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Abstract: Low concentrating photovoltaic (LCPV) system has been studied extensively, which showed 7 
excellent potential for the building integration application. However, such a system suffers from higher 8 
operating temperatures due to the concentrated light exposed into the solar cell. In this work, two 9 
different methods have been used to regulate the operating temperature of the solar cell without the 10 
interference of any other external mechanism. Two concepts were used to study the operating 11 
temperature of the solar cells are: i) use of Argon gas within the concentrator element, ii) incorporation 12 
of polymer-dispersed liquid crystal films (PDLC) on top of the module. In both cases, the power was 13 
improved by 37 mW to 47 mW when temperature was reduced by 10°C and 4°C for the Argon gas-14 
filled module and PDLC integrated module, respectively. In addition, the temperature effect of the 15 
PDLC integrated module showed a unique nature of reduction of the short circuit current due to the 16 
orientation of the liquid crystal particle, which increased at a higher temperature. The current study, 17 
therefore, shows the greater potential of improving the operating efficiency and reduction of solar cell 18 
temperature, without the need for additional pumping power such as needed for photovoltaic thermal 19 
application. 20 

Keywords: Square elliptical hyperboloid concentrator; BIPV, Electrical and thermal characterisation, 21 
Polymer dispersed liquid crystal. 22 

1. Introduction 23 
 24 
In recent times, the low concentrating photovoltaic (LCPV) by using optical concentrators such as 25 
lenses mirror to focus incident radiation on the smaller area is an appealing application in photovoltaic 26 
industry for low cost and higher yield solar power generation. LCPVs trim down the cost of the PV 27 
system by reducing the cell area and replacing expensive semiconductor material by inexpensive 28 
semiconducting material [1–4]. LCPV does not require expensive tracking system, supply more power 29 
for a limited area which reduces the necessity of large areas fragile silicon PV, and simpler system for 30 
building integration [5] [6][7]. In general concentration ratio of LCPV for building integration remain 31 
<10 [8].  32 

Non-imaging compound parabolic concentrator (CPC) is one of the most studied LCPV system, suitable 33 
for building integration [9], due to its higher acceptance angle [10] [11]. CPC includes reflective or 34 
refractive mirror [6] or dielectric [12] type; symmetric [13] or asymmetric [9]; 2-dimesional [14] or 3-35 
dimensional [15] type optics.  36 
Most studied CPC geometry for building integration is 2D symmetric and asymmetric type which accept 37 
all the incident rays within the acceptance angle however it rejects all other incident radiation which is 38 
outside the acceptance angle [16,17]. The lumped electrical model was designed with 2D asymmetric 39 
CPC (trough) to measure their IV curves in an indoor laboratory. This model was integrated successfully 40 
to examine the coupled optical-thermal-electrical performance of CPC [14]. In northern latitude 41 
location, dielectric asymmetric compounds parabolic type showed un-stability at higher acceptance 42 
angle. Further work was needed to investigate the effect of change in the solar spectrum over time by 43 
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considering the refractive index of the dielectric material and dispersive absorption coefficient followed 44 
by low-cost manufacturing process [9]. Limited concentration obtained from 2d geometry can be 45 
increased by using 3d CPC. However, 3d geometry offers circular exit and entry aperture which produce 46 
more losses and circular shapes PV cells are not popular. Thus, to enable the use of 3d CPC for 47 
rectangular or square shape crystalline silicon PV cells, crossed compound parabolic concentrator 48 
(CCPC) was developed which is 3d in nature and intersection of two 2d CPC crates this shape. A 3D 49 
crossed compound concentrator based on dielectric was used to analyse energy transformation and 50 
energy output of a low concentrated PV system [12]. Another 3D CCPC based PV module was 51 
fabricated to determine optical and electrical performance for building façade integration [11]. To 52 
improve further the concentration ratio, there are however other LCPV optic designs which require 53 
further investigation such as the Square-Elliptical-Hyperbolae (SEH) optic by Sellami et. al. [18] which 54 
is shown in Fig. 1. This SEH has elliptic entry to the square exit. This system had a concentration ratio 55 
of 6x, the optical efficiency of 55% and an acceptance angle of 50°, however, the concentration of 56 
incident light was non-uniform at the solar cell. SEH based spaced type LCPV BIPV window can be 57 
the next generation system which will have triple advantages into the building application: i) 58 
maintaining daylighting within the building envelope, ii) reduce thermal load of the building and iii) 59 
generate electricity within the building envelope. Thus 2D, 3D CPC are not compact, and they need to 60 
truncate the upper reflector section to maximize the efficiency of the BIPV. This new design is compact 61 
enough and feasible for BIPV application and can be accurately integrated into transparent façade, 62 
windows or roofs.  63 

 64 

Fig. 1: Dimension description of SEH based LCPV system used in this experiment  65 

 66 
An important parameter that can negatively affect the performance of the PV cell is the temperature 67 
sensitivity of the solar cell. PV cells experience high thermal energy due to the absorption of incident 68 
solar radiation that is not converted into electricity. Several researchers have investigated the 69 
comparison between theoretical temperature and different parameters that come from solar cell output 70 
[19][20]. Bett et al. calculated theoretical values’ illustrating that temperature coefficient is dependent 71 
on the dominant recombination process. Another group from NREL measured experimentally the 72 
metastable changes due to light exposure results as the temperature dependence of the fill factor of 73 
CIGS that modified thin-film cells [21]. It is well studied the efficiency of the solar cell, overall power 74 
output and open-circuit voltage decreases due to the increase in solar cell temperature [22]. Variation 75 
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in external quantum efficiency (EQE) also seen due to temperature variation in different regions of 76 
spectra. The influence of temperature of PV cell on different mechanisms fill factor (FF), open-circuit 77 
voltage (Voc), short circuit current (Jsc) are well known. The fill factor temperature sensitivity can be 78 
possibly due to technical issue such as contact resistance [23]. Electrical performance of a typical PV 79 
module is 18-24% of the incident solar radiation, dependent on climate condition and type of solar cell 80 
used in the module. The rest of the incident radiation is converted into heat that can be primarily cause 81 
of increment of temperature and reduce the efficiency of the PV module [24].  82 

Enhanced temperatures of crystalline silicon based solar cell under solar radiation is an important issue 83 
[25,26]. This becomes worse when the light is concentrated; specifically for the silicon solar cell and 84 
light concentrated on the solar cell surface, a significant rise in temperature is evident [27]. Thermal 85 
regulation of crystalline PV cells is thus essential for concentrating system. Thermal regulation using 86 
active air and water cooling and passive air cooling is possible and has been demonstrated as an effective 87 
and economical way. The proper length of the fins to pint out the harassment of the power of the PV 88 
system was inquired during the passive cooling by phase change material [28]. However, water- and 89 
air-cooling techniques need the additional cost of pump or fan to maintain the output of the system. In 90 
the case of water, evaporation is another obvious drawback to giving lower efficiency [29]. The 91 
incorporation of phase change materials into PV systems with concentrator photovoltaics can enhance 92 
the performance of the system in warmer weather of UAE [30]. Phase change materials absorb thermal 93 
energy as latent heat and can be used to maintain the temperature of the PV system at suitable phase 94 
transition temperature [31][32]. 95 

Previously, phase change material (PCM) type temperature regulation has been demonstrated by 96 
Sharma et al.[33] for low concentrator system. BIPV façade systems for temperature regulation with 97 
the induction of complicated airflow and convective heat transfer through natural way has been reported 98 
[34].  99 

Simple method without compromising electrical efficiency of PV panels is natural cooling using free 100 
convection to remove heat from the back of the PV modules. A heat sink for CPV using normal grade 101 
aluminium on the back of the PV module to remove heat by thermal conduction has been examined. 102 
With a concentration of 500 suns, this system was capable to reduce cell temperature by up to 10°C 103 
[35]. For passive cooling of PV cells heat pipes were used; 38°C temperature was reduced [36].  104 
Hydronic cooling technique was induced with the PV system to minimize the operating temperature; 105 
consequently, 23°C reduction was evident with an increase of cell efficiency of 3.26% [37]. 106 

Spaced type concentrating BIPV window systems are mostly double glazed which further needs 107 
modification to enable it for heating load dominated location. Replacing the air between two glass panes 108 
with inert gas [38][39][40] or vacuum [41,42][43] can offer higher thermal insulation. Spaced type 109 
concentrating BIPV windows also offer static transparency which can be modulated by using smart 110 
switchable materials. Current switchable materials are electrically, thermally or optically activated, 111 
where electrically activated types such as electrochromic (EC), polymer dispersed liquid crystal 112 
(PDLC), and suspended particle device (SPD) respectively, are favourable due to their user control 113 
behaviour [44]. PDLC type smart materials become transparent in the presence of AC power supply 114 
and translucent while no power is applied[45–47] . The translucent state provides a lower transmission 115 
but provides full privacy from viewing which is suitable for glare control. PDLC glazing as a suitable 116 
candidate for building façade application has been the subject of many researchers [48]. PDLC glazing 117 
performance for overcast cloudy day was also examined and was acceptable to control glare [48]. 118 
However, no such work reported for the use of PDLC for CPV applications. The reliability and 119 
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endurance of concentrated BIPV technology with PDLC requires more research and use of alternative 120 
materials for novel applications. 121 

The integration of argon gas as insulating material within the panes of double-glazed window is another 122 
significant process to enhance the thermal insulating performance. Double glazed windows with argon 123 
gas filling approach has lion’s share in window technology and can represent an effective energy saving 124 
solution. U-value assessment of commercially available argon double-glazed window was examined 125 
numerically, experimentally, and theoretically. The experimental results were quite ample from 126 
environmental chamber tests showing good accordance with theoretical datasheet [49]. Another work 127 
was reported to present comparison of thermal performance of coated double- glazing and non-coated 128 
double-glazing with same argon gas filling ratio [50]. The U-value of non-coated double-glazing 129 
reduced about 3.7% and 13% for coated double-glazing. Moreover, the relative energy with low 130 
emissivity coating of 0.13 was saved about 51% making this system suitable to meet requirement of 131 
building energy efficiency.  132 

Although, this approach has downside of drastically reduction in amount of solar radiation to pass 133 
through the glass due to insulating material. However, this condition has advantageous and 134 
disadvantageous behaviour at different latitudes such as it gives favourable output at medium latitude 135 
such as central Europe and unfavourable output at higher latitude areas e.g. Scandinavian countries.  136 

 137 

In this work, an LCPV window prototype containing the SEH CPV module was modified using Argon 138 
gas within the double-glazed window cavity to improve insulation characteristics and PDLC film covers 139 
to control the daylighting and operating temperature. This developed system has been used for testing 140 
of PV module performance for different parameters such as efficiency, FF, power output and operating 141 
temperature of the system. Presence of argon gas and polymer dispersed liquid crystal (PDLC) film’s 142 
thermal behaviour of PV cells in a concentrating BIPV window has been investigated under indoor 143 
condition.  144 

2. Materials and methods: 145 
The prototype LCPV optic utilised in this work is made up of three different types of geometries: an 146 
elliptical entry aperture; a hyperbolic profile section, and a square exit aperture, developed and 147 
experimented previously [18]. The elliptical entry aperture was designed to capture the maximum of 148 
natural light by maximizing acceptance angle. When arranged in an array, the space between the 149 
elliptical entry apertures allows semi-transparent windows to be produced. The square exit aperture of 150 
the SEH aims to reduce the cost of the system by reducing the solar cell material required. This shape 151 
was more convenient as it is similar to the shape of the solar cell to give reliable efficiency. The third 152 
geometry was a hyperboloid shape that was combined with both above-mentioned geometries to design 153 
a novel geometry. The SEH optic has 6× geometric concentration. The top elliptical shape has total inlet 154 
aperture area of 66mm2 with two semi axis, a=13.06mm and b=9.75mm. The area of the base is 10mm 155 
equal to area of silicon cell. Whereas, the length of the optic element is 25mm. The equation used to 156 
design the geometry of the optic are shown elsewhere [18]. The total dimension of the module is 224 157 
mm by 160 mm. 158 

The two set-ups used in this work are: 159 

• System 1: Argon filled low heat loss concentrating BIPV window module as shown in Fig. 2. 160 
During this process, the Argon (Ar) gas was filled within the air gap of the module (as shown 161 
in Fig. 2, between the optical profiles) for 30 minutes. The silica-based sealant was used to keep 162 
the gaseous medium within the system. This system was studied extensively with and without 163 
the Ar gas for an identical period.  164 
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• System 2: PDLC based films were used on top of the glass cover shown in Fig. 2. The 165 
experiments were carried out for both the ON and OFF modes of the PDLC. The 166 
thermophysical properties of the system is given in table 1 and the table 2 shows the solar cell 167 
parameters. The solar cells were manufactured by Solar Capture limited. 168 

 169 

Fig. 2: Diagram shows the light incident, reflected and transmitted of the integrated module 170 
through its different parts of the system.  171 

 172 

Material 
 Thermal Conductivity (W/mK) Refractive Index 

Glass (Crown: CDGM –K) 0.96-1.05 1.523 

Argon gas 0.018 1.002 
Crystal Clear 

(Urethane Resin) 
~0.2 1.499 

Air ~0.024 1.0003 
System Dimension 224mm × 160mm 

Number of Solar Cell 16 

Table 1: Thermophysical properties of the SEH system 173 

 174 

Dimension 10 mm x 10 mm 

Solar Cell type LGBC Silicon cells 
Short circuit current 455 mA 
Open circuit voltage 0.55V 

Fill factor 79% 
Efficiency 17% 

Table 2: Solar cell parameters 175 

 176 

 177 

In this work, the following experiments were carried out: 178 
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• Using Parkin-Elmer 1050 spectrophotometer, the optical properties of the samples were 179 
measured for the System 1 with and without Argon. In addition, the optical properties of the 180 
System 2 were measured while the PDLC films were in the ON and OFF mode. During these 181 
experiments, transmission and reflectance were measured for a wide range of wavelength at the 182 
different section of the module as shown in Fig. 2.  183 

• Both configurations of the LCPV module (System 1 and System 2) were extensively tested to 184 
measure its thermal and electrical properties under the controlled solar simulator. The 185 
experimental setup for the thermo-electrical testing of the system is shown in Fig. 3. It used an 186 
A+A+A+ WACOM sun simulator, IV-Tracer, data acquisition system and controller. The 187 
temperatures were measured using K-type thermocouples.  188 

 189 

 190 

Fig. 3: Schematic diagram of Square-Elliptical Hyperbola LCPV optic experimental setup 191 
consisting of with all connections of the system 192 

3. Results and Discussions 193 
3.1. Optical Characterisation  194 

The transmittance spectra of the SEH LCPV system at different positions were measured for a range of 195 
wavelengths from ultra-violet to near-infrared (UV/VIS/NIR) ranging spectrometer from 250 nm-196 
2000nm for Ar gas-filled module and without filling of Ar gas. For PDLC, both opaque and transparent 197 
mode transmittance spectra were measured for 250nm-2500nm range. To fully understand the optical 198 
losses within the module, measurements were taken at three different positions. The transmission 199 
spectra for the SEH LCPV system without the Argon (Ar) gas and with Ar gas are shown in Fig. 4.  200 

In Fig. 4 (a), the average transmission of the single optic was 85% between 300 nm to 2000 nm which 201 
is expected not only due to absorption but due to lighter scattering. As it could not measure straight 202 
through the optic due to cell and TIR properties without cell. For the first position (T1 in Fig. 2) gave 203 
the transmittance through the two cover glasses and inner air medium glass-air-glass(GAG) which had 204 
the maximum transmittance of ~99% and average transmittance of 64% between 300 nm and 2000 nm 205 
as shown Fig. 4. 206 
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The glass air optic glass (GAOG) has an average transmittance of 65%, covering the wavelength range 207 
from 300nm to 1100nm. The lowest transmittance is 50% given by glass optic air glass (GOAG) within 208 
range of 370nm to 2000nm that indicates of how much light is being scattered not to the cell but instead 209 
into the room different font. As it can be seen in Fig. 4(a), for most of the visible range, the transmittance 210 
spectra remain almost constant for all four different samples. However, the transmission goes down in 211 
a significant manner in the NIR regions, which improves provides better performance of the crystalline 212 
silicon solar cell. Due to the higher transmission of the single optics (SO), the electrical efficiency of 213 
the solar cells is likely higher than into the other regions of the spectrum.  214 

 215 

 216 

Fig. 4: Transmittance spectra measured through SEH LCPV system using a spectrometer (a) 217 
without Argon gas, (b) with Argon filled, (c) with PDLC film on top of the modules while OFF 218 

state and (d) with PDLC film on top of the module while ON state. 219 

The transmittance spectrum of the SEH module filled with argon gas is measured as shown in Fig. 4(b). 220 
The transmittance data for argon-filled system showed variation with constant applied power. Within 221 
ultraviolet an increase can be seen while in the visible region from 380nm to 700nm it showed nearly 222 
constant behaviour. Therefore, near-infrared region variation in wavelengths shown has the highest 223 
transmittance of 68% for glass air glass and 38% for glass air optic glass. While the lowest transmittance 224 
is for glass optic air glass that showed 13% light is scattered for light incidence between the optics entry 225 
apertures and so suggests unclear viewing for people looking out of the window, which may be 226 
important depending on the application. But this is a prototype so an optimised manufacturing method 227 
may smooth out the intersections of the optical material and hence gives clearer more aesthetic viewing 228 
between optics different fonts. 229 

(a) 
(b) 

(c) (d) 
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The transmittance of the system by placing polymer dispersed liquid crystal film is examined for both 230 
on and off state and showed a clear trend of variation. For PDLC off state, highest transmittance is 45% 231 
for PDLC glass air glass (PGAG), 9% for PDLC glass air optic cell glass (PGAOCG) and PDLC glass 232 
optic air glass (PGOAG) has the lowest transmittance of 3% as shown in Fig. 4(c). While PDLC on 233 
state Fig. 4(d) showed maximum transmission of 49% for PDLC glass air glass, 20% and 4% for PDLC 234 
glass optic air glass and PDLC glass air optic glass respectively. Therefore, different transmission 235 
spectra confirm that the effect of Argon gas and PDLC film on the LCPV system provide adequate 236 
differences in their optical properties for a wide range of wavelength of the solar spectrum.  237 

 238 

3.2.  Temperature dependencies and effect on power output: 239 
The thermal performance of the system was investigated as per the experimental procedure described 240 
in Fig. 3. The samples were exposed to solar radiation over one hour to stabilise the temperatures until 241 
the equilibrium is reached. During this period measurements were taken in intervals of 10 minutes. Fig. 242 
5 shows the variation in temperature of the solar cell (the temperature sensor was placed as shown in 243 
Fig. 3) while the solar radiation intensity was constant to 1000 W/m2. The temperature variations were 244 
measured for all four scenarios: with Argon gas, without Argon (Ar) gas, with PDLC in OFF state and 245 
with PDLC in the ON state. The solar cell temperature for the gas air-filled system (no Ar) varied from 246 
26°C to 52°C after 57 min of exposure, while the solar cell temperature reached only to 45 degrees in 247 
the presence of Argon gas. During the first 10 min of exposure temperature of the solar cell without 248 
Argon gas increased sharply from 26°C to 34°C, while the rate of increase during the same period for 249 
the LCPV system with Argon gas inside slowed down the temperature increase. This is possible due to 250 
the inert nature of gas, which effectively reduces the heat transfer coefficient, amounting lower 251 
temperature of the glass. The start temperature of the solar cells was same when the experiment started 252 
for the system with PDLC films as “OFF” state, it achieved higher temperature as compared to the 253 
LCPV system with PDLC “ON” state. The rate of increase of temperature for the solar cell while the 254 
PDLC was ON state was lower than that of during the Argon filled gas system. Due to the activation of 255 
the PDLC, the temperatures were higher when the PDLC film was ON state, clearly providing the better 256 
thermal performance of the solar cell as compared to the OFF state. Although the rate of temperature 257 
increase of the PDLC film was lower than that of the other systems at the beginning of the experiment, 258 
the peak temperatures were same for both the Argon filled system and the PDLC switched OFF system.  259 
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 260 

Fig. 5: The variation of the solar cell temperatures during light exposure for the LCPV system 261 
for with/without Argon gas and with PDLC opaque and transparent mode 262 

 263 

3.3. Electrical performance of the LCPV system with and without Argon gas: 264 
The electrical performance of the SEH-LCPV system was carried out to measure the I-V curves, FF 265 
and the solar to electrical efficiency of the modules at different temperatures. The I-V characteristics of 266 
the solar cell of the module with cell temperature before filling Ar gas and after filling Ar gas at constant 267 
light intensity are presented. Measurements were taken at the same time intervals for Ar gas-filled and 268 
without Argon gas. It is clearly visible in Fig. 6 that the open-circuit voltage, and hence cell efficiency 269 
decreases with increasing temperature as expected in the standard solar cell properties.  As, short circuit 270 
current is most dependent on the radiance of light and open circuit voltage is dominated by cell 271 
temperature, as increasing cell temperature, reduces the CPV system’s overall power output, efficiency 272 
and open-circuit voltage. The most sensitive parameter of the solar cell is open circuit voltage that is 273 
dependent on temperature. Similar to the standard flat plate Silicon based solar module the temperature 274 
behaviour remains same i.e. the temperature coefficient of open-circuit voltage is negative as well as 275 
positive for the short circuit current. 276 
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 Fig. 6b depicts the variation of IV characteristics for different operating solar cell temperature of the 277 
SEH LCPV system for Ar filled. Measurements are taken at same time interval as for without Argon 278 
gas. At beginning, at uniform light intensity of 1000 W/m2 value of short circuit current is 150mA and 279 
open circuit voltage is 830mV and further plummets. For the first measurement, the cell temperature is 280 
31°C that moderately goes on increasing to 35°C, 38°C, 39°C, 41°C 42°C and 44°C. A maximum power 281 
improved by 37mW was noticed for the system filled with the Argon gas. It is obvious from Fig. 6b 282 
there is a significant increase in FF at the same certain time intervals. As argon gas is denser than air 283 
and has lower thermal conductivity as well so it can improve the U-value of Argon glazing. Without 284 
argon gas, the temperature of the solar cell goes up due to higher thermal resistance as the incident light 285 
heats the glass panes but they do not transfer their heat so much to the cells and optics because Ar gas 286 
is denser than air. 287 

   288 

Fig. 6: Current-voltage curves for the different temperature of the SEH module (a) without 289 
Argon gas and (b) with Argon gas. 290 

 291 

(a) (b) 
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  292 

Fig. 7: Variation of fill factor with the time of exposure for the CPV window with and without 293 
Argon gas 294 

The FF exhibits the maximum power output that can be extracted from short circuit current to open-295 
circuit voltage, also the minimal obtained cost of photogenerated charges from the cell into the circuit. 296 
The output of FF also depends on contact resistance that can be caused by technological issues such as 297 
carrier transport. The FF of the PV module can be calculated using following equation: 298 

  (1) 299 

In the current study, at different intervals of time, FF was measured for both conditions of PV system 300 
with Argon gas and without Argon gas. The Fig. 7 shows the variation of the FF with time of exposure 301 
for the CPV window when the system was filled with the Argon gas and without it. The fill factors were 302 
higher for the case of the CPV system filled with Argon as compared to the when Argon gas wasn’t 303 
filled within the system. The maximum FF of 72.3% occurred for the system while Argon gas was filled 304 
whereas the maximum FF of 61.9% achieved when no Argon gas was present within the CPV system. 305 
While the FF went to its minimum value of 52.5% after 20 minute exposure of the module when CPV 306 
system wasn’t filled with the Argon Gas. This is clearly due to the temperature rise as seen in Figure 5. 307 
While the FF remained almost same for 30, 40 and 50min of exposure for the CPV system when Argon 308 
gas was filled in, the fluctuation of FF occurred for the system without Argon gas during these times 309 
increasing from 55.1% to 58.2% and finally reduced to 57.4%. This is due to the internal resistivity 310 
changes during the longer exposure of the light onto the solar cell when the CPV system wasn’t filled 311 
with the Argon. In addition as shown in the Fig. 5, the temperature was higher for the case of the CPV 312 
module in the absence of the Argon gas within the device. 313 

max

oc oc

PFF
V I
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 314 

Fig. 8: Variation of efficiency with time of exposure for the CPV window with and without 315 
Argon gas 316 

The solar to electrical efficiency of the PV system can be defined as ratio of electrical power output to 317 
the incident radiation as following: 318 

   (2) 319 

The solar to the electrical conversion efficiency of the system was calculated for the same interval of 320 
time as for the FF for both conditions with and without Ar gas. Fig. 8 represents the variation of the 321 
efficiency with operating temperatures for the system when the device was filled with Ar gas and 322 
without any Argon gas into it. After exposure of constant radiation for 10 minutes system with Ar 323 
showed 16.3% efficiency. After a further 10 minutes of time interval efficiency decreased to 15.2% and 324 
remained about the same for the next three measurements. For the Argon filled system, typically the 325 
efficiency is higher than that of the system without the Argon gas. Measurements were taken at the 326 
same time interval as for without Ar gas. In the beginning, LCPV system showed 13.4% efficiency and 327 
after 10 minutes of exposure, efficiency remained the same for the next measurement as well. The drop 328 
in the efficiency can be due to optical mismatch which were agitated by increased temperature. For the 329 
next interval efficiency decreased to 11.1% and but again increased to 12.1% and kept almost remain 330 
same. The decrease in efficiencies for Silicon based solar cells has been reported earlier studies [51] , 331 
which is different than multi-junction solar cells [52]. This variation is very small, however this can be 332 
explained by the spectral losses of the optical device due to rise in temperature.  333 

 334 

3.4.  Electrical performance of the SEH CPV performance with PDLC film 335 
The electrical performance measurements were carried out for the LCPV system with PDLC film for 336 
OFF and ON state. Fig. 9(b) shows I-V characteristics for different temperatures while the PDLC film 337 
was switched ON (transparent). While 9(a) shows the I-V characteristics for switched OFF (translucent) 338 
state. All measurements were done at similar time, indicated to provide similar boundary conditions for 339 

maxP
GA

h =
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the measurement’s scenarios. PDLC switched OFF had an average transmission of 45% which reduced 340 
the light transmission and offered lower Isc as shown in Fig. 9(b).  341 

Almost 40% drop of Voc was observed when the temperatures were approximately 38°C and 42°C 342 
respectively. This is dropped primarily due to liquid crystal particle orientation when the temperature 343 
increased beyond a point called critical temperature. While the PDLC was OFF mode, the IV curves 344 
followed a similar pattern as of normal silicon solar cell’s variation for different temperatures, however, 345 
the short circuit current increases more than expected with the temperatures between 30 and 45°C. 346 
overall, the short circuit current is reduced as compared to the PDLC ON state more as it implies that 347 
transmission reduced during the OFF state of the PDLC, as confirmed earlier from Fig. 4(c). In this 348 
case a maximum power output of 47mW was observed.  349 

 350 

 351 

Fig. 9: Current and voltage characteristics of SEH module with the PDLC as (a) OFF state, and 352 
(b) ON state 353 

 354 

(a) (b) 
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 355 

Fig. 10: Variation of the short circuit current and the open-circuit voltage of the integrated 356 
system when the PDLC was at ON state.  357 

 358 

Fig. 10 depicts the variation in temperature with the short circuit current and the open-circuit voltage of 359 
the integrated device while PDLC is ON state. While the open-circuit voltage reduces linearly with the 360 
temperature an interesting phenomenon was observed for the short circuit current as seen in Fig. 10. 361 
With the exposure of constant radiation temperature of LCPV system arise to 30 degrees (at point A) 362 
but after a certain interval of time at about 37 degrees short circuit current (Isc) dropped from 200mA 363 
to 125mA (Point B) and remained constant till 54°C. Moreover, it increases at 55°C (Point C) to its 364 
maximum value of 200 mA and then, immediately reduced at 60°C (Point D) to 125mA and remained 365 
the same till the end of measurements. This unique phenomenon is explained in Fig. 11. Fig. 11 (a) 366 
represents off state of PDLC film when no power supplied to SEH system and PDLC showed 367 
translucent state. During this state, polymer liquid crystal particles dispersed into matrix orient 368 
randomly and do not allow incident light to pass through the film but few of them. Fig. 11(b) depicts 369 
on state PDLC that showed a transparent state. Through this state, liquid crystal particles are aligned 370 
and let light pass through the PDLC film. As a result, high transmittance achieved for the transparent 371 
state. Fig. 11 (c) shows Liquid crystal particles oriented as tilted position (this is the critical point i.e. 372 
point B or C in Fig 10) and the possible reason for it can be temperature goes up. This is called “critical 373 
point” for the PDLC to operate at an optimum temperature. During this state, PDLC let some of the 374 
incident solar rays pass through it but some of them scattered that cause higher temperature. 375 



 15 

 376 

Fig. 11: Schematic diagram of double-glazing window with SEH LCPV system and the PDLC 377 
film on top of the module while its ON mode for different temperature variation: (a) normal 378 
operation of the integrated module when the operating temperature is within the range of 25-379 
37°C, (b) when the integrated system operates in the range of 37-54°C and (c) when the integrated 380 
system operates in the range of 55-59°C. 381 

Based on the IV measurements, the FF and the efficiency of the system were calculated during the time 382 
of the experiment. The FF of the module when the PDLC film was ON and OFF state is shown in Fig. 383 
12. It was observed that the maximum electrical conversion efficiency of 9% and 6% achieved when 384 
the PDLC film was ON and OFF state. The variation of the efficiency of the module with PDLC ON 385 
and OFF state is shown in Fig. 13. It is interesting to observe that the minimum electrical conversion 386 
efficiency was observed for these two stages at a different time. It is obvious from Fig. 12 and 13 that 387 
the efficiency and the FF does not follow the same pattern for the LCPV module when the PDLC was 388 
ON state. In particular, when the PDLC is switched ON, the efficiency of the system increased from 389 
4.4% to 6.3% and remains almost same. Also, this effect can be explained by the partial particle 390 
orientation as described in figure 11. This is due to the increase in temperature which affected the 391 
orientation of the particle sizes to allow more light passing through the optical device to generate more 392 
electrical power.  393 

 394 
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 395 

Fig. 12: Variation of the FF with time for the PDLC as an OFF and ON mode. 396 

 397 

Fig. 13: Variation of the Efficiency of SEH module with time for PDLC as an ON and OFF 398 
mode. 399 

 400 

 401 
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4. Conclusion 402 
Here, previously reported low concentrating photovoltaic module was tested to maintain and reduce the 403 
operating temperature of the solar cell. The Argon filled LCPV module was tested as well as PDLC 404 
films were integrated on top of the LCPV modules while the film was ON and OFF state. It was 405 
observed that the operating temperature of the solar cell was reduced by almost 10°C when the LCPV 406 
module was filled with Argon. In some cases, although the temperature reduced the efficiency was not 407 
improved due to the reduction of the FF, which may be due to the increase of series resistance. Besides, 408 
the introduction of the PDLC film on top of the LCPV module showed interesting phenomena for solar 409 
to electrical conversion efficiency and the FF of the module. When the PDLC film was OFF mode, it 410 
provides larger effect to the FF of the solar cell than that of compared to the PDLC film when it was 411 
ON state. Finally, the above work shows a greater potential of using Argon gas filled LCPV module 412 
and PDLC film on top of the LCPV modules to regulate its temperatures, however, further 413 
experimentation is needed to understand the know-how of such phenomena.  414 
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