An extensive review on the performance characteristics of existing
frontsheet/backsheet and encapsulation materials used on PV modules can be found at
Willeke et al.(2013).

STPV module frontsheet: STPV frontsheet should maximize transmission in the spectral
response range of the PV cell or film layer. Typical frontsheet used in commercial STPV
modules 1s low-Fe white glass (also known as solar glass) with a solar transmittance of up to
92%. In order to increase even further the solar transmission, anti-reflective coating or surface
texturing 1s applied, increasing solar transmission by up to 99.49% under AM1.5 (Deubener et
al., 2009). Thickness of a typical solar glass frontsheet 1s 2 mm to 4 mm, always selected to
provide the structural integrity required. Optically smart coatings are under development,
mcreasing the solar radiation captured and converted mto electricity. Down-shifting high energy
photons (UV) through active photon conversion, plasmonic scattering (Gu et al., 2012; Zhao
and Lunt, 2013) or harvesting NIR photons using luminescent solar concentrators (Zhao et al.,

2014) can increase the range of solar spectrum harvesting and thus, increase the conversion



efficiencies. Such coatings can be applied on the frontsheet or directly on the photovoltaic cells.
It should be noted that in the case of thin film technologies, the frontsheet plays the role of the
substrate on the cell architecture.

Encapsulation layer: The encapsulation layer provides the necessary structural stabilization
between frontsheet, PV layer and backsheet, and provides protection against weathering,
humidity and corrosion. Typical encapsulation resins are ethylene vinyl acetate (EVA) mainly
used on glass-backsheet modules and polyvinyl butyral (PVB) used on glass-on-glass modules.
Similar to frontsheet, encapsulant should maximize solar transmission while provide electrical
msulation, long term stability especially on UV-light (Kempe, 2010; Kempe et al., 2007),
maximum adhesion and cross-linking (Jorgensen et al., 2006; Pern and Glick, 2000). A sealant
1s applied on the module’s edges to porevent moisture penetration through cross-linking
mterface that might result to moisture intrusion, delamination and possibly degradation of the
semiconductor device (Sharma and Chandel, 2013).

STPV module backsheet: 1he most common STPV backsheets are about 40 pm polyvinyl
fluoride (PVF), polyvinylidene fluoride (PVDEF) for glass-to-backsheet or 2 mm to 4 mm clear
glass for glass-on-glass modules. In the case of bifacial cells, low-Fe white glass should be used
as backsheet so as to make the most of the secondary (reflected) solar radiation incident on the
rear side of the STPV module. When no STPV cooling strategy 1s applied such as natural or
mechanical ventilated STPV/T system, highly absorptive backsheet (e.g., coloured or tinted)
should be avoided as it results to PV cell overheating. Park et al. (2010) found that when
coloured or tinted glass backsheet was used as a means to aesthetics and reduction of solar heat
gains, the daiy and seasonal electrical performance of the STPV skylights and windows was
reduced when compared to clear glass backsheet. This was due to higher operating PV cell
temperatures driven by the high solar absorbance of the coloured or tinted backsheet. An
immportant observation was that the flash tests under STC were not able to capture these

discrepancies.

STPV module |

I~ |

Sealant

Spacer (e.g. w/break)
Inner glass (e.g. w/low-e)
Sealed cavity (e.g. gas mix)

| Transparent frontsheet

— PV cells or film

'— Encapsulant

'— Transparent backsheet

Figure2.4. Schematic of a double glazed STPV window assembly.



STPV module electronics: On matrix-based STPV modules, led-free ribbons are soldered
between poles while on process-induced or intrinsic-based modules the connections are
monolithic. A junction box located on the edge of the module 1s used to safely run the
electrical supply wires. One positive and one negative polarity wire come out of the junction
box. The wires carry plug-n-play weatherproof connections allowing modules to be connected
on a “daisy chain” manner (Deutsche Gesellshaft fur Sonnenenergie, 2005a). Male and female
connections are used avoiding incorrect connection that might damage the module or the
module array. Commonly, a junction box house bypass diodes to prevent hot spots due to
reverse current caused by total or partial shading (Miki et al., 2012). Fach diode 1s connected
m parallel with half (2-diode module), one third (3-diode module) or one quarter (4-diode

module) of the PV cells of the module, on reserve polarity to the one of the module.

2.2.3 Electrical performance models

Several models have been developed to estimate the electrical performance of PV
systems (k. Skoplaki and Palyvos, 2009). One of the simplest and most widely adapted model
throughout literature is the Evan’s model (Evans, 1981). The model assumes that the power

generation (Pw) of a PV module operating at the maximum power point is linearly dependent

on the cell operating temperature (Tev) and incident solar radiation (S):

PPV = nmf ’ [1 + MP,mp ' (TPV - T [ )] S ) APV (21)

1C]

where nwr and T 1s nominal module efficiency and cell temperature (°C) under reference

conditions, respectively, Arv (m’) is the surface area of the module and pew, is the maximum
power point temperature coefficient (9%/°C).

The maximum power point temperature coefficient 1s specific to every module. It 1s
empirically-determined and 1s most likely provided by the manufacturer. While low-order
electrical performance models are good for a prelimimary analysis, they tend to overestimate
the energy yield (E Skoplaki and Palyvos, 2009). When possible, more advanced electrical
models should be adopted to capture the various effects design parameters (e.g., optical
properties, cell technologies, module configuration) and chmatic conditions (e.g., solar
spectrum, quality of sunlight in terms of direct or diffuse irradiance, air mass) might have on
the performance of STPV windows and PV systems in general. Other more accurate electrical
models mclude the equivalent one-diode model and King’s model.

The equivalent one-diode model (Figure 2.5) 1s typically used to describe the electrical

performance of a cell, module or an array. The model is implemented n several simulation
tools such as PVsyst (Pvsyst.SA, 2014) and EnergyPlus (U.S.DOLE, 2012). Its detailed
description can be found in various textbooks including Duffie and Beckman’s “solar

engineering and thermal processes (Duffie and Beckman, 2006). The module current (I)

equals to the difference between light current I and, the diode current In and shunt current L.
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Figure 2.5. Equivalent circuit for the one-diode model.

It can be expressed as a function of five parameters (the model 1s also known as 5-parameter

model):

I=1, -1, -1, ¥ — 1) (V4 IR /R, ©2.9)

sh

=1, -1

o
where I, 1s the diode saturation current (A), R, 1s the series resistance (€2), Ra 1s the shunt
resistance () and o 1s the ideality factor (V). The shunt resistance expresses the leakage of
current caused by defects, the series resistance expresses the voltage drop due to migration of
charge carriers from the semiconductor to the contacts, and the ideality factor accounts for the
thermal voltage and the various mechanisms accountable for moving carriers across the
junction (Tian et al., 2012).

For given incident solar radiation and operating cell temperature, the five parameters need

to be determined (I, I, R,, Ru, o) in order to calculate the module operating current and

voltage. The power 1s calculated as the product of current I and voltage V:
P, =1V (2.3)

Employing various approaches an implicit solution of eq.(2.2) is possible based on the

mformation available by the module manufacturer’s datasheet as follows (De Soto et al., 2006;
Pvsyst.SA, 2014): (1) the short circuit current I.(V=0), (11) the open circuit voltage Voc(I=0), (i1)
the maximum power point under reference conditions Puy(Lupy,Vup), (v) the temperature
coefficient of the short circuit current pisc=Alse/ATev and (v) the temperature coetficient of the
open circuit voltage uvoc=AVoc/ATev. Table 2.1 provides average temperature coefficients for
various PV module technologies available on the market that can be used when they are not

provided by the manufacturer.
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King’s model (King et al.,, 2004) (also known as Sandia model) 1s a pomnt-value
mathematical model that 1s used to describe the electrical performance of a PV module or an
array considering spectral correction. The model consists of various empirical equations and
coefficients that are derived from experimental testing of the particular PV module. The

coefhicients of existing PV modules are available at the Sandia database and can be used to

-

calculate five key points on the I-V curve (Figure 2.6): [0 , Isc], [Voo/2 , Id, [Vap , L,
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Figure 2.6. Five-key points with respect to the Current-Voltage and Power-Voltage curves.

Table 2.1.Average values for temperature coefficients of maximum power point (Up.umy), short circuit

current (pisc) and open circuit voltage (pv.oc) for cell technologies suited for STPV applications

Crystalline Si-based peap (96/°C) s (%/°C)  pvioc (9%/°C)
mono-Si -0.425 +0.046 -0.323
poly-Si -0.443 +0.054 -0.332
Silicon Heterostructures . o .

(HIT) -0.300 +0.032 -0.030
Bifacial Silicon structures -0.312 +0.060 -0.271
Thin film peop (96/°C) s (9%/°C)  pvioc (9%/°C)
o-Si/pe-Si 0.270 10071 0.270
(micromorph)

Organic-based - . .

(OPV) +0.050 -0.210 -0.270

Note: Data generated based on specification datasheets of (up to) 50 PV
module manufacturers
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2.2.4 Thermal modelling

Besides the complexity or accuracy the various PV electrical performance models might
provide, all have something in common: they require the mcident solar radiation and the cell
operating temperature as mputs. While the mcident solar radiation can be estimated through
meteorological data (Perez et al., 1990), weather satellite data or measured on site (Gueymard
and Wilcox, 2011), the operating cell temperature can be either indirectly measured (e.g. by
thermography or measuring back-surface temperatures) or estimated using PV thermal
modelling. For the case of STPV windows, the cell temperature 1s influenced by the optical,
thermal, electrical and physical properties of the STPV cells/module, the optical and thermal
properties of the STPV window assembly and the prevailing climatic conditions such as air
mass, solar spectrum, solar angle of incidence and wind speed (Dufhie and Beckman, 2006).

When in-depth thermal study 1s required, energy balance equations can be employed
expressing conductive, convective and radiative heat transfer phenomena (Fung and Yang,
2008; Wong et al., 2005). Depending on the model accuracy required, the STPV module layer
can be treated as three layers: “frontsheet” layer, “STPV cell and encapsulant” layer and
“backsheet” layer (Delisle, 2008; Wong et al., 2008). On STPV modules utilizing Si-based
opaque spaced cells, the “STPV cell and encapsulant” layer can be separated mto two parts:
“STPV cells” part and “encapsulant” part (Fung and Yang, 2008). The latter approach could
provide a more accurate estimation of the PV cell operating temperature. Nonetheless,
Robinson (2011) measured the temperature gradient across a double glazed, low-e (surface-3),
poly-S1 STPV window installed in a typical office. Through a year of monitoring data,
temperature gradients of less than 1°C were observed. Similar experimental observations were
made throughout the literature independent of the STPV packing factor, electrical efficiency,
window assembly and size, reinforcing the notion of treating the “STPV cell and encapsulant”
layer as an isothermal surface (Infield et al., 2006; Notton et al., 2005; Yoon et al., 2011).

Depending on the cavity geometry and characteristics (non-vented or ventilated cavity,
1sothermal or anisothermal surfaces), the convective heat transfer coefficients can be
approximated using existing correlations or studied m detail using computational fluid
dynamics (CFD) methods (Gan, 2009; Han et al., 2013, 2010, 2009; Koyunbaba and Yilmaz,
2012). Thermal bridging occurs due to spacer separating the various window layers as well as
due to window frame (Ge and Fazio, 2004; Gustavsen et al., 2007). The edge-of-window might
have significantly higher thermal conductance than the centre-of-window thus frame and spacer
effects should be accounted on the energy balance equations. Depending on the component
complexity, the analysis could be carried out using one-dimensional, two-dimensional of
three-dimensional heat transfer.

However, it has been shown that low-order models can be used to predict the operating
cell temperature (E. Skoplaki and Palyvos, 2009). The simplest model considers the impact
mcident solar radiation and (S) and outdoor ambient air temperature (1.) has on cell

temperature (I'STPV) through a linear correlation (Ross, 1976):

TSTPV =k-S+ To (2.4)

13



where Kk 1s the slope of line (Tsiwv=T.)=k"S, determined through experimental measurements. A
typical value for STPV window is k=0.0455 m’K/W.

King’s model uses an implicit correlation between the measured back-surface temperature
(Th.e) and operating cell temperature (King et al., 2004):

S
Torpy = T + S_ AT (2.5)

ref

where S.r is the reference solar radiation (1000 W/m®) and AT=Tsrv - Tha. For practical
reasons, the back-surface temperature on a STPV window assembly should be the inner
surface of the innermost layer of the insulating glazed unit (e.g. surface-4 on a double-glazed
window unit) rather than the back of the STPV module.

When the back-surface temperature cannot be measured, it can be estimated using the

following empirical model:

Tl)u(‘k = S ’ e“b'WS + T (26)

o

where a 1s an empirically-determined coefficient determining the upper temperature limit
under low wind speeds and high solar rradiance; b 1s an empirically-determined coefficient
determining the rate at which the back-surface temperature drops with the rise of the wind
speed; WS 1s the wind speed measured at standard 10-m height (m/s), available on
meteorological weather data. The empirically-determined coefficients are influenced by the

STPV window assembly and mounting arrangement and location.

2.3 Materials and technologies suited for STPV window
applications

Existing fenestration materials and technologies can be employed on the STPV window
assemblies to enhance their itegral performance. An effort 1s made to present the most
promising ones as well as current challenges mn the application of such materials and

technologies.

2.3.1 Coatings and suspended films

Low-emissivity (low-e) coatings are applied on the glass surfaces facing the window cavities
to reduce radiative heat transfer (Han et al., 2010) and thus reduce the U-value and SHGC of
the window. Low-e coatings can be categorized on hard and soft coatings (Jelle et al., 2012).
Hard coatings are doped metal oxide coatings deposed during glass float line production while
soft coatings are dielectric-metal-dielectric  coatings applied on the glass surface after
manufacturing. As hard coatings are embedded on the glass surface, they are more durable and
they are preferred for applications where window handling or degradation due to outdoor air
exposure (e.g., STPV/T application) might be an issue (Ando and Miyazaki, 2008).

14



Suspended films with low-e properties can be used to replace the in-between glass layers of
a mult-glazed STPV window (Jelle et al.,, 2012; Stamenic and Lubun, 2007) effectively
reducing the overall thickness and weight of the window assembly as well as its U-values (as low
as 0.28 W/m?’/K) and SHGC. Despite the wide use of low-e coatings and suspended films on
windows, their impact on the electrical performance and temperature profile of the STPV
window applications has not been systematically studied.

Self-cleaning film coatings can be adopted and used on the outer surface of the STPV
window (surface-1) to reduce accumulation of debris and possibly snow (Midtdal and Jelle,
2013) and thus increase electricity production. A photocatalytic reaction on the titanium
dioxide (T10.) coating, triggered by UV-radiation, deteriorates the debris that then 1s removed

from rain or atmospheric water vapour.

2.3.2 Cavity gas fills

An additional improvement on the thermal performance of a STPV window can be
achieved by replacing the air in the sealed window cavities with noble gases (Ar, Kr and Xe) or
mixes (e.g., 909 Ar and 10% air) reducing the convective heat transfer and thus the U-value of
a STPV window, without affecting the SHGC (Carmody et al., 2004; Jelle et al., 2012). The
optimal thickness of the cavity varies based on the gas or mix used as well as emissivity of glass

surfaces facing the cavity.

2.3.3 Window spacers and frames

As 1n any other window assembly, the importance of highly insulating window spacers and
frames 1s recognized and special attention needs to be given during design and assembly (Figure
2.7). Spacers and framing systems should allow pressure equalization and thermal movement
of the STPV window layers while minimize thermal bridging (Ge and Fazio, 2004). An
extensive technology and literature review on state-of-the-art window frame systems and spacers
can be found at Gustavsen et al., (2007). When STPV windows are installed, minimal re-
tooling 1s required while an additional capping system 1s used to house the cables and junction

boxes and facilitate maintenance (Roberts and Guariento, 2009; Stamenic and Lubun, 2007).
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Figure 2.7. Schematics of stick (left) and unitized (right) curtain wall systems integrating STPV
windows (Roberts and Guariento, 2009)



2.4 STPV window design and performance studies

For comparative purposes, all existing studies are converted and reported in relation to the
total visible transmittance (t.) of the insulating STPV window unit under normal angle of
mcidence. A wide range of design parameters have been studied through experiments or
simulations (namely optical properties of STPV window, SHGC, U-value and electrical
conversion efficiencies) many of which are strongly linked.

The electrical efficiency of STPV windows 1s mversely proportional to transmittance and
solar heat gain coefficient. As the transmittance of the STPV window increases, less sunlight 1s
captured by the photovoltaic layer and converted to solar electricity and more 1s transmitted
mdoors, increasing the solar gains and daylight within the indoor space.

Independently of the design parameters of the STPV window and the building application
(e.g., window, skylight, canopy), it 1s imperative that the STPV module should be the outermost
glass layer of the window assembly. Delisle (2008) demonstrated through simulations that by
moving the semiconductor layer from outermost glass to the middle glass of a triple glazed
window (both assemblies had a low-e coating on surface-5), electrical generation reduction of
up to 229% was predicted caused mainly by the reduction of transmitted solar radiation to the
PV cells. In addition, operating cell temperatures of up to 16°C higher were anticipated despite
the fact that the cavity between outermost glass and STPV layer was naturally vented to

outdoors to avoid high temperatures.

2.4.1 STPV window orientation

Facade orientation plays a major role on the potential annual STPV power production,
solar heat gains and daylight availability. In general, near equatorial facing facades (e.g., south
facing for northern hemisphere) have the highest annual solar potentials for electricity
generation, depending of the local weather (Figure 2.8). Equatorial facing skylights with a tilt
angle near to the altitude of the building site will maximize the electrical power generation.
Whenever optimal orientation is not possible due to site constrains, the STPV facade
orientation should be maintained preferably anywhere between ESE and WSW (for the
northern hemisphere) while self-shading or shading from adjacent structures should be
minimal. When considering the impact STPV windows have on the bulding energy
performance, it was shown that the selection of the ideal STPV optical properties was
mdependent of the building orientation within this orientation range of SE to SW (Chow et al.,
2007; Miyazaki et al., 2005; Robinson and Athienitis, 2009).
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Figure 2.8. Annual solar energy availability for various North American cities under various tilt
angles (left) and surface orlentations (right). No debris or snow accumulation was taken into account.

2.4.2 Window-to-wall ratio

When it comes to an effective facade design, modestly-sized windows with an integrated
strategy to control the transmission of solar radiation (e.g., fixed or dynamic shades,
electrochromic windows, STPV windows) are the preferred configuration to simultaneously
optimize energy performance and occupancy comfort. Lam, Ge, & Fazio (2016) demonstrated
through a simulation-based sensitivity analysis that WWR 1s the design parameter that has the
most significant impact on achieving net-zero energy performance targets for a typical office.
Facades with more than a 60% window-to-wall ratio (WWR) should be avoided as they tend to
cause visual and thermal discomfort due to excess daylight and solar gains (Dubois and
Flodberg, 2012; Tzempelikos and Athienitis, 2007; Vartiainen, 2001).

A simulation-based parametric study was performed for an office building in Japan
(Miyazaki et al., 2005). The study used an EnergyPlus model calibrated with a reference
building performance data. A shade controlled to block direct sunlight when glare occurred
was used. For a south facing facade, the study found that the selection of 1deal STPV window
optical properties was sensitive to the WWR. For WWR=309%, 409% and 50% the 1deal visible
transmittance of STPV window was found to be 1.=63%, 48% and 32%, respectively.

Olivieri et al. (2014) used COMFEN simulation tool to study the impact of STPV windows
on an office building in Madnd, Spain. For 33%<WWR<66% the 1deal visible transmittance
was found to be 1w=16% to 25% while for WWR<33% and WWR>66% it was found to be

Tw=32% and 109%, respectively. In addition to the energy performance analysis, a glare
assessment was carried out for the various transmittances under CIE clear and overcast sky
conditions (for summer solstice, winter solstice and equinox). During clear sky conditions, the
maximum surface illuminance did not exceed 2000 Ix, for all cases. However, the possibility for
glare to occur during the winter solstice (low solar altitude) was rather high. This was due to the

fact that the study considered no shading devices.
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2.4.3 STPV facade design

An effective building facade design can reduce building operating costs while creating a
pleasant, glare-free, indoor environment (Carmody et al., 2004). The three-section facade
concept 1s one example. The three-section facade consists of: (1) a bottom “spandrel section”
that extends up to workplane height (0.8 m above the floor) and it is opaque as it contributes
little to daylight (Dubois and Flodberg, 2012), (1) a middle “view section” which normally
extends from the workplane to about 2.0m above the floor and it allows a view to the outdoors
(Boyce et al., 2003) and (1) a top “daylight section” that admits daylight deep into the room
and 1t should be designed to protect occupants from direct solar radiation and glare (Galasiu et
al., 2004).

When the three-section facade design mcorporates STPV windows on the “daylight” and
“view” sections, 1t could also turn the building facade mto a solar power plant. A simulation
study was performed for a STPV facade on a typical south-facing office using the Delight
simulation tool (Vartiainen, 2001). Nine curtain wall configurations were simulated based on
the three-section facade concept for five European cities (latitudes from 38°N to 67°N). The

model was experimentally validated (Vartiainen et al., 2000). The study found that a facade
configuration with translucent STPV windows (1..=18.4%) on the “daylight section: and clear

STPV windows (1.w=18.49%) covering part of the “view section” maximized annual daylight
utilization and solar electricity yield, independently of the geographic location. Venetian blinds
were used on the “view section”, controlled to block direct sunlight at all imes, while no blinds
were necessary for the “daylight section” due to diffuse nature of transmitted light through the
translucent STPV windows.

A similar simulation study was performed for five Canadian cities (latitudes from 43°N to
63°N) using a radiosity-based model validated with experimental data (Robinson, 2011). The
study was differentiated by the fact that the “view section” fully incorporated clear glass windows
rather STPV ones. The analysis showed that STPV windows nstalled on the “daylight section”

with 1.=9% to 18% maximized the daylighting and electrical performance of the STPV facade,
idependently of office orientation, geographic location and STPV efficiency.

As a counterexample, a simulation study utilizing Adeline simulation tool suggested that the
optical properties of the STPV window (simulated for 1.=7% to 349%) integrated on the
“daylight section” had little impact on the daylight performance of an office in Madrid, Spain
(De Boer and van Helden, 2001). This 1s possibly due to the fact that the “view section” alone,

mcorporating clear glass windows, provided adequate daylight into the office.

2.4.4 Optical properties of STPV windows

Experimental studies have demonstrated that the colour rendering of STPV windows partly
depends on the PV technology utilized (Lynn et al., 2012). STPV windows integrating a-Si thin
film and crystalline Si-based cells provide colour neutrality and excellent colour rendering. On
the other hand, a-Si/uc-Si and organic STPV currently available in the market, yield red, blue
or green shift in colour.
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In regards to window tint, one-direction colour shift 1s less preferable when compared
either to a two-direction colour shift or colour neutrality (Pineault and Dubois, 2008). Thus,
STPV window technologies that yield one-direction shift should be avoided on facades where
visual comfort and view to the outdoors is of a major importance (e.g., offices, classrooms).
Such STPV technologies can still be exploited as elements on facades, skylights and canopies
where colour neutrality and rendering is not of a major concern (e.g., atria, corridors). Besides
the visual environment, the spectral properties of STPV windows also impact the solar heat
gains (Gueymard and DuPont, 2009) and its electrical performance (Park et al., 2010).

2.4.5 Thermal properties of the STPV windows

The thermal performance of STPV 1s an area that needs urgent attention because it exerts a
significant influence on the durability of the STPV and other window components such as
spacers, sealants and framing. Excessively high temperatures need to be predicted either
through testing and/or simulation. The allowable temperature rise depends on the STPV
technology mmplemented (e.g., organic, Si-based, etc.). Despite the common use of low-¢
coating and suspended films on window assemblies, no systematic study has been made to
mvestigate their impact into the PV cell temperature and power output of a STPV window.
When PV cell overheating 1s of a concern, the window sealed cavity can be replaced with a
ventilated one, turning the facade into an active thermal collector (STPV/T) in addition to the
electricity generation and daylight transmussion (Gaillard et al., 2014a). The absorbed solar
energy that 1s converted into heat 1s recovered either actively, using a fan or pump, or passively
by a heat removal fluid flowing on the rear side of the STPV module. As the fluid circulates
behind the PV cells, it cools down the cells through convection and increasing their electrical
efficiency.

Measurements on Mataro library, in Madrd, Spain, showed STPV cell temperatures of up
to 50°C for a mechanically ventilated double skin STPV facade, while inner glass surface
temperatures of up to 32°C were measured with top to bottom temperature gradient of less
than 1°C (Infield et al., 2006). Gaillard et al. (2014) reported cell temperatures up to 60°C for a
naturally ventilated double skin facade installation in Toulouse, France, with a cell temperature
gradient up to 10°C on the vertical axis. Peng et al. (2013) measured the thermal performance
of double skin STPV facade under various air flow modes (non-ventilated, naturally ventilated
and mechanically ventilated), in Hong Kong, China. It was found that as the nature of the air
flow changed, the U-value increased (3.4, 3.8 and 4.6 W/m”K, respectively), while the SHGC
decreased (0.13, 0.12 and 0.1, respectively). In addition, compared to non-ventilated mode,
naturally ventilated cavity resulted to a reduction of up to 1.5°C PV module temperature while
mechanically ventilated to a reduction of up to 6.3°C. Guardo et al. (2009) investigated a similar
configuration using CFD. The authors concluded that the reduction on SHGC was due to the
mcrease on air mass flow rather than turbulence mixing effects.

When it comes to integration of STPV technologies on insulated glazing units, De Boer
and van Helden (2001) predicted STPV window temperatures of up to 65°C while Wong et al.
(2008) predicted STPV skylight temperatures of up to 75°C. Up to 60°C PV cell operating
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temperatures were measured, with no significant temperature gradient, for a STPV office
mstallation in Yongin, South Korea (Yoon et al., 2011). Delisle (2008) found that U-value had
little impact on the STPV annual electrical performance. The STPV window assemblies were
considered on the “spandrel” section of an office building located in three major Canadian
cities, assuming that the daylight transmitted through it was not significant (maximum possible
packing factor). The simulations (using TRNSYS) revealed that when the STPV module 1s the
outermost glass of the window assembly (a double glazed and triple glazed STPV window were
studied, with low-e coating on surface-3 and surface-5, respectively), the electrical performance
and operating cell temperatures were very similar, while there was a decrease of 6 percentage
points on the annual space heating energy consumption when upgrading from a double glazed
STPV window to a triple glazed one, mainly due to the decrease of the U-value of the STPV
window.

Vats et al. (2012) compared the PV cell operating temperatures of a STPV and a
mechanically ventilated STPV/T system for roof and facade applications. The simulations
showed that the PV cell temperatures on a STPV/T can be up to 5.5°C higher compared to a
STPV depending on the mass flow rate. This was due to the fact that the mnlet air drawn
through the STPV/T facade was from the indoor environment.

2.4.6 Test and characterization of STPV windows

Considering the current advancements on the window industry such as electrochromic
windows, STPV windows or windows incorporating angular selective coatings (Fernandes et al.,
2015; Jelle et al., 2012), Solar Calorimetric Standards should be updated to address current
challenges and provide guidelines on how to test such technologies. Another important
consideration 1s the thermal behaviour of such windows. Excessively high temperatures for
prolonged periods should be predicted and, if possible, avoided. Few studies have addressed
the need for new testing standards for the determination of the SHGC, U-value, and electrical
performance of STPV systems (and building integrated photovoltaic technologies in general).

Figure 2.9. Three main categories of hot box calorimeters for testing advanced fenestration systems:
an outdoor solar fixed (Bloem et al., 2012), an outdoor solar tracking (Harrison and Collins, 1999)
and an indoor calorimeter utilizing a solar simulator at Concordia University.
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Fully controllable conditions, repeatability and the ability to reach and maintain steady-state
conditions are necessary to determine performance parameters such as SHGC and U-value of
advanced fenestration systems. While the use of outdoor solar calorimeters (Figure 2.9)
provide the ability to test window technologies under realistic and dynamic climatic conditions,
repeatability has proved to be challenging due to variation of the outdoor temperature, wind
speed and direction, sky conditions, air mass, solar spectrum and solar angle of incidence
(Marmoski et al., 2012; Pereira and Sharples, 1991). Olvieri et al. (2014; 2013) proposed a
methodology for the optical electrical and thermal characterization of STPV windows utilizing
an outdoor calorimeter. In order to reduce measurement uncertainties due to dynamic
conditions, a comparative analysis with a reference specimen of known properties was
performed, tested side-by-side with the STPV specimen.

Solar tracking calorimeters have been utilized in order to achieve quasi-steady conditions by
maintaining normal incidence. However, it has been shown that the tilt angle of the window
might introduce uncertainties on the surface heat transfer coefficients and possibly distort the
measurements while the view factor of the window-to-ground varies as the tilt angle of the
calorimeter changes (Harrison and Collins, 1999; Tseng and Goswami, 2001). Bloem et al.
(2012) developed an outdoor calorimeter to determine the electrical and thermal output of
STPV/T windows. Free-rack mounted and rear-insulated reference modules were used for a
comparative analysis.

On the other hand, there are efforts to develop an mternational standard (ISO/DIS 19467)
for the determiation of SHGC of conventional and advanced fenestration systems such as
STPV windows, using a solar simulator (ISO, 2015). Indoor calorimetry utilizing a solar
simulator provides the necessary control and test repeatability under steady state or dynamic
conditions. However, solar spectrum mismatch should be taken into account while high
collimation and uniformity are necessary for the test and characterization of STPV windows.
Chen et al. (2012) introduced an indoor calorimetric facility for STPV window testing and
determmation of the SHGC and electrical performance. The facility utilized a continuous
single-lamp solar simulator. In order to achieve high uniformity and light collimation under
variable angle of incidence, the lamp was located 10 m away from the specimen while a

correction factor was applied to accommodate for the spectral mismatch.

2.4.7 Occupancy behaviour on the control of motorized shades

It has been shown that the patterns of manually controlled shades have a decisive impact on
the appropriate selection of facade optical and thermal properties - including STPV windows -
due to “effective” available daylight and heat gains in the space. The current approach on
designing a STPV facade 1s either assuming that there are no shades (design based on worst
case scenario) or assuming a simplified control strategy (e.g. fully closed shades, when glare
occurs). Occupant observational studies demonstrate that both scenaria are unrealistic (Gunay
and O’Brien, 2016; O’Brien et al.,, 2013; Van Den Wymelenberg, 2012) resulting to

suboptimal facade design and performance.



Occupants tend to be mactive shade users (less than one shade adjustment per day) (Inoue
et al., 1988; Kapsis et al., 2013; Lindsay and Littlefair, 1992; Sutter et al., 2006). Instead of
being highly-responsive to glare conditions, occupants tend to leave their shades in a position
that “causes the least trouble” (Bordass et al., 2001). Moreover, they reposition themselves
when glare occurs (Osterhaus, 2005). As a result, buildings tend to have much higher shade
occlusions than instantaneous weather conditions would suggest. This might lead to suboptimal
facade design that in-return might result to unnecessary electric lighting use and ultimately
mflates energy use relative to what building designers might expect.

More than a dozen researchers have studied dynamic shade use mn real buildings for
duration of days to six years. The studies have generally concluded that for mechanically
(HVAC) conditioned spaces, solar-related factors are the greatest motivators for shade
movement and that indoor or outdoor temperature has little impact on it. Occupants n
naturally conditioned spaces do use shades to help regulate thermal comfort as the mdoor
temperature and skin temperature 1s strongly related to the solar gains (Inkarojrit, 2005;
Rembhart and Voss, 2003; Sutter et al., 2006).

Facade orientation and solar penetration depth into an office are among the best predictors
of shades position. The literature consistently reports that near south-facing facades have the
greatest mean shade occlusion and near north-facing facades have the least (Inkarojrit, 2008;
Mahdaw: et al., 2008), while for near east and west, it falls in between (Pigg et al., 1996; Zhang
and Barrett, 2012). However, there is a considerable variation between studies. Many
researchers have acknowledged that their results are skewed by unique building characteristics
or occupancy patterns, including: facade design, multiple sets of shades per space, multiple
occupancy, views and privacy, and automated lighting controls, to name a few. On the contrary
, Inoue et al. (1988), and Reinhart and Voss (2003) found that solar penetration depth 1s a
good predictor for the shade position (when the direct solar radiation exceeds about 50W/m’),
with their results to be in a good agreement.

Rubin, Collins, and Tibbott (1987) has shown that occupants put significant thought into
shade position, while when they have easier access to shades control (e.g., shades controlled
with a wall-mounted switch instead of a manual rod) or there 1s an automated artificial lighting
control system, they tend to be more active users (Pigg et al., 1996; Sutter et al., 2006). Haldi
and Robinson (2010) noted that occupants do not specifically control their shades to improve
future anticipated conditions. This finding 1s very mmportant, as it indicates the value in
automated shade controls with a predictive element. With only a few exceptions, the studies
indicate that shade occlusion and shade movement increase with higher levels of solar
radiation, which supports the notion that universally-accurate shade use models can be created.
Currently, there 1s a sufficient lack of understanding in manually controlled shade use to justify

further and more extensive studies.

2.4.8 HVAC system and daylighting/lighting controls

In general, the building typology and energy systems have an impact on the selection of the
ideal STPV properties. De Boer and van Helden (2001) found that facade orientation, tilt



angle and building internal loads had stronger mmpact ito the energy performance of the
building than the selection of optical and electrical properties of the STPV window. Miyasaki et
al. (2005) found that the selection of 1deal double glazed STPV window optical properties was
not sensitive on the Coefficient of Performance (COP) values assumed for the HVAC system.
Chow (2007) drew similar conclusions for a double glazed STPV window naturally vented to
the outdoors, a design solution proposed to reduce operating PV cell temperatures and heat
gains to idoors.

Miyasaki et al. (2005) and Robimson (2011) found that depending on the electric lighting
control strategy applied (on/off versus continuous dimming), the parametric analysis led to
different selection of STPV window optical properties in order to maximize the energy
benefits. Both studies considered shades controlled to maintain visual comfort. On the other
hand, the selection of the optical properties of the roller shade was shown to have little impact
on the selection of 1deal optical properties for the STPV window (Robinson, 2011).

Wong el al. (2008, 2005) conducted the only study that investigated the integral energy
performance of poly-S1 STPV skylights (south facing roof on a tilt angle of 30°) on residential
applications, for five Japanese cities. The study found that the use of unshaded double glazed
STPV skylight increased the building energy consumption when compared to an opaque BIPV
roof system. The increase was attributed to undesirable heat gains during cooling season and
night heat losses during heating season. However, when a controlled shade with U-value of 0.13
W/m*K (namely cellular shades) was used, energy savings of up to 9% were attained for an
STPV skylight of 1.=0.5. It should be noted that no measures to reduce the thermal
conductance of the STPV window assembly were considered (e.g., use of low-e coating, sealed

cavity filled with Ar), while the lighting needs were mainly satistied from the existing windows.

2.4.9 STPV window economic feasibility studies

Despite the various studies on BIPV and BIPV/T economic appraisals, only a few have
focused on STPV applications. Moreover, the PV average module prices have decreased by
85% in six years (end of 2008, the average crystalline-Si module price was USD 4.05/Wp while
end of 2014, it was USD 0.6/Wp) (IEA-PVPS, 2015), while the system price widely varied,
depending mainly on the nature and size of the mstallation. The price reductions on PV
module and systems have been so rapid that many of the studies could be considered obsolete
(Figure 2.10). James et al. (2009) carried out an economic analysis investigating the capital and
annual operational costs for five shading solutions (fritted glass, STPV windows, automatic
mterior roller shades, exterior fixed louvers and exterior one-axis tracking louvers) for an
atrium application in Southampton, England. The analysis showed that STPV had the highest
capital cost at the time, mainly due to USD 4-4.5/Wp mono-Si PV module prices, but the
lowest building operational cost due to the ability to generate electricity and reduce the
electricity imported from the grid. In addition, a future scenario was analysed, for when STPV
module prices reach USD 1/Wp and estimated that only fritted glass would have lower
nominal cost than STPV windows while all other shading solutions had significantly higher

nominal and operational costs. The analysis did not consider the energy savings on heating,
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cooling and electric lighting consumption, affected and varied from system to system.
Nevertheless, it demonstrated that STPV applications can be a cost effective solution when it
comes to new or retrofit commercial and institutional buildings.

Bizzarn (2011) performed a preliminary economic analysis for a double skin facade retrofit
for an office building. A payback period of 57 years was estimated when no incentives were
considered. Taken mto account the Italian national feed-in tariff, the payback period was
reduced to 16 years. It should be noted that no optimization on the selection of optical and
thermal properties of the STPV double skin facade was delivered. Instead, the use of an
existing STPV product was considered. Li et al. (2009b) estimated a simple monetary payback
of 18 years considering the electricity tariff only for an office building in Hong Kong, China. It
should be noted that the analysis was delivered with the assumption of utilizing a market
available single glazed STPV window product. However, if the optical and thermal properties
of such a product are optimized to reduce heating/cooling loads and maximize power
production, the payback could be reduced even further.

Finally, an economic feasibility study of STPV window integrated on greenhouse roofs in
Sardinia, Italy, showed a payback period to vary between 10-13 years (depending on the STPV

roof configuration) when the local feed-in tariff was considered (Cossu et al., 2010).
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Figure 2.10. PV modules prices normalized to 2001 for three indicative countries (IEA-PVPS,
2015).
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2.5 STPV windows and other advanced fenestration technologies

Various comparative studies have been performed between STPV windows and other
advanced fenestration technologies in efforts to identify advanced window technologies suited
to specific applications. STPV windows and skylights can significantly lower building cooling
peak loads on cooling dominated climates, when compared to tinted glass (Li et al., 2009a,
2009b). Chow et al. (2010) investigated the potential impact fenestration technologies such as
reflective glazing, electrochromic windows, vacuum windows and STPV windows have on the
reduction of heat gains on cooling dominated buildings. The authors exhibited that the
mtegration of STPV technologies can be as effective as reflective window with the additional
benefit of electricity generation. Bahaj et al. (2008) simulated the impact electrochromic
glazing, holographic optical elements, acrogel glazing and STPV windows have on highly glazed
buildings in Dubai, UALE. The study concluded that STPV window is potentially a promising
solution. By covering 409% of the glass facade with STPV windows, the electricity consumption
for air conditioning can be reduced by 31% (including electricity offset due to solar electricity
generation) when compared to state-of-the-art double glazed low-e window.

Bizzarn et al. (2011) simulated the performance of a double-skin facade retrofit for an
office building in Ferrara, Italy. For a SW-facing STPV facade, an 82% reduction on annual
solar heat gains was estimated when compared to a clear glass double skin facade retrofit. This
reduction resulted to a significant increase on annual heating demand (from 4.7 kWh/m’/yr to
31.9 kWh/m’/yr), while annual cooling demand was reduced by 52% (from 67.5 kWh/m’/yr to
32.2 kWh/m’/yr). Qiu et al. (2009) simulated the thermal and electrical performance of a
double skin STPV facade (non-ventilated and natural ventilated) and compared to a single
absorptive glazing typically used in Shanghai, China. The non-ventilated configuration resulted
to a reduction on end-use electricity consumption of 10%, while the natural ventilated
configuration to a reduction of 13%, with no significant difference on STPV annual electrical
performance between the two STPV configurations. The authors noted that a mixed mode
might be preferable i order to maximize the energy benefits by ventilating the cavity during

cooling season while maintaining the cavity closed during heating season.

2.5.1 STPV electrochromic windows

A novel window technology 1s stand-alone STPV electrochromic windows (Baetens et al.,
2010; Bullock et al., 1996). STPV electrochromic windows combine the main benefits of
STPV devices and electrochromic one: generation of solar electricity and control of SHGC and
visible transmittance (Moeck et al., 1998). STPV electrochromic windows can be found as
(Deb et al., 2001; Dyer et al., 2014): (1) side-by-side devices with the STPV module being the
outer glass layer and the electrochromic device being the inner one or (i) a monolithic device
utilizing a-S1 or DSC. The current limitation on the monolithic device 1s that when the
electrochromic layer i1s dimmed down, it shades the STPV layer resulting to significant

reduction of electricity generation.



2.6 Research opportunities

Through an extensive literature and technology review, the following major research needs

were 1dentified and tackled through this thesis:

STPV windows design and performance: The majority of STPV window products in
the market tend to be optimized primarily for power generation, overlooking
particularly thermal and daylighting requirements. There has been limited work on the
mtegral (solar electricity, thermal and daylighting) performance of STPV window
systems and their passive and active interaction with building energy performance and
occupants’ comfort, especially for cold climates. In addition, no robust methodology
exists to guide PV, window and building industries to develop near optimal STPV
window designs that can incorporate some of the positive attributes of traditional glazing
and reduce or even neutralize its negative impacts;

Thermal behaviour of STPV windows: The thermal performance of STPV windows 1s
an arca that needs urgent attention because 1t exerts a significant influence on the
durability of the STPV and other window components such as spacers, sealants and
frames. Excessively high temperatures need to be predicted either through testing
and/or simulation. The allowable temperature rise depends on the STPV technology
implemented. Despite the common use of low-emissivity coatings and suspended films,
no systematic study has been made to investigate their impact on STPV cell operating
temperature and its solar energy yield;

Development of STPV window test procedures: Few studies have addressed the need
for new testing standards for the determination of the solar heat gain coefficient
(SHGC), thermal conductance (U-value), and electrical performance of STPV windows
(F. Chen et al., 2012; Olivier1 et al., 2013). STPV windows should be treated and tested
as PV and fenestration technologies. Further experimental research is required to
develop a new standard test procedure. The new standard should combine together -

but not limited to - existing test standards for window systems and PV modules.



Chapter 3

Determination of Solar Heat Gain Coefficient
for Semi-Transparent Photovoltaic Windows:
an Experimental Study’

Abstract

Semi-Transparent Photovoltaic (STPV) windows integrate transparent photovoltaic film
technologies or spaced opaque solar cells on the exterior glass layer. As these technologies are
being developed and eventually adopted in the building and window industry, the evaluation of
key performance parameters such as the solar heat gamn coefficient (SHGC), thermal
conductance (U-value) and electrical power output is required. These performance parameters
are mterdependent and they have a direct impact on the building cooling, heating, electric
lighting loads, solar electricity generation and occupancy comfort. Thus, STPV windows should
be treated as itegrated photovoltaic and fenestration technologies. This study focuses on the
experimental determiation of the SHGC of STPV windows under maximum power point
operation, utilizing an indoor solar simulator and calorimeter facility. The objective of this work
1s to provide mput on the development of an experimental procedure suited to the
determination of the SHGC of STPV windows. The results indicate that the solar electricity
generation of the STPV window must be considered during the experimental determination of
the SHG). Failure to do so may lead to up of 23% (for a STPV window with wvisible
transmittance of 6% and nominal conversion efficiency of 15%) higher SHGC measured values

compared to a STPV window operating under maximum power point tracking conditions.

3.1 Introduction

Semi-transparent PV (STPV) windows have a great potential for integration in fenestration
systems, adding the option of solar electricity production while still fulfilling daylighting needs.
In commercial and high-rise residential buildings where trends i architecture already include
large glazed facades and lighting loads constitute a significant portion of the overall energy
consumption, the integration of this technology 1s promising.

A typical STPV glass consists of a PV layer laminated between a transparent frontsheet and

backsheet (Figure 3.1). Depending on the PV technology used, the PV layer may be located

between the encapsulation resin or it 1s monolithically deposited on the transparent conductive
oxide (T'CO) frontsheet or backsheet. Various PV technologies are used for STPV glass

applications, with the most common being opaque crystalline Si1 PV cells arranged in a way

1 . L. . 8 . . . . . - .
Kapsis, K., Athienitis, A.K., & Harrison, S., 2016. Determination of solar heat gain coefhicient for
semi-transparent photovoltaic windows: an experimental study. ASHRAF. Transactions 125.
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Figure 3.1. Schematic of a double glazed STPV window integrating a crystalline St STPV glass as the
outer layer.

which allows light to pass through the resulting space between the cells, and a-Si/pc-Si
“see-through” thin PV films. Other emerging technologies include fully transparent polymer-
based PV (Li et al., 2012) and perovskites (Snaith, 2013).

STPV glass can be integrated as the outer layer of insulated glazing units (referred to as
“STPV window” herein). STPV windows can then be installed In new or retrofitted
commercial and high-rise residential building facades and skylights. Their utihzation has the
potential to reduce building energy consumption through solar electricity generation, reduce
solar gains by partial shading (Miyazaki et al., 2005; Ng et al., 2013) while still allow daylight
transmission and partial or full view to the outdoors (Markvart et al., 2012; Vartiainen, 2001).

A deeper understanding of STPV technologies will allow the PV and window industry to
provide the necessary materials and designs for high performance windows. When solar
radiation strikes a window surface, it 1s partly reflected (p), partly transmitted (tr) and partly
absorbed (a):

p(A,0) +T(A,0) + au(A,0) =1 3.1

where A 1s the wavelength and 0 the solar angle of incidence. In the case of a STPV window, a
fraction of the energy absorbed 1s transformed to solar electricity while the rest 1s transformed

to thermal energy:

a(A,0) =N_ o(’r,0)+N, ar,0)+n,(A,0) 3.2

out

where Nou 1s the fraction of absorbed solar energy reemitted outwards, N 1s the fraction

reemitted inwards and ma 1s the fraction of incident solar radiation that i1s absorbed and

converted to solar electricity also known as electrical conversion efficiency.
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Commercially available STPV windows can convert between 5-209% of the mcident solar
radiation mto electricity, while the portion of solar energy that 1s converted into heat (roughly
30-70%, depending on the optical and thermal properties and PV technology used) contributes
to the increase 1 temperature of the PV cells. Electrical efficiency 1s dependent on the optical,
thermal and electrical characteristics of the STPV window, as well as the climatic conditions, air
mass, solar spectrum and solar angle of incidence (Duffie and Beckman, 2006). STPV window
efficiency generally decreases as the operating temperature increases, almost in a linear fashion
of up to -0.55%/°C, depending on the STPV technology used (Athienitis and O’Brien, 201)5).
Operating temperatures exceeding 75°C have significant influence on the durability of the PV
cells or films and window components such as spacers, sealants and framing. The optical and
thermal properties of the STPV window as well as the presence of low emissivity coatings or
suspended films have a direct mmpact on operating temperatures, window electrical
performance and durability (Chow et al., 2010; Gaillard et al., 2014b; Park et al., 2010).

Of particular importance is the solar heat gain coefficient (SHGC) which is the fraction of
the solar radiation entering the space through the window assembly, consisting of the solar

transmittance and the inward-flowing fraction of absorbed solar energy (ASHRALE, 2013):
SHGC(A,0) = t(A,0) + N, a(A,0) (3.3)

The SHGC depends on the optical and thermal properties of the window assembly, the
climatic conditions, air mass, the solar spectrum and solar angle of mcidence (Klems, 2000;
Kuhn et al.,, 2001). In a STPV window, it 1s also influenced by the electrical conversion
efficiency of the STPV glass; the higher the efficiency, the lower the SHGC — more absorbed
solar energy 1s transformed to electricity rather than into heat. Thus, a systematic study is
required to experimentally determine and predict such interactions. It 1s essential to measure
key properties (namely SHGC and U-value) of advanced fenestration systems as they have a
direct impact on building energy performance and occupancy comfort.

Considering the current advancements on the window industry such as electrochromic
windows, STPV windows or windows icorporating angular selective coatings (Fernandes et al.,
2015; Jelle et al., 2012), Solar Calorimetric Standards should be updated to address current
challenges and provide guidelines on how to test such technologies. The objective of this paper
1s to provide mput on the development of an experimental procedure suited to determine the
SHGC of STPV windows. Another important consideration in the performance of such
windows 1s determining the temperature distribution so as to find ways to avoid excessively high
temperatures for prolonged periods. Few studies have addressed the need for new testing
standards for the determination of the SHGC, U-value, and electrical performance of STPV
systems (and building integrated photovoltaic technologies in general).

Fully controllable conditions, repeatability and the ability to reach and maintain steady-state
conditions are necessary to determine the SHGC and U-value of fenestration systems. While
the use of outdoor solar calorimeters provides the ability to test window technologies under

realistic and dynamic climatic conditions, repeatability has proved to be challenging. Variation



of the outdoor temperature, wind speed and direction, sky conditions, air mass, solar spectrum
and solar angle of incidence (Marinoski et al., 2012; Pereira and Sharples, 1991) result to
transient or quasi-steady test conditions. Olivier1 et al. (2014; 2013) proposed a methodology
for the optical electrical and thermal characterization of STPV windows utilizing an outdoor
calorimeter. In order to reduce measurement uncertainties due to dynamic conditions, a
comparative analysis with a reference specimen of known properties was performed, tested
side-by-side with the STPV specimen.

Solar tracking calorimeters have been utilized in order to achieve quasi-steady conditions by
maintaining normal incidence. It has been shown that the tilt angle of the window might
mtroduce uncertainties on the surface heat transfer coefficients and possibly distort the
measurements (Harrison and Collins, 1999; Tseng and Goswami, 2001). The view factor of the
window-to-ground also varies as the tilt angle of the calorimeter changes impacting the radiative
heat exchange between the window and skydome. Bloem et al. (2012) developed an outdoor
calorimeter to determine the electrical and thermal output of STPV/T windows. Free-rack
mounted and rear-insulated reference modules were used for a comparative analysis.

On the other hand, there are efforts to develop an international standard (ISO/DIS 19467)
for the determination of SHGC of conventional and advanced fenestration systems such as
STPV windows, using a solar simulator (ISO, 2015). Indoor calorimetry utilizing a solar
simulator provides the necessary control and test repeatability under steady state or dynamic
conditions. However, solar spectrum mismatch should be taken into account while high
collimation and uniformity are necessary for the test and characterization of STPV windows.
Chen et al. (2012) introduced an indoor calorimetric facility for STPV window testing and
determination of the SHGC and electrical performance. The facility utihized a continuous
single-lamp solar simulator. In order to achieve high uniformity and light collimation under
variable angle of incidence, the lamp was located 10 m away from the specimen while a

correction factor was applied to accommodate for the spectral mismatch.

3.2 Experimental setup and methodology

The characterization and performance tests of the STPV windows were performed at the
Solar Simulator and Environmental Chamber (SSEC) laboratory at Concordia University,
Montreal, Canada. The experimental study presented below allows the determination of solar,

thermal and electrical performance of STPV windows.

3.2.1 Solar simulator

The Concordia University indoor solar simulator is a continuous lamp field that consists of
eight metal halide (MHG) lamps emulating the sunlight and a test bench where the solar
calorimeter 1s attached (Figure 3.2). The solar simulator 1s located in a space where room
temperature (T.w) 1s regulated at 21°C £1°C and relative humidity of 30% £5%. It can be
positioned from 0° (horizontal position to e.g., emulate a flat roof) to 90° (vertical position to

e.g., emulate a vertical facade) and virtually to any tilt angle m-between (e.g., at 30° - 45° to
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emulate the slope of a roof). For this study, all tests were performed in a vertical position and at
normal incidence angle.

Spectrum:: The spectral quality of the lamps fulfils the specifications of the standard ISO
9806:2013 (ISO, 2013), with approximately 80% of the emitted radiation lying in the range in
which the incidence angle modifier varies by no more than 2%. An UV/Vis/NIR
spectroradiometer with a spectral range of 200 nm to 2500 nm was used to measure the solar
simulator spectrum. Figure 3.3 shows the normalized solar simulator spectrum in comparison
to the AM 1.5 reference spectrum (NFRC, 2014b). A spectral mismatch correction factor 1s
applied to accommodate for the difference between the solar simulator spectrum and the AM
1.5 reference spectrum (F. Chen et al., 2012; Harrison and Wonderen, 1994).

Irradiance uniformity: The solar simulator irradiance intensity (S) can vary from 500 W/m’
to 1200 W/m” with a uniformity of up to 97% (depending on the dimensions of the window)
and a temporal stability of £19 during the testing period (Appendix A). A calibrated
pyranometer (temperature compensated detector) with a cosine response and a spectral range
of 285 nm to 2800 nm 1s used to scan the window area on a scanning grid of maximum spacing
0.15 m (NFRC, 2010). The spatial mean 1s deduced by a simple average. In addition, a
calibrated mono-Si reference solar cell 1s also used to measure the irradiance intensity available

to the poly-Si based PV glass for electricity conversion (Dunn et al., 2012).
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Figure 3.2. Test of STPV window prototypes using the solar calorimeter apparatus at Concordia
University solar simulator laboratory (left) and schematic of the experimental setup (right).
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Figure 3.3. Comparison of normalized solar simulator spectrum (including the artificial sky) and
AMI1.5 reference spectrum.

Artificial sky: An artificial sky apparatus, located in front of the lamps, maintains a surface
temperature (Tw) of 13°C £2°C. Its primary function is to remove the IR radiation generated
by the lamps while minimizing the influence of thermal irradiance from the adjacent surfaces to
the window.

Wind effect: A linear, variable-speed fan 1s used to reproduce the wind-induced convection
for still air to 14 m/s. The fan blows ambient air parallel to the surface of the window.
(Appendix A).

In addition, the convective heat transfer coefficient is measured directly with a hot plate
apparatus. The hot plate 1s heated with an integrated electric heater. The power output (P,.) of

the heater 1s controlled with a PID controller to maintain constant plate surface temperature
(Tyw.) under a given wind speed. The exterior convective film coefficient (homes) 1s then
calculated as follows:

P

pla

D e = (3.4)
(

T

pla - '_Fzmlb)' Aplu

where Au. 1s the surface area of the plate. The exterior convective film coefficient 1s measured
using a scanning grid of spacing 0.3 m. Electroplated copper 1s chosen due to its smooth
surface (similar to glass) and low emissivity. The emissivity of the plate (g,.) was measured at

0.030 £0.01 using an emussivity meter with a spectral range of 5 pm to 40 pm, resulting to an
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estimated radiative heat transfer coefficient of 0.020 W/(m*K). Knowing the exterior
convective heat transfer coefficient under the testing conditions, allows for the correction of the
measured thermal conductance of the STPV window to a value under a standard exterior

convective film coefficient (NFRC, 2014c¢) as follows:

U, =
s 1 1 1 (8.5)

U

meas O,meas oO,st

where Uy and Unes 1s the thermal conductance of the STPV window under standard conditions

(e.g., NFRC 102) and test conditions, respectively, and h.., homes 1s the exterior convective film

coefficient under standard conditions and test conditions, respectively.

3.2.2 Solar calorimeter

An indoor calibrated solar calorimeter apparatus is used to mount and test the STPV
windows. The calorimeter was developed, characterized and calibrated based on NFRC 201
standard (NFRC, 2010). The dimensions of the calorimeter are 2.2 m long x 1.2 m wide x 0.2
m thick, excluding the mask wall. The front (mask wall) surface of the calorimeter, where the
test specimen 1s mounted, has dimensions of 2.6 m x 1.6 m x 0.06 m, with a solar reflectance
of 78%. It protrudes from the perimeter of the solar calorimeter in order to shade the rear
surfaces (guard box) of the calorimeter and minimize the effects of direct solar nrradiation. The
mask wall and guard box are msulated and sealed to minimize thermal losses to the ambient
environment [<0.561 W/(m* K)].

An absorber plate housed within the calorimeter 1s connected to a water-based closed loop.
The closed loop 1s connected to a water-to-water heat exchanger capable of extracting heat in
order to maintain the average absorber plate temperature (Ta.) at desired levels. The
calorimeter 1s attached at the test bench and placed under the solar simulator. Measurements
are conducted on a tilt angle of 90° (vertical) when the apparatus reaches steady state conditions
(temperatures and emulated solar radiation levels are kept constant throughout the test period).
The time constant of the calorimeter was experimentally determined at 18 min, based on
NFRC 201 standard.

The Harrison and Dubrous method 1s used to determine the SHGC of the window tested
(Harrison and Dubrous, 1993; Harrison and Wonderen, 1994). An energy balance performed
on the STPV window (Figure 3.2) shows that the net energy rate through the window into the

calorimeter (Q.«) can be calculated as the sum of the solar heat gains resulting from exposure
to the solar radiation (Q.) and the net heat flow (Q.oa) due to temperature gradient across the

WindOW (ATS’I‘]’V) .

ant = le - Q(‘ond - (SHGC ’ S ) ASTPV ) - ([J ) ATSTPV ) ASTPV) (36)
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where S 1s the solar rradiance incident on the window, Aswv 1s the surface area of the STPV
window, and SHGC and U are the solar heat gain coefficient and the thermal conductance of
the STPV window, respectively.

Treating the solar calorimeter apparatus as a solar thermal collector, the thermal

performance factor (a) of the window 1s then defined as:

Q
Mo = (8.7)
l ASTPV -S

The SHGC of the STPV window can be determined by substituting eq.(3.6) on eq.(3.7).

AT py
N :—U-—gﬂ Y +SHGC (3.8)

Through linear regression of the performance data, the SHGC is determined as the
mtercept of the regression line with the axis of ordinates. It should be noted that the U-value 1s
sensitive to window properties and assembly as well as indoor and outdoor conditions (e.g.,
wind speed, turbidity and direction, indoor and outdoor temperatures). While current solar
calorimetric standards opt to derive the U-value of the window tested using validated simulation
tools (U.) m order to determine the SHGC value from eq.(3.8), the use of the Harrison and
Dubrous method allows the measurement of the actual U-value under the test conditions (Us..)
thus, reduces uncertainties when determining the SHGC value. When compared to the
standard single point measurement, the proposed method requires multiple point
measurements (under various nrradiance and temperature conditions) resulting in increased
overall test period.

The net energy flow through the STPV window mto the enclosure 1s experimentally
measured based on an energy balance on the calorimeter enclosure. The net energy flow
through the window into the calorimeter is the sum of the energy rate extracted by the absorber

plate (Qu»), the heat conducted through the mask (Qua) and guard box (Quaa) and the heat lost

due to air leakage (Qus).
anl = Qubs + Qmask + quzud + Qlkg (39)

where Q.. 1s the product of the mass flow rate (), the specific heat of the circulating water (C»)

and the temperature rise between inlet and outlet of the absorber plate (AT.).

Q;nl)a =m- Cl’ : A’I:ll)s (3.10)
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All front and back surface temperatures (namely the guard box, the mask, the absorber
plate and the STPV window tested) as well as air temperatures (ambient and inside the
calorimeter) are measured using T-type thermocouples. In addition, during the assembly of
each STPV window, a T-type thermocouple was installed in direct contact with the back
surface of a PV cell (within the encapsulation resin). The inlet and outlet temperature of the
absorber plate are measured using 1/10 DIN Resistance Temperature Detectors (RTDs), while
the water flow 1s measured with an electromagnetic flow sensor with an accuracy of £0.5 % of
the measured value. Finally, an uncertainty analysis 1s contacted after each test (Appendix B).

Electronic load and current-voltage curve: The STPV windows or arrays of windows
mstalled on a building facade are connected to a micro-inverter or central inverter, respectively.
The inverter uses maximum power point tracking (MPPT) to extract maximum power from
the STPV system and feed-in to the building or the grid (Deutsche Gesellshaft fur
Sonnenenergie, 2005a). It 1s critical that during the testing period (prior and during steady state
conditions) the STPV window tested 1s connected to an electronic load (or a resistor load) that
functions as a current sink performing at the maximum power point (P.,) to emulate realistic
operation conditions. If there 1s no-load (open circuit), the STPV glass will perform as heat-
absorbing glass; the solar radiation absorbed by the PV cells or film 1s converted to heat only,
mcreasing the STPV glass temperature. As the temperature increases, the SHGC rises due to

mcrease of the mward-flowing fraction of absorbed solar energy [see eq.(3.3)]. Consequently,

testing under an open circuit will produce a higher SHGC value than that observed under
operating conditions with an applied load (F. Chen et al., 2012). An electronic load operating
under MPPT 1s connected to the window. A current-voltage curve 1s also taken to characterize
the electrical performance of each specimen under test conditions.

Infrared (IR) thermography: A thermal imaging camera is used to capture the temperature
profile of the STPV window under steady state conditions. The camera 1s calibrated based on
the surface emissivity of the STPV window while the temperature profile 1s verified using five
surface point temperature measurements conducted with T-type thermocouples. The IR
thermography allows the detailed study of the STPV window temperature profile as well as the
identification of any faults (e.g., air leakage, thermal bridging and defective PV cells) through
hot-spot detection.

3.3 Characterization of the STPV glass prototypes and windows

Four STPV glass prototypes were assembled (Figure 3.2). The prototypes utilize poly-Si PV

cells arranged 1n such a way as to allow light to pass through the resulting space between the
opaque cells. Each STPV glass assembly (Figure 3.1) consists of (outer-to-mnner layer): (1) 3.2
mm tempered, antireflective-coated, White glass, (1) Ethylene-Vinyl Acetate (EVA)

encapsulant layer, (1) poly-Si spaced PV cells layer, (iv) EVA encapsulant layer and (v)
Polyvinyl Fluoridde (PVF) transparent backsheet. All prototypes are frameless having
dimensions of 1948 mm x 976 mm. Various packing factors are used — packing factor (f) 1s the
fraction of the glass area occupied by PV cells — resulting to various optical and electrical
properties for each STPV prototype glass.

3
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Solar-optical characterization: 'The multilayer optical properties of each STPV glass are
measured based on the NFRC 300 standard (NFRC, 2014b) using a UV/Vis/NIR
spectrophotometer with a spectral range of 200nm to 2500nm and equipped with an integrating
sphere. Each STPV glass can be spatially-separated into two parts: an opaque “PV cells” part
and a “transparent encapsulant” part (Fung and Yang, 2008; Zondag et al., 2002). Then, the
spatially-averaged “effective” optical properties of the STPV glass are determined as:
+(1-1f)-1

Terpy =177 3.11)

cell enc

pSTPV = f : pcell + (1 - f) ’ peuc (312)

where Tstev, pstev are the total effective transmittance and reflectance (front or back) of the
STPV glass, Tei, pen 1s the transmittance and reflectance of the “PV cell” part, and Te, pencis the
transmittance and reflectance of the “encapsulant” part, respectively. While it was found that
the above equations can sufficiently express the spatially-averaged “effective” optical properties
of the STPV glass utilizing opaque PV cells, they are not suitable for STPV glass that integrates
transparent PV thin film, translucent glass or translucent encapsulant. Instead, the ASHWAT
method 1s recommended to calculate the effective solar-optical properties of the STPV glass
(Wright et al., 2009).

The solar-optical properties are 1mmported mto LBNL OPTICS6 (Lawrence Berkeley
National Laboratory, 2015a) to calculate the total optical properties of each STPV glass (Figure
3.4) summarized in Table 3.1.
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Figure 3.4. Effective spectral transmittance of each STPV glass prototype.
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Fach STPV prototype glass 1s then integrated as the outer glass layer of a double-glazed
STPV window. Each STPV window (Figure 3.1) consists of (outer to mnner layer): () 6 mm
STPV glass, (1) 25.4 mm sealed air cavity and (1) 5.64 mm commercial clear glass with low
emissivity coating (£:=0.157). The thickness of the air cavity on the windows was not selected
for optimal thermal performance but rather to accommodate the junction box located on the
rear side of each STPV glass. The optical file of each STPV glass are imported to LBNL
WINDOW?7.1 (Lawrence Berkeley National Laboratory, 2014a) to calculate the total optical
properties of the STPV windows (Table 3.2).

Electrical characterization: Table 3.3 summarizes the electrical properties measured under
standard testing conditions (STC) of AM 1.5 global irradiance, 1000 W/m® and 25°C PV cell
temperature. This data 1s provided for reference purposes. However, STPV windows are
unlikely to perform under these conditions. Thus, a current-voltage curve 1s taken under the
various test conditions to study the electrical performance of STPV windows and ensure

operation at maximum power point. Figure 3.5 illustrates the current-voltage curves for the four

STPV windows.

Table 3.1. Optical and thermal properties of the four STPV glass prototypes.

Name of Optical properties Thermal properties
glass Solar Visible
T front Orvont T front Orront Ciront Chack U-Vélhte
W/(m*K)

STPV7% 0.066  0.092  0.070 0.059

STPV219%  0.195 0.088  0.206 0.062

STPV349%  0.324  0.084  (.342 0.064

STPV48%  0.453  0.080  0.479 0.066

Note: 1: transmittance; p: reflectance; e: emissivity. The STPV glass prototypes are named
based on their (front) visible transmittance.

0.920  0.950 6.111

Table 3.2. Optical and thermal properties of the four corresponding STPV windows.

Name of Optical properties Thermal properties STPV glass

window Solar Visible used as the
Uvalue outer layer

T front Orront T front Orvont Criont Chack W/( []]Z'K)
STPV_WING%  0.046  0.198  0.058  0.205 STPV7%
STPV_WINI17% 0.135 0.181 0.172  0.188 STPV21%
- - 0.920  0.840  2.011 —_—_——
STPV_WIN29% 0.223 0.168 0.285 0.176 STPV349%
STPV_WIN40% 0.312 0.158  0.398  0.167 STPV48%

Note: 1: transmittance; p: reflectance; e: emissivity. The STPV windows are named based on their
(front) visible transmittance.
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As the solar radiation incident on the STPV window increases, the short circuit current and
thus power output of the window increases almost with a linear fashion. At the same time, the
PV temperature increases due to the increase on irradiance levels. In return, the diffusion
current on the cells increases, leading to a reduction of the charges at the edges of the cells and
reduction of the open circuit voltage (Duffiec and Beckman, 2006).

3.3.1 Measurement of the SHGC of STPV windows

The SHGC value (and STPV window efficiency, profile temperatures and U-value) varies
depending on the test conditions under which the STPV window is tested. The test conditions
(Table 3.4) used at the SSEC laboratory are different than the NFRC 200 standard (NFRC,
2014d), resulting in different SHGC values. A simulation-based correction method was
proposed to obtain SHGC values under a standard AM1.5 spectrum (F. Chen et al., 2012; Van
Wonderen, 1996). Besides spectrum mismatch, the method can be extended to include
measurement result correction due to variation on test conditions (namely outdoor/indoor
temperatures, outdoor/indoor convective heat transfer coefficient and irradiance intensity) and
thus, producing SHGC values under NFRC 200 standard conditions and spectrum. An
additional challenge is that existing simulation tools for the determination of the SHGC and U-
value of window systems do not have the ability to simulate the solar electricity generation of
STPV windows (Mitchell et al., 2013). Hence, the following method is proposed to measure
the SHGC values of STPV windows (operating at maximum power point) under SSEC
conditions and calculate the SHGC values under NFRC 200 standard conditions:

Step I: The solar-optical properties of the STPV window layers are measured based on
NFRC 300 and imported to LBNL WINDOW?7.1 as presented above. The software simulates
the SHGC value of the STPV window assembly under NFRC 200 standard conditions

(SHGC()(‘_sim);
Step 2 The SHGC value of a STPV window under open circuit (SHGCoc mes) 18
experimentally determined using the Harrison and Dubrous method,;

Step 3 The correction factor (¢) from SSEC test conditions to NFRC 200 standard

conditions 1s calculated as follows:

SHGC()(' sim
C=———"
SHGC

oc_meas

(3.13)

Step 4. The SHGC value of a STPV window operating at the maximum power point
(SHGCop neas) 18 experimentally determined using the Harrison and Dubrous method;

Step 5: The SHGC value of a STPV window operating under maximum power point under
NFRC 200 standard conditions 1s then calculated:

SHGCmp_alan(lzud =cC: SHGCmp_mcus (3 1 4‘)
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The four STPV windows were tested and characterized following the aforementioned
methodology. The temperature difference between the inlet and outlet of the absorber plate
was kept at 2°C£0.5°C to minimize the temperature differential on the STPV window as it
might affect the PV electricity generation (De Vries, 1998; Tina et al., 2010). For all cases, the
difference between simulated and measured SHGC values are within measurement uncertainty
estimates (Table 3.5). Applying a correction factor, the SHGC values can then be calculated
under NFRC 200 standard for the various STPV windows operating under maximum power
point conditions (Table 3.6).

Table 3.3. Flectrical properties of the four STPV windows under STC.

Name of Number of  Cell Flectrical  Nominal Open  Short Temperature
window PV cells technology efficiency maximum circuit  crcuit  coefticient
Do power voltage  current Wran(96/°C)
P..(W) Vo (V) (A
STPV_WING6% 72 0.15 294.10 45.2 8.56
STPV_WINI17% 60 ) 0.13 240.40 37.61 8.52
Poly-Si -0.43
STPV_WIN299% 48 0.10 187.90 29.98 8.57
STPV_WIN40% 36 0.07 133.30 22.28 8.48

Note: The STPV windows are named based on their (front) visible transmittance.
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Figure 3.5. Current-voltage curves for the four STPV windows under indoor/outdoor temperatures of 21°C +
1°C, exterior convective film coefficient of 20 W/(m’-K) and various irradiance intensities (from 838 W/m’ to

1031 W/m’).
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Table 3.4. Environmental conditions for the determination of the SHGC value through simulation and
experiment

Parameter NFRC 200 standard conditions SSEC conditions
(stimulation using WINDOW?7.1) (in1t1al test conditions)

Irradiance intensity

(W) 783 8338

Solar spectrum ASTM AM1.5 Atlas MHG lamps
Interior air

temperature 24 21

(O

Exterior air

temperature 32 21

(°C)

Wind speed - -

(m/s) P 5.5 b

The correction factor 1s strongly influenced by the spectral mismatch between the test
spectrum and the standard AM1.5 due to spectral response of the PV cells (F. Chen et al.,
2012). As the area covered by PV cells increases, so does their spectral effect on the
transmittance and solar heat gains (Gueymard and DuPont, 2009). As a result, the correction
factor 1s also increased. Finally, when the solar electricity generation of the STPV window 1s
taken into account by operating the STPV windows at the maximum power point rather than
assuming open circuit conditions, the SHGC 1s reduced between 2% (for STPV window with
visible transmittance of 40%, STPV_WIN40%) and 23% (for STPV window with wvisible
transmittance of 6%, STPV_WING6%)(Figure 3.6). The reduction 1s expected to be even higher
m a STPV window with no low-e coating due to significant increase of the mmward-flowing

absorbed solar energy.

3.3.2 Temperature profile measurements for the STPV windows

The thermal performance of STPV windows 1s an area that needs urgent attention because
it exerts a significant mfluence on the durability of the PV cells or films and other window
components. Operating temperatures exceeding 75°C have significant mfluence on the
durability of the PV cells or films and other window components and need to be predicted
either through testing or validated simulation tools. For this reason, the temperature profile of
the STPV windows was measured under various nrradiance intensities and wind conditions.
The mner air and surface temperatures of the calorimeter PV cell operating temperatures of up
to 46.2°C to 55.3°C were observed for STPV_WIN40% and STPV_WIN6% respectively,
under 1000 W/m® and exterior convective film coefficient of 20 W/(m’-K). The average STPV
window temperature 1s strongly affected by the solar absorbance of the STPV glass (outer
layer). As the absorbance of the STPV glass increases (resulting to an increase on the electrical
efficiency and reduction on the transmittance), only a small fraction (around 20% of the
absorbed solar energy) is transformed to electricity while the rest (around 80% of the absorbed

solar energy) contributes to the increase of the PV cell operating temperature.
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In addition, a temperature differential between “PV cell” part and “encapsulant” part of up
to 13°C was measured. This high differential temperature was observed on STPV_WIN40%
caused by the mcreased spacing between the opaque PV cells (a low packing factor of {=0.46).
This differential temperature 1s mainly driven by the variation of the solar absorbance between
the “PV cell” part (0ta=0.991) and “PV encapsulant” part (0en=0.165).

However, as the spacing between the PV cells is reduced, the temperature differential 1s
also reduced to less than 0.5°C (for STPV_WING6% the packing factor is {=0.92). Such
differential temperatures are specific to STPV windows utilizing opaque PV cells (due to
variation of optical properties between “PV cells” part and “encapsulant” part) and it has not
observed on STPV windows utilizing thin film PV technologies with uniform optical properties

throughout the window surface (Yoon et al., 2011).

Table 3.5. SHGC values of the four STPV windows, under open circuit, simulated under NFRC 200
standard conditions (SHGCoc_im) and measured under SSEC conditions (SHGCoc_meas).

SHGC.cin SHGC.c v
Name of Simulated Measured Difference Correction
window (open circuit) (open circuit) SHGC.inw - SHGC s factor
C
STPV_WIN6% 0.145 0.125+0.022 0.020 1.160
STPV_WIN17% 0.242 0.225+0.023 0.017 1.076
STPV_WIN29% 0.339 0.331+0.028 0.008 1.024
STPV_WIN40% 0.436 0.438+0.031 -0.002 0.995

Note: The STPV windows are named based on their total visible transmittance.

Table 3.6. SHGC values of the four STPV windows under maximum power point measured under

SSEC conditions (SHGCuup_mess) and calculated under NFRC 200 standard conditions (SHGCuup_sim).

Name of SHGC. e SHGC..,
window Measured Calculated

(under MPPT) (under MPPT)
STPV_WIN6% 0.096+0.017 0.111+£0.018
STPV_WIN17% 0.203+0.022 0.218+0.022
STPV_WIN29% 0.314+0.027 0.322+0.027
STPV_WIN409% 0.428+0.030 0.426+0.030
Note: The STPV windows are named based on their total visible
{ransmittance.
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Figure 3.6. SHGC values for the four STPV windows for maximum power point and open circuit
operation, under NFRC200 environmental conditions.

3.4 Conclusions

An experimental study on the determination of Solar Heat Gain Coefficient (SHGC) for
Semi-Transparent Photovoltaic (STPV) windows has been presented. An indoor solar
simulator and solar calorimeter facility 1s utilized to test and characterize four STPV prototype
windows. Currently, there is no commercially available simulation tool or standard test
procedure able to estimate the SHGC of STPV windows when operating at maximum power
point conditions. A common practice in the building and window industry 1s to test or simulate
STPV windows under open circuit, a condition that i1s witnessed only under fault operation of
such a system. This study shows that when the solar electricity generation of the STPV window
1s taken mto account by operating the STPV windows at the maximum power point rather than
assuming open circuit conditions, the SHGC 1s reduced between 2% (for STPV window with
visible transmittance of 409%, STPV_WIN40%) and 23% (for STPV window with wvisible
transmittance of 6%, STPV_WING6%). The need to update the existing standards to provide
guidelines on how to test and certify STPV window technologies 1s apparent. It was found that
the electricity generation from the STPV windows can result in up to 23% reduction of SHGC
I comparison to a heat-absorbing (e.g., tinted or fritted glass) window with the same optical
and thermal properties.

In addition, cell operating temperatures of up to 55.3°C were observed with a temperature
differential between “PV cell” part and “encapsulant” part of up to 13°C. This demonstrates the
need to predict the operating temperatures of STPV window through testing or simulations.
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The three-dimensional heat transfer phenomena that take place on a STPV window should be
further studied and understood as they impact the durability of the PV cells and window
components such as spacers, sealants and framing. The development of experimentally-
validated heat transfer and electrical performance models for STPV windows 1s also required
m order to provide the right tools to the building and window industry to predict their overall
performance and their impact on the building energy and occupancy comfort. Such model can
then be extended to windows integrating different PV technologies such as “see-though” thin
films.
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Chapter 4

Semi-Transparent Photovoltaic Windows
Performance Modelling: on the Prediction of
Cell Operating Temperatures®

4.1 Introduction

Semi-transparent PV (STPV) windows are PV technologies that fall under the broader
category of building integrated photovoltaics (BIPV). STPV can replace conventional windows
and skylights in new or retrofit commercial, mstitutional and high-rise residential buildings. In
highly-glazed buildings where reducing cooling energy expenditures are important, insulated
glazing units with low-emissivity coatings are generally adopted to reduce heat transfer by long-
wave radiation. The outer glass layer often requires low solar transmittance to reduce
transmission of solar radiation. STPV windows have the capability to reduce solar heat gains,
generate solar electricity (Fung and Yang, 2008; Miyazaki et al., 2005) while stll providing
satisfactory daylighting levels and views to the outdoors (Olivieri et al., 2013; Vartiainen, 2001).
However, STPV windows & skylights tend to operate at higher temperatures than open rack
systems (De Boer and van Helden, 2001; Wong et al., 2008). High operating temperatures
(75°C and above) impact adversely the electrical conversion efficiency and lifespan of the
window. Prolonged exposure to high operating cell temperatures can result in failure of the
window components (e.g. sealants, gaskets) and possibly cell degradation or damage (in the case
of thin film polymer-based STPV technologies).

The objective of this work 1s to study and predict the thermal response of msulated glazing

units ntegrating STPV technologies on their outer glass layer (Figure 4.1). A deeper

understanding of the impact of various window assembly parameters (namely low-emissivity
coatings or suspended films and thermal conductance) 1s necessary to predict and prevent
prolonged overheating that might result to accelerated PV cell degradation, delamimation and
window component or assembly failure. An experimental study of four STPV prototype
windows 1s performed and the measurements are used to develop a numerical thermal model.
The model is then used to perform climate-based simulations and predict the temperature
profile of the STPV window on a yearly basis. The proposed model can be extended to any
multi-layered ¢-S1 STPV window with various electrical, thermal and optical properties. A low-
order thermal model 1s also developed based on the King’s thermal model (King et al., 2004).
This model can be used during the preliminary design stages, when the detailed STPV window

assembly design and properties are not known.

2 Kapsis, K., Athienitis, A.K., 2016. Semi-Transparent Photovoltaic Windows Performance Modelling: on the
Prediction of Cell Operating Temperatures. Renewable Energy (Submutted).
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STPV module
Low emissivity glass

Figure 4.1. Typical double-glazed STPV window utilizing poly-S1 PV spaced PV cells.

4.1.2 Thermal behaviour of STPV windows

Despite the common use of low-e¢ coating and suspended films on window assemblies, no
systematic study has been made to mvestigate their impact on PV cell temperature and power
output of a STPV window. When PV cell overheating 1s of concern, the window sealed cavity
can be replaced with a ventilated one, turning the facade mto an active thermal collector
(STPV/T) in addition to the electricity generation and daylight transmission (Gaillard et al.,
2014a). The absorbed solar energy that 1s converted into heat 1s recovered either actively, using
a fan or pump, or passively by a heat removal fluid flowing on the rear side of the STPV
module. As the fluid circulates behind the PV cells, it cools down the cells through convection
and increasing their electrical efficiency.

Measurements on Mataro library, in Madrid, Spain, showed STPV cell temperatures of up
to H0°C for a mechanically ventilated double skin STPV facade, while inner glass surface
temperatures of up to 32°C were measured with top to bottom temperature gradient of less
than 1°C (Infield et al., 2006). Gaillard et al. (2014) reported cell temperatures up to 60°C for a
naturally ventilated double skin facade mstallation in Toulouse, France, with a cell temperature
gradient up to 10°C on the vertical axis. Peng et al. (2013) measured the thermal performance
of double skin STPV facade under various air flow modes (non-ventilated, naturally ventilated
and mechanically ventilated), in Hong Kong, China. It was found that as the nature of the air
flow changed, the U-value increased (3.4, 3.8 and 4.6 W/m™K, respectively), while the Solar
Heat Gain Coeflicient (SHGC) decreased (0.13, 0.12 and 0.1, respectively). In addition,
compared to non-ventilated mode, naturally ventilated cavity resulted to a reduction of up to
1.5°C PV module temperature while mechanically ventilated to a reduction of up to 6.3°C.
Guardo et al. (2009) investigated a similar configuration using computational fluid dynamics
(CFD). The authors concluded that the reduction on SHGC was due to the mcrease of air

mass flow rather than turbulence mixing effects.



When it comes to mtegration of STPV technologies in insulated glazing units, De Boer and
van Helden (2001) predicted STPV window temperatures of up to 65°C while Wong et al.
(2008) predicted STPV skylight temperatures of up to 75°C. Up to 60°C PV cell operating
temperatures were measured, with no significant temperature gradient, for a STPV office
mstallation in Yongin, South Korea (Yoon et al., 2011). Delisle (2008) found that U-value had
little impact on the STPV annual electrical performance. The STPV window assemblies were
considered on the “spandrel” section of an office building located in three major Canadian
cities, assuming that the daylight transmitted through it was not significant (maximum possible
packing factor, where packing factor 1s the ratio of the window surface area covered with PV
cells). The simulations (using TRNSYS) revealed that when the STPV module 1s the outermost
glass of the window assembly (a double glazed and triple glazed STPV window were studied,
with low-e coating on surface-3 and surface-5, respectively), the electrical performance and
operating cell temperatures were very similar, while there was a decrease of 6 percentage points
on the annual space heating energy consumption when upgrading from a double glazed STPV
window to a triple glazed one, mainly due to the decrease of the U-value of the STPV window.

Vats et al. (2012) compared the PV cell operating temperatures of a STPV and a
mechanically ventilated STPV/T system for roof and facade applications. The simulations
showed that the PV cell temperatures on a STPV/T can be up to 5.5°C higher compared to a
STPV depending on the mass flow rate. This was due to the fact that the inlet air drawn
through the STPV/T facade was from the indoor environment.

4.2 Thermal modelling of STPV windows

Besides the complexity or accuracy the various PV electrical performance models might
provide, all have something in common: they require the mcident solar radiation and the cell
operating temperature as iputs. While the mcident solar radiation can be estimated through
meteorological data (Perez et al., 1990), weather satellite data or measured on site (Gueymard
and Wilcox, 2011), the operating cell temperature can be either indirectly measured (e.g. by
thermography or measuring back-surface temperatures) or estimated using PV thermal
modelling. For the case of STPV windows, the cell temperature 1s influenced by the optical,
thermal, electrical and physical properties of the STPV cells/module, the optical and thermal
properties of the STPV window assembly and the prevailing chimatic conditions such as air
mass, solar spectrum, solar angle of incidence and wind speed (Duffie and Beckman, 2006).

When in-depth thermal study 1s required, energy balance equations can be employed
expressing heat transfer through conduction, convection and radiation (Fung and Yang, 2008;
Wong et al., 2005). In many instances, the thermal models take into account the thermal
capacity of the various window layers (namely thermal capacity of glass and cells) (Fung and
Yang, 2008; Infield et al., 2006; Notton et al., 2005). However, when STPV windows are
mtegrated on a building facade, the thermal mass of the window assembly 1s neghgible when
compared to the thermal mass of the building walls and indoor air volume (within two orders
of magnitude) and thus can be excluded from the energy balance (Gaillard et al., 2014a). On

STPV modules utilizing Si-based opaque spaced cells, when the packing factor and/or spacing
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between cells 1s substantial, the “STPV module” layer can be separated into two parts: “STPV
cells” part and “encapsulant” part (Fung and Yang, 2008). Depending on the cavity geometry
and characteristics (non-vented or ventilated cavity, isothermal or anisothermal surfaces), the
convective heat transfer coefficients can be approximated using existing correlations or studied
m detail using CFD methods (Gan, 2009; Han et al., 2013, 2010, 2009; Koyunbaba and
Yilmaz, 2012). Thermal bridging occurs due to spacer separating the various window layers as
well as to window frame (Ge and Fazio, 2004; Gustavsen et al., 2007). The edge-of-window
might have significantly higher thermal conductance than the centre-of-window thus frame and
spacer effects should be accounted for in the energy balance equations. Depending on the
component complexity, the analysis could be carried out using one-dimensional,
two-dimensional of three-dimensional heat transfer.

It has been also shown that low-order models can be used to predict the operating cell

temperature (E. Skoplaki and Palyvos, 2009). The simplest model considers the mmpact
mcident solar radiation and (S) and outdoor ambient air temperature (1.) have on cell

temperature (Tsrev) through a linear correlation (Ross, 1976):
Topy =k-S+7T, (4.1)

where Kk is the slope of line (Tsrev-T0)=k"S, determined through experimental measurements. A
typical value for a STPV window is k=0.0455 m’K/W (Nordmann and Clavadetscher, 2003).

King’s model uses an implicit correlation between the measured back-surface temperature

(Twa) and operating cell temperature (King et al., 2004):

T

S
STPV = Tback + S_ ’ AT (42)

ref

where S.r is the reference solar radiation (1000 W/m®) and AT=Tsrev - T For practical
reasons, the back-surface temperature of a STPV window assembly should be the inner surface
of the mnermost layer of the insulated glazing unit (e.g. surface-4 on a double-glazed window
unit) rather than the back of the STPV module.

When the back-surface temperature cannot be measured, it can be estimated with using the

following empirical model:

T, =S- et 4 T, (4.3)
where a 1s an empirically-determined coefhicient determining the upper temperature limit
under low wind speeds and high solar nrradiance; b 1s an empirically-determined coefficient
determining the rate at which the back-surface temperature drops with the rise of the wind

speed; WS 1s the wind speed measured at standard 10-m height (m/s), available on
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meteorological weather data. The empirically-determined coefficients are influenced by the

STPV window assembly and mounting arrangement and location.

4.3 Thermal modelling of STPV windows using finite difference
method

Energy balance equations are employed to predict the thermal behaviour of a STPV
window using finite difference method. Figure 4.2 presents the energy transfer within a
double-glazed STPV window assembly. Each layer consists of an inner and an outer surface.
The finite difference model presented below assumes: (1) one-dimensional heat transfer normal
to each layer (1) each layer 1s thin enough to neglect any thermal capacitance (i) absorbed
solar radiation (and transformed to thermal or electrical energy) mn each layer 1s equally
distributed between mner and outer surface of the layer (ISO, 2003a).

STPV module (surface 1)
, $ P
(Eogl - 810le1‘ )+ ho(To - Tl ) + LLIS - ﬁJ = USTPV(Tl - T2) (4-4)
2 2A¢1py
STPV module (surface 2)
N s
Ugper (T, =Ty 4| 22 Lo | 8 (Tt =T |+ (1, -1, &
2 2A40pm I-(1-¢g,)(l—¢g,)

Inner glass (surface 3)

€983 4 1 o, i

c (T, =) | +h (T, =T)+=2==U,, (T, =T, 1.6

{ I-(-e)(-g) dJ A @9
Inner glass (surface 4)

U (T =T) + %45 _ [840Tf _Eing4]+ h (T, =T;) (4.7)

glass 2

where S is the solar irradiance incident on the STPV window (W/m®); K., Eu is the exterior
and interior thermal radiation incident on mnermost and outermost window surfaces,
respectively (W/m’); Psrev is the electrical power output of the window under maximum power
tracking (MPPT) mode (W); Aswv is the window surface area (m’); T is the average

m

temperature of surface 1, with Tstv="T1 (K); To, Tw are the outdoor air and indoor air
temperature, respectively (K); &i1s the emussivity of surface 1; ho, hin are the outdoor and mdoor
air film convective heat transfer coefficient, respectively ([W/(m* K)]; he, is the convective heat

transfer coefficient of the sealed cavity [W/(m*K)[; Usrrv, Ui are the thermal conductance of
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the STPV module and inner glass, respectively [W/(m*-K)]; ¢ is the Stefan-Boltzmann constant

[5.6703-10" W/(m*-K")]. Analogous equations can be used for mult-layered STPV windows.
Assuming non-absorbing gas (e.g. air, Ar, Kr or Xe gas/mix) in the sealed window cavity,

the solar transmission (1), reflection (p) and absorption (o) within the STPV window can be

calculated as follows (ISO, 2003b):

Solar transmission of layer 1 to j

o = it
VT o o (4.3)
P;iPi-1;
Front solar reflection of Iayer i toj
2 r
X X TP
Pl = Pi F T i (4.9)
P;.iPj-1.i
Back solar reflection of Iayer 1 to j
2 b
) ) T i p i1
p},i = p},j + 1_'] o : i (4.10)
Pi-1iPj,;
Solar absorption in layerj
r i b
_ N (1 — T P )+ T1iPiN (1 — T T pj,j) “4.11)
i 1 _ i l.) .
p.],l\'p.]—l,l

where for eq.(4.11) t;=1 and pij=0 when 1<0 or j>N. It should be noted that each variable 1s a
function of wavelength (A).

Depending on the model accuracy required, the electrical power output of the window
(Pstev) can be approximated using the following PV electrical models [listed in ascending order
of accuracy (Deutsche Gesellshaft fur Sonnenenergie, 2005b)]: (1) van’s model (Evans, 1981)
(1) equivalent one-diode model (De Soto et al., 2006) or (1) King’s model (King et al., 2004).
Other electrical models exist providing various levels of accuracy and complexity (E Skoplaki
and Palyvos, 2009).

4.4 Experimental verification of the thermal model

An experimental study was performed utilizing an mdoor solar simulator to evaluate the
aforementioned thermal model. Four double-glazed STPV window prototypes were assembled

and tested utilizing poly-Si spaced cells.
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Figure 4.2. Energy balance schematic for a double glazed STPV window.

4.4.1 Description of the experimental setup

The solar simulator is located in the Solar Simulator and Environmental Chamber (SSEC)
laboratory, at Concordia University, Montreal, Canada. The solar simulator 1s a continuous
lampfield able to emulate sunlight. It 1s coupled with an artificial sky apparatus to minimize the
mfluence of thermal nrradiance from adjacent surfaces to the tested window and a linear
variable-speed fan to reproduce wind-induced convection on the exterior window surface
(Kapsis et al., 2016). The test conditions are summarized in Table 4.1.

Fach STPV window was mounted on a thermally-calibrated solar calorimeter apparatus
used to emulate the indoor thermal environment of a typical office building (Figure 4.3). A
thermally-calibrated IR camera was used to measure the temperature distribution on the
outermost window surface (surface-1). T-type thermocouples were also used to measure surface

(on STPV window and calorimeter) and air temperatures (exterior and within the calorimeter)

during the test period. The STPV window was connected to an electronic load, functioning at
the maximum power point, to measure and anticipate the power generated by the STPV. All
tests were performed under steady-state conditions. Thus, no transient thermal effects were
studied. The results of this study should be considered as bearing this limitation.
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Table 4.1 Experimental conditions.

Variable Average test conditions Spatial (temporal) variation
Incident solar irradiance 750, 800, 850, 900, 950 &

(W/m’) 1000 3% (e1%)

Wind-induced

convective heat transfer coefficient 20, 25, 30, 35 & 40 +3.2

[W/(m*-K)]

Ambient air temperature

o 21 +

(°C) =
gél)(mmeter mdoor air temperature 9] 1)
(Coél)orlmeter mdoor surface temperatures 9] +9 (£1)
?Et)lflClal sky temperature 13 +9 (+1)

4.4.2 Description of the STPV window prototypes

Four double-glazed STPV window units were assembled. Fach STPV prototype window 1s
frameless with dimensions of 1948 mm x 976 mm. It comprises of a STPV module as the
outer layer and a 6mm glass (incorporating a low emissivity coating on surface-3) as the mnner
one. A 25 mm sealed air cavity separates the two glass layers. The thickness of the cavity was
selected to take into account the junction box located on the rear side of each STPV module.
The number and spacing of the opaque poly-Si cells itegrated on each window varied,
resulting to various optical and electrical properties. The solar spectral transmittance of each
window layer was measured using a UV/Vis/NIR spectrophotometer (Figure 4.4). The total
optical, thermal and electrical properties of each STPV window prototype are summarized in
Table 4.2. T-type thermocouples were used to measure the operating cell temperature -

embedded within the module encapsulation resin, the thermocouples were in direct contact
with the rear side of PV cells.

MHG lampfield (sun)

artificial sky (sky)

linear fan (wind)
STPV window
solar calorimeter (room)

Figure 4.3. Experimental setup for the study of the thermal behaviour of STPV windows at
Concordia University solar simulator laboratory.
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Figure 4.4. Measured solar spectral transmittance of STPV window layers. Note that “STPV

module” refers to the outer layer of each window. All STPV windows have 1identical mner glass.

Table 4.2. Total optical, thermal and electrical properties of the four STPV windows.

Name of Optical properties Thermal properties Nominal Packing
window Solar Visible maximum factor
e—— power (%)
) . . . , -vaiuc under STC
T fiont Oriont T front Oriont Ehront Ehack W/( me K) Pmp(W)
STPV_WING%  0.046  0.198  0.058  0.205 294.10 92.92
STPV_WINI17% 0.135 0.181 0.172  0.188 240.40 76.8
p . — 0.920 0.840 2.011

STPV_WIN29% 0.223 0.168 0.285 0.176 187.90 61.4
STPV_WIN40% 0.312  0.158 0.398  0.167 133.30 46.1

Note: 1: transmittance; p: reflectance; e: emissivity. The STPV windows are named based on their (front)

visible transmittance.

4.4.3 Thermal model verification

A comparative study on the STPV window prototypes was performed between

experimental measurements and model predictions. The measured optical [namely t(A)i and

p(A)i] and thermal (namely Usrev, Ug. and &) properties as well as the electrical power output

of each STPV window (Psrev) were imported to the thermal model.

PV cell operating temperatures of 46.2°C (for STPV_WIN40%) to 55.3°C (for
STPV_WIN69%) were measured under 1000 W/m’ and wind-induced convective heat transfer



coefficient of 20 W/(m*K). The thermal model was able to predict cell temperatures within
accuracy of +4°C (for STPV_WIN6%). Though, the model accuracy reduced as the packing
factor increased (up to +7°C for STPV_WIN40% with a packing factor of 46.1%) (Figure 4.5).
This 1s due to the fact that the model assumed uniform spatial optical and thermal properties.
IR thermography revealed a temperature differential between “PV cell” part and “encapsulant”
part of up to 13°C (for STPV_WIN40%) due to increased spacing between the opaque PV
cells (Figure  4.6). The temperature differential reduced to less than 0.5°C (0.9°F) for
STPV_WIN6%. Such differential temperatures are specific to STPV windows utilizing opaque

PV cells (due to variation of optical properties between “PV cells” part and “encapsulant” part)
and 1t 1s not apparent on STPV windows utilizing thin film PV technologies (Yoon et al.,
2011). In order to increase the accuracy of the model, the STPV module layer under eq.(4.4)
and eq.(4.5) can be separated into two parts: “STPV cells” part and “encapsulant” part (Fung

and Yang, 2008).

65 65

60 60
55 55
50 50
45 45

40 40

temperature (°C)
temperature (°C)

35 35

Simulated STPV window cell operating
Simulated STPV window cell operating

Ve
Ve
30 7 30 // 7
STPV_WING% y STPV_WIN17%
Ve
25 25 £
25 35 45 55 65 25 35 45 55 65
Measured STPV window cell operating temperature (°C) Measured STPV window cell operating temperature (°C)

65
o o 60
a =}
= =
= @
5 b 55
= =1
o o
80 gg
e R
S & gE 45
o= ==
= © =l
=5 =8
= > a0 40 _
= BB P
B o H oo ~ o
wm + wm + <>8/
g g * 7 &
o 2 Ve F3
© © 7 >
E El 30 7 € a
E E PEB STPV_WIN40%
(%3] 2] 280

25 £

25 35 45 55 65 25 35 45 55 65
Measured STPV window cell operating temperature (°C) Measured STPV window cell operating temperature (°C)

Figure 4.5. Simulated over measured cell operating temperatures for the four STPV window prototypes.
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Figure 4.6. Temperature profile for the four STPV windows, under 1000W/m’, exterior convective

film coefficient of 20 W/(m* K) and emulated indoor temperatures of 21°C.

The latter approach could provide a more accurate estimation of the cell operating
temperature. Finally, operating cell temperatures of up to 80.5°C were observed under 1000
W/m® irradiation, still air and ambient air temperature of 21°C for the STPV_WIN6% window

assembly, representing the upper cell temperature limit under low wind conditions.

4.5 Parametric analysis

The proposed thermal model was also coupled with an equivalent one-diode electrical
model through EnergyPlus simulation software (Lawrence Berkeley National Laboratory,
2015b) to predict the thermal behaviour of various STPV window configurations (Kapsis and
Athienitis, 2015). In a given cell temperature and incident solar irradiance, the current-voltage
relationship is defined as follows (De Soto et al., 20006):

I=I, -1, -1, =1, =1 ("™ _1)~(V+IR)/R, (4.12)
and
N 1, KTy
o = ST K L grpy (4.13)
d.



where I, 1s the diode saturation current (A), R. 1s the series resistance (£)), Ra 1s the shunt
resistance (), ou 1s the 1deality factor (V), N. 1s the number of cells in series, ni 1s the usual
ideality factor (V) and q. is the electron charge (1.60218-10" C).

The objective of this parametric study was to understand how STPV window assembly
affects the operating cell temperature. For comparative purposes, a building-added STPV
module naturally ventilated on both its front and rear side (“free-standing” system) was also
simulated. The aforementioned electrical model was used to predict the electrical output of the
system while the operating cell temperature was approximated by eq.(4.2) where a=-3.56,
b=-0.075 and A T=3°C, empirically determined for an open rack system (King et al., 2004).

The simulated STPV windows were integrated on a south-oriented perimeter office facade
located in Toronto, ON, Canada (latitude 43.7°N). The Perez model was adopted to predict
the beam and diffuse nradiance incident on the window (Perez et al.,, 1990). Standard
EnergyPlus weather data (epw) was used as mput while the simulations were performed at a 5-

min timestep. Five STPV window assemblies were simulated (Figure 4.7). All assemblies
mtegrated 1dentical STPV modules (Table 4.3).

4.5.1 Presence and location of low-emissivity coating

Low-emissivity coatings are commonly used on window assemblies to reduce heat transfer
through radiation exchange between layers and thus enhance the window thermal performance
by reducing its overall conductance (Jelle et al., 2012). The location of coating (for “low-e@2”
and “low-e@3” assemblies) does not impact the thermal conductance (U-value) of the assembly
but does affect the solar heat gains through the window (Figure 4.7). Moreover, when a low-¢
coating 1s applied, the SHGC 1s reduced up to 18% (from 0.274 for “no low-e¢” to 0.225 for
“low-e@3”). The simulations suggest that the presence of low emissivity coating (€=0.157) on a
double-glazed STPV window assembly could increase the operating cell temperatures up to
3°C during spring and summer season (from 59°C for “no low-¢” to 62°C for “low-e@3”)
Figure 4.8). Though, the location of the low emissivity coating between surface-2 (“low-e@2”
assembly) and surface-3 (“low-e@3” assembly) has no impact on the thermal behaviour of the
window (less than 0.5°C difference between the two assemblies). Furthermore, when compared
to an open-rack system, the operating cell temperatures can be up to 24°C higher (from 38°C

for “free-standing” system to 62°C for “low-e@3” window assembly).

Table 4.3. Total optical and electrical properties of the STPV module utilized in all simulated window
configurations. The same module was used on the STPV_WIN179% window assembly.

Name of Cell Packing  Optical properties Electrical properties
module technology  factor Solar Visible under STC
(outer layer) (%)
T tront plmul T frone pi'm" Pmp(W) Voc (V) I\((A) nmp
STPV21% poly-Si 76.8 0.195  0.088 0.206 0.062 24040 37.61 8.52 0.13
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Figure 4.7. Simulated STPV window conligurations. A building-added STPV module was also

simulated for comparative purposes.

4.5.2 Impact of thermal conductance of the window

When it comes to the thermal performance of modern building envelope, windows are the
weakest link as they have significantly higher U-value than the insulated walls (within one order
magnitude) (Lyons et al., 2000). In recent years, in order to reduce the window thermal
conductance and conserve thermal (cooling and heating) energy, multi-layered windows
mcorporating low-emissivity properties are used. Once STPV technologies are mtegrated in
high performance window assemblies, high operating cell temperatures might lead to: (1)

significant reduction of the annual electricity yield but also (1) thermal stress of the window



components and STPV devices that might result to component or assembly failure (Deutsche
Gesellshaft fur Sonnenenergie, 2005b; Sharma and Chandel, 2013). Upgrading to a triple-layer
assembly, the predicted operating cell temperatures can be as high as 65°C for the “suspended
film” assembly (up to 31°C higher than the “free-standing” system)(Figure 4.8). For the day
presented, up to 9% reduction of the electricity yield 1s predicted (from 760 kWh/KW for the
“free-standing” system to 692 kWh/kW for the “suspended film” assembly) (Figure 4.9).

Finally, the annual frequency of cell operating temperatures is presented for the whole year
Figure 4.10).
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Figure 4.8. Simulated operating cell temperatures of various STPV window assemblies during a
typical warm and sunny day for Toronto, Canada.
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Figure 4.9. Estimated electricity yield of the various STPV window assemblies during a typical warm
and sunny day for Toronto, Canada.
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Figure 4.10. Annual frequency of operating cell temperatures for the various STPV window
assemblies.

Despite the fact that the data i1s chmate-specific, it provides insight mto what 1s the
likelihood for high cell temperatures to occur. For the climate of Toronto, where summer
season 1s relatively mild, no cell temperatures above 70°C occur. However, 1if the analysis 1s
performed for warmer climates (e.g. Houston or Los Angeles), the occurrence of high

temperatures (>70°C) 1s expected to be evident if not significant.

4.6 Low-order thermal models of STPV windows

Simplified thermal models were also developed based on King’s empirical model (King et
al., 2004) presented on eq.(4.2) end eq.(4.3). The low-order models can be used when the
detalled STPV window assembly design and properties are not known. The annual

performance data produced by the detalled numerical thermal model and coupled with
one-diode electrical model was used to train a non-linear regression model (numerical
experiment) and obtain the empirically-determined coefficients for two STPV window
archetypes (Table 4.4): (1) a double-glazed STPV window assembly with low-emissivity coating
on surface-2 or surface-3 and (1) a triple-glazed STPV window assembly with low-emissivity
coatings on surface-3 and 4 or surface-3 and 5. Figure 4.11 illustrates the empirically-
determined cell temperatures over numerical experiment and the corresponding histograms of
residuals. The respective coefficients of determination are R? = 0.891 (for double-glazed) and
R2 = 0.939 (triple-glazed). While the models are trained with irradiance data about 500 W/m’
(red data points), they can also be used to predict operating cell temperatures for irradiance
conditions below 500 W/m®* (blue data points) within an accuracy of about +5°C. However, low
order models tend to underestimate the operating cell temperatures under low rradiance
levels.
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Figure 4.11. Empirically-determined cell temperatures over numerical experiment data and
corresponding histograms of residuals for a double-glazed (left) and triple-glazed (right) STPV
window assemblies.

Table 4.4. Empirically determined coefficients used to predict the back surface temperature of a
building integrated STPV window as a function of irradiance, ambient temperature, and wind speed
measured at the meteorological height of 10 m.

STPV window assembly Mount a b AT
Double-g(glazed m‘th 1(()W-€ coating 985 00351 9
(surface-2 or surface-3)
Triple-glazed with low-e coatings
(surface-3 and 4 or surface-3 and )

Building integrated
-2.88 -0.0319 11

4.6 Conclusions

The present study focuses on the thermal behaviour of Semi-Transparent Photovoltaic
windows (STPV). STPV windows & skylights tend to operate at higher temperatures than open
rack systems. High operating temperatures (75°C and above) impact adversely the electrical
conversion efficiencies and lifespan of the window and they may result in failure of the window
components (e.g. sealants, gaskets) and possibly cell degradation or damage. For this reason, an
experimentally-verified numerical thermal model was developed to study the impact of low-e
coating, suspended films and overall thermal conductance (U-value) on the operating cell

temperatures.



The model was verified with full-scale experiments under the Concordia University Solar
Simulator facility. Four double-glazed STPV prototypes windows were assembled and tested.
The tests revealed that the STPV module packing factor plays a significant role on the
operating cell temperatures (operating cell temperatures rise proportionally to the packing
factor) resulting to measured cell temperatures of up to 55.3°C under 1000 W/m® and wind-
induced convective heat transfer coefficient of 20 W/(m®K). The proposed numerical thermal
model is able to predict the cell temperatures with an accuracy of about £5°C (for packing
factor >50%) and about £7°C (for packing factor <50%).

A simulation-based parametric analysis was also carried out for various STPV window
configurations. The simulations suggest that the presence of a low-emissivity coating on a
double-glazed STPV window assembly has some impact (up to 3°C increase when compared to
a double-glazed STPV window with no low-e coatings) on the cell temperatures. However, the
location of the coating (either surface-2 or surface-3) has negligible influence on the thermal
behaviour of the window. Upgrading to a triple-layer assembly, the predicted operating cell
temperatures can be as high as 65°C and up to 31°C higher than the “free-standing” system.
This mcrease resulted to up to 9% reduction on the daily solar electricity yield (from 760
kWh/KkW for the “free-standing” system to 692 kWh/kKW for the “suspended film” assembly)
indicating that the thermal conductance (U-value) of the STPV window impacts the thermal
behaviour of the STPV window and thus, the expected power output: the operating cells
temperature on a STPV window are inversely proportional to the U-value of the window.

Finally, low-order thermal models were also developed for the following archetype STPV
windows: (1) a double-glazed assembly with low-emissivity coating on surface-2 or surface-3 and
(1) a triple-glazed assembly with low-emissivity coatings on surface-3 and 4 or surface-3 and 5.
The models can be used during the preliminary design, when the detalled STPV window
assembly design and properties are not known.
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Chapter 5

A Study of the Potential Benefits of
Semi-Transparent Photovoltaics in
Commercial Buildings®

Abstract

This study mvestigates the potential benefits of semi-transparent photovoltaic windows on
the energy, daylighting and thermal performance of commercial buildings. A general simulation
methodology 1s proposed and utilized, tegrating thermal, electrical and daylighting analysis.
The mmpact of various building design parameters on the selection of 1deal optical properties of
semi-transparent photovoltaics 1s examined. The potential performance of poly-Si, a-Si/uc-Si
and organic cell technologies 1s also studied. The selection of the module optical properties 1s
shown to be sensitive on the daylight and lighting controls applied and photovoltaic cell
technology utilized. The selection of a semi-transparent photovoltaic module with 109 visible
effective transmittance resulted i the lowest annual end-use electricity consumption (as low as
5 kWh/m’/yr). Finally, simulation results suggest that high cell operating temperatures of up to
64°C could occur that might cause accelerated degradation when organic thin film technologies

are used.

5.1 Introduction

Effective building facade design should contribute to the creation of a pleasant, glare-free,
thermally comfortable environment that will reduce building energy expenditures and optimize
daylight utihzation (Boyce et al., 2003). In most commercial and high-rise residential buildings,
where reducing the costs of cooling energy 1s important, an integrated strategy to control the
transmission of solar radiation needs to be adopted. Rather than having reflective, tinted or
fritted windows to reduce solar transmission, Semi-transparent photovoltaic windows may be
used to reduce solar heat gains and generate solar electricity (Bahaj et al., 2008; James et al.,
2009; Quu et al., 2009), while still provide adequate daylighting and view to the outdoors
(Vartiainen, 2001). The term Semi-transparent photovoltaic (STPV) 1s used here to cover a
broad range of PV technologies, from Si-based cells (arranged in such a way as to allow light to
pass through the resulting space between the opaque cells) (Baum, 2011) to “see-through” thin
films (Lynn et al., 2012), such as a-Si/uc-Si (Klein et al., 2012; Sai et al., 2014), organic PV
(Krebs, 2009; Li et al., 2012) and perovskites (Eperon et al., 2014; Snaith, 2013). As STPV

3 . S . . . . .
Kapsis, K., & Athienitis, A.K., 2015. A study of the potential benefits of semi-transparent photovoltaics i
commercial buildings. Solar Energy, 115, pp.120-132.
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technologies are penetrating the building industry, they are expected to play a key role in on-
site electricity generation of new and retrofitted high-performance commercial and institutional
buildings; on-site electricity generation can partly offset daily electricity consumption, eliminate
grid transmission losses and potentially contribute to grid “peak demand shaving”, resulting in
reduced need for peak-capacity power plants (Athienitis and O’Brien, 2015).

STPV windows can be utilized to cover large skylight and facade surfaces and regulate solar
heat gains and daylight (Bizzarri et al., 2011; Roberts and Guariento, 2009). In order for this to
be done effectively, and to ensure market acceptance of this technology within the building
mdustry, the solar, optical and thermal properties of STPV windows and their effect on a
building energy performance need to be studied and quantified. Issues such as heat
management (STPV cells overheating and non-uniform temperature distributions between cells
located near centre-of-the-window and cells located near-the-edge results in electrical efficiency
reduction and STPV window thermal stress), visual and thermal performance as well as cost
and durability (at least twenty years of performance) have been shown to be as important as
STPV electricity production (Chow et al., 2007; Fung and Yang, 2008; Vats et al., 2012). E.g.
the selection of STPV optical properties has a direct impact on STPV electrical performance,
solar heat gains and daylight availability within the bulding (Figure 5.1). Improper
quantification of such interactions will not only affect the predicted energy use but also

misguide the designer towards a suboptimal design, which will impact ease of functionality, case

of mstallation and result in an unfavourable adoption of this technology by the end-user.
N J HVAC {

e N N
Daylight section < Solar shading / @ Dimmable lighting @

(w STPV) [ \

<+— Electricity generation \\\L/y / ‘ \ / ‘ \

—— j <«— Framing

Occupants { l

View section N

(w or w/o STPV) \ . I \

\ Solar gains { )

(daylight) L [ Workplane
— ek - — - — — — —)- S St

bl
|
Opaque x: Heat gains | \ |
spandrel — |
(w or w/o BIPV) } [

|
?,J Thermal mass

5 m |
| ]

Figure 5.1. Schematic of major interactions between the STPV windows, the office space and the
occupants.
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The objective of this study 1s to mvestigate the potential benefits of STPV windows on the
building energy, daylighting and thermal performance through the selection of the STPV
optical properties. The study focuses on cooling dominated commercial building perimeter
zones 1n a continental climate region (South-eastern Canada and North-eastern United States).
The end goal of this work 1s to provide mput to the design of cost effective, high performance
STPV windows with optical, electrical, and thermal properties suited to commercial building
facade applications through a general design methodology that could be easily followed by
architects and engineers during the prelimimary design stage, when there 1s an opportunity to
have the greatest impact on the final design. This differs from standard practice which typically
mvolves the use of energy modelling at the end of the design process when there 1s little

opportunity to make design changes.

5.1.1 Brief overview of existing STPV performance studies

Facade orientation and window-to-wall ratio (WWR) play major roles on the annual STPV
electricity yield, solar heat gains and daylight availability. In general, near equatorial facing
facades have the highest annual solar potentials for electricity generation. Equatorial facing
skylights with a tilt angle near to the altitude of the building site tend to maximize the electricity
yield. Whenever optimal orientation 1s not possible due to site constrains, the STPV windows
should face preferably anywhere between ESE and WSW for the north hemisphere (between
ENE and WNW for the south hemisphere). When considering the impact STPV windows
have on the building energy performance, it was shown that the selection of the 1deal STPV
optical properties was independent of the building orientation (Chow et al., 2007; Miyazaki et
al., 2005; Robinson and Athienitis, 2009), within this orientation range. Though, Miyasaki et al.
(2005) and Ng et al. (2013) showed, through simulations, that the WWR has an impact on the
selection of 1deal STPV optical properties.

Independently of the facade configuration and orientation, it 1s imperative that the STPV
module should be the outermost glass layer of a widow assembly. Delisle (2008)
demonstrated that by moving the STPV module from being the outermost glass to the middle
glass layer of a triple glazed window, electrical yield reduction of up to 22% was predicted,
caused mainly by the reduction of transmitted solar radiation to the PV cells. In addition,
operating cell temperatures of up to 16°C higher were anticipated, despite the fact that the
cavity between outermost glass and STPV layer was naturally vented to outdoors to avoid high
temperatures.

Park et al. (2010) showed, through experimental work, that highly absorptive STPV module
backsheets (e.g., coloured or tinted glass, used for aesthetic purposes and reduction of solar
heat gains) should be avoided, as they can result in PV cell overheating.

The thermal performance of STPV 1s an area that needs attention because it exerts a
significant influence on the durability of the STPV and other window components, such as
spacers, sealants and framing. High temperatures need to be predicted, either through testing
and/or simmulation. The allowable temperature rise depends on the STPV technology

mplemented (e.g., organic, Si-based, etc.). De Boer and van Helden (2001) predicted PV cell
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operating temperatures of up to 65°C on an office STPV window while Wong et al. (2008)
predicted temperatures up to 75°C on STPV skylights; Temperatures up to 60°C were
measured, with no significant temperature gradient, on a commercial building STPV window
(Yoon et al., 2011).

Finally, the daylighting and electric lighting controls implemented (Robinson, 2011; Wong
et al., 2008) strongly affected the selection of 1deal STPV optical properties, whereas the
selection of the HVAC system (Chow et al., 2007; Miyazaki et al., 2005) had no impact.

5.2 Methodology

For this study, an integrated simulation approach (thermal, electrical and daylighting) is
followed, proposed by Garde et al. (2011) and Remhart and Wienold (2011), and adapted to
the needs of the study (Figure 5.2). Major procedure steps are described below, with “Step 2”
to “Step 5” automated through MATLAB (MathWorks, 2014).

Step 1. An office model 1s built using SketchUp 3D software (Trimble, 2014). The
geometric model 1s used to generate (1) a Radiance-based model through the su2ds plugin
(Kyenner, 2014) that 1s imported to Daysim software (Reinhart, 2014) for the office annual
daylighting/lighting performance and (i) an energy model through the Legacy OpenStudio

plugin (National Renewable Energy Laboratory, 2014) that 1s imported to EnergyPlus software
(Lawrence Berkeley National Laboratory, 2015b) for the office annual thermal and electrical
performance.

Step 2 An EnergyPlus Weather (EPW) file 1s imported to DAYSIM and converted from
1-hr time-step to 5-min time-step (Remhart and Walkenhorst, 2001). The new weather file 1s
used as mput weather file for Perez “all-weather” sky model (Perez et al., 1990). The
simulation time step was selected based on daylight availability. Walkenhorst et al. (2002)
suggested a I-min time step mstead of a 60-min time-step I order to reduce the errors in
calculating daylight availability due to the short-term variability of daylight. However, the
systematic underestimation was found to be n the range of 6-18%, while Janak (1999) found a
difference of less than 3% between the two simulation time-steps. Considering the fact that
occupants tend to be infrequent shade users (O’Brien et al., 2013; Van Den Wymelenberg,
2012) and that daylight and occupancy sensors tend to respond in the range of 5-min to 15-min
time-steps 1 order to avoid occupant disturbance, a 5-min time step was considered
satisfactory.

Step 3 A custom-made MATLAB routine 1s used to generate for manually-controlled
roller shade use schedule, based on occupant behavioral statistical models developed by
Reinhart and Voss (2003) (when assumed “active users”) and Kapsis et al. (2013) (when
assumed “inactive users”). The schedule 1s fed to DAYSIM that performs the annual daylight
analysis (Reinhart and Walkenhorst, 2001).

Step 4. Lightswitch-2002 (Reinhart, 2004) routine embedded m DAYSIM 1is used to
generate the electric lighting use schedule (either for “active” or “inactive” users,) based on the
workplane illuminance levels due to daylight, calculated at “Step 5.
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Figure 5.2. Integrated simulation methodology for the study of STPV windows on building
applications.

Step 5. The various Schedules are then fed to EnergyPlus that performs the annual energy
analysis. An output file 1s generated comprising the office energy consumption for cooling,
heating, electric highting and equipment, the PV electricity generation, the PV cell temperature
profile, the solar heat gains and losses through the STPV window, and others.

The aforementioned methodology can be applied using alternative building performance
simulation tools and extended to different advanced facade technologies (e.g. electrochromic

windows, windows integrating advanced coatings and/or shading devices).

5.3 Simulation study of a cooling-dominated office utilizing
STPV windows

A study was carried out for a cooling-dominated perimeter office zone utilizing STPV
windows, adopting the above methodology. The office was located m Toronto, ON, Canada
(latitude 43.7°N). Major office modelling assumptions are summarized in this section, while
detailed subsections on STPV window daylighting, thermal and electrical modelling will follow.

The zone dimensions were 4 m (width) x 5 m (depth) x 3.2 m (height). Two WWR were
studied: WWR=409% and WWR=60%, respectively (Figure 5.3). An exterior wall of
U=0.301 W/(m"*K) was considered. The spandrel and mullion thickness of 0.15 m was taken

mto account during daylighting and energy performance simulations. The interior walls were

assumed to connect with similarly conditioned zones to the office of interest. A medium-weight



concrete floor was used, while furnishings were represented as internal zone surface area
exposed to the zone air.

An occupancy density of 10 m’/occupant was considered, assuming plug loads of
100W/occupant. Figure 5.4 presents the occupancy and plug load schedules (CEC, 2008),
from Monday to Friday. An ideal heat recovery ventilation system with constant thermal
efficiency of 809% was taken mto account, with ventilation rates of 2.5 L/s/occupant and
0.3 L/s/m’ of floor area (ASHRAE, 2004). The infiltration rate was kept constant at 0.15 L/s/m”
of exterior surface area.

Figure 5.3. Olfice zone schematics with WWR=40% (left) and WWR=60% (right), utilizing STPV

windows.
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Figure. 5.4. Olfice air temperature setpoints (left) and weekday schedules for occupancy and plug
loads (right).
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An 1deal air system, that meets cooling and heating loads at all times, was used. The annual
office end-use electricity consumption was estimated by converting the thermal energy for
heating and cooling to equivalent electric energy, assuming constant Coefficients Of
Performance (COP) for cooling (COP.u=3) and heating (COPu.u=4), throughout the year as
follows:

coolin (t) E heatin )(t)
- z COI; . C(I)P : + llg,lmng(t) + Eplu ( ) ESTPV(t)

cooling heating

floor

where E. is the annual end-use electricity consumption (kWh/m?/yr), A is the office floor

area (m’) and, Eeooins(t), Eneains(t), Eianing(t), Epus(t) and Esrev(t) 1s the office cooling load, heating
load, electric lighting, plug load and STPV electricity production (kWh) at a time step t,
respectively.

5.3.1 STPV window daylight modelling

The annual daylight performance of various STPV window configurations was studied using
DAYSIM, a Radiance-based software. The Radiance simulation parameters used for the
analysis are summarized in Table 5.1.

The STPV windows were treated as if they had uniform optical properties. The effective
transmittance (under visible and solar spectrum) 1s summarized mn Table 5.2 for both the
STPV module (outermost glass of the STPV window) and the STPV window (nsulated
double-glazing window unit). Five effective visible transmittance values of the STPV module
were simulated: 109, 209, 309%, 40 and 50%. The minimum value of 10% was selected 1n
order to ensure a certain minimum view to the outdoors. Floor, mterior walls and ceiling were
treated as perfectly diffuse (Lambertian) surfaces with visible reflectance of 209%, 60% and 80%,
respectively. The corresponding thermal and electrical properties of the STPV window can be
found at the related subsections below.

A roller shade was considered and treated as a translucent object with direct hemispherical
transmittance of 5% and diffuse reflectance of 80%. It should be noted that both DAYSIM and
EnergyPlus simulate a shade that 1s either fully open or fully closed, but not partly-closed.
Observational studies have shown (Inoue et al., 1988; Rubin et al., 1987) that occupants will
less likely move their roller shades from fully open to fully closed positions or vice versa. In
most cases, the shade movements are mcremental. Thus, the office model considered
mtermediate shade positions by “separating” the roller shade into four smaller shades. This
way a single shade was replicated as if it was able to be controlled i 5-positions [0 (fully open),
0.25, 0.50, 0.75 and 1 (fully closed)].

Table 5.1. Radiance simulation model parameters

Ambient Ambient Ambient Ambient  Ambient Direct
bounces division  sampling resolution Accuracy threshold
7 1500 20 300 0.1 0
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Table 5.2. Effective transmittance of the STPV module (outer glass layer) and corresponding STPV
window (IGU).

Name of the STPV module STPV10% STPV209% STPV30% STPV40% STPV50%

STPV m(‘)‘dul'e (outer gl_ass layer only) 10.0% 90.0% 30.0% 40.0% 50.0%
Visible effective transmittance

STPV module (outer glass layer only)

y . ; 8.9% 18.9% 28.9% 38.9% 48.9%
Solar effective transmittance

STPV window (IGU) . o . . an -
Total visible transmittance 6.1% 12.2% 18.3% 24.4% 30.9%
STPV window (IGU) 4.99% 8.6% 13.1% 17.6% 929.1%

Total solar transmittance

Note: The STPV modules are named based on their (front) visible transmittance.

In all cases, an absence sensor was used; the sensor switches the lights off, with a 5-min
delay, when occupants exit the room and it keeps the lights off when occupants enter the room.
The absence sensor was coupled with a continuous dimming control sensor, utilizing an ideally
commissioned photocell, to maintain minimum workplane (0.8 m above floor) illuminance
level at 500 Ix during occupied hours; the sensor dims the lights to complement daylight and
maintain minimum workplane illuminance levels, and switches the lights off when the

minimum illuminance levels are met by daylight alone.

5.3.2 STPV window thermal modelling

Energy balance equations were employed to estimate the thermal performance of a STPV
window, using EnergyPlus. A heat transter model adopted for a double-glazed STPV window,
with and without an interior roller shade, 1s presented below (Figure 5.5).

Analogous equations can be used for any additional glass, suspended film or shade layer.
The detailed optical and thermal properties of window layers where extracted from LBNL
WINDOW (Lawrence Berkeley National Laboratory, 2014a) and THERM (Lawrence
Berkeley National Laboratory, 2014b). Each layer (e.g., PV module layer, inner glass layer)
consists of two surfaces (e.g., for PV module layer, there 1s the outer surface and the inner
surface). The heat balance equations presented are for each surface k (where k=1 for the outer
surface of the outmost layer and k=2N for the inner surface of the imnnermost layer), for the
centre-of-window, assuming: (i) all layers are thin enough to neglect any thermal capacity, (11)
one-dimensional heat transfer perpendicular to the window layers, (1) each surface 1s
1sothermal with uniform thermal and optical properties, (iv) radiation absorbed in a layer 1s
equally distributed on its two surfaces, (v) glass and STPV module are opaque to IR radiation
and (vi) the STPV module 1s always the outermost layer of the STPV window assembly. Any
layer transparent to IR radiation was treated similar to the roller shade on eq.(5.5a).

PV module (surface 1)
a’_ls _ PSTPV
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Figure 5.5. Energy balance schematic for a double glazed STPV window with interior roller shade.
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where S is the solar radiation incident on the STPV window (W/m®); E., E is the exterior and
interior IR radiation incident on window surfaces, respectively (W/m?); Psrev 1s the power
output of the STPV window (W); Aswv is the STPV surface area (m’); T is the average
temperature of surface k (K); To, T are the outdoor air and indoor air temperature,
respectively (K); & 1s the emissivity of surface k; ho, hi are the outdoor and indoor air film
convective heat transfer coefficient, respectively ([W/(m*K)[; hev, heap are the convective heat
transfer coefficients in the STPV window sealed cavity, and the cavity between mmnermost glass
surface and roller shade, respectively [W/(m*K)|; Usrev, Ugas are the thermal conductance of
the STPV module and inner glass, respectively [W/(m*K)[; a; is the ratio of the solar radiation
absorbed by the layer j; ¢ is the Stefan-Boltzmann constant [5.6703:10" W/(m*K')[; o« is the

IR reflectance of surface k; ta, pa are the IR transmittance and reflectance of the roller shade,
respectively. The thermal and optical properties of each window layer were calculated based on
the ISO-15099 standard (ISO, 2003a) and ISO 9050 (ISO, 2003b), respectively.

It should be noted that the STPV cell operating temperature 1s equal to temperature of
surface-1 (TSTPV=T1). Depending on the model accuracy required, the STPV module layer
can be treated as three layers: “frontsheet” layer, “STPV cell and encapsulant” layer and
“backsheet” layer (Delisle, 2008; Wong et al., 2008). On STPV modules utilizing Si-based
opaque spaced cells, the “STPV cell and encapsulant” layer can be separated into two parts:
“STPV cells” part and “encapsulant” part (Fung and Yang, 2008). The latter approach could
provide a more accurate estimation of the PV cell operating temperature. Nonetheless,
Robinson (2011) measured the temperature gradient across a double glazed, low-e (surface-3),
poly-S1 STPV window installed in a typical office. Through a year of monitoring data,
temperature gradients of less than 1°C were observed. Similar experimental observations were
made throughout the literature (Infield et al., 2006; Notton et al., 2005; Yoon et al., 2011)
independent of the STPV packing factor, electrical efficiency, window assembly and size,
reinforcing the notion of treating the “STPV cells and encapsulant” layer as an isothermal
surface.

The STPV window assumed for the parametric study consists of (outer-to-inner-layers): (1)
10.9 mm STPV module, which optical and electrical properties varied, (1) 12.7mm sealed
cavity filled with Argon mix (109 Air/90% Argon) and (1) 5.9 mm low-e (€3=0.166) coated
glass. Table 5.3 summarizes the thermal properties of the STPV window for the three STPV
module technologies simulated n this study: () poly-S1 opaque spaced cells; (1) a-Si/uc-Si
(micromorphous) transparent thin film; (1) organic (OPV) transparent thin film. It should be
noted that the solar heat gain coefficient (SHGC) of the STPV window varies based on the
power output of the STPV module (F. Chen et al., 2012); as the power output rises, the SHGC

drops.
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Table 5.3. Thermal properties of corresponding STPV window (IGU) for the three STPV module
technologies simulated.

Name of : : . . .
the STPV module STPV10% STPV20% STPV30% STPV40% STPV50%
SHGC w/o load 0.146 0.219 0.292 0.364 0.437
. . . 0.282 (Poly-Si) . .. ..

0.135 (Poly-Si) 0.208 (Poly-S1) 0.985 (a-Si/iic- 0.356 (Poly-S1) 0.429 (Poly-Si)

SHGC w load 0.139 (@-Si/uc-Si)  0.212 (a-Si/uc-Si) Si) D ASIHE ) 958 (a-Si/uc-Si)  0.431 (a-Si/uc-Si)
I C S Qr IS

0.138 (OPV) 0.211 (OPV) 0.985 (OPV) 0.358 (OPV) 0.431 (OPV)

Usvalue 1.634 1.634 1.634 1.634 1.634

[W/(m*K)]

Note: The STPV modules are named based on their (front) visible transmittance.

Hence, two SHGC values are reported: (1) SHGC without load; assuming no electric load 1s
connected to the PV system, thus, all absorbed solar energy is transformed to heat and (1)
SHGC with load; assuming electric load is connected at maximum power point thus, part of
absorbed solar energy is transformed to electricity.

Finally, thermal bridging occurs due to spacer separating the various window layers as well
as due to window frame (Ge and Fazio, 2004; Gustavsen et al., 2007; I1SO, 2003a). The
edge-of-window might have significantly higher thermal conductance than the centre-of-window

hence, frame effects were accounted on the heat balance equations.

5.3.3 STPV window electrical modelling

One of the simplest and most widely adopted model throughout literature (Miyazaki et al.,
2005; Robinson and Athienitis, 2009; Wong et al., 2008) is the Evan’s model. The model
assumes that the electricity generation of a STPV module, operating at the maximum power
pont, 1s linearly dependent on the PV cell operating temperature (Evans, 1981). However,
such PV electrical performance models tend to overestimate the electricity output of the
module (E Skoplaki and Palyvos, 2009). For this study the equivalent one-diode model (Dufhie
and Beckman, 2006) was used (Figure 5.6), available on EnergyPlus. The module current (I)
equals to the difference between light current I and, the diode current In and shunt current L.
It can be expressed as a function of five parameters (the model 1s also known as 5-parameter

model):

I=1, -1, -1, =1, -1 ("% _ 1)~ (V+IR)/R, (5.6)

sh

where I, 1s the diode saturation current (A), R. 1s the series resistance (£)), Ra 1s the shunt

resistance () and ou 1s the 1deality factor (V). The shunt resistance expresses the leakage of
current caused by defects, the series resistance expresses the voltage drop due to migration of
charge carriers from the semiconductor to the contacts, and the ideality factor accounts for the
thermal voltage and the various mechanisms accountable for moving carriers across the
junction (Tian et al., 2012).
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For given incident solar radiation (S) and operating cell temperature Tsrev, the five

parameters need to be determined (I, L., R, Ra, o) In order to calculate the module operating

current and voltage. The power 1s calculated as the product of current I and voltage V:

Py =1V (.7)

Employing various approaches (De Soto et al., 2006; Pvsyst.SA, 2014) an implicit solution
of eq.(5.6) 1s possible based on the mformation available by the module manufacturer’s
datasheet as follows: (1) the short circuit current 1..(V=0), (1) the open circuit voltage Voc(I=0),
(1) the maximum power point under reference conditions Pup(Lup,Vap), (iv) the temperature
coefficient of the short circuit current prse=Als¢/ATsrev and (v) the temperature coefficient of
the open circuit voltage uvoc=AVoc/ATstev. Eq.(5.6) 1s solved simultaneously with energy
balance equations eq.(5.2) to eq.(5.5) for each simulation time-step in order to estimate the
electrical performance of the STPV module. Table 5.4 provides the electrical data for the three

STPV module technologies studied (Appendix C). The presented data i1s for STPV modules of
visible effective transmittance of 109% (STPV10%) and WWR=60%.

Table 5.4. Electrical data for the three STPV module technologies simulated under STC.

STPV module technology Poly-S1  a-Si/uc-Si Oorv
Name of the STPV module STPV 10%

Surface arca 188  1.88 1.88
(m’)

f;of)‘“e““y 15%  10% 10%
Short Circuit Current 10.01 1.65 99.59
(A)

Open Circuit Voltage 3799 167 11.3
V)

(CAu)rrent at Maximum Power .36 1.59 93.8
X;))ltage at Maximum Power 30.19 193.9 7.9
Temperature Coeflicient of Maximum Power 0445 0.970 +0.050
(%6/K)

Temperature Coeflicient of Short Circuit Current 10054 +0.071 20.910
(%6/K)

Temperature Coeflicient of Open Circuit Voltage 0333 -0.970 0.970
(%6/K)
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As the transmittance of the STPV module increases, the module efficiency decreases
Figure 5.7); as more solar energy is transmitted through, less solar energy 1s captured and
transformed to electric current. Moreover, the efficiency of inorganic PV technologies (such as
poly-Si and a-Si/uc-Si) drops with the increase of cell temperature. Conversely, OPV module
efficiency slightly rises as the cell temperature increases. However, due to the relatively low
OPV manufacturing process temperatures (Krebs, 2009), cell operating temperatures above
75°C should be avoided as 1t might cause accelerated cell degradation and possibly permanent
failure. It should be noted that the maximum efficiencies were selected based on present and
anticipated PV module efficiencies and they do not correspond to specific market products.
Finally, an 1ideal PV inverter of 90% efficiency was utilized, always performing at the maximum
power point.

5.4 Results and discussion

A comparative study was carried out to select the appropriate optical properties of the
STPV windows under various office design parameters. The analysis focused on a cooling-
dominated perimeter office building located mm Toronto. Table 5.5 summarizes the office
design parameters that constitute the “base line” scenario. More than two hundred different
office and facade variations were simulated. The present parametric analysis focuses on the
cases that demonstrated the highest impact on the energy, daylighting and thermal performance
of the building.

20%

§ 18% |- -»-Poly-Si
(&) a-Si/pc-Si
By Series B 16% -
I Ciﬁg;,( Resistance 1 e L ~0PV
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Figure 5.6. Equivalent circuit for the one-diode Figure 5.7. STPV module efficiencies as a
model. function of the visible effective transmittance of

the STPV module.

Table 5.5. Major assumptions for the base Iine office design used for the parametric analysis.

STPV window orientation South

Window-to-wall ratio 609%

STPV m(‘)‘dul_e (outer gl.ass layer only) 10%, 209, 309%, 40% & 50%
Visible effective transmittance
STPV module technology Poly-Si
Lighting power density 7 W/m’
Occupancy behaviour

(for daylight/lighting controls)

“Inactive” users
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For ease of understanding, all of the simulation results are presented as a function of the
visible effective transmittance of the STPV module, which 1s to say the outermost layer of the
window (Figure 5.5). The corresponding optical, thermal and electrical properties of the STPV
window (IGU) can be found on Table 5.2, Table 5.3 and Table 5.4, respectively.

5.4.1 Window-to-wall ratio

The window-to-wall ratio 1s an important parameter in the selection of optical and thermal
properties of a STPV module (De Boer and van Helden, 2001; Miyazaki et al., 2005;
Vartiainen, 2001). For this study, two south-facing office configurations were examined:
WWR=40% and WWR=60% (base line). It should be noted that electricity consumption is
presented as a positive value while electricity production as a negative one. For this section, the
electricity breakdown (electricity consumption for cooling, heating, electric lighting, plug loads
and STPV electricity production) 1s also provided (Figure 5.8). Further results are presented as
aggregated annual end-use electricity consumption calculated based on eq.(5.1), unless
otherwise deemed necessary.

The electricity consumption of the office - excluding STPV electricity production - for
WWR=40% was up to 11% reduced when compared to WWR=60%, resulting in the
WWR=40% office being a more energy-conserving design. The lower WWR resulted m: (1)
lower annual heating loads (up to 25%) due to lower overall exterior wall U-value and, (i)
lower annual cooling loads (up to 39%) due to lower solar heat gains (Carmody et al., 2004).
However, there was an increase on electric lighting loads (up to 9%) due to reduced daylight
availability (Dubois and Flodberg, 2012).
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Figure 5.8. Energy breakdown for annual electricity consumption and production of a
cooling-dominated, south-facing office with WWR=40% (left) and WWR=60% (right) as a function
of the visible effective transmittance of the STPV module (outermost glass layer of the STPV
window).
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On the contrary, when the STPV annual electricity production was taken into consideration
Figure 5.9), the WWR=60% office had lower end-use energy consumption due to a larger
STPV system [e.g. 1.18kWp (WWR=60%) over 0.75kWp (WWR=40%) for STPV10%] that
accounted for up to 519% more annual electricity yield. For both facade design cases, the use of
STPV10% resulted mn the lowest end-use energy consumption (estimated as low as
13kWh/m’/yr). The question that arises is: do we still arrive at the same result (in this case, use
of STPV10%) if we modify other major building design parameters? Thus, an effort to provide

an answer 1s made through the following analysis.

5.4.2 Facade orientation

Facade orientation plays a major role on the potential annual PV power production, solar
heat gains and daylight availability. Literature (Chow et al., 2007; Miyazaki et al., 2005;
Robinson and Athienitis, 2009) has demonstrated that South-West and South-East facing
STPV windows have similar performance on an annual basis. For near-Fast or near-West
oriented facades, merely use of technologies such as reflective glass, electrochromic glass and
STPV windows should be avoided as they most likely result in excessive solar heat gains and
potential glare due to low solar altitudes. Exterior vertical shading louvers (fixed or movable)
should be preferred as they could provide a more effective shading facade solution, when
properly designed.

For this study, two window orientations were simulated: (1) South-facing (base line) and (11)
SW-facing. An increase (up to 359%) on the end-use electricity consumption of the SW-facing
office was predicted, when compared to the S-facing one (Figure 5.9). The higher end-use
consumption was due to an increase on heating demand (up to 589%) and reduction on STPV
electricity generation (up to 79%) due to reduced mrradiance incident on the SW-window.
Nevertheless, the use of STPV10% remained to be the preferred STPV design.
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Figure 5.9. Annual end-use electricity consumption for an office with WWR=40% and WWR=60%
(left) and for a S-facing and SW- facing office (right).



5.4.3 STPV cell technologies

The potential performance of market-available and emerging thin film STPV technologies
m building applications was evaluated in comparison to market-existing poly-St modules. The
simulation was performed for three STPV module technologies: (1) poly-Si (base line), (1)
a-Si/uc-S1 and (1) OPV. The comparative analysis revealed that the selection of STPV
technology had some impact on the annual energy performance of the office (less than 8% on
heating and less than 4% on cooling loads caused mainly due to variation on SHGC). However,
depending on the PV cell technology used, the annual electricity generation varied significantly

(up to 170%), resulting in major differences on end-use electricity consumption (Figure 5.10).

Poly-Si had the highest annual electricity yield due to relatively higher module efficiencies (up
to 15%), despite its relatively high temperature coefficient (jeny=-0.4459%/K). OPV had an
annual electricity yield up to 49% higher than a-Si/uc-Si (but up to 29% less than poly-Si) due to
its slightly positive temperature coefficient (ura=+0.050%/K), resulting in “temperature-
independent” module performance. Nevertheless, long-term exposure to relatively high
operating temperatures (75°C and above) has the potential of causing accelerated OPV
degradation. For this study, STPV cell operating temperatures up to 64°C were predicted
(under To=17°C and S=765 W/m’). As previously stated, the use of STPV10% resulted in the

lowest office end-use energy consumption for all three STPV cell technologies.

5.4.4 Electric lighting power density

The electric lighting power density (LPD) installed 1s a key parameter in achieving net-zero
energy targets (Garde et al., 2011; Guglelmetti et al., 2011) as it directly affects space heating
and cooling loads. Combined with advanced lighting controls, energy efficient electric lighting 1s
the “low hanging fruit” to achieve significant energy savings. Three electric LPD were examined
under this study: (1) 3 W/m* (LED lighting), (1) 7 W/m" (highly efficient fluorescent lighting,
base line) and (ii1) 14 W/m® (typical fluorescent lighting).

As the LPD changed, the parametric curve shifted up (when the LPD increased) or down
(when LPD decreased) almost in a linear manner concluding that LPD 1s a less important
design parameter in the selection of appropriate optical properties of the STPV module (Figure
5.10). When LED lighting was utilized (LPD=3 W/m") in conjunction with a STPV10%
module, an annual end-use electricity consumption of as low as 5 kWh/m®/yr was predicted.

5.4.5 Daylight and lighting controls

It has been shown that applied daylight/lighting control strategies can affect the selection of
the 1deal optical properties of the STPV window (Miyazaki et al., 2005; Robinson, 2011; Wong
et al., 2008). For this study, two control strategies were assumed: (1) “inactive” occupants (base
line) and (1) “active occupants. For electric lighting use, probability functions developed by
Reinhart (Remhart, 2004) were adopted mimicking “active” or “inactive” users switching lights
on and off based on workplane illummance levels. Similarly, probability functions were

adopted for manually controlled roller shades assuming that “active” users will frequently
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control the shades based on solar penetration depth mto the office space (Reinhart and Voss,
2003), while “inactive” users will have an average shade use rate of 0.5/day with average mean
shade occlusion of 84% (Kapsis et al., 2013).

When “active” control behaviour was adopted, significant energy savings were achieved on

the electric lighting loads (up to 5496) compared to “inactive” behavior (Figure 5.11). A

minimal increase of annual cooling loads (less than 5%) was predicted due to the increase of
solar gains. Interestingly, when considering the end-use electricity consumption for “active”
behaviour — excluding STPV electricity production — it was found that the selection of
STPV20% resulted in the most energy-conserving design (the use of STPV20% performed
marginally (29%) better than STPV10%). The applied daylight/highting control strategies affect
the 1deal selection of the STPV optical properties thus, emphasizing the need for further
understanding and development of occupancy behavioural models for shading controls that
can be universally applied to building performance models. Nevertheless, when the STPV
annual electricity production was taken into consideration (Figure 5.11), the STPV10% resulted
m the lowest annual end-use electricity office consumption due to higher STPV system

electricity yield.
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Figure 5.10. Annual end-use electricity consumption for three STPV module technologies (left) and
for three electric lighting power densities (right).
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(left) and energy breakdown for annual electricity consumption and production of an office with
“active” users (right).
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5.5 Conclusions

This paper examined how STPV windows could affect the energy, daylighting and thermal
performance of cooling dominated commercial building perimeter zones under continental
climate. A general simulation methodology was proposed and utilized, integrating thermal,
electrical and daylighting analysis. The impact of various building design parameters and PV
cell technologies on the selection of 1deal optical properties was examined.

The simulations revealed that the selection of the module optical properties is sensitive on
the daylight and lighting controls applied on the building and photovoltaic cell technology
utilized on the STPV window while parameters such as facade orientation, window-to-wall ratio
and electric ighting power density had an impact on the building end-use energy consumption
but not on the selection of 1deal STPV optical properties, within the parameters value range
simulated on this study. The use of a STPV module with 109% wisible effective transmittance
mtegrated as the outermost layer of a double-glazed, argon filled, low-e, window (STPV10%)
resulted in the lowest annual end-use electricity consumption (as low as 5 kWh/m?/yr). It
should be noted that the ideal visible effective transmittance of the STPV module 1s expected
to be higher than 10% for mixed-mode and heating-dominated buildings due to the need of
mcreased passive solar heat gains required during the heating season. Finally, the simulation
study predicted cell operating temperatures as high as 64°C. Such temperatures might cause
accelerated degradation when organic thin film technologies are used.
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Chapter 6

Semi-transparent photovoltaic windows:
daylighting and visual comfort analysis for
perimeter offices®

6.1 Introduction

This chapter provides an in-depth mvestigation of the potential impact of STPV windows on
the daylighting and visual comfort performance of perimeter offices in a continental climate
region (North-eastern United States and South-eastern Canada). This 1s a complementary study
on the mtegral energy performance of STPV windows presented on Chapter 5. Quantitative
daylight and glare performance indicators are used to assess the daylit environment through the

parametric simulation of the three-section facade design concept (Figure 6.1).

6.2 Description of the perimeter office model utilizing STPV
windows

The room modelled m Daysim (Remhart, 2014) 1s a south-oriented perimeter office
located 1n Toronto, ON, Canada (latitude 43.7°N). Daysim 1is an experimentally-validated
Radiance-based simulation tool for dynamic daylight and lighting analysis (Gibson and Krarti,
2014; Reinhart and Walkenhorst, 2001). The Radiance simulation parameters used for the
analysis are summarized in Table 5.1. A 5-min simulation time-step was selected as a means to
capture the short-term dynamics of daylight (Janak, 1999).

Office space description: The office dimensions are 4 m (width) x 5 m (depth) x 3.2 m
(height) with a spandrel and mullion thickness of 0.15 m, representing a typical perimeter office
zone. The office surfaces are treated as perfectly diffuse with visible reflectance of 20% (floor),
60% (walls) and 80% (ceiling).

Daylighting controls: A translucent roller shade 1s used with direct hemispherical
transmittance of 5% and diffuse reflectance of 80%. The shade can be set in five discrete
positions (Kapsis et al., 2013): 0 (fully open), 0.25, 0.50, 0.75 and 1 (fully closed). Probability
functions are adopted to emulate occupants manually adjusting the height of the roller shade

based on the direct solar irradiance on the workplane (Reinhart and Voss, 2003).

* Part of the chapter has been published under: Kapsis, K., Dermardiros, V., & Athienitis, A. K. (2015).

Daylight performance of perimeter office facades utilizing semi-transparent photovoltaic windows : a simulation
study. In Energy Procedia (Vol. 78, pp. 334-339).
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Electric lighting controls. An absence sensor 1s utilized to automatically switch electric
lighting off when the occupants leave the office (with a 5-min delay) while a continuous
dimming sensor (using an ideally commissioned photocell) maintained minimum workplane
tlluminance levels. Probability functions are mmplemented for occupants manually toggling
lights on and off based on the workplane illuminance (Reinhart, 2004).

Daylight distribution and view-field: A mesh of 63 (7x9) equally spaced illuminance sensors
1s used to capture the workplane illuminance distribution (Figure 6.1). The continuous daylight
autonomy (cDA), the spatial daylight autonomy (sDA) and the daylight glare probability (DGP)
metrics are used to evaluate the annual daylighting/lighting performance during the 3650
occupied hours (8:00 to 18:00) of the year. Annual and seasonal cDA are presented as the

percentage of occupied hours where the minimum workplane illuminance levels of 300 Ix
(cDAso) and 500 Ix (cDAsoon) are partially or fully met. Knowing the electric lighting power

density (LPD) installed, the electric lighting consumption (Eigain) for a period of time (At) can
be estimated as follows (Reinhart et al., 2006):
Ejing = IPD - (1 = cDA) - At (6-1)
LPD values depend on the lighting technology installed at the office space to provide the
minimum illuminance levels. LPD values could vary from 10-14 W/m’ for typical fluorescent
lighting systems, 6-10 W/m” for high efficiency fluorescent to 3-6 W/m* for LED task/ambient
lighting technologies (Dubois and Blomsterberg, 2011). These values are given for usable floor
area.
While ¢cDA signifies the percentage of occupied hours that the office 1s dayht alone, it 1s
deduced by simple averaging on the points of interest and 1t does not provide indication on the
spatial daylight distribution. Thus, the sDA 1s used as a comphmentary metric (I.LE.S.N.A,

2012). Annual sDA are presented as a percentage of the entire office workplane where the
minimum workplane illuminance of 300 Ix (sDAuzoowsos) and 500 Ix (sDAsoawses) are met for 50%

of the occupied period. The preferred daylight sufficiency is reached when sD Asoons06275%.
Despite the various limitations that glare mdices might present (Van Den Wymelenberg,
2014), it has been shown that DGP is currently the least likely to result to inaccurate glare
predictions when compared to occupants’ preference and acceptance of luminance patterns
(Jakubiec and Remhart, 2012; Van Den Wymelenberg and Inanici, 2014). As DGP is a
directional view-dependent index (Wienold and Christoffersen, 2006), for this study it 1s
assumed that the occupant 1s seated at the centre-of-the-room with the viewing-direction shown

on Figure 6.1 (45° relative to the window).
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6.3 Results and discussion

6.3.1 Effect of the visible transmittance of the STPV window

A parametric study for a STPV facade with WWR=60%, utilizing thin film technologies
(uniform optical properties throughout the window surface), was performed. Five wvisible
effective transmittance values of the STPV module were simulated: 109, 20%, 309%, 409% and
50%. The optical properties of the double-glazed STPV windows are calculated based on
ISO 9050 standard (ISO, 2003b). The minimum value of 10% is selected in order to ensure a
minimum view to the outdoors. Moreover, effective visible transmittance higher than 509 will
result to STPV window electrical conversion efficiencies lower than 5% resulting to a not cost
effective technology. The daylight analysis reveals that the use of a thin film STPV module with
effective wisible transmittance of 30% (STPV309%) provides sufficient daylight within the

perimeter office throughout the year, with sDAsows=1009% and sD Asows=60% (Figure 6.2).
The corresponding annual cDAso varies from 51% (4.5 m from the window) to 85% (0.5 m

from the window) while the annual ¢ Asos varies from 36% to 79% (Figure 6.3), respectively.

illuminance
sensor

0.50m

Figure 6.1. Schematic of the perimeter office adopting the three-section facade design with WWR=60%
(left) and the location of the occupant and the workplane illuminance sensors (right).
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Figure 6.2. Annual sDA as a function of the total visible transmittance of the STPV window integrating
thin film technologies, for an office with WWR=60%.
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Figure 6.3. Annual cDA as a function of the total visible transmittance of the STPV window integrating
thin film technologies, for an office with WWR=60%.
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6.3.2 Effect of the window-to-wall ratio of the STPV facade

The WWR has shown to be a prominent parameter on the selection of the optical
properties of the STPV window. Thus, further parametric analysis is performed for
WWR=40%. The simulations indicate that the integration of a STPV thin film window with
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effective wvisible transmittance of 409 (STPV40%) offers adequate daylight conditions
throughout the year, with sDAsos06=80% and sDAsovsen=459% (Figure 6.4). The corresponding
cDAusos varies from 45% (4.5 m from the window) to 86% (0.5 m from the window) while the

cD Ao varies from 309% to 80% (Figure 6.5), respectively.

It should be noted that the integral simulation results indicate that the use of a STPV
module with the lowest visible effective transmittance (STPV109) results in the lowest annual
end-use electricity consumption, for both WWR=409% and WWR=609% (Figure 5.9). Such a
low STPV module transmittance leads to high annual PV electricity yield and reduced cooling
loads (STPV module efficiency 1s inversely proportional to the wisible transmittance of the
module and thus, to the solar gains) but obstructs daylight. If someone takes into consideration
the fact that daylight and view to the outdoors has a positive impact on occupants’ health and
productivity (Boyce et al., 2003; Farley and Veitch, 2001) as well as the building retailing
(Heschong et al., 2002), there 1s a trade-off to be made by the building design team: The use of
a higher than 109% STPYV wvisible transmittance (STPV309% for WWR=60% and STPV40% for
WWR=40%) engenders an increase in energy expenditure that could be offset by the benefits
of a more pleasant daylit environment.

mSDAsooiy/s0% ™ SDAz001x/50%
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20

Percentage area of the workplane (%)

STPV10% STPV20% STPV30% STPV40% STPV50%

Figure 6.4. Annual sDA as a function of the total visible transmittance of the STPV window
mtegrating thin film technologies, for an office with WWR=40%.
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Figure 6.5. Annual sDA as a function of the total visible transmittance of the STPV window
integrating thin film technologies, for an office with WWR=40%.

6.3.3 Effect of the STPV facade configuration

The performance of three STPV facade configurations are also studied (Figure 6.6): a) a
three-section facade that utilizes transparent thin film PV, b) a three-section facade with
Si-based spaced PV cells on the “view section” and thin film PV on the “daylight section” and
¢) a three-section facade with Si-based spaced PV cells.

One would think that the use of different STPV technologies might not affect annual and
seasonal ¢cDA as m all cases, the STPV modules used have the same wisible effective
transmittance of 309 (STPV30%). However, the analysis for a WWR=609% shows that when
the thin film STPV window on the “daylight section” of a three-section facade 1s replaced with a
STPV window integrating Si-based spaced cells then the annual ¢cDA could increase by up to 7
to 16 percentage points (0.5 m and 4.5 m away from the facade, respectively) while seasonal
c¢DA could increase by up to 11 to 22 percentage points (Figure 6.7). The increase is caused by
the alternating shadow and bright spots on the workplane resulted by the opaque Si-based
spaced cells mtegrated on the STPV window. If the thin film STPV window on the “view
section” 1s replaced with a STPV window integrating Si-based spaced cells as well, then the
mcrease on the annual and seasonal ¢cDA 1s marginal, up to 3 percentage points. In addition,
the use of STPV window integrating Si-based spaced cells on the “view section” will partly
obstruct the view to the outdoors. Thus, the STPV facade configuration with Si-based spaced
PV cells on the “daylight section” and thin film on the “view section” is preferred as it has the

potential to maximize dayhght utilization and the view to the outdoors.
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Figure 6.6. Photorealistic renderings of the view-field of the occupant for the three SfPV facade
configurations with WWR=60%, utilizing thin film STPV (left), Si-based spaced PV cells on the
“view section” and thin film on the “daylight section” (centre), and Si-based spaced PV cells (right).

For all the three facade configurations, the DGP metric indicates that the glare 1s intolerable
(DGP=0.45) for less than 5% of the year (Figure 6.8). Despite the use of a roller shade, glare
occurs during the fall/winter seasons (October to March) when the solar altitude 1s low and
solar penetration depth 1s relatively high. Moreover, for both the facade configurations that
mtegrate Si-based spaced cells on the “daylight section”, the glare 1s perceptible
(0.35<DGP<0.40) less than 6.5% and disturbing (0.40<DGP<0.45) less than 3.5% of the year,
caused by the non-uniform luminance distribution between opaque PV cells and the light
passing through the resulting space between the cells (Kim et al., 2008).

6.4 Conclusion

The potential impact of semi-transparent PV windows on the daylighting performance of
commercial building perimeter zones was investigated through Radiance-based parametric
simulations. The analysis was performed under continental climate (North-eastern United
States and South-eastern Canada). The daylighting performance of various semi-transparent PV
technologies and facade configurations was examined. The daylight simulation outcomes can
be summarized as follows:

e The window-to-wall ratio and STPV technology mtegrated on the window impact the

daylight performance of the STPV facade;

e The selection of a semi-transparent PV modules (the outer glass layer on a
double-glazed window) with visible effective transmittance of 30% to 409% (STPV30%
for WWR=60% and STPV40% for WWR=40%) could provide sufficient daylight
within the perimeter zone throughout the year;

e While the use of STPV309% and STPV40% optimizes daylight utilization, it also
mcreases the cooling costs when compared to modules with lower transmittance, due to
mcreased solar gains. Thus, there 1s a trade-off to be made: Although the use of
STPV309% and STPV40% results in an increase m energy expenditure, a daylit and
visually comfortable indoor environment can be beneficial for the occupants;

o The three-section facade configuration integrating Si-based spaced PV cells on the
upper section of the facade (daylight section) and “see-through” thin PV film on the



middle section (view section) has the potential to maximize daylight utihzation and view

to the outdoors while minimizing glare.

The last conclusion 1s drawn based on quantitative daylight performance indicators.
However, daylight quality extends beyond measurable quantities. It 1s an “emergent state
created by the mterplay” of the daylit environment and the occupant and it 1s variable to e.g.
mood state, task and aesthetic judgements (Veitch and Newsham, 1997). Such as it 1s, it can

only be fully assessed through behavioural studies where actual people are mvolved.
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Chapter 7
Conclusions

The mam conclusions of the modelling, design and experimental studies of
Semi-Transparent Photovoltaic (STPV) windows conducted under this thesis can be
summarized by the following points:

e The solar electricity generation of the STPV window must be considered during the
experimental determination of the solar heat gain coefficient (SHGC). Failure to do
so may lead to up of 23% higher SHGC measured values compared to a STPV
window operating under maximum power point tracking conditions. Moreover, the
need to update the existing standards to provide guidelines on how to test and certify
STPV window technologies was made apparent;

e Window design parameters such as the packing factor (the percentage of the
window surface that is covered with PV cells) and the thermal conductance (U-value)
of the STPV window play a significant role on its operating cell temperatures and
consequently, solar electricity yield. Nonetheless, the use of low-emissivity coatings
have little to no impact on the temperature profile of the window;

e The design and performance of STPV windows is sensitive to the daylight and
lighting controls applied on the building and photovoltaic cell technology integrated
within the window. Parameters such as facade orientation, window-to-wall ratio and
electric lighting power density have an mmpact on the building end-use energy
consumption but not on the selection of 1deal optical properties. For a typical office
located in Toronto, Canada, the use of a STPV module as the outermost layer of a
double-glazed, argon filled, low-e window with 10% wisible effective transmittance
resulted m the lowest annual end-use electricity consumption (as low as
5 kWh/m’/yr) but lacked sufficient daylight. Alternatively, the selection of a STPV
module with visible effective transmittance of 30% to 40% (for WWR=60% and
WWR=40%, respectively) could provide sufficient daylight within the perimeter
zone throughout the year but increase the cooling costs due to increased solar gains.
Thus, there i1s a trade-off to be made: although the use of visible effective
transmittance of 309 to 409% results in an mcrease in energy expenditure, it also
creates a fully daylit and visually comfortable mdoor environment;

e The three-section facade configuration integrating Si-based spaced PV cells on the
upper section of the facade (dayhght section) and “see-through” thin PV film on the
middle section (view section) has the potential to maximize daylight utilization and

view to the outdoors while minimizing glare.

7.1 Contributions

This thesis provides a systematic study of STPV windows suited for building applications

through experimental work and simulations. The major contributions are:
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e Development of a general design methodology for building designers on the selection
of 1deal STPV window properties specific to climate, facade configuration and building
typology. The proposed methodology utilizes Building Performance Simulation (BPS)
tools to study the integral (daylight, thermal and electrical) performance of STPV
windows and their impact on building energy performance and occupancy comfort;

e Development of an experimental standard test procedure suited to determine the
SHGC and thermal conductance (U-value) of STPV windows based on existing PV and
window test standards. The proposed procedure utilizes an indoor solar simulator
coupled with a solar calorimeter apparatus. For this study, the Concordia Solar
Simulator and Environmental laboratory was used - a research facility that allows fully
controllable conditions, repeatability and the ability to reach and maintain steady-state
conditions necessary to determine performance parameters such as SHGC and U-
value. The proposed test procedure can be extended to other advanced fenestration
technologies such as electrochromic windows;

e The in-depth study and understanding of the impact that various window design
parameters have on the temperature profile and solar energy yield of STPV windows.
The mmpact of these parameters (namely SHGC, U-value, low-emissivity coatings and
suspended films, cell technologies, as well as optical and thermal properties) was
evaluated through experimental work and experimentally-verified numerical
simulations;

e The development of low-order, reliable (with an accuracy of £5°C) thermal models for
the prediction of cell operating temperatures. The models can be used to easily assess
the solar energy yield of STPV window systems during prehminary design stage;

o The integral parameter (daylight, thermal and electrical) performance study of the
three-section facade design concept incorporating STPV technologies (namely Si-based

opaque PV cells, a-Si/uc-Si and organic-based “see-through” thin films).

7.2 Outlook and future research needs

While a number of advances have been realized over the course of this thesis, further steps
are necessary to foster a wider adoption of STPV window technologies on the built
environment.

e STPV building integration. The importance of highly insulating spacers and frames
1s recognized and special attention 1s needed during design and assembly, allowing
pressure equalization and thermal movement of the STPV module while
minimizing thermal bridging. Extensive research is required for the appropriate
selection of such components that will result in high performance, long lasting (25-
30 years) STPV windows. In addition, guidelines and considerations for effective
building integration of such technologies are necessary to allow the building industry
to more easily adopt BIPV technologies based on existing practices and eventually

allow them to become ubiquitous building envelope components;
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Study of the performance of STPV windows on double-skin facade applications.
While the present study focuses on insulated glazing STPV windows, the integration
of STPV cell technologies on the outer layer of a double-skin facade 1s possible,
allowing the cogeneration of electricity and heat. Further research is required to
develop models and guidelines that will assist building designers on the successful
mtegration of STPV technologies on double skin facades;

Integrated STPV module electronics. Current advancements within the power
electronics industry allow the full integration of junction boxes, micro mverters and
optimizers into the STPV window assembly. Research is needed to study the
performance and longevity of such components and optimize their integration
within the STPV window assembly;

Use of bifacial STPV solar cell technologies. Typical STPV cell technologies tend to
photogenerate electricity through absorption of photons incident on the front
surface of the window (monofacial cells). Bifacial-based STPV windows can also
utilize the photons reflected (e.g. from a highly reflective interior shading device)
toward the rear side of the window and thus generate solar electricity from both
front and rear sides. Parameters such as cell spacing and reflectance of interior
shading devices have a major impact on the power output of bifacial windows and as
such, need to be studied through experimental work and simulations;
Occupant-controlled shade patterns. It has been shown that the patterns of
occupants manually controlling shades have a large 1impact on the appropriate
selection of facade optical and thermal properties - including STPV - due to
“effective” available daylight and heat gains in the space. The current approach for
designing a STPV facade 1s either assuming that there are no shades (design based
on worst case scenario) or assuming a simplified control strategy (e.g. fully closed
shades, when glare occurs). Occupant observational studies demonstrate that both
scenaria are unrealistic, resulting in suboptimal facade design and performance. The
necessity to develop reliable occupant behaviour models for shading controls that
can be applied to building performance models 1s evident through literature. Such
models will allow designers to better conceptualize designs which reduce energy

usage and peak loads, while maintaining occupant comfort.
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Appendix A
Irradiance and Wind Test Conditions

The STPV windows were tested and characterized under the Solar Simulator and
Environmental Chamber (SSEC) laboratory at Concordia University, Montreal, Canada. The
average emulated solar irradiance varied between 750 W/m” and 1031 W/m® with a uniformity
of 97% and a temporal stability of £196 during the testing period. Figure A-1 illustrates the
measured irradiance uniformity on a scanning grid of 0.10 m on the surface of the STPV
window. An interpolation was performed between measured point values using Gaussian
process regression (Reddy, 2011). Fach estimated point value 1s weighted by its distance away

from the measured pomt value as follows:

n

N =Z(Wi 'Si) (A.1)

i=1

where Sa 1s the estimated irradiance value of grid node A, n is the number of neighbouring data

values used in the estimation, Si 1s the nrradiance measured value at location 1 with weight wi.

The value of weights will sum to 1 to ensure that there 1s no bias towards clustered data points.
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Figure A-1. Spatial relative change of irradiance uniformity on a scanning grid of 0.10 m.
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The average wind speed varied between still air and 14 m/s with a spatial and temporal
variation of = 1 m/s during the testing period (ISO, 2013). In addition, the convective heat
transfer coefhicient was measured directly with a hot plate apparatus. A correlation between
wind-induced heat transfer coefficient and wind speed was developed based on the
experimental data, using regression analysis (Figure A-2). The correlation 1s specific to the
Solar Simulator configuration.
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Figure A-2. Wind-induced convective heat transfer coetficient as a linear function of wind speed for
the Solar Simulator.
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Appendix B
Calculation of SHGC and U-Value, and
Corresponding Measurement Uncertainties

Through linear regression of the performance points 1=1...n, the U-value 1s determined as
the slope of the regression line through an iterative process for each step n (Harrison and
Dubrous, 1993; Reddy, 2011):

AT,

e

1 i ) J i

U, = ' ‘ . (B.1)
AT511\1 _ 2 ATS']l\l
Z ln 1[ Si Z dll,l si

The SHGC 1s calculated as the intercept of the regression line with the axis of ordinates:

9
de(AETP\IJ Z H]n _Z HI(ATSsTP\J Zdu{ATSSlPM]nJ

i i i i i J J

SHGC“ - 2 2 (B-Q)
Algrpy; Algrpy;
a - a’ | —oSIRVE
Z n l( Sl Z n, l S1
while 8.i and aui are obtained from the previous iteration (n-1):
9 9 Al rpy; ’ 9
8111 Un 1 6 S : +6T]l (B.3)
and
1
ST
a’ o (B.4)
1
ST
with the corresponding variances given by:
1 1

G%ZZ 2 Ty, || (B.5)
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and

2
o [ Algppy:
Z a’. STPVi
’ S

9 1 i i

Osnee = 1

282.232- ATSTPVi 2_ za2_ ATSTPVi 2
R e U i BN

1 1 1
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Appendix C

Equivalent One-Diode Model Inputs

Table C-1 Electrical model mputs for poly-Si based STPV windows simulated in this study.

Name of the STPV module STPV10% STPV20% STPV30% STPV40% STPV50%
STPV cell technology polycrystalline Silicon (poly-Si)
bugface area 1.88
(m’)
(E;?C‘e““y 0.150 0.129 0.107 0.086 0.064
Transmittance-Absorbance Product ~ 0.95
Semiconductor Bandgap 119
(V) )
Short Circuit Current
10.01
(A)
(g/[))en Circuit Voliage 37.99 31.9 96.59 91.97 15.95
Current at Maximum Power 936
(A)
X;))lt;lgﬁ at Maximum Power 30.12 25.82 21.51 17.21 12.91
Temperature Coefficient of
Maximum Power -0.445
(96/K)
Temperature Coelficient of
Short Circuit Current +0.054
(96/K)
Temperature Coelficient of
Open Circuit Voltage -0.333

(%/K)
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Table C-2 Electrical model mputs for a-Si/uc-Si based STPV windows simulated 1n this study.

Name of the STPV module STPV10% STPV20% STPV30% STPV40% STPV50%

Cell technology a-Si/uc-S1 (micromorph)

bugface area 1.88

(m’)

gi;‘“e““y 0.100 0.086 0.072 0.057 0.043
(0]

Transmittance-Absorbance Product ~ 0.95

Semiconductor Bandgap 14

(eV) ]

(5:)"“ Cireuit Current 1.65 L4l 118 0.94 0.71

E\)/I))en Circuit Voltage 167

((;il)rrent at Maximum Power 1.59 1.3 1.09 0.87 0.65

Voltage at Maximum Power 193.9

V)

Temperature Coefficient of

Maximum Power -0.270

(96/K)

Temperature Coefficient of

Short Circuit Current +0.071

(96/K)

Temperature Coelficient of

Open Circuit Voltage -0.270

(%/K)

105



Table C-3 Electrical model mputs for OPV based STPV windows simulated in this study.

Name of the STPV module STPV10% STPV209% STPV30% STPV409% STPV50%
Cell technology organic tandem (OPV)
bugface area 1.88
(m’)
(E;ﬂ;‘“e““y 0.100 0.086 0.072 0.057 0.043
(¢}
Transmittance-Absorbance Product  0.95
Semiconductor Bandgap 17
(V) )
(5:)"” Clreuit Current 99.59 95.36 91.14 16.91 12.68
Open Circuit Voltage 11.3
) .
gs)rrent at Maximum Power 938 90,4 17 13.6 10.9
Voltage at Maximum Power
7.9
V)
Temperature Coefficient of
Maximum Power +0.050
(%/K)
Temperature Coefficient of
Short Circuit Current -0.210
(%/K)
Temperature Coelficient of
Open Circuit Voltage -0.270

(%/K)
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