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ARTICLE INFO ABSTRACT

Keywords: Results of long-term monitoring of the energy harvesting trends in field-installed large area luminescent solar

Ph_°t°V°1t_alcs concentrator based windows are reported. The main features and materials-related aspects of these unconven-

va_do‘l”'l_megrated tional, window-integrated photovoltaics are described, together with the laboratory techniques used to rate their
grivoltaies performance. New statistical methods suitable for benchmarking the season-dependent and design-dependent

Energy harvesting . L. N i )

Renewables field performance characteristics are described. Key performance differences between conventional and LSC

based photovoltaics are identified using long-term observational datasets. Experimental results show that win-
dows equipped with 3D structured PV modules and fluorescent polymer interlayers often feature higher energy
yield stability in adverse weather conditions compared to roof-mounted silicon panels. A new parameter pro-
posed for the quantification of the energy yield stability reveals strong advantages of the wall-mounted and
mixed-orientation window-integrated PV over the conventional roof-mounted systems. The datasets also reveal
correlations between the energy yield performance and window design types. The proposed data analysis
methods are expected to help identify the best material combinations for use in commercial-size LSCs, com-

plementing the standard lab assessments made using small-area samples.

1. Introduction

Buildings use a third of the world’s energy [1] and, as a result, there
is growing interest in the potential of building integrated photovoltaic
systems (BIPV) [2 -9]. City buildings often lack roof space and have
large glazing areas and consequently window-integrated photovoltaics
(WIPV) has emerged as an interesting and challenging target for the
BIPV research community. Within this field, the most unconventional
and hence challenging idea has been the creation of transparent WIPV
systems, i.e. windows which offer both high visible-range transparency
and simultaneous power generation [10]. This clearly necessitates the
use of novel optical materials and glazing system structures [11-16].
Such high-transparency PV windows provide an attractive combination
of energy savings and on-site renewable electricity generation [16,17].
It has been reported that photovoltaic windows could reduce annual
energy use and CO; footprints by 40 % and enable net-zero energy
buildings [18]. Recent efforts have focused on maximizing the building
energy savings through the application of advanced glazing practices
[19] and through the optimization of photovoltaic system designs,
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particularly in building-integrated settings [20-22]. To date, the
approach which is most common is based on luminescent solar con-
centrators (LSC) [23-33].

In an LSC based WIPV, a luminescent molecule, nanocrystal or
phosphor is used to absorb incident solar energy and to re-radiate it as
fluorescence. Energy collection occurs in slab-shaped waveguides and
these are typically performance-rated by measuring the current-voltage
(I-V) characteristics under solar illumination in small-scale (eg 100 mm
x 100 mm) concentrator samples. However, the efficiency of a slab is
strongly dependent on the slab dimensions. As a result, lab based mea-
surements on small samples (e.g. 10 cm x 10 cm) do not adequately
predict performance in full scale windows. Such large, window-
integrated PV systems require a range of methods for their field per-
formance prediction and benchmarking, not all of which have yet been
standardized. For convenience, it is useful to distinguish between con-
ventional and unconventional BIPV systems. Window-integrated PV
systems can be considered unconventional if any additional energy
harvesting mechanisms (eg, luminescence, scattering, or diffraction) are
utilized, compared with conventional BIPV. In conventional PV and
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BIPV systems the conversion of solar energy to electricity occurs at the
point of light incidence. Conversely, in WIPV systems, internal light
redirection or optical energy redistribution mechanisms are employed,
which utilise the 3D space available inside the window glazing systems.
Consequently, the energy harvesting mechanisms in high-transparency
solar windows depend on both the absorber material and on the opti-
cal properties of the window itself and the spatial disposition of PV cells
assembled along the rim to harvest the light energy. ClearVue LSC
components are assembled as ultra-clear, low-iron glass laminates using
polyvinyl butyral (PVB) interlayers containing inorganic rare-earth-
doped luminophore particles.

However, despite extensive laboratory scale studies of LSCs, there
are few detailed reports on the energy production trends for practical
WIPV systems [4,5,20-22,34-36]. Such studies are complex and even
roof-mounted, silicon-based modules subjected to real-world weather
and lighting variations can exhibit energy efficiencies significantly
different from the expected values [37]. Hence there is a need to carry
out studies of the environmental response of LSC [13,38,39] or hybrid
systems using LSC components [16,17,40]. The emergent field of un-
conventional photovoltaics can be broadly defined as a group of energy
generation technologies reliant on novel combinations of solar energy
materials, optical and optoelectronic systems, and physical principles
employed for the photon collection, which have not yet been widely
deployed or commercialized. In recent years, there has been a strong and
growing research interest in all areas of unconventional photovoltaics,
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including the development of novel spectral converters of solar radia-
tion, quantum dot materials for use in luminescent solar concentrators,
large-area LSC performance up-scaling, and the development of stan-
dardized protocols for the evaluation of LSC performance [41-47].
This manuscript focusses on results from field testing a number of
LSC based WIPV systems. In April 2021, a research greenhouse was
constructed at Murdoch University (Perth, Australia), featuring three
types of high-transparency PV windows. These windows were slightly
different in their fluorescent interlayer material combinations and also
had varying phosphor concentrations. The windows were manufactured
by ClearVue Technologies Ltd. Each solar window was constructed as a
triple-glazed insulated glass unit containing a 3D arrangement of near-
perimeter, strip-shaped, silicon-based PV modules [15], a fluorescent
particle-loaded polyvinyl butyral (PVB) interlayer which provides in-
ternal light redistribution through both luminescence and light scat-
tering [10,25,26], and a low-emissivity (heat mirror) optical coating.
Technical details related to this solar greenhouse and some initial results
of the energy output and energy use monitoring have been reported in
[10] and [17]. The findings made during the first two years of green-
house PV operation have provided useful insights into the response of
the solar windows to varying environmental parameters, including solar
incidence geometry and weather conditions. Significant energy savings
provided by the combination of solar energy generation and insulation-
related thermal energy savings compared to a conventionally glazed
room are demonstrated. In addition, new methods for the identification
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Fig. 1. (a) Murdoch University solar greenhouse featuring high-transparency triple-glazed solar photovoltaic windows. (b) Arrangement of multiple window-
integrated PV arrays across the greenhouse building envelope. Arrays (coded alphabetically, with a 12-window Array A mounted across the western wall not
shown in diagram) feature parallel-connected PV window bundles; each array was connected to one Enphase IQ7 + microinverter for AC conversion, energy

monitoring, and grid linkage.
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of energy harvesting differences in solar window modules are shown to
be possible through longer-term data processing and observations [17].

2. Background and methods

Fig. 1 shows the greenhouse structure, which is composed of four
grow-rooms with differing glazing designs. Note that rooms 2-4 were
fitted with PV windows. Also shown is the arrangement of the different
window groups into separate PV arrays distributed across the building
envelope (northern and western sides). A total of 153 PV windows of size
1.1 m x 1.2 m were integrated into the greenhouse building envelope.
All window arrays (except Array L) were composed of 12 windows each;
some of the arrays needed to be distributed across differently oriented
surfaces. For example, Array B had 3 windows mounted on the north
wall with the rest on the west wall. Depending on the sample-to-sample
manufacturing (assembly and component) quality variations and win-
dow design types, the rated power outputs (corresponding to the factory
measured STC flash-test characterization results) varied from ~ 27 to 30
Wp/mz. In the field some windows generated up to ~ 33 Wp/m2 under
near-noon sunlight irradiation, when oriented at optimized azimuth and
tilt angles (which, notably, did not correspond to normal incidence).

Fig. 2 details several laminated fluorescent device types and the re-
sults of benchmarking based on LSC I-V curve measurements made with
edge-attached silicon cells.

The amounts of solar energy harvested by the array installed at the
Murdoch University Solar Greenhouse were data-logged continuously
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and stored online, enabled by an Enphase Envoy Communication
Gateway and Enphase Enlighten online data access interface. Multiple
energy production-related parameters were data-logged on each array,
including the date-specific and time-dependent electric outputs (current
and voltage at the maximum-power point, instantaneous active power,
etc.). The instantaneous, daily, or time-cumulative energy production
output dependencies were also logged. Multiple datasets were obtained
and analyzed during this study, which involved an observation period of
over three years. The effects of window design and window orientation
on the peak-power and energy harvesting outputs were reported in [17].

3. Results and discussion

The following sections summarize the energy harvesting results ob-
tained after processing array datasets collected between 01 May 2021 —
27 May 2024. We compare the data to the performance of a conven-
tional roof-mounted PV system; some datasets also make a comparison
with an older solar window installation on a north-facing vertical wall in
Perth. Solar window design differences between the three solar rooms of
greenhouse are related only to the number of fluorescent interlayers and
their luminophore types and particle concentrations. Table 1 specifies
the interlayer types and sequences used in each room and lists the
relevant window arrays. Note that “PVB-1” and “PVB-2” interlayers each
contained a mix of two inorganic rare earth activated luminophores
(based on oxide and sulfide composition types). PVB-2 interlayers had a
larger particle loading concentration of both luminophore materials,
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Fig. 2. Glass-based PVB-laminated luminescent concentrator components and their characterization. (a) Image of the energy conversion, light spreading, and edge
concentration effects in a 30 cm x 30 cm x 0.9 cm fluorescent glass laminate under long-wave UV LED excitation. (b) Efficiency-calibrated strip-shaped silicon cell
cut-outs and small-scale glass laminates with solar cell strips covering edge area used in lab characterization experiments. (c) Geometry of test LSC exposure used in I-

V curve measurements with normally-incident solar simulator light. (d) Small luminophore-doped laminate samples and low-iron glass under

= 365 nm UV

exposure featuring a ClearVue microparticle-loaded interlayer and interlayers containing CdSe@ZnS quantum dots. ClearVue interlayers have a peak wavelength of
fluorescence excitation away from A = 365 nm, therefore the relative visual brightness comparisons do not directly represent the relative performance scaling. (e) PV
I-V curves measured in 100 mm x 100 mm x 12 mm concentrators made using 3 different ClearVue material types and blank samples; the effects of placing a reflective

aluminium layer under the bottom glass surface are also shown.
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Table 1
Interlayer-related glazing system design differences between the three solar
grow-rooms and window PV arrays distribution.

Solar Fluorescent interlayer type(s) Window

room ID arrays

Room 2 Two 0.76 mm PVB-2 interlayers separated by 4 mm J,K,L,M
of glass within a 12 mm-thick middle pane of triple
glazing

Room 3 1 0.76 mm PVB-1 interlayer and 1 0.76 mm PVB-2 F,GH,IJ
interlayer

Room 4 1 0.76 mm PVB-1 interlayer and 1 0.76 mm blank AB,C, D, E,
interlayer F

also featuring stronger light scattering effects, compared with PVB-1.

3.1. Long-term observations and data analysis

Long-term daily energy production datasets were collected from the
Murdoch University solar greenhouse as well as from a conventional
roof-mounted PV system rated at 6.6 kW,. Each of the datasets was
analyzed to quantify the percentage of days during which the daily
energy production exceeded a set percentage of the maximum-observed
daily energy production amount, in steps of 5 %. The results are pre-
sented graphically in Fig. 3.

The data region related to the top 20 % of the maximum observed
daily energy outputs is quite descriptive of the systems performance
during the environmental exposure conditions close to the optimum
conditions for PV energy harvesting. The data from this region allow an
at-a-glance separation of the data traces belonging to the roof-, wall-
mounted, and mixed arrays, since during the sunny clear days with
strong near-noon solar radiation intensity conducive to efficient energy
collection, the optimally tilted roof areas have an advantage in energy
collection efficiency compared to the vertical wall surfaces. At the same
time, conventional PV on the optimally oriented roof surface clearly
outperforms all windows in terms of the probability of producing the
highest (top quintile) possible daily energy outputs during the most
favourable weather conditions. This may be due to several factors, such
as the exposure of window-integrated PV components to higher ambient
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air temperatures inside sealed window air spaces and their lower effi-
ciency when there is significant wind-induced convective cooling.
Additionally, the greater the incoming sunlight energy density, the more
it will be dissipated inside the energy-absorbing fluorescent interlayers,
considering the finite fluorescent materials quantum yields and modest
efficiencies of photon collection for the light rays not incident (or
refracted) directly onto any PV surfaces. These factors will always limit
the practically achievable photon collection efficiency in WIPVs,
particularly in the case of high-transparency, clear PV windows
designed to minimize haze and visible-range transmission losses. A
recent study reported in [28] focusing on the applications potential of
luminescent concentrators also concluded that standard PV systems
outperform even the best available LSC systems in energy production,
with the latter category possessing distinct advantages of its own,
related to more efficient collection of diffuse and indirectly-incident
light.

Near the top 20 % energy harvesting boundary, it can be seen clearly
that the roof-mounted arrays provide this top-quintile performance
much more frequently (over all seasons) compared to the wall-roof
mixed arrays (dashed lines), and all wall-mounted arrays. Interest-
ingly, the data traces from the wall-mounted arrays A and F practically
coincide for the region within top 25 % of energy production, despite
their significantly different azimuthal orientations. This may be due to
the similarities in the incidence angle-dependent peak-power producing
orientations of both (slightly different in their interlayer compositions)
window design types; all windows of similar triple-glazed design types
featured the peak output power when inclined by 10-15° from the
normal incidence, in both planes. The data traces from the north wall-
mounted windows of slightly different glazing design types (arrays J,
C, and F) start to diverge notably from one another already below the
region of top 15-20 % of daily outputs. These differences can be
explained by the design-dependent variations in the electric power
output at larger angles of solar radiation incidence, which would be
magnified on the north-facing wall, with the increasing sunlight in-
tensity near noon falling obliquely onto glass surfaces. This is also
confirmed by the season-dependent responses of the peak noon-time
power outputs to the variations in the solar radiation incidence geom-
etry studied in [17].
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Fig. 3. Overall (season-averaged) array-based statistics trends for the daily energy harvesting data collected between 01 May 2021 - 27 May 2024 from Murdoch
University solar greenhouse. The daily energy production data from a conventional 6.6 kW silicon PV system mounted on a 22° tilted NW-oriented roof in Perth were
collected (for the same period) from a Fronius SolarWeb online monitoring interface. The data for the wall-mounted fraction of Array C were estimated by subtracting
the roof-area-averaged (data from arrays D and E, room 4) estimated contribution of 6 roof-mounted windows from the total measured output of Array C.
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The data region near the boundary of the top 40 % of daily energy
outputs reveals the performance advantages of all roof-mounted and
mixed-array WIPV compared with standard PV, manifesting as the
higher probabilities of better energy-output performance in less-than-
ideal weather or irradiation conditions.

Fig. 4 shows the measured daily energy production data (normalized
to the maximum observed daily energy) collected over 800 days starting
from 01 May 2021, for a roof-mounted Array G, in comparison with the
same dataset collected from a standard 6.6 kW, PV system mounted on a
22° tilted NW facing roof (also located within the same metropolitan
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area). It can be noted that Array G outperformed the conventional PV
system quite consistently throughout most of the observation period,
and particularly during the autumn, spring, and winter seasons and
during most days with adverse weather conditions.

The moving-average data trendlines of Fig. 4(b) highlight the data
dependence clearly, also showing that during the summer seasons, the
conventional PV array demonstrates better energy harvesting stability
and clearly outperforms Array G during the hottest parts of summer.
Fig. 5 shows a 1-year dataset for the greenhouse installation-total daily
energy harvesting outputs and the yearly total energy production
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Fig. 4. Systematic energy production performance of a roof-mounted WIPV array compared with a conventional roof-mounted PV system, observed on most adverse-
weather days. (a) Raw daily energy production data (peak-normalized) collected between May 2021-July 2023; (b) The same peak-normalized datasets represented

as moving average trendlines with a 15-day period.
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Fig. 5. Relative seasonal stability of the greenhouse-total daily energy output seen on clear-weather days in a multi-oriented window-integrated PV system

of greenhouse.

summary. It can be seen from the data of Fig. 5 that the daily energy
production remained quite stable throughout seasons, particularly if
considering the sunny-day data points measured during winter months;
the warmer-seasons’ daily production was only minimally affected by
the significant noon-time Sun altitude angle variations. Considering that
the greenhouse WIPV installation had 63 vertical wall-mounted win-
dows (41.2 % of total), this energy output stability result is also notable.
According to the data reported recently in [48], for the conventional PV
installations at latitudes between 25° and 45°, the vertical output ranges
from 60 to 80 % of the optimum. NREL’s PVWatts calculator predicts
that (on an average meteorological year for conventional PV in-
stallations located in Perth, Australia (greenhouse latitude 32°), a 1kWp
system will output 957 kWh/yr if installed onto a vertical north-facing
wall. The predicted energy output from the same system installed onto
a 22° tilted north-facing roof is 1685 kWh/yr, suggesting that the ex-
pected vertical-wall PV outputs are operating at 57 % of the optimum.

Comparing the measured yearly (01 May 2021-01 May 2022) energy
outputs of the north wall-mounted 12-window arrays J (310 kWh/yr)
and F (399 kWh/yr) with their nearby roof counterparts of identical
design type M (494 kWh/yr) and G (507 kWh/yr), the vertical-wall
energy performance scaling factors were at 62.75 % (Array J) and
78.7 % (Array F). These differences are window design-related,
reflecting the effects of factors such as fluorescence and scattering,
particularly important during the summer seasons, when sunlight with
the strongest UV and shortwave visible intensities is intercepted by the
wall windows at large oblique angles.

3.2. Season-dependent and weather-dependent energy harvesting

It is of interest to analyze the season-specific performance differences
and data trends. The combined 3-winter datasets were generated from
the dates ranging between 01 June — 31 August during each of the three
observation years (2021-2023); summer-specific datasets were gener-
ated for the dates between 01 December through to the end of February

for all corresponding summer dates starting from December 2021
through to 29 February 2024.

Fig. 6 provides comparisons between the overall (long-term, season-
averaged) and winter-seasons’ daily energy production data trends,
highlighting the significant winter-time reductions in the top-quintile
daily energy harvesting probabilities observed in both the conven-
tional PV and the (overall best-performing, eg Array G) roof-mounted
WIPV. At the same time, the north-facing wall-mounted and mixed
(Array H) window arrays all exhibit significantly higher stability during
winter seasons, compared to conventional PV. Roof-mounted windows
from Array G consistently outperformed the conventional PV system on
adverse-weather days from the data regions below the top 30 % of daily
energy outputs, producing higher daily outputs more frequently on
cloudy or rainy days.

Windows from the wall-mounted arrays J and F featured more than
double the number of days with generation in the top 10 %, compared to
the conventional (roof mounted) PV. This was not due only to the ver-
tical mounting orientation being conducive to energy harvesting at
lower Sun altitude angles, since the mixed roof-wall Array H has still
significantly outperformed the wall windows across the top 25 % energy
production range. Interestingly, in the region between the top 50 % and
top 75 % of daily winter-time energy outputs, windows from arrays F
and H have outperformed even the season-averaged data trend
measured with conventional PV. The performance differences between
wall-mounted Array J and the conventional PV system depended very
strongly on whether the datasets were season-averaged or winter-
specific, suggesting significant incidence-angle dependence of the
power output from Array J windows. This was also confirmed by the
direct performance comparisons between Array J and the wall-mounted
windows from other arrays made during summer seasons and could be
explained by the design of Array J windows employing a double inter-
layer structure with greater concentrations of fluorescent particles,
likely causing angle-dependent cross-talk between the effects of fluo-
rescence and scattering. The performance differences of LSC
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Fig. 6. Comparisons between the overall (long-term, season-averaged) and daily energy production data trends in winter between the conventional roof-mounted PV
system and several of the window-integrated PV arrays mounted across the greenhouse building envelope.

components (fluorescent interlayers) relevant to the energy collection
efficiency in PV windows are most apparent during the times of peak
energy harvesting, when the intensity of excitation-band sunlight (eg.
UV-violet) is close to its maximum. Therefore, data comparisons (using
Fig. 6) made within the top 5 % subset of the maximum-observed daily
energy outputs range can be used to reveal the (mainly) fluorescence-
related performance differences between the different wall-mounted
window groups. For example, windows from Array F generated daily
outputs within their top 5 % approximately two times more often during
the winter seasons, compared with Array J.

Fig. 7 shows the energy production data trend comparisons between
the summer and winter seasons, revealing a greater inter-season energy
harvesting behavior variability of conventional PV, compared to WIPV,
across a wide range of environmental conditions. Notably, the wall-

mounted Array F and mixed Array H outperformed the conventional
roof-mounted PV during summer seasons in all data regions except only
the top ~ 17 % of daily production outputs. This is despite the fact that
the summer-time conditions feature high Sun altitude angles near noon
throughout most of the season, which strongly favours the energy pro-
duction from roof-mounted PV. Windows from Arrays G, F, and H
featured an identical glazing design type and interlayer materials and
generated the daily summer-time outputs in the region of top 15 %
following very similar data trends, even despite the differences between
the roof and wall-based mounting orientations.

Similarly to the winter observations, the data region from the top 5 %
of the maximum daily energy production reveals the significant energy
collection performance differences between the wall-mounted windows
from arrays F and J; the summer-time peak sunlight intensity conditions
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energy production data trends between the conventional roof-mounted PV and several of the window-integrated PV arrays mounted across the greenhouse build-

ing envelope.
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Fig. 8. PV Yield stability metrics comparison between the different window-integrated PV arrays and the conventional roof-mounted NW-oriented silicon PV system.
The raw data were collected over the 3 consecutive winter seasons between 2021 and 2023. An additional dataset collected from Warwick Grove shopping centre
atrium windows (also located in Perth; the relevant system details were reported in Ref. 16) during its first winter of operation is added for illustration and com-

parison purposes.

correspond to the large angles of incidence onto vertical walls, which
impedes the energy production in systems with lower-quality fluores-
cent components. Therefore, significant differences are revealed in the
observation frequency of top-5 % energy performance in different (but
identically oriented) window design types. Similar performance differ-
ence results related to the top 5 % and also the top 10-20 % data regions
have been identified through long-term energy data analysis for the
roof-mounted windows of all three room-specific design types distrib-
uted over three separate grow-rooms; these data were reported in [17].

It can be seen from the datasets presented in Figs. 6 and 7 that a
conventional, roof-mounted PV system loses its energy harvesting per-
formance in adverse-weather conditions during the winter seasons at a

Daily energy output distributions - walls and mixed wall-roof sections
25
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H (st yr data)
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\
\
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Fraction X of the max observed daily energy output (%)

%age of days with daily energy output within (X +/-2.5)%

much faster rate, compared to most window-integrated PV types
analyzed. We propose to introduce a new energy yield stability (YS)
metrics parameter to enable the relative rating of the adverse-weather
energy harvesting behaviors of different PV, BIPV, and WIPV system
types, defined as per Eq.(1). It is best to rate the winter-season system
behaviors using this metric, since a larger number of adverse-weather
days per unit observation-period duration will then be experienced,
contributing to a statistically more accurate real-world system perfor-
mance evaluation.

EseasonwtaLs

yS = seasomiotals
(Epeak,l—day X Ndays)

(€8]

Daily energy output distributions - roof sections
25

—e—Array G (Nth roof) daily energy output
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distiibution

20

—e—Conventional PV - NW optimally tilted roof

—— Array I (Nth roof)

—e—Array E (Nth roof) /

|—e— Array D (Nth roof)

60 70 80 90 100

Fraction X of the max observed daily energy output (%)

Fig. 9. Per-window daily energy output distributions of the wall-mounted and evenly mixed (roof-wall) (a) and roof-mounted (b) PV window arrays. Greenhouse PV
arrays daily energy production data were analyzed during the period between 01 May 2021 — 27 May 2024, to generate the probability distributions of the daily per-
window energy outputs being at within + 2.5 % from a set X% of their maximum-observed daily energy outputs. The data distribution results for array H are shown
for three different data collection period limits (data processed within the 1-year and 2-year time-frames, and the total of the observation period), demonstrating both
the consistency of the distribution shape, and also some drift in the distribution peak happening over time. Warwick Grove shopping centre atrium (Ref. 16) data
from its 8 windows mounted on its north facing wall were collected during the 1st year of atrium operation; these data are included in part (a) for compari-

son purposes.
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Daily energy production data distribution statistics (solar greenhouse dataset between 01 May 2021 - 27 May 2024)
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Fig. 10. Plots of the per-window daily energy production data distribution statistics measured from different greenhouse window arrays over the period between 01
May 2021 - 27 May 2024 (with Warwick Grove data limited to its first year of operation) (a); the summer-season energy harvesting data distributions plotted
separately for the 276 summer data points collected between 01 Dec 2021 — 29 Feb 2024 (b).

where E seqson totals i the total amount of energy produced by the PV
module (or a PV window array) during the observation period, E pea, 1-
day is the maximum daily energy produced during the observation
period, and Nggys is the total number of days. This energy yield stability
parameter YS essentially quantifies the season-total generated energy as
a fraction of its “theoretical maximum”, which would have been recor-
ded if every day during the entire observation period was identical in
solar radiation exposure conditions and weather parameters to the “day
of maximum energy production” recorded during the period.

Fig. 8 shows the results of the PV Yield stability metrics evaluation
made for several window arrays mounted across the Murdoch green-
house building envelope using the energy data collected from 276
winter days in 2021-2023; the stability metrics data for a group of 8
north-wall windows of another WIPV installation in Perth (Warwick
Grove shopping centre atrium) were processed only for its first winter of
operation in 2019.

It is notable that all north-oriented window-integrated PV arrays

outperformed the conventional, roof-mounted silicon panels in terms of
the stability parameter proposed in Eq. (1). The results also show that
WIPVs exhibit improved stability for systems mounted on vertical walls
and the mixed-orientation (wall-roof) window arrays. Another way of
analyzing the long-term monitored daily energy outputs from different
PV systems involves generating the probability distributions of different
daily energy production amounts.

Energy output intervals can be sampled in small (5 % of the
maximum observed) steps, eg by plotting the percentage of the total
number of days corresponding to the daily energy outputs belonging to
the intervals of within + 2.5 % from a set value, expressed in terms of
the maximum-observed daily energy output. Fig. 9 shows the proba-
bility distributions of daily energy outputs (normalized to the maximum
observed), obtained through the analysis of long-term continuous en-
ergy data observations, presented separately for the different wall-
mounted and roof-mounted WIPV and PV systems.

It is noted from the graphs of Fig. 9 that the energy output
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distributions feature characteristic peaks, which can be used to rate the
energy harvesting performance of different PV arrays. The three distri-
butions plotted for Array H using the 1-year, 2-year, and 3-year daily
energy production datasets show that the overall distribution shape
remains the same. However, there is a notable drift in the peak position
towards lower energies over time, attributed to gradual dust accrual
occurring after the first year of operation. Mixed wall-roof window ar-
rays also feature small higher-energy output distribution peaks likely
generated by the contributions of their roof-mounted sections.

The plots in Fig. 10 show the season-averaged (a) and summer
season-specific (b) daily energy production distribution parameters
measured from each of the PV window arrays shown.

The parameters (distribution averages, mean values, and the data
quintile boundaries) shown in the plots of Fig. 10 resolve the statistically
significant design-dependent differences between the different distri-
butions plotted for either the roof-, wall-mounted, or mixed-orientation
window arrays. All window types analyzed were of area 1.32 m? but
differed slightly in their fluorescent interlayer design parameters (pri-
marily the particle size distributions and their concentrations). The wall-
mounted arrays exhibited stronger energy harvesting differences. En-
ergy production data distributions specific to summer seasons showed
greater energy harvesting performance differences between the roof-
mounted and wall-mounted windows. This was expected, due to much
larger frequency of days conducive to effective energy harvesting during
the summer seasons. Array H data showed some unexpected weaker
performance compared with Array F, possibly indicating the presence of
some technical window-related issues, or extensive contamination. The
proposed methodologies for the field performance analysis of building-
integrated PV are expected to expand the arsenal of techniques suitable
for benchmarking unconventional PV modules and installations.

Finally, we note that these LSC characterization experiments have
revealed substantial interlayer composition-dependent and thickness-
dependent differences in light collection performance. Adding an
aluminium backreflector layer to the LSC structure led to much larger
energy collection in fluorescent samples, compared with a “blank”
reference window. This was expected, due to the back-reflection effects
stimulating multi-pass propagation through luminescent interlayers.

The best performance was achieved in this study using a low-haze
(several %), high-transparency 100 mm x 100 mm x 9 mm window
featuring approximately 85 % of color-unbiased visible light trans-
mission with a 0.76 mm “PVB-A” interlayer. For these windows, we
found a PCE = 1.12 % and optical power efficiency (the ratio of edge-
escaping optical power to the power incident onto entire LSC glass
area) in excess of 7 %. These data were obtained from measurements
using 4 edge-attached silicon cells of only 16 % nominal efficiency and
capturing the light escaping through edge areas only. The measured LSC
sample performance metrics are among the highest reported so far for
LSCs of similar dimensions, haze, and visible-range optical
transparency.

4. Conclusions

Ongoing developments in the fields of BIPV and unconventional
photovoltaics, including high-transparency window-integrated PV,
continue to be reported worldwide. Novel energy-efficient, energy-
generating window-integrated PV products and technologies are start-
ing to demonstrate their applicability on an industrial scale, and the
feasibility of their commercialization, in both the commercial buildings
and agrivoltaics sectors. The results reported have shown that “trans-
parent”, i.e. colourless LSC-based windows can generate significant
electricity, and this has been corroborated in this paper through the first
large pilot scale demonstration plant, which has successfully run with no
significant power losses for over three years. Experimental findings
demonstrate that solar energy harvesting windows exhibit advantages
over conventional silicon module-based PV systems, particularly if
installed onto vertical wall surfaces or subjected to adverse weather
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conditions. The development of statistical methods suitable for evalu-
ating the energy collection behaviour of LSC based windows has been
reported. The methods described rely on the availability of the long-term
daily energy production data records, and require the analysis of data
generated during multiple seasons and weather conditions, in order to
reveal the details of system-dependent energy harvesting behaviour
trends. These methodologies can enable the identification of the best-
performing window-integrated PV designs, as well as benchmarking
the energy conversion characteristics of different PV, BIPV, and other
renewable energy technologies.
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