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Buildings consume a considerable amount of energy for air conditioning and artificial 15 

daylighting. Buildings use glass as the main enclosing material to provide natural daylighting 16 

and for aesthetic reasons, but solar heat gain/loss through the clear glass into the buildings is 17 

enormous. This paper aims to explore the solar optical properties and air-conditioning cost-18 

saving potential of various smart PDLC film glasses. This paper presents the solar optical 19 

properties of four different smart PDLC film glasses (white, blue, pink, and yellow) with and 20 

without applied voltage conditions. A numerical model was developed to compute solar heat 21 

gain through smart PDLCs in voltage ON/OFF states. And cost analysis was carried out to 22 

estimate the annual air-conditioning cost savings. All the smart PDLC film glasses in voltage 23 

ON/OFF conditions had shown a substantial reduction in heat gained/lost compared to generic 24 

clear glass in buildings of three climatic conditions. The reduced heat gained/lost in the smart 25 

PDLC film glasses accounted for the net annual cost savings (heating cost + cooling cost). The 26 

white smart PDLC film glass WSPG (V) was observed to be the most energy-efficient smart 27 

glass with the highest annual air-conditioning cost savings ($ 101.76 in the SE of hot and dry 28 

climate), lowest payback periods (12.71 yrs in SE of hot and dry climate), and adequate daylight 29 

factors as compared to the other studied smart glasses in eight orientations of three climatic 30 

conditions. The results help to design and select suitable glazing for sustainable and energy-31 

efficient solar passive buildings. 32 

Keywords: Smart PDLC film window, Heat transfer through smart window, Air-conditioning 33 

cost reduction, Thermal and cost assessment, Cost payback period. 34 
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1. INTRODUCTION  35 

Window glazing is the weakest thermal building element that transmits the heat in and out of the 36 

building depending upon the external climatic conditions. Higher solar transmittance and U-37 

values of clear glass windows allow more solar radiation through the window glazing [1]. Heat 38 

gained/lost through the glazing adversely affects the comfort of occupants and thermal 39 

performance of the building [2,3]. The energy efficiency in buildings is an essential issue to 40 

achieve a sustainable environment. Optimum design and selection of window glazing is a crucial 41 

strategy for energy conservation in the buildings. Numerous experiments and simulations have 42 

been conducted to enhance the thermal performance of glazing. Low-emittance coatings [4], PV 43 

glazing [5], Vacuum insulated glazing [6], and aerogel insulated glazed windows [7] have a 44 

remarkable improvement in thermal insulation. Multi-layer glazing with interspace filled with 45 

inert gases had shown an increase in thermal insulation to the heat gain [8,9]. Various colored 46 

glasses, stained glasses, and reflective glasses reported a significant reduction in solar 47 

transmittance and heat gain compared to clear glass [10]. Silica aerogel glazing in a commercial 48 

building was studied for energy savings, visual performance, and thermal comfort in Hong Kong 49 

[11]. Titanium oxide (TiO2) added, tungsten ions (W6+) doped vanadium oxide thermochromic 50 

(TC) thin films produced and applied over the smart window systems. The simulation results of 51 

produced TC glazing showed a significant reduction in the buildings' energy demands compared 52 

to the convention clear glazing [12]. 53 

 The electrochromic glazing’s solar transmittance can be varied with a small applied 54 

electric field, and simulations revealed the lighting energy savings, cooling, and heating load 55 

reductions [13]. Switchable electrochromic glass is the promising glazing to block the solar 56 

energy propagation in near-infrared radiation with modulated transmittance [14]. Oxide-based 57 

electrochromic glasses, for the variable solar transmittance and energy savings [15,16] and its 58 

feasibility in large window areas of commercial buildings [17]. The frequency of this color-59 

changing electrochromic polymer glasses was estimated with the help of spectrophotometry and 60 

electrochemistry. Fast switching high contrast polymers can be made using the plasmonics for 61 

glazing applications [18,19]. 62 

Polymer-dispersed liquid crystal glass (PDLC) is the switchable glazing used in the low 63 

energy building design. It possesses modulated optical properties when an electric field is 64 

https://doi.org/10.1016/j.conbuildmat.2020.120155


 

 

Final version is available on: https://doi.org/10.1016/j.conbuildmat.2020.120155 

 

applied to it [20,21]. Optical properties [22], daylighting characteristics of PDLCs switchable 65 

glazing [23], and the effect of atmospheric clearness index on their solar transmittance were 66 

explored in detail in the transparent and translucent state [24]. The characterization of the large 67 

area PDLCs' optical properties for the building and automotive applications showed a good 68 

performance in controlling light and heat [25]. Scattering properties and transmission of the 69 

PDLCs can be enhanced with large incident angles [26]. An energy analysis of an electrochromic 70 

window over a span of 25 years in Greece climatic conditions had shown about 54 % energy 71 

savings compared to clear glass [27]. Electrochromic glasses (EC) with various transition ranges 72 

from clear to fully colored state studied for energy savings in heating and cooling requirements 73 

of Mediterranean climate as a retrofit to clear and conventional double glazing. The study 74 

concluded that EC glasses were the energy-efficient strategies that can be considered for 75 

refurbishing the existing glazing in the buildings [28]. A simulation study of thermochromic 76 

glazing revealed that thermochromic glazing could reduce the energy consumption of the 77 

buildings [29]. Opto-electric properties of the PDLCs depend on the droplet morphology [30]. 78 

Studies reported that the transmittance of green-insulated PDLC glass varied from 0.23 to 0.34 79 

depends on the level of applied voltage [31]. Research is in progress to improve the performance 80 

and to minimize the power requirements of the PDLCs to maintain transparency. This can be 81 

achieved by replacing current nematic LCs in the polymer matrix with the smectic LCs [32]. 82 

Kirankumar et al. presented a numerical model to calculate the solar heat gain and net annual 83 

cost savings of the double-glazing [33]. The survey on the various smart windows available in 84 

the current market concluded that smart PDLC film glasses are the promising choice among all 85 

other smart glasses to reduce the external heating and cooling load [34]. 86 

The literature discussed reveals the significant gap for the investigation of smart PDLC 87 

glazing to mitigate air-conditioning costs with adequate daylighting factors. Smart PDLC film 88 

glass is capable of controlling the transmission of solar heat through it. These smart PDLC film 89 

glasses can be used for numerous applications ranging from window glazing in hot climatic 90 

conditions to buildings with large glazed shells [35]. Air-conditioning and lighting systems of the 91 

building can be made much more energy-efficient by neutralizing/reducing thermal load at 92 

glazing by providing adequate interior daylight factor. The smart windows can provide thermal 93 

comfort, secrecy, and aesthetic looks to the buildings if used appropriately. The inappropriate 94 

selection and placing of smart windows lead to higher air-conditioning costs, higher payback 95 
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periods, and lower daylight factors. In the present study, smart PDLC film gasses in different 96 

colors (White, Red, Yellow, and Blue) with applied voltage and without voltage evaluated for 97 

the thermal performance and air-conditioning cost savings. Spectral properties of the smart 98 

PDLC film glasses were explored experimentally with a spectrophotometer in the entire solar 99 

spectrum. These properties were used to evaluate heat gain/loss and air- conditioning cost 100 

savings in three climatic zones (hot and dry, warm and humid, and composite). The simulations 101 

were also carried out to find average daylight factors. The smart glasses for the highest air-102 

conditioning cost savings, lowest payback periods, and adequate average daylight factors in three 103 

climates were reported in this work.  104 

2. MATERIALS 105 

 106 

Smart PDLC film consists of micro-sized liquid crystal (LCs) molecules incorporated into a 107 

polymer matrix. These PDLC films are either laminated between the two glasses or applied on 108 

either side of the glass. PDLC films are opaque white or opaque tinted in the normal state due to 109 

the random alignment of LCs. LCs will scatter the incident solar radiation in different directions. 110 

On the other hand, when an external field (such as electromagnetic, thermal, and mechanical 111 

fields) is applied, the liquid crystal molecules are arranged in the preferred direction such that the 112 

film becomes transparent. The transparency of the PDLCs film depends on the applied voltage 113 

range. The polymer matrix and liquid crystal molecules (LCs) should have a similar refractive 114 

index for the proper alignment of the molecules [36]. The polymerization-induced phase 115 

separation (PIPS) method is used to prepare the most of PDLC films for the stability and 116 

durability with good electro-optical properties. Initially, Liquid crystals are mixed with a pre-117 

polymer solution; polymerization initiated after forming a homogenous solution to form the 118 

PDLC films. During polymerization, the liquid crystals (LCs) grow up in the polymer matrix. 119 

Liquid crystals droplets sizes depend on the curing temperature and type of the LCs components. 120 

Thermal-induced phase separation and Solvent-induced phase separation (SIPS) can also be used 121 

to produce the PDLC films based on the applications and the operating parameters. 122 

 The PDLC films aid in simplifying design, curbing down the cost, and bringing a surge 123 

in the lifetime in the atmospheres of high temperature and humidity in contrast to other 124 

polarizers which tend off, peel off, and degrade more readily under such weather conditions. The 125 
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ability to control solar transmission in the infrared region helps to attain energy efficiency by 126 

mitigating the energy requirements for cooling and heating. A commercial PDLC film of 0.4 mm 127 

thickness of four different colors (Blue, Yellow, White, and Pink) is applied over the 6 mm clear 128 

glass on the outer side for experimentation. Fig. 1(a) represents the schematic of the smart PDLC 129 

film glass and Fig. 1(b) depicts the working principle of the smart PDLC film glasses with 130 

voltage ON and OFF conditions. In this study, smart PDLC film glasses with and without 131 

applied voltage and clear glass were experimentally evaluated for optical properties, and air-132 

conditioning cost-saving analysis was carried out. Fig. 2 presents the four different smart PDLC 133 

film glasses studied in this work with and without applied voltage. The power rating of PDLC 134 

glazing is 2W per unit area of the smart window. 135 

Fig. 1 a) Schematic of smart PDLC film glasses (b) Schematic of the working principle of smart 136 

PDLC film glasses with and without applied voltage. 137 

Fig. 2 Smart PDLC film glasses a) WSPG (NV) b) WSPG (V) c) BSPG (NV) d) BSPG (V) e) 138 

PSPG (NV) f) PSPG (V) g) YSPG (NV) h) YSPG (V)  139 

 140 

3. EXPERIMENTAL METHODOLOGY 141 

Spectral properties of glazing are required to calculate heating and cooling loads through the 142 

glazing numerically. The solar optical properties of smart PDLC film glasses can be evaluated 143 

with a weighted average of the experimentally measured solar spectral distribution. The spectral 144 

distribution of the solar spectrum (300-2500 nm) through the smart PDLC film glasses was 145 

obtained using a double beam double monochromatic integrating sphere spectrophotometer 146 

(Perkin Elmer 950), as presented in Fig. 3. The spectrophotometer is integrated with UV WinLab 147 

software to record distribution at an interval of 2 nm. This spectrophotometer uses Deuterium 148 

and Tungsten-Halogen lamps as the sources in the UV-Vis and Near-infrared (NIR) regions, 149 

respectively. The spectrophotometer's wavelength accuracy is of +/- 0.08 nm in the UV-VIS 150 

region and +/- 0.30 nm in the Near-Infrared (NIR) region. The spectral data obtained from the 151 

spectrophotometer deduced to get total solar optical properties (300-2500 nm) by a weighted 152 

average method. Spectral transmission and spectral reflection were measured in diffuse mode 153 

with a 10 mm integrated sphere at a zero-angle incidence [37]. 154 
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MATLAB codes were developed to evaluate transmittance, reflectance, and absorptance using 155 

the following Eqs. (1) to (3) as per British standards [38,39].  156 

Solar transmittance, reflectance, and absorptance are the fractions of solar radiation transmitted, 157 

reflected, and absorbed by the glazing of the incident solar radiation on the glazing. They were 158 

obtained from Eqs. (1), (2) and (3), respectively. 159 

 160 

TSLR = ∑ Sλτ(λ)Δλλ=2500λ=300∑ Sλλ=2500λ=300 Δλ  
 

(1) RSLR = ∑ Sλρ(λ)Δλλ=2500λ=300∑ Sλλ=2500λ=300 Δλ  
 

(2) ASLR = (100 − TSOL − RSOL) (3) 

Figs. 4-7 demonstrate spectral transmission and reflection of the blue, pink, yellow, and white 161 

smart PDLC film glasses in voltage ON and OFF conditions and clear glass. The solar 162 

transmittance, reflectance, and absorptance of different transparent (Voltage ON) and translucent 163 

(voltage OFF) smart PDLC film glasses and clear glass were computed and tabulated in Table 1. 164 

From Figs. 4 (a), 5 (a), 6 (a), and 7 (a), it is observed that the spectral transmission of smart 165 

PDLC film glasses is deficient compared to the clear glass. Spectral transmission curves of all 166 

smart PDLC film glasses in voltage ON condition for visible range (380-780 nm) is almost 167 

overlapping with the spectral transmission curves of PDLC glasses in voltage OFF state. It is 168 

evident that the applied voltage to PDLC film glasses does not has a noticeable effect on visible 169 

spectral transmission. The significant variation in the spectral transmission of PDLC film glasses 170 

with and without applied voltage has been noticed in the near-infrared region (780-2500 nm). It 171 

is also observed that the spectral transmission of all smart PDLC glasses in the visible range is 172 

less compared to spectral transmission in the NIR range. Solar transmittance of the blue, pink, 173 

and yellow smart PDLC glasses was computed as 12 %, whereas white smart PDLC was 11 %. 174 

These solar transmittances of PDLC glasses were 84.40 to 85.70 % less as compared to the clear 175 

glass. Solar transmittances of blue, yellow, white, and pink smart PDLCs without voltage were 176 

computed as 8, 7, 7, and 5 % respectively, which is 89.5 to 93.5 % less compared to the 177 

transmittance of clear glass.  178 
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Figs. 4 (b), 5 (b), 6 (b), and 7 (b) depict the spectral reflection of the smart PDLC film glasses in 179 

both voltage ON and OFF conditions. Spectral reflection of smart PDLC film glasses in voltage 180 

ON condition was found to be higher than the spectral transmission of PDLCs in voltage OFF 181 

condition in the entire solar spectrum. Blue smart PDLC has the highest solar reflectance in both 182 

voltage ON and OFF conditions among the smart PDLCs studied. The solar reflectance of smart 183 

PDLC film glasses was 3 to 4 times higher than the solar reflectance of clear glass. From the 184 

solar absorptance results (Table 1) of the smart PDLCs, it is evident that smart PDLC glasses 185 

absorb a considerable amount of solar radiation. The absorptances of all smart PDLC film 186 

glasses studied were 3 to 4 times higher than the absorptance of clear glass.  187 

 188 

Fig. 3 Integrating sphere spectrophotometer (Perkin Elmer 950) with UV-WinLab software 189 

Fig. 4 Spectral characteristics of White smart PDLC film glass a) Transmission b) Reflection 190 

Fig. 5 Spectral characteristics of Blue smart PDLC film glass a) Transmission b) Reflection 191 

Fig. 6 Spectral characteristics of Pink smart PDLC film glass a) Transmission b) Reflection 192 

Fig. 7 Spectral characteristics of Yellow smart PDLC film glass a) Transmission b) Reflection 193 

Table 1 Measured solar optical properties of various smart PDLC film glasses (300-2500 nm)   194 

 195 

4. MATHEMATICAL MODEL 196 

Solar radiation reaches the earth as electromagnetic waves with wavelength ranging 197 

approximately 300 nm to over 3000 nm. Most of the radiation is concentrated in the visible (0.38 198 

µm-0.78 µm) and near-infrared regions (0.78µm-2.5µm). The total solar irradiance that enters 199 

the building through the glazing is the sum of direct normal radiation (Idir), sky-diffuse radiation 200 

(Idif), and ground reflected radiation (Igrr). Solar radiation in the wavelength range of 300 nm to 201 

2500 nm was considered to calculate the heat gain through the glazing since most of the solar 202 

energy lies in this range. Total solar irradiance (Wm-2) that reaches the earth is related to solar 203 

geometry, which comprises several angles. Solar azimuth and altitude angles depend on the 204 

fundamental angles such as solar declination, latitude, and hour angle. Three climatic conditions 205 

were considered, such as hot and dry (Jodhpur), warm and humid (Mumbai), and composite 206 

(New Delhi) as per Indian standards and analyzed for heating and cooling loads. The analysis 207 

was carried out during day time, between 6:00 am to 6:00 pm (LAT), and 7:00 am to 5:00 pm 208 

(LAT) for peak summer and winter days, respectively [40,41]. The room set point temperatures 209 
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are 24oC and 21oC, respectively for summer and winter as per ASHRAE (2001). Building 210 

models of dimensions 4 m ×4 m × 3.5 m were considered, and an optimum 40% window to wall 211 

ratio (2.8 m × 2 m) was maintained as per standards [42]. The building models are considered as 212 

commercial/office buildings that use the air-conditioning system (cooling and heating systems) 213 

during diurnal hours. Thermal and cost assessment was carried out for three climatic regions, 214 

such as hot and dry (Jodhpur: 26.2389° N, 73.0243° E), warm and humid (Mumbai: 19.0760° N, 215 

72.8777° E), and composite (New Delhi: 28.6139° N, 77.2090° E) in eight cardinal directions to 216 

compute the solar heat gain/loss and energy savings. Total solar radiation admitted in building 217 

through the glazing is calculated as per the following procedure at a given latitude as per 218 

ASHRAE clear-Sky and intermediate sky models [43, 44]. 219 

Solar declination is the angle between earth equatorial plane and a line to the sun from the center of 220 

the earth, and it can be computed by Eq (4).  221 𝛅𝐬 = 𝟐𝟑. 𝟒𝟓 𝐬𝐢𝐧 (𝟑𝟔𝟎(𝐧 + 𝟐𝟖𝟒)𝟑𝟔𝟓 ) 
 

(4) 

Where n is day number (starting from January 1st as 1) 222 

 223 

Solar altitude is the angle made by the line to the sun with a horizontal of the surface, and it is 224 

the complement of the zenith angle. 225 

 226 𝐬𝐢𝐧𝛂𝐬 = 𝐜𝐨𝐬𝐋𝐜𝐨𝐬𝛅𝐬𝐜𝐨𝐬𝐡𝐬 + 𝐬𝐢𝐧𝐋𝐬𝐢𝐧𝛅𝐬 (5) 

 227 

The solar azimuth angle is the angular distance between the south (zero azimuth) and the 228 

projection of beam radiation on the horizontal plane. 229 

𝐜𝐨𝐬𝐀𝐬 = 𝐬𝐢𝐧𝛂𝐬𝐬𝐢𝐧𝐋 − 𝐬𝐢𝐧𝛅𝐬𝐜𝐨𝐬𝛂𝐬𝐜𝐨𝐬𝐋  
 

         (6)                           

 230 

Surface solar Azimuth angle is presented in the following Eq. (7) 231 𝛄𝐬 = 𝐀𝐬 − 𝚿 (7) 

 232 
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The surface azimuth angle is measured from the south of the orientation, and its value in the 233 

various orientations are listed in Table 2 [45]. 234 

Table 2 Surface azimuth angle (Ψ) in various orientations 235 

The angle of incidence (𝛉𝐢) is the angle made by the beam radiation on a surface with normal of 236 

that surface. 237 𝐜𝐨𝐬𝛉𝐢 = 𝐜𝐨𝐬𝛂𝐬𝐜𝐨𝐬𝛄𝐬𝐜𝐨𝐬𝛃 − 𝐬𝐢𝐧𝛂𝐬𝐬𝐢𝐧𝛃       (8)                              

 238 

Clear day terrestrial solar irradiance (Wm-2) per unit area is represented by Eq. (9) 239 

 240 𝐈𝐓𝐍𝐑 = 𝐈𝐚𝐞𝐱𝐩(𝐁 𝐬𝐢𝐧𝛂𝐬⁄ ) 
                                                                                                                            

(9) 

 241 

Ia Apparent solar irradiance at air mass, m=0 242 

The instantaneous beam radiation (Idir, Wm-2) on glazing is given by Eq. (10) 243 𝐈𝐝𝐢𝐫 = 𝐈𝐓𝐍𝐑 𝐜𝐨𝐬 𝛉𝐢   (10)                                

The diffused solar radiation (Idif, Wm-2) incident on the glazing surface from the sky can be 244 

computed by Eq. (11) 245 

𝐈𝐝𝐢𝐟 = 𝐂 𝐈𝐓𝐍𝐑 (𝟏 − 𝐬𝐢𝐧 𝛃𝟐 ) 
 

(11)                                  

The solar radiation reflected from the ground, and that incident on the glazing is given by Eq. 246 

(12) 247 

𝐈𝐠𝐫𝐫 = (𝐂 + 𝐬𝐢𝐧 𝛂𝐬)𝐈𝐓𝐍𝐑𝛒𝐠 (𝟏 − 𝐬𝐢𝐧 𝛃𝟐 ) 
 (12)                                 

 248 

Where Ia, B, and C are the constants used for calculating solar radiation per hour for local 249 

conditions in Indian climates [44, 46].  250 
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Total solar radiation incident on any surface is the sum of direct normal radiation (Idir), sky-251 

diffuse radiation (Idif), and ground-reflected radiation (Igrr). It is presented in Eq. (13) 252 𝐈𝐓 = (𝐈𝐝𝐢𝐫 + 𝐈𝐝𝐢𝐟 + 𝐈𝐠𝐫𝐫)       (13)                            

The total radiation enters the building through glazing can be obtained from Eq. (14) 253 

𝐈𝐒𝐑𝐒𝐆 = (𝐈𝐝𝐢𝐫 + 𝐈𝐝𝐢𝐟 + 𝐈𝐠𝐫𝐫). (𝛕𝐒𝐎𝐋 + 𝐔𝐡𝐨 𝛂𝐒𝐎𝐋) . 𝐀𝐆𝐋 
 

(14) 

U is the heat transfer coefficient, and it can be computed using Eq. (15). 254 

 255 U = 1 (𝑅𝑠𝑒 + L1 K1⁄ + L2 K2⁄ + 𝑅𝑠𝑖)⁄                                          (15) 

  256 

The values of Rse and Rsi have been considered as 0.04 m2K/W and 0.13 m2K/W, respectively, as 257 

per CIBSE standards, and they can be computed using Eqs. (16) and (17) [47].  258 

 𝑅𝑠𝑒 = 1ℎ𝑖𝑛 + 𝐸ℎ𝑟 
                                        (16) 

 259 

𝑅𝑠𝑖 = 1(1.2𝐸ℎ𝑟 + ℎ𝑜𝑢𝑡) 
                                        (17) 

 260 

The analytical results of this numerical model were compared with the results of Chand et al. (2011) 261 

[48] for validation purposes. The MATLAB code was executed for a 3 mm clear glass window of 262 

the composite climatic zone of New Delhi (28.580N, 77.200E) to validate the results. The deviations 263 

in the results of the numerical model were within the range of ±1%. So, these numerical model 264 

codes were used to study the thermal performance of the other glasses. 265 

 266 

4. 1 Cost assessment methodology 267 

To substantiate the glazing's energy efficiency, it is required to calculate the cost savings in energy 268 

consumption. So, the annual air-conditioning cost savings of different smart PDLC film glasses 269 

with and without applied voltage were calculated. The cost assessments were carried out for three 270 

climates of India, such as hot and arid (Jodhpur), warm and humid (Mumbai), and composite (New 271 
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Delhi) as per the following procedure [49]. The total radiation incident on the glazing at any 272 

location for all the seasons can be calculated using Eq. (13). Solar radiation incident on the earth's 273 

horizontal surface varies during summer and winter. Summer prevails from April to August, 274 

whereas winter is from September to March. The total solar radiation (QS, T) incident on the glazing 275 

during the summer is obtained from Eq. (18). 276 QS,T = (ITSX30)Apr + (ITSX31)May + (ITSX30)Jun + (ITSX31)Jul + (ITSX31)Aug 

 

(18) 

 277 

Where ITS (kWh/m2day) is the diurnal mean solar radiation incident on glazing during summer  278 

 279 

The total solar radiation (QW, T) incident on the glazing during the winter is represented in Eq. 280 

(19). 281 𝐐𝐖,𝐓 = (𝐈𝐓𝐖𝐗𝟑𝟎)𝐒𝐞𝐩 + (𝐈𝐓𝐖𝐗𝟑𝟏)𝐎𝐜𝐭 + (𝐈𝐓𝐖𝐗𝟑𝟎)𝐍𝐨𝐯 + (𝐈𝐓𝐖𝐗𝟑𝟏)𝐃𝐞𝐜+ (𝐈𝐓𝐖𝐗𝟑𝟏)𝐉𝐚𝐧 + (𝐈𝐓𝐖𝐗𝟐𝟗)𝐅𝐞𝐛 + (𝐐𝐓𝐖𝐗𝟑𝟏)𝐌𝐚𝐫 

(19) 

 

 282 

Where ITW (kWh/m2day) is the diurnal mean solar radiation incident on glazing during winter 283 

 284 

The reduced annual cooling load (QRed , kWh) and increased annual heating load (QInc, kWh) can 285 

be computed by using Eqs. (20) and (21), respectively. 286 

 287 QRed = QS,T × AGL × (SHGCCG − SHGCSPG) (20) QInc = QW,T ×  AGL × (SHGCCG − SHGCSPG) (21) 

 288 

SHGCCG and SHGCSPG are solar heat gain coefficients (SHGC) of clear glass and smart PDLC 289 

film glasses. 290 

The unit cost of natural gas and electricity is taken as $ 0.02/kWh and $ 0.08/kWh, 291 

respectively, as per the Indian scenario (converted to USD at market exchange rate). The least 292 

efficiency of the furnace and the least possible COP of the cooling system are taken as 0.8 and 293 

2.5, respectively [2]. Annual cooling costs savings (Cc, $/year) and an increase in annual heating 294 

costs (Ch , $/year) can be computed using the Eqs. (22) and (23). 295 

 296 
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CC = QRed x CeCOP  
(22) 

Ch = QInc x Cfη  (23) 

Net annual air-conditioning cost savings of the glazing ($/year) can be computed using Eq. (24) 297  CNet =  Cc– Ch (24) 

Payback period (years) and implementation cost (Ci) of the smart PDLC film glazing was 298 

computed using the Eqs. (25) and (26). 299 PP = Ci/ CNet (25) Ci = ( Cg + Ces )AGL (26) 

  

Where Cg is glazing cost, AGL is the area of glazing and Ces is the cost of energy supplied to 300 

smart glass. The power rating of PDLC glazing is 2W per unit area of the smart window. The 301 

annual energy required for a unit area of smart glass to operate is 17.52 kWh. Annual energy cost 302 

supplied (Ces) to a unit area of smart window glass is $ 1.4.  303 

 This numerical model assumes that the air-conditioner runs for all summer and winter 304 

days of climatic regions considered. It does not consider the heat gain through a glass frame or 305 

window frame. This model does not take into consideration of infiltration loads and internal 306 

loads of the buildings. This numerical model considers only heat transfer through the glass's 307 

thickness, but it does not take into account the heat transfer in the direction of the window's 308 

length and breadth as per CIBSE standards. 309 

 310 

5. RESULTS AND DISCUSSIONS 311 

5.1 Heat gain in buildings of various smart windows in different climates 312 

Solar radiation into the building through the various smart PDLC film glasses was 313 

computed for peak summer and winter days of three different climatic conditions ((Hot and dry 314 

(Jodhpur), Warm, and humid (Mumbai), and Composite (New Delhi)). All smart PDLC film 315 

glasses with and without applied voltage and clear glass were studied for the heat gain/loss.  316 

Fig. 8 depicts heat gain through various smart PDLCs film glazing in different 317 

orientations of hot and dry climate (Jodhpur). The peak summer and peak winter days were 318 
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observed for hot and dry climate city (Jodhpur) on 21st June and 21st December, respectively, in 319 

line with the Indian standards. Fig. 8 reveals that the smart PDLC film glasses kept in the south 320 

direction gain the lowest amount of the heat in summer and the highest in the winter. Smart 321 

PDLC film glasses have shown the highest heat gain reductions in the voltage OFF condition 322 

compared to voltage ON condition. In voltage OFF condition, pink-colored PDLC film glass 323 

PSPG (NV) showed the highest heat gain reduction of 73.30 % compared to the clear glass in the 324 

south direction. Both White and Yellow-colored PDLC film glasses have shown 71.95 % 325 

reduction, whereas Blue colored PDLC films had shown the 71.21 % reduction compared to the 326 

clear glass in the south direction. It is observed that all the studied PDLC films without applied 327 

voltage have the approximately same heat gain reductions on the peak summer day in southern 328 

orientation. When voltage is applied to the PDLC film glasses, White, Blue, Pink, and Yellow-329 

colored PDLC film glasses have the heat gain reductions of 69.01, 68.28, 68.13, and 67.98 %, 330 

respectively as compared to clear glass in the south direction. During summer glazing placed in 331 

the west, orientation had experienced the highest heat gain among all other orientations.  332 

During winter, solar heat gain is minimum in the north orientation, and maximum in the 333 

south orientation for all the studied glazings. Glazings, which had shown the lowest heat gain in 334 

the summer, had experienced the highest heat gain in the winter. Pink-colored PDLC film glass 335 

without applied voltage in the north showed the highest heat gain reduction of 73.30 % during 336 

winter compared to the clear glazing in the north direction. Whereas White, Yellow, and Blue 337 

colored PDLC film glasses have heat gain reductions of 71.90, 71.90, and 71.37 %, respectively. 338 

White, Blue, Pink, and Yellow-colored PDLC film glasses without applied voltage have shown 339 

the heat gain reductions of 68.93, 68.23, 66.84, and 68.06 %, respectively, compared to clear 340 

glass. With applied voltage to the PDLC film glasses, there is an increase in the solar heat gain 341 

through the glazing. White, Pink, Blue, and Yellow-colored PDLC film glasses with applied 342 

voltage have 10.47, 19.23, 10.20, and 14.13 % of more heat gain, respectively, compared to 343 

respective glasses without voltage in the south orientation during the summer. When voltage is 344 

applied to smart PDLC film glasses, the glass turns transparent and allows the more heat 345 

gain/loss and daylighting through the glasses. All the glasses with applied voltage in all the 346 

orientations had experienced more heat gain/loss than the same glasses without applied voltage.  347 

Fig. 8 Heat gain through various smart PDLCs film glazing in different orientations of hot and 348 

dry climate (Jodhpur). 349 
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 Fig. 9 presents heat gain through various smart PDLCs film glazing in different 350 

orientations of warm and humid climate (Mumbai) during peak summer and winter days. The 351 

peak summer and peak winter days were observed for a warm and humid city (Mumbai) on 15th 352 

May and 21st December. It is observed that all the studied glazings in the south direction had the 353 

lowest and highest heat gains during summer and winter, respectively. White-colored PDLC film 354 

glazing, WSPG(V) with applied voltage had shown the highest heat gain reduction of 69.01 % in 355 

the south direction during the summer among all other studied glazings compared to the clear 356 

glazing. BSPG (V), PSPG (V), YSPG (V) were responsible for the heat gain reductions of 68.37, 357 

66.96, and 67.98 %, respectively, compared to the clear glass. During summer, glazing placed in 358 

the west orientation had experienced the highest heat gain among all other orientations. During 359 

winter, pink-colored film glazing was responsible for the highest heat gain in the south direction, 360 

among other glazings. 361 

Fig. 9 Heat gain through various smart PDLCs film glazing in different orientations of warm and 362 

humid climate (Mumbai). 363 

Fig. 10 presents heat gain through various smart PDLCs film glazing in different 364 

orientations of composite climate (New Delhi). The peak summer and peak winter days were 365 

observed for the composite city (New Delhi) on 21st June and 21st December. During summer, 366 

White-colored smart PDLC film glazing with applied voltage was responsible for the highest 367 

heat gain reductions of 68.98% compared to clear glazing in the south direction. All the glazings 368 

placed in the southern direction have shown the lowest heat gains during the peak summer. 369 

BSPG (V), YSPG (V), PSPG (V) were reported heat gain reductions of 68.27 %, 67.98%, 370 

66.85%, respectively, compared to clear glazing during the summer. The optimum direction to 371 

reduce the solar heat gain during the summer is S < N < SE < SW < NE < NW < E < W. During 372 

the winter PSPG (V) received the highest gain among other smart PDLC film glazing. During the 373 

winter, the south-oriented window had received the highest heat again, while the north-oriented 374 

window received the lowest heat gain.  375 

 376 

Fig. 10 Heat gain through various smart PDLCs film glazing in different orientations of 377 

composite climate (New Delhi). 378 

 379 
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5.2 Yearly air-conditioning cost savings and payback periods of various smart window 380 

systems in different climates 381 

  382 

 Net cost saving is an important parameter to assure the glazing energy efficiency 383 

potential of the building since it includes both cooling costs associated with summer and heating 384 

costs associated with winter. The cost payback period is the length of time required to return the 385 

smart PDLC film glass's initial implementation cost. If the cost payback period of the glazing is less 386 

than the life span of the smart PDLC film glasses (25 years), they can contribute to the buildings' net 387 

energy savings. 388 

 389 

 Fig. 11 depicts yearly air-conditioning cost savings and payback periods of smart 390 

glasses of hot and dry climate (Jodhpur).  From Fig. 11, it can be seen that the smart glass window 391 

system with a Pink colored PDLC film is the most energy-efficient among all other studied smart 392 

glasses in voltage OFF condition. It accounts for an annual cost saving of $ 108.18 compared to 393 

clear glass in the southeast (SE) direction. White, Yellow, and Blue PDLC film glasses without 394 

applied voltage in SE direction accounts for the same cost savings of $ 106.18. All the smart PDLC 395 

film glasses without applied voltage had shown higher cost savings than the same glasses with 396 

applied voltage because of its low transmission values. But the smart PDLC film glasses are used 397 

with applied voltage in the buildings for the daylighting and through views. The smart glasses with 398 

white, blue, yellow, and pink colored PDLC films with an applied voltage were responsible for the 399 

cost savings of $ 101.76, $ 100.75, $ 100.34, and $ 98.64, respectively.  400 

  From Fig.11, it is observed that the smart glass window system with White PDLC 401 

film glass without voltage accounts for the lowest payback period of 12.11 years compared to the 402 

clear glass. But smart PDLC film glasses are used with voltage during the daytime to provide 403 

natural daylighting and through views. In voltage ON condition, White PDLC film glass is 404 

responsible for the lowest cost payback period of 12.71 years in the southeast (SE) direction. In 405 

contrast, smart Blue, Yellow, and Pink PDLC film glasses accounted for the cost payback 406 

periods of 15.39, 15.46 and 15.72 years, respectively. The cost payback period is found to be 407 

lowest in the South-East (SE) orientation for all the smart PDLC film glasses studied because of 408 

the high annual cost savings of respective smart glazing systems in that direction. 409 
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Implementation cost and cost payback periods for the various smart glazing systems in the 410 

South-East (SE) direction of Jodhpur were presented in Table 3.  411 

 412 

Fig. 11 Yearly air-conditioning cost savings and payback periods of smart glasses of hot and dry 413 

climate (Jodhpur).  414 

 415 

Table 3 Cost payback period of various Smart PDLC film glasses in South-East (SE) direction 416 

of hot and dry climate (Jodhpur). 417 

 418 

 Fig. 12 depicts annual air-conditioning cost savings and payback periods of smart glasses 419 

of warm and humid climate (Mumbai). It is observed that White-colored PDLC film glazing with 420 

applied voltage (WSPG (V)) reported the highest air-conditioning cost savings of $ 96.21 in 421 

South-East direction, among other glazings. BSPG (V), YSPG (V), and PSPG (V) were 422 

responsible for the cost savings of $ 95.27, $ 94.88, and $ 93.31, respectively. All the smart 423 

glasses placed in South-East direction have shown the highest cost savings compared to other 424 

directions, and the glazings placed in the North, North-East, and North-West directions had 425 

reported the lowest cost savings.  426 

 From Fig. 12, it is observed that white smart PDLC film glass with applied voltage 427 

(WSPG (V)) has the lowest payback period of 13.45 years in South-East direction. The white 428 

smart PDLC film glasses' payback time was short among other studied glasses, because of its 429 

low initial implementation cost. All the smart glasses facing the SE direction have the lowest 430 

payback periods compared to other directions. Glasses placed in North, North-East, North-West 431 

directions have reported the payback periods of about 100 years. So, it is not advisable to place 432 

the smart glasses in those directions.  433 

 434 

Fig. 12 Yearly air-conditioning cost savings and payback periods of smart glasses of warm and 435 

humid climate (Mumbai).  436 

Fig. 13 depicts yearly air-conditioning cost savings and payback periods of smart glasses 437 

of composite climate (New Delhi). All the smart glasses have shown air-conditioning cost 438 
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savings in all directions. White smart PDLC film glazing with applied voltage had reported the 439 

highest cost savings of $ 103.1 in SE direction compared to clear glazing. BSPG (V), YSPG (V), 440 

and PSPG (V) were responsible for the air-conditioning cost savings of $ 102.08, $ 101.36, and $ 441 

99.99 in SE direction. All the smart glasses placed in SE direction have reported the highest air-442 

conditioning cost savings compared, among other directions. Cost savings of all the smart 443 

glasses placed in South, South-East, South-West directions were relatively high compared to 444 

other directions. The order of the direction to place the glazing for the high to low cost savings is 445 

SE < SW < S < E < W < N < NE < NW. From Fig. 13, it is also observed that WSPG (V) 446 

glazing placed in SE reported the lowest payback period of 12.55 years, among other glazings. 447 

All the glazings in SE direction have reported the lowest payback periods because of their high 448 

air- conditioning cost savings in that direction. Smart glasses placed in N, NE, and NW 449 

directions have the highest payback periods over the 100 years because of its fewer cost savings 450 

in those directions. The preference order of the directions from low to high payback periods is 451 

SE < SW < S < E < W < N < NE < NW.  452 

 453 

 454 

Fig. 13 Yearly air-conditioning cost savings and payback periods of smart glasses of composite 455 

climate (New Delhi).  456 

 The PDLC film glasses are used in both ON and OFF conditions based on the 457 

requirements of occupant's view, privacy, and thermal comfort. The air-conditioning cost savings 458 

are equally good in both ON or OFF conditions. The air-conditioning cost savings of smart glasses 459 

(ON/OFF) are significant as compared to conventional 6 mm clear glass windows. The small 460 

difference in the air-conditioning cost savings between ON and OFF conditions of smart glasses is 461 

due to their smaller difference in solar transmittance values. Though smart glazings' air-conditioning 462 

cost savings have less difference, their view is different in transparent and translucent states.  In all 463 

three climates, glazings in the SE direction had shown the highest cost savings. The northwest 464 

(NW) direction is responsible for the lowest cost savings among all other orientations studied. The 465 

preferable orientation order from the highest to lowest net annual cost savings point of view is SE < 466 

SW < S < E < W < N < NE < NW in all three different climates studied. All the smart glasses with 467 

PDLC films in the North-East and North-West directions had shown fewer cost savings with and 468 
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without applied voltage to them compared to South-East direction.  The order of preference of the 469 

smart PDLC film glasses from the lowest cost payback period to the highest in all three different 470 

climates is WSPG (V) < BSPG (V) < YSPG (V) < PSPG (V). All smart PDLC film glasses kept in 471 

the North, North-West (NW) and North-East (NE) directions account for the long payback periods, 472 

over the 100 years because of its low annual cost savings in those directions and the high initial cost 473 

of glazing. So, it is not recommended to keep the smart PDLC film glasses in those directions. The 474 

optimum orientation order to keep smart PDLC film glasses from the lowest to highest payback 475 

periods is SE < SW < S < E < W < N < NE < NW. 476 

 477 

5.3 Average daylight factor of various smart window systems in different climates 478 

The average daylight factor (ADF) is the parameter describing the level of lighting 479 

illuminance inside the building compared to outside. Adequate levels of daylight factors in the 480 

buildings shed the need for artificial daylighting. PDLC film glazing turns transparent when the 481 

voltage is applied and allows the visible light. The average daylight factor was evaluated for 482 

three different climatic zones with the help of the Design builder (V 6.1.5.004) from 6 am to 6 483 

pm during the summer, and 7 am to 5 pm during the winter for four best directions (high-cost 484 

savings) to place the glazing (E, SE, S, SW). CIE- standard sky and Clear day conditions were 485 

assumed to compute the daylighting factor. The minimum average daylighting factor required is 486 

0.625 for living rooms, bedrooms, office inquiry rooms, library stack rooms, and in other most of 487 

the rooms as per the Indian standards [38]. The one percentage of daylight factor is equal to 80 488 

Lux. 489 

From Fig. 14, it is observed that all the smart glasses have the average daylight factors 490 

above the recommended levels of daylighting factors for the jodhpur city during both summer 491 

and winter. BSPG (V), YSPG (V), PSPG (V) have the same ADF values in all the directions 492 

since they possess the same light transmission values in the visible range, and it is 141.6 % 493 

higher than the recommended level in east direction. WSPG (V) smart glasses ADF values are 494 

relatively low compared to remaining smart glasses in all the directions because of its low light 495 

transmission values. Glazings placed in east direction had reported the highest daylight factor 496 

values compared to other directions. The optimum direction to place the glass for high 497 

daylighting factor values is E < SW < SE < S during the summer and SE < S < SW < E during 498 
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the winter. It is seen that ADF values were higher during the winter compared to summer for all 499 

the smart glasses studied in four best orientations. 500 

 501 

Fig. 14 Average daylight factor of various smart windows in a hot and dry climate (Jodhpur)  502 

Average daylighting factors for a warm and humid climate (Mumbai) were simulated in 503 

four cardinal directions and presented in Fig. 15. All the smart glasses during the summer and 504 

winter have recorded a high average daylighting factor than the recommended level. The ADF 505 

values are high and low in the east and south directions, respectively. WSPG (V) records 506 

117.6%, and remaining smart glasses record 141.6 % more ADF values than recommended 507 

values in the east direction. The optimum order of the orientation from high ADF to low ADF 508 

during summer is E < SW < SE < S. In winter, WSPG (V) has 212 % higher ADF values and 509 

other smart glasses (V) have 229.6 % higher ADF values than the recommended ADF values in 510 

the south. During the winter sequence of the directions for high ADF to low ADF is S < SW < 511 

SE < E.  512 

Fig. 15 Average daylight factor of various smart windows in a warm and humid climate 513 

(Mumbai)  514 

Average daylighting factors for a composite climate (New Delhi) were simulated and 515 

presented in four cardinal directions and presented in Fig. 16.  All the smart glasses during both 516 

peak summer and peak winter have reported adequate ADF values than the recommended levels 517 

to provide natural daylighting. At least 50 % higher ADF values were reported among all the 518 

directions than the recommended values for all the smart glasses. WSPG (V) has 117.6 %  more 519 

ADF, whereas remaining smart glasses have 141.6 % more ADF values than the recommended 520 

values in the east direction during the summer. During the winter, ADF values are high in the 521 

south direction, among other directions. South direction ADF values are 255.2 % more for 522 

WSPG (V) and 280.8 % more for the remaining smart glasses than the recommended daylight 523 

factor values. 524 

Fig. 16 Average daylight factor of various smart windows in composite climate (New Delhi)  525 

 526 

6. CONCLUSIONS  527 
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This paper presents a mathematical model to assess the thermal performance and annual cost 528 

savings of various smart PDLC film glasses with and without applied voltage in all eight 529 

orientations of three different climatic regions. The spectral properties of PDLC film glasses 530 

were explored experimentally using a spectrophotometer in the transparent and translucent state. 531 

The effect of applied voltage (ON/OFF) on the opacity was presented. This work suggests the 532 

optimum orientation to keep the window glazing for the highest annual air-conditioning cost 533 

savings. The daylight factor and payback periods of the various smart PDLC film glasses were 534 

also presented.  535 

 From Figs. 11, 12 and 13, it is observed that the White smart PDLC film glass (WSPG 536 

(V)) in the South-East (SE) orientation accounts for the highest annual air-conditioning 537 

cost savings ($ 101.76 in a hot and dry climate) with adequate daylight factor, among 538 

other studied smart glasses in all three climatic conditions.  539 

 From an annual air-conditioning cost-savings perspective, the preference order of smart 540 

PDLCs from the highest to the lowest cost savings is WSPG (V) > BSPG (V) > YSPG 541 

(V) > PSPG (V) in all three different climatic conditions. 542 

 The white smart PDLC film glass (WSPG (V)) was economically more feasible, with the 543 

lowest cost payback periods (12.71 years in a hot and dry climate) in all three climatic 544 

conditions. The preference order of smart glasses for the lowest payback period in all 545 

three climatic zones is WSPG(V) < BSPG(V) < YSPG(V) < PSPG(V).  546 

  However, all the smart glasses had shown approximately the same cost savings in SE 547 

orientation, White smart PDLC glass has the lowest payback period because of its low 548 

initial costs compared to other glasses.  549 

 It is recommended to place a smart window in SE orientation followed by SW, S, E and 550 

W to make use of their air-conditioning cost-saving potential with adequate daylight 551 

factors and lower payback periods. It is not advisable to keep the smart glazing in the 552 

North (N), North-East (NE) and North-West (NW) orientations, because of its long 553 

payback periods of about 100 years, which is much longer than the life span of PDLC 554 

film (25 years). 555 

 Modulated solar optical properties of the smart PDLCs, such as solar transmittance and 556 

reflectance, significantly affected the thermal performance and air-conditioning cost 557 
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savings. Solar transmittance of white smart PDLC glass (WSPG (V)) was 85.71 % less, 558 

and reflectance was observed to be four times higher than the clear glass. 559 

This paper's findings are useful in designing energy-efficient smart window systems for 560 

reduced heating and cooling loads. The results are also helpful in retrofitting existing window 561 

systems with smart window systems to attain energy efficiency in buildings. 562 

Nomenclature 563 

AGL  Area of the glazing installed[m2] 564 

As  Solar azimuth angle [Deg] 565 

ASLR Total solar absorptance in the entire solar spectrum [%] 566 

ADF  Average Daylight Factor [%] 567 

B  Atmospheric extinction coefficient [-] 568 

BSPG (NV) Blue smart PDLC film glass without Voltage  569 

BSPG (V) Blue smart PDLC film glass with Voltage  570 

ba  Width of the air space between glasses [m] 571 

C  Sky radiation coefficient [-] 572 

CG Clear glass 573 

Cc Annual cooling cost savings [$/year] 574 

Ce Unit cost of electricity[$/kWh] 575 

Ces Cost of energy supplied to a smart glass per year [$m-2] 576 

Cf Cost of the fuel [$/kWh] 577 

Cg Cost of the glazing [$m-2] 578 

Ch Increase in annual heating costs [$/year] 579 

Ci Implementation cost of the PDLC film glazing [$m-2] 580 

CNet Net annual air-conditioning cost savings [$/year] 581 

COP Coefficient of performance of the cooling system [-] 582 

E Emissivity factor [-] 583 

hin  Inside heat transfer coefficient [ Wm-2K-1] 584 

hout  Outside convective heat transfer coefficient [Wm-2 K-1] 585 

hr  Radiative convective heat transfer coefficient [Wm-2 K-1] 586 

hs  Solar hour angle [Deg] 587 

Ia  Apparent solar irradiance at air mass, m=0[Wm-2] 588 
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Idif  Sky-diffuse solar radiation [Wm-2] 589 

Idir  Direct solar radiation from the sun [Wm-2] 590 

Igrr  Ground reflected solar radiation [Wm-2] 591 

IT  Total incident solar radiation [Wm-2] 592 

ITNR  Solar radiation at normal incidence [Wm-2] 593 

IST  Indian Standard Time 594 

K1  Thermal conductivity of inside glass [Wm-1K-1] 595 

K2  Thermal conductivity of PDLC film [Wm-1K-1] 596 

L  Latitude [Deg] 597 

L1  Thickness of the glass [m] 598 

L2  Thickness of the PDLC film [m] 599 

N  Day number, starting from January 1st as 1 600 

PDLC  Polymer Dispersed Liquid Crystal 601 

PP Payback period of smart PDLC film glasses [Years] 602 

PSPG (NV) Pink smart PDLC film glass without Voltage  603 

PSPG (V) Pink smart PDLC film glass with Voltage  604 

QInc Increased annual heating load [kWh] 605 

QRed Reduced annual cooling load [kWh] 606 

Rsi  Inside surface resistance film coefficient [m2KW-1] 607 

RSLR  Total solar reflectance in the entire solar spectrum [%] 608 

Rso  Outside surface resistance film coefficient [m2KW-1]    609 

SHGC  Solar heat gain coefficient [-] 610 

Sλ  Relative spectral distribution of the solar radiation [Wm-2]  611 

ta   Air space between the glass panes [m] 612 

TSLR  Total solar transmittance in the entire solar spectrum [%] 613 

U  Overall heat transfer coefficient [Wm-2K-1] 614 

WSPG (NV) White smart PDLC film glass without Voltage  615 

WSPG (V) White smart PDLC film glass with Voltage 616 

WWR  Window to wall ratio 617 

YSPG(NV) Yellow smart PDLC film glass without Voltage  618 

YSPG(V) Yellow smart PDLC film glass with Voltage  619 
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 620 

Greek letters 621 

αs  Solar altitude angle [Deg] 622 

α(λ)  Spectral absorption of smart PDLC film glass 623 

β  Smart window system inclination with normal of the surface [Deg] 624 

γs  Surface solar azimuth angle [Deg] 625 

δs  Solar declination [Deg] 626 

η  Efficiency of the furnace [%] 627 

θi  Solar incidence angle [Deg] 628 

λ  Wavelength [nm] 629 

Δλ  Wavelength interval [2 nm] 630 

ρg  Ground reflectance factor [-] 631 

ρ(λ)  Spectral reflection of smart PDLC film glass 632 

τ(λ)  Spectral transmission of smart PDLC film glass 633 

Ψ  Surface azimuth angle [Deg] 634 
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TABLES: 773 

 774 

Table 1 775 

Measured optical properties of smart PDLC film glasses in the solar spectrum (300-2500 nm) 776 

S.NO Glass material Transmittance (%) Reflectance (%) Absorptance (%) SHGC (%) 

1 Clear glass (6mm) 77 7 16 81 

2 WSPG(NV) 7 24 69 23 

3 WSPG(V) 11 27 62 25 

4 BSPG(NV) 8 25 67 23 

5 BSPG(V) 12 28 60 26 

6 PSPG(NV) 5 22 73 22 

7 PSPG (V) 12 23 65 27 

8 YSPG(NV) 7 24 69 23 

9 YSPG(V) 12 27 61 26 
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Table 2 790 

Surface azimuth angle (Ψ) in various orientations 791 

Orientation N NE E SE S SW W NW 

Surface azimuth 

angle (𝚿) 

180 -135 -90 -45 0 45 90 135 

 792 

Table 3 793 

Implementation cost and cost payback periods of various Smart PDLC film glasses in South-East 794 

(SE) direction of hot and climate (Jodhpur) 795 

 796 

Glazing Cg($/m2)  Ces ($/m2) Ci ($) CNet ($) PP (Years) 

WSPG(NV) 229.6 0 1285.76 106.18 12.10 

WSPG(V)  229.6 1.4 1293.6 101.76 12.71 

BSPG(NV) 275.6 0 1543.36 105.18 14.67 

BSPG(V) 275.6 1.4 1551.2 100.75 15.39 

PSPG(NV) 275.6 0 1543.36 108.18 14.26 

PSPG(V)  275.6 1.4 1551.2 98.64 15.72 

YSPG(NV) 275.6 0 1543.36 106.18 14.53 

YSPG(V) 275.6 1.4 1551.2 100.34 15.46 
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FIGURES:  806 

 

(a) 

 

 

(b) 

Fig. 1 Schematic of a) smart PDLC film glasses (b) Working principle of smart PDLC film 807 

glasses with and without applied voltage 808 
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(g) 
(h) 

 810 

 811 

Fig. 2 Smart PDLC film glasses a) WSPG (NV) b) WSPG (V) c) BSPG (NV) d) BSPG (V) e) 812 

PSPG (NV) f) PSPG (V) g) YSPG (NV) h) YSPG (V)  813 

 814 

 815 

 816 

Fig. 3 Integrating sphere spectrophotometer (Perkin Elmer 950) with UV-WinLab software 817 
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(a) 

  

(b) 

 819 

Fig. 4 Spectral characteristics of White smart PDLC Film glass (a) Transmission (b) Reflection 820 

 821 

 822 

 

(a) 

  

(b) 

 823 

Fig. 5 Spectral characteristics of Blue smart PDLC Film glass (a) Transmission (b) Reflection 824 
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(a) 

 

(b) 

 825 

Fig. 6 Spectral characteristics of Pink smart PDLC Film glass (a) Transmission (b) Reflection 826 

 827 

 

(a) 

 

(b) 

 828 

Fig. 7 Spectral characteristics of Yellow smart PDLC Film glass (a) Transmission (b) Reflection 829 
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 831 

Fig. 8 Heat gain through various smart PDLCs film glazing in different orientations of hot and 832 

dry climate (Jodhpur). 833 
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 834 

Fig. 9 Heat gain through various smart PDLCs film glazing in different orientations of warm and 835 

humid climate (Mumbai). 836 
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 837 

Fig. 10 Heat gain through various smart PDLCs film glazing in different orientations of 838 

composite climate (New Delhi). 839 
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 840 

Fig. 11 Yearly air-conditioning cost savings and payback periods of smart glasses of hot and dry 841 

climate (Jodhpur).  842 
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 843 

Fig. 12 Yearly air-conditioning cost savings and payback periods of smart glasses of warm and 844 

humid climate (Mumbai).  845 
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 846 

Fig. 13 Yearly air-conditioning cost savings and payback periods of smart glasses of composite 847 

climate (New Delhi).  848 

 849 
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 851 

 852 

Fig. 14 Average daylight factor of various smart windows in a hot and dry climate (Jodhpur)  853 
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 855 

Fig. 15 Average daylight factor of various smart windows in a warm and humid climate 856 

(Mumbai)  857 
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 858 

Fig. 16 Average daylight factor of various smart windows in composite climate (New Delhi)  859 
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