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9 Featured Application: Off-grid infrastructural installations powered by solar windows.
10 Abstract: A study of photovoltaic solar window technologies is reported, focusing on their
11 structural features, functional materials, system development, and suitability for use in practical
12 field applications, e.g. public infrastructures and agricultural installations. Energy generation
13 performance characteristics are summarized and compared to theory-limit predictions. Working
14 examples of pilot-trial solar window-based installations are described. We also report on achieving
15 electric power outputs of about 25 Wp/m? from clear and transparent large-area glass-based solar
16 windows.
17 Keywords: solar windows; advanced glazings; low-emissivity spectrally-selective coatings;
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19

20 1. Introduction

21 In recent years, there has been a significant and growing research interest dedicated to the
22 engineering and characterization of unconventional photovoltaic devices and systems, in particular,
23 large-area transparent luminescent solar concentrators (LSC) [1-4], and solar windows [5-8], which
24 are currently receiving increasing attention. Of special importance is the emergence of newly-
25  commercialized semi-transparent photovoltaic technologies and building-integrated photovoltaic
26  (BIPV) systems, which have been demonstrated in practical architectural deployment applications
27  [9-12]. At present, most commercial energy-generating solar glass and solar window technologies
28  suitable for BIPV applications feature semi-transparent (up to about 40% of spectrally-averaged
29  visible-range transmission) appearance, and are most often not colour-neutral. This is due to typically
30 relying on the use of either amorphous silicon-based, or dye-sensitized solar cell materials integrated
31  into glass panel structures (in BIPV applications). In building-applied (BAPV) applications, the
32 energy conversion is typically accomplished by either silicon, or CIS/CIGS solar cell modules
33 embedded into, or onto, glass panels, building roofs, or fagade walls. While such BAPV systems
34  generate adequate electricity, their transparent area fraction is limited, often making them
35  unattractive in architectural installations. A number of recent studies have been dedicated to
36  uncovering the potential of renewable energy technologies (including photovoltaics) for reaching the
37  important goal of net-zero energy consumption in buildings and infrastructural installations [13-18].
38  Figure 1 summarizes three well-known commercialized (and recent) examples of the relevant
39  technologies, and also provides the data on the currently-available electric power generation
40  capacities per unit wall area. Somewhat naturally, the electric outputs of solar window-type systems
41  decrease with increasing visible-range transparency, regardless of the materials or technologies used.
42 This is true for either the light concentrating or light-trapping (eg LSC) technologies, or the systems
43 relying on solar cell-based direct wide-area PV conversion. The figure of 38 Wy/m? from Hanergy
44 product manual [10] reported for a window panel of 40% averaged visible-range transparency
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45  appears to describe the top performance among all (or at least most) direct wide-area semitransparent
46  glass-based energy converters available to date. This reported figure of performance is also well
47  ahead (to the best of our knowledge) of all transparent concentrator-based window technologies or
48  systems reported so far.
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52 Figure 1. Commercial solar window technology examples [10, 11, 19] and their reported (or estimated)
53 metrics in terms of energy-output characteristics.
54
55 A notable example of semitransparent photovoltaic fagade installation engineered by Solaronix,

56  Inc. and EPFL [19] is yet to undergo long-term performance characterization and testing, however,
57  we can derive a figure of performance of about 28 Wy/m? of electric output, using the reported data
58  on the predicted annual energy generation, the energy-converting area installed within the facade,
59  and by approximating the other parameters (eg. using the reported 300 m? figure for the wall area,
60  and by estimating 5 peak sunshine-hours per day, and about 190 sunny days per year).

61 Future BIPV technologies are widely expected to feature a combination of energy-saving
62  functionality (due to superior thermal insulation properties provided by advanced glazing systems
63  and low-emissivity coatings), and smart-window functionality offering active control over window
64  transparency, together with a possibility of significant energy-harvesting performance available in
65  increasingly high-transparency glazings [8, 9, 20]. The motivation for producing this article has been
66  tohighlight the emergence of a new class of highly-transparent solar windows, which are now ready
67  for industrialization, and to compare the performance metrics of this emergent solar-window
68  technology with other examples of solar window-type devices. We also aim at highlighting the actual
69  potential of these solar windows for use in several practical applications.

70 2. Design features and performance characteristics of transparent solar windows

71 In order to ensure the energy-harvesting functionality in visibly-transparent concentrator-type
72 windows, it is important to target specifically the non-visible parts of the solar spectrum (eg the UV
73 and near-infrared (IR) spectral regions) in terms of both the light-trapping and also the energy-
74 conversion functionalities. Therefore, the requirement for high visible-range transparency (and also
75 the minimized haze) dictates the selection of all suitable functional materials, components, and
76 structures for use within these advanced glazing systems. In particular, in concentrators relying on
77  the LSC principle, the selection of luminophore materials is usually based on the requirement to
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78  harvest the energy within both the UV and also the near-IR spectral regions, and luminescent
79  materials with large Stokes shift values are required to avoid excessive loss of light due to self-
80  absorption [1-4, 7, 20, 21].

81 2.1 Materials and structures used within transparent energy-harvesting glazing systems

82 To efficiently convert the available near-IR energy (which, in spectrally-selective LSCs, is routed
83  towards glass panel edges), it is very important to select the appropriate solar cell chemistry and solar
84  module construction type, which will enable the photovoltaic conversion of this near-IR energy
85  within the broadest possible spectral window, with the highest possible efficiency. Of particular
86  importance for solar window applications is the selection of PV modules, which can maintain their
87  efficiency (to the maximum extent possible) in the presence of significant adverse factors, such as
88  transverse or longitudinal geometric shading from the incoming sunlight, as well as “spectral
89  shading”- a condition in which the solar module is not illuminated by the full-spectrum sunlight, for
90  which the selected PV module type was designed to operate. Despite the fact that the short-circuit
91  current (I«) of any PV cell (or module) only depends on the incident optical power available at any
92  given wavelength and the corresponding responsivity, the power-generation behaviour (and also the
93 fill factor (FF) and efficiency) of PV modules connected to external electric loads becomes markedly
94 more complicated in the presence of a combined influence of the geometric and spectral types of
95  shading. These conditions are practically always encountered in concentrator-type solar window
96  applications, where the cell modules are located at or near the glass panel edges, due to both the
97  geometry of sunlight incidence and the device construction geometry itself. We found experimentally
98  that the properties and performance of Avancis PowerMax 3.5 CulnSe2 (CIS) PV modules were the
99  most suitable for solar window applications, due to a large number of important technical

100 considerations listed below:

101 e Broad spectral responsivity band of the CIS modules, which is a key factor for the design of
102 visibly-transparent solar windows; their high efficiency (12.3%) is also a factor;

103 e The possibility of fitting the shape and size of CIS modules to the application requirements —
104 by cutting and re-encapsulating the suitably-sized strips out of commercial CIS panels;

105 e A high degree of control over the electric circuit configuration performance in window
106 modules. Also, the possibility of obtaining a high Vo (up to about 50-55V) without extensive
107 series connections;

108 e Mechanical robustness and reliability — the 2mm glass substrates are much more robust than
109 mono-Si wafers;

110 e Superior (compared to many other cell types) performance of CIS modules in shading
111 conditions and at elevated cell temperatures;

112 e Theefficiency in factory-produced CIS cells has been increasing continuously in recent years.
113 Figure 2 shows the spectral responsivity of Avancis PV modules relative to the crystalline Si
114 cells, and their external quantum efficiency (EQE) spectrum.

115

116

117

100% " g ' (b) -

3
=3
1

80%

o
o
1

60% -+

40%

~N
=3
1

20% ——cSi (example)

— Avancis PM 3.5

External Quantum Efficency (%)
g 38

Spectral Response (relative)
e
w

0%

o

300 500 700 900 1100 1300 400 600 800 1000 1200
wavelength [nm] Wavelength 7. [nm)


http://dx.doi.org/10.20944/preprints201805.0016.v1
http://dx.doi.org/10.3390/app8060849

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 2 May 2018 d0i:10.20944/preprints201805.0016.v1

40f 14
120 Figure 2. Avancis PowerMax 3.5 CIS cell modules’ spectral performance characteristics. (a) Spectral
121 responsivity curve measured relatively to the monocrystalline Si cells. These data are courtesy of Avancis,
122 Inc. (Germany); (b) External Quantum Efficiency (EQE) of earlier Avancis CIS modules. These data are
123 reproduced with permission from Ref [22].
124
125 Other spectrally-selective functional materials and glazing system components suitable for

126  preferentially harvesting the non-visible parts of the solar spectrum energy in highly-transparent
127  hybrid-type solar concentrators have been described in significant technical detail in [7] and [21]. For
128  illustration and schematic purposes, Figure 3 outlines the main optical properties of glazing system
129  components (the data of Figure 3 is reproduced from Ref. 7). The term “hybrid-type solar
130 concentrator” refers to using simultaneously several types of physical mechanisms (eg luminescence,
131  diffractive deflection, total internal reflection, and even scattering as a short-range light-trapping
132 mechanism) - to promote the spectrally-selective concentration of light in near-edge regions of
133 glazing-system panels. Using scattering, which in LSC field is generally known as a loss mechanism,
134 asa(short-range) light-trapping mechanism working in conjunction with luminescence is a relatively
135 new approach, discussed in some relevant detail within Refs. 6, 7, 21, and 23.
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139 Figure 3. Components and structures used for constructing ClearVue PV window modules, and their main
140 properties. Graphics is reproduced from Ref 7, for system structure illustration purposes. (a) Transmission
141 spectrum of a high spectral selectivity low-e coating (Viracon, Inc. VNE 2463) and graph showing the spectral
142 power density curve for the AM1.5G sunlight reflected off this coating; (b) Zero-order (direct) transmission of
143 several transparent spectrally-selective diffraction grating samples measured using a spectrophotometer; (c) —
144 (d) Visual appearance of either the unencapsulated, or the encapsulated diffraction grating; (e) overall schematic
145 of an advanced transparent glazing system for energy harvesting concurrent with high thermal insulation, in
146 which any internal air gap(s) are omitted for simplicity.

147

148 The main components which define both the visible transparency and the spectrally-selective
149 energy harvesting properties of the glazing system are (i) the high-spectral-selectivity low-emissivity
150  thin-film coating, and (ii) the visibly-transparent (when encapsulated using UV-curable epoxy and
151  coverglass) spectrally-selective diffraction grating. The diffraction grating is designed to effectively
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152 deflect the incident light in both the UV and the near-IR spectral ranges into multiple orders of
153 transmission. The experimental methods suitable for the fabrication of suitable diffraction gratings
154  are described in detail in [7]; the methods for the production of suitable types of optical thin-film
155  coatings have been discussed in [24].

156 A unique combination of high-performance luminescent materials, which helps collect a large
157  part of the incident UV energy and also a fraction of the incident near-IR energy from within a rather
158  broad spectral region between about 900-1100 nm has been described in detail within the
159  Supplementary dataset of [21]. Figure 4 (reproduced from Ref. 21) illustrates the functionality of a
160  ZnS:(Ag Tm)-based luminophore capable of efficiently converting the energy from abroad UV-blue
161  wavelength range into a narrow emissions band centered at 794 nm, thus avoiding self-absorption

162 losses.
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166 Figure 4. Measurements of the excitation and emission spectra of epoxy-based lamination interlayers
167 containing suspended particles of ZnS : (Ag, Tm) luminophore. A Perkin-Elmer L.S-50B luminescence
168 spectrometer was used to collect and analyze the optical radiation flux propagating out of an edge area of
169 50x50x3mm? concentrator samples composed of two Imm-thick Corning glass plates connected via a UV-
170 cured functionalized epoxy interlayer. Luminophore particles were dispersed uniformly within liquid
171 epoxy at concentrations not exceeding 1 wt%. Strong emission intensities were observed near 794 nm,
172 almost saturating the spectrometer detection system, under normal-incidence UV excitation and when the
173 sample edge area aperture was aligned with the input aperture of the emissions monochromator. This
174 graphical dataset is reproduced from the Supplementary dataset of Ref 21.
175
176 Hybrid-type transparent planar solar concentrators employing the mechanisms of

177 luminescence, scattering, and diffractive deflection of light form the basis of our approach to building
178  practical solar windows suitable for architectural deployment. The apparent synergy between
179  practically all of the above-named light-collection mechanisms (which is observed provided that the
180  sizes and concentrations of all luminophore powder particles were selected carefully) was our
181  significant finding, which governed the design of advanced glazings in multiple laboratory samples
182  and factory-produced window modules.

183 2.2 Summary of solar windows performance and comparisons with theory limits

184 Two similar factory-assembled models of large-area (= 0.85 m?) installation-ready framed solar
185  windows were fabricated at Qingdao Rocky Ltd (China) in small test-run production batches during
186  2016-2017. Their performance characteristics varied slightly between window types, and from sample
187  to sample, however, the electric power outputs per window started to approach about 20W in early
188  samples produced industrially. Figure 5 shows solar windows during outdoor testing experiments
189  (conducted in Perth, Australia, in May 2017) and the I-V curve measurement results. The
190  measurements were conducted using PROVA 200A Solar Module Analyzer. The windows
191  demonstrated their maximum electric power output when placed into a sun-facing near-vertical
192 position, with a small (=25°) tilt away from the vertical plane. The measurement results obtained were
193 consistent with the expected weather-dependent autumn performance, and the observed orientation-
194  angle dependency of output power (which yet to be characterized in detail and reported elsewhere)
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195  was not significant. Rather large angular orientation changes applied to windows (up to 30-40
196  degrees in either direction away from the optimum orientation) in either the horizontal or vertical
197  plane resulted typically in less than 20% of Is variations.
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201 Figure 5. Solar windows constructed using glass panel dimensions of 1200 mm x 600 mm and their
202 performance in autumn conditions. (a) Factory-assembled solar window samples; (b) Measured I-V
203 curve data and electric output parameters. The measurements were performed on a hazy autumn day
204 in Perth, with low UV index and solar irradiation intensity not exceeding 800 W/m?, with sun-facing
205 samples slightly tilted backwards from vertical position.
206
207 The window design features three parallel-connected solar-module (CIS) subsystems, each

208  using stripe-shaped Avancis PowerMax 3.5 CIS circuit module cut-outs: (i) the edge-mounted
209  modules, (ii) the backside perimeter-mounted modules, and (iii) external frame-mounted modules,
210  which are used to stabilize the overall window-module operation and to achieve maximized energy-
211  harvesting performance over the course of day. As is evident from the data of Figure 5, the overall
212 module fill factor (MFF) of a solar window employing multiple interconnected CIS modules is
213 significantly lower than the nominal FF (of near 0.66) of Avancis CIS products. This is largely due to
214 the fact that each individual CIS module installed into a window receives substantially different
215  amounts of illumination (and also shading), due to the variations in their geometric orientation with
216  respect to the incoming sunlight, and also due to some shading caused by the framing system. Many
217  individual CIS modules also differ in length (and thus the number of series-connected CIS cells), and
218  therefore in Vec. These variations lead to changes in the I-V curve shape features and affect the overall
219  system FF, which in turn reduces the effective CIS-module efficiency compared to its nominal value.
220 A summary of measured window performance data obtained from another production batch of
221  similarly-designed solar windows of total area 0.85 m? is shown in Table 1.

222


http://dx.doi.org/10.20944/preprints201805.0016.v1
http://dx.doi.org/10.3390/app8060849

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 2 May 2018 d0i:10.20944/preprints201805.0016.v1

7 of 14

223 Table 1. Electric output summary and parameters of solar windows used in prototype bus-stop installation.
224 The measurement conditions are described in detail, in order to provide an outlook on the potential usefulness
225 of solar window products for use in different applications, versus using conventional PV modules.

226
Electric output parameters at Measurement conditions / notes
peak
* Voc=54-55V ¢  Measurements performed in field conditions, on a very hot
* Ie=0.75-08A summer day.
+ FF=049-052 ¢ Measurements made at near-peak weather and at near-
*  Pmax=(21.36 +/- 1.52) Wp peak window orientation and tilt.
*  Pmax=25-26 Wp/m? e  The surface temperature of all CIS modules was >40 °C.
e Nominal CIS module efficiency 12.3%; nominal CIS module
FF =0.663.
e Framed window area Atwt = 0.85 m2; the total area of CIS
cells installed Acis =0.28 m2
e  Avancis PowerMax 3.5 130 CIS modules output nominally
97 W/m?2 at NOCT and AM 1.5 G.
e  External cells facing direct full-spectrum sunlight occupied
37% of the total Acis and contributed about 43% of total Pmax;
the edge-mounted cells occupied 29% of Acas and
contributed 25.3% of Pmax.
227
228 Each window within this batch had a glass panel area of 0.75 m? and external CIS modules area

229 of 0.1 m2 Due to cutting of original Avancis circuits, their re-encapsulation processes, and the overall
230  factors affecting the window-module performance, the FF reduced from nominal 0.66 to =0.5, which
231  effectively manifested in running all individual CIS cell modules at an averaged reduced efficiency
232 of about 9.3%. The electrical mismatch losses within the window circuit partially resulted from a
233 requirement to fit the external dimensions of windows to the required values, which affected the
234 design features of the electric cirquitry through limitations imposed on the CIS cut-out lengths. The
235  electric power output per 1 m2 of the total framed window area reached about 25 Wy/m?2, and
236  therefore approached about 26% of the nominal output available from 1m? of standard Avancis CIS
237  module.

238 Theoretical performance limits for high-transparency window-type luminescent concentrators
239  havebeen reported recently in [20]. An alternative way of calculating the same performance limit for
240  an arbitrary level of window transparency presumes the idealized (complete) optical power
241  collection of all available incident light by solar cells of known efficiency. Both calculations point to
242 the same region of data for the maximum theoretical electric power output between 46-57 Wp/m? at
243 Tus = 70 %, if using CIS cells of 12.3 % nominal efficiency (and also by considering the Shockley-
244 Queisser limit for CIGS cells if following the methodology of Ref. 20). This theory-limit performance
245  iscalculated for the peak geometric orientation and tilt of concentrator panels, at AM1.5G, 1000 W/m2.
246  The practically-achieved solar window performance (in factory-assembled framed window samples)
247  isnear 50 % of its theoretical limit. It is interesting to compare this result with the record-performing
248  CIGS cells (n = 20 %), which themselves operate at near 65 % of the Shockley-Queisser limit, as
249  reported in [25].

250  3.Results

251 3.1 Principal results and future directions

252 The principal results of large-area solar window module development indicated that the
253  technology of building transparent solar concentrator-type windows has now reached the stage, at
254  which practical test-bedding applications within public infrastructure installations were feasible.
255  Adshel Pty. Ltd. (Port Melbourne, Australia) has provided a public bus stop as a site for testing the
256  applicability of ClearVue Technologies Ltd. solar windows for generating electric energy in self-
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sustainable bus stops fitted with backlit advertising panels and LED lighting appliances. At the same
time, ECU research team started considering the construction of a pilot greenhouse fitted with
energy-generating clear windows. Figure 6 illustrates a range of previously-developed framed solar
window types and highlights the differences in the optical transmission spectra of windows between
two different application-area types (either the construction or agriculture industries). The core idea
of using solar windows in new greenhouses is related to the possibility of spectrally tailoring the
transmission spectra of glazing systems to the biological requirements of plants. The horticulturally-
grown plants often favour the blue and red spectral regions for their illumination, in order to
maximize crop productivity. We have adjusted the low-emissivity IR-reflector coating design
techniques reported in [24] to fit the glazing-system transmission spectrum to plant-optimized
requirements.
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Figure 6. Examples of several earlier solar window design types (a, b); the optical transmission (or
transmitted solar energy density) spectra of window systems designed for either the construction (c), or
agriculture (d) applications.

The pilot bus-stop installation included six framed solar windows placed vertically along the
backside wall of an existing bus stop. Figure 7 shows the front view of this bus stop, which featured
also a charge controller and battery storage system, which was being charged either from the
combined (parallel-connected PV windows) output, or (previously) from a combination of two
Unisolar PVL-72 flexible PV modules rated at 72 Wy each and mounted on the roof of the same bus
stop.

d0i:10.20944/preprints201805.0016.v1
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284 Figure 7. Transparent photovoltaic wall of windows installed into a Port Melbourne bus stop powering
285 an advertising display and lighting appliances. Several unframed PV window modules are also shown
286 during factory assembly process at Qingdao Rocky Ltd (China); shown on left. Several optical
287 transmission and thermal-insulation related parameters and electrical testing data summary are also
288 shown.
289
290 The battery-charging current was being measured by the charge controller in real time, and was

291  observed to be at around 4 A, thus replenishing the energy stored in two 12 V parallel-installed
292  batteries, simultaneously with powering all electric loads (consuming 45 W in total), when the system
293  was connected to the wall of solar windows. The total electric power output observed from six solar
294  windows in morning conditions (9:30 am, 07 February 2017, at about 20°C ambient air temperature)
295  reached 74 W, and exceeded that obtained at the same time from two parallel-connected PVL-72 roof-
296  mounted modules (up to 57 W). Figure 8 illustrates the main PV measurement data for both system
297  types.
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298
299 Figure 8. Measured PV I-V curves of a 6-window vertically-oriented bus-stop wall installation and
300 comparison with a reference PV module output. (a) I-V curves of both PV modules measured
301 concurrently in field conditions using PROVA 200A Solar Module Analyzer; (b) the corresponding
302 power-voltage curves data.
303
304 The actual measurement time was near 9:30 am on Feb 07, 2017 (when the Sun altitude angle

305  was near 32° according to the astronomical data from www.suncalc.org). The Sun azimuth angle was
306  84.8° and the direction of normal to the vertically-installed wall of PV windows was practically due
307  East, according to Google maps data. A part of bus-stop roof area was overhanging, and shaded some
308  of the solar cell (and also glass) areas from the direct sunlight across the top row of windows. The
309  two parallel-connected Unisolar PVL-72 flexible PV modules (rated at 72 W; each and covering, in
310  total, 2.24 m2 of horizontal roof area). Some environmentally-induced contamination was possibly
311  present on top of the active areas of these roof-mounted modules, which might have accounted
312 (together with the weather-related and geometric orientation factors) for some reduction in the
313 measured output of these modules, compared to both the peak ratings and also the expected values
314 - we only observed up to 57.37 W of electric output from the roof-based PV system. Based on this
315  measured electric output, and accounting for the precise geometric orientation of PVL-72 panels with
316  respect to the incoming sunlight and their peak rating, an estimate of the instantaneous direct-beam
317  solar irradiation intensity can be made, resulting in about 752 W/m?, if any module-area
318  contamination effects or aging-related performance reductions were neglected.

319 At 9:30 am, near 450 W/m? of solar irradiation intensity fell onto the horizontally-oriented
320  surface, according to the published graphs showing the solar irradiation intensities recorded in
321  Melbourne (Caulfield South, http://caulfieldsouthweatherstation.com/charts/solar during the same
322 day). The theoretically maximum radiation intensity falling onto the horizontal roof area would have
323 been (at perfect, AM1.5G peak-weather conditions corresponding to 1000W/m? of direct-beam
324  irradiation intensity) near 1000W/m?*sin (32°), or 530 W/mz2. Therefore, an estimate for the power
325  scaling factor characterizing the weather-dependent system performance applicable to
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326  measurements made on Feb 07, 2017 can be quantified as W =450/530 = 0.849. This figure corresponds
327  to 849 W/m? of direct-beam irradiation intensity, and significantly exceeds the 752 W/m? obtained
328  from pure geometry and rated system performance. Thus, using 849 W/m? irradiation intensity can
329  be considered sufficiently conservative for use in our estimates of the peak-weather performance of
330  this PV wall in field conditions, especially considering that some hazy clouds were visually observed
331  during our measurements. The atmospheric path length was also greater than the standard
332 atmospheric path at AM1.5 conditions (due to the Sun altitude angle being 32°).

333 Therefore, ClearVue 6-window vertical PV wall can be predicted to have demonstrated, at peak
334  weather conditions, approximately the following power output:

335 P(max, 32° Sun angle, at 1000 W/m?) = (74W/0.849)*100 = 87.16 W,

336 where we still haven’t accounted for any geometric shading effects induced by the overhanging
337  roof section.

338 This figure relates to the maximum electric output power expected in real conditions at 32° Sun

339  altitude angle, and would be increased by a further 7-8%, if standard cell-surface temperature of 25°C
340  was used instead (for the NOCT of 40°C), together with temperature coefficient of power (-0.39%/°C).
341  However, for the bus stop application, it is preferable to measure the actual output power at realistic
342 cell-surface temperatures, which are normally in excess of 40°C in Australian summer conditions.
343 Accounting for the sunlight incidence geometry, only about 84.8% of the total direct-irradiation flux
344  cross-section was intercepted by the vertically-positioned windows, for Sun altitude angle of 32°.
345  Thus, we can generate an idealized conditions-based prediction for the maximum electric output
346  rating of this PV wall (when illuminated by 1000W/m? sunlight at normal incidence, achieved by
347 tilting the windows backwards, until an optimum output is achieved). Thus, P(max, est. for the
348  optimally-tilted wall angle, at 1000 W/m?2) = 102.8 W.

349 Considering that the total wall area covered by the six framed windows was about 5.1 m?, for a
350  maximum predicted power output rating being close to 102.8 Wy, these data corresponds to the
351  maximum electric output per unit optimally-angled PV wall area being up to 20.2 W/m?2. This figure
352 s slightly less than up to 24-26 W/m? per unit of framed window area measured with individual
353 windows, due to using conservatively-estimated weather-related data, and the overall performance
354  of a 6-window parallel-connected wall module being limited by its module fill factor (MFF) being
355  slightly smaller than the MFFs of individual (and unshaded) optimally-tilted windows. In all
356  calculations, we also neglected the horizontal-orientation angle effects arising due to the geometric
357  wall normal angle of the bus stop not being aligned perfectly with the Sun azimuth direction. As is
358  practically evident from Figure 9 (taken in slightly cloudier conditions, but only about one hour after
359  making the electrical output measurements), the 849 W/m? figure used in irradiation estimates was
360  more than appropriate in terms of conservativeness.

361

362
363

364 Figure 9. Solar window-powered bus stop installed by Adshel, Inc. (Melbourne, Australia).
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Making direct irradiation intensity measurements in field conditions simultaneously with the I-
V curve measurements was not a perfect option at the time, due to the cloud-coverage variations
taking place even during the data-logging process duration. Several media outlets worldwide,
including ABC Australia, have published reports on this trial bus-stop installation of solar windows,
in March 2017.
3.2 Future applications in greenhouse agriculture

A small-scale (4m x 4m) pre-prototype of a greenhouse fitted with several solar windows and
energy-storage system has also been constructed, in order to provide the initial evaluation-grade data
on the ways in which future horticultural greenhouse installations need to be built and designed.
Figure 10 shows this initial trial installation in its early stages of construction.

Figure 10. Mini-scale (4m x 4m) prototype greenhouse installation featuring clear solar windows and
energy storage/AC conversion technologies used for test-bedding the foundations of relevant
greenhouse construction technologies.

A unique combination of features will be tested in a new 300 m? pilot greenhouse installation to
be constructed during 2018. We predict achieving a demonstration of significant energy savings in
climate control, electricity generation, and possibly even approaching self-sustainable operation
mode. Features including on-site water desalination are also expected to be feasible, and crop yield
improvements are expected to be demonstrated due to spectrally shaping the illuminating light.

4. Conclusions

In summary, we have successfully achieved a demonstration of a range of practical and visually-
clear solar windows, which have been developed at ECU (Perth, Australia) in collaboration with
ClearVue Technologies Ltd. Using Avancis CIS PV modules of nominal conversion efficiency 12.3%,
the achieved electric power output per unit area of framed large-size (0.85 m?) glass windows was up
to about 25 Wp/m2 With current 15.6 %-efficiency Avancis CIS PV modules, an electric power output
exceeding 30 Wp/m? can be attained. The principal suitability of these world-first transparent large-
scale solar windows for public infrastructure and agricultural applications has been tested and
confirmed. Emerging agricultural applications, which are subject to ongoing work, include advanced
self-sustainable greenhouses, in which solar windows will shape the transmitted light spectra to the
requirements of specific growing plants.

d0i:10.20944/preprints201805.0016.v1
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