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Abstract 

Electrically activated switchable glazing is potential to control excessive entering solar heat gain to an indoor 

space by altering its state from transparent to opaque or translucent. Electrically operated polymer dispersed 

liquid crystal (PDLC) glazing become transparent in the presence of power supply and become translucent 

without power supply. Addition of photovoltaic (PV) with PDLC will ease the external power supply and turn 

it into a self-sufficient autonomous switchable glazing. In this work, first thermal performance of BIPV –

PDLC was conducted using indoor characterization. This combined 0.063 m2 BIPV-PDLC glazing had a 

transmission of 46.5% in the transparent state and 31.5% in the translucent /opaque state. In the PDLC-OFF 

state, maximum PV cell temperature was 86.2°C which was 8% higher than PDLC-ON state condition.    
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1. Introduction 

Building sector emits 39% carbon dioxide due to the consumption of 36% total global energy. Thus, to obtain 

less energy-hungry building, lowering the building energy consumption by using energy efficient building 

envelope is paramount. In a building through transparent façade, solar gain penetrates which enhances the 

building’s cooling energy load demand. Solar gain is a key factor for buildings’ which is the addition of 

penetrated direct and diffuse solar energy and associated with the reflected component of solar energy (Ghosh 

and Norton, 2018). Control of solar gain is feasible by using solar control window which includes power 

generating building-integrated (BI) photovoltaic (PV) (BIPV) window, thermally activated thermochromic, 

thermotropic window, electrically activated electrochromic (EC), suspended particle device (SPD) and 

polymer dispersed liquid crystal (PDLC) type windows (Ghosh and Norton, 2018). BIPV window has the 

potential to control solar gain by blocking the incoming solar energy, and it also controls daylight and generates 

benevolent electricity. In a BIPV window, PV devices include (Nayak et al., 2019) opaque crystalline silicon 

(Peng et al., 2019), thin-film semi-transparent amorphous silicon, cadmium telluride (Sun et al., 2018) and 

copper indium gallium selenide, semitransparent emerging dye-sensitized (Cornaro et al., 2018; Lee and Yoon, 

2018), perovskite (Snaith, 2018), organic (Chemisana et al., 2019; Chen et al., 2012), and quantum dot (Zhang 

et al., 2018) types. However due to mature stability, and higher efficiency (Green et al., 2019), commercially 

available silicon still dominates the BIPV market. Crystalline silicon-based BIPV-window needs spaced type 

arrangement to enable visibility (Park et al., 2010). To render lower heat loss from solar control BIPV, vacuum 

glazing can be included (Ghosh et al., 2018b). Static transparent BIPV window can be replaced by a switchable 

type window because of their tunable transmission property, which can vary in response to the diurnal nature 

of the environment.  

Electrically activated windows have positive attributes over the thermally activated window’ of being operated 

based on occupant’s demand criterion. PDLC glazing specifically has an advantage over EC and SPD due to 

the presence of scattering property which allows daylight but blocks the viewing (Ghosh et al., 2018a). PDLC 

is superior for glazing application compared to conventional super twist cells, twisted nematic, π-cell LC as it 

does not require polarizers to operate. At high-temperature polarizer often peel off or degrades. Absence of 

polarizer reduces the power loss (polarisers absorb ∼ 50% incident light in LC cells) which increase the device 

efficiency. PDLC glazing consists of tiny liquid crystal (LC) droplets which are embedded in a polymer. In 

the presence of alternating current (AC) power supply, LC droplets orients in an orderly way and refractive 

index of particles and polymer matches which allows light to pass through and this become clear. In the absence 

of power supply, particle orients randomly and mismatch of refractive index between particle and polymer 

scatters light which makes PDLC translucent (Hu et al., 2018) as shown in Figure 1. At a clear state, PDLC 

allows solar heat gain, daylight whereas at the translucent state, PDLC blocks solar heat gain, viewing and 

allows diffuse daylight (Hakemi, 2017). Infrared control (Khandelwal et al., 2016), daylighting (Ghosh et al., 
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2018a), stability, and reverse mode operation (Cupelli et al., 2009) of PDLC was investigated in past. To reduce 

the accentuated haze created in PDLC under direct solar radiation, new glass dispersed LC  was developed 

(Jung et al., 2017). 

Switchable glazing needs external power to operate which can be diminished by using PV. PV powered 

switchable glazing includes side by side or tandem structure. Side by side structure reduces the chances of 

lowering the overall transmission of the system where PV can be included in building in the form of building 

integrated (BI) or building attached (BA) types. Previously switchable glazing powered by PV was investigated 

with EC where the structure was tandem (Cannavale et al., 2015; Shen et al., 2019) and side by side. AC 

powered switchable SPD glazing was powered in a real temperate climate where a 40 Wp PV device 

continuously powered a 0.07 W SPD glazing (Ghosh et al., 2016). Power conversion is critical for AC powered 

switchable glazing powered by PV.  

In this work for the first time spaced type crystalline PV and PDLC combination was investigated. Thermal 

performance of this combined system was evaluated using an indoor test cell set up.  

 

Fig. 1: Schematic of BIPV-PDLC glazing. 

 

2. Experiment 

Investigated BIPV-PDLC glazing had a dimension of 0.3 m × 0.21 m × 0.1 m which become transparent in 

the presence of 20 V AC and become translucent without power supply. Six polycrystalline PV cells, each had  

a dimension of 5.2 cm × 5.2 cm was placed on the top of the PDLC and electrically connected where three 

cells were in series and two parallel strings. After placing the PV cells, sylguard was poured and another single 

glazing (0.04 m) was placed on the system. Presence of PV covered 40% of exposed PDLC area. A small-

scale test cell dimension of 0.37 m×0.22 m×0.26 m was fabricated using 10 mm thick polystyrene to perform 

indoor characterisation. The ratio of glazing and test cell was 1:3. The indoor characterisation was performed 

using continuous indoor sun simulator exposure. This simulator was AAA type and its spectrum matched with 

solar spectrum between 250 nm and 3000 nm. Five thermocouples were employed to measure external and 

internal glass surface, test cell ambient and indoor laboratory ambient and PV cell temperature. Temperature 

data of 5 min interval was recorded using Pico data logger. Photograph of full experimental set up is shown in 

Figure 2 and the location of the thermocouple is shown in Figure 3. Spectral performance of investigated 

BIPV-PDLC glazing was characterized by using Perkin Elmer® Lambda 1050 UV/vis/NIR. 
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Fig. 2: Schematic of experimental set up for thermal performance. 

 

Fig. 3:  Location of thermocouple for (a) BIPV-PDLC OFF state, (b) BIPV-PDLC ON state using test cell 

 

3. Result and discussion 

Figure 4 shows the transmission through the PDLC glazing. Average solar transmission (300 nm-2500 nm) of 

this system was 62% and 42% for transparent (ON) and translucent (OFF) state respectively. Contrast ratio 

(transmission in the translucent state: transmission in the transparent state) was close to 1:1.5. Variation was 

low due to high scattering behavior of PDLC glazing. Reflection was 18% and 17% for PDLC switched OFF 

and switched ON state. Due to absorption it is evident that this PDLC glazing offered only forward scattering 

which reduced the possibility of multiple scattering options. Six spaced type polycrystalline silicon PV covered 

a total area of 162.24 cm2 (5.2×5.2×6=162.24 cm2) whereas glass pane had an area of (30.5 × 21=640.5 cm2) 

640 cm2. Thus, 25% area was covered by these six PV cells. Due to this spaced type semitransparent BIPV, 

working transmission for BIPV-PDLC for the transparent state was 46.5% and translucent state was 31.5%. 
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Fig. 4: Hemispherical total (direct+diffuse) transmission and reflection PDLC glazing for switched ON transparent and 

switched OFF translucent state. 

 

 

 
 
Fig. 5: Test cell temperature of BIPV-PDLC for ON (transparent) and OFF (translucent) state  

Figure 5 shows the test cell indoor temperature for BIPV-PDLC combined system while PDLC was ON and 

OFF states. For combined system, PDLC ON state condition, test cell temperature showed 19% higher indoor 

temperature after 120 minutes continuous exposure from an indoor simulator. Presence of electrical actuation 

liquid crystal particle’s orientation was organized which allowed higher order incoming light intensity. 

Without power supply, particles orientation was random and incoming light was mostly scattered in nature 

which restricted to pass through an equal amount of incoming light compared to ON state. Thus, PDLC ON 

state exhibited higher indoor temperature, however, the difference was less as PDLC regulates the transmission 

by scattering not by reflecting or absorbing the light. Figure 6 shows the enhancement of PV cell temperature 
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under the exposure of indoor simulator for 120 minutes. It was found that PV cell temperature was 8% higher 

in the PDLC OFF state. Variation of PV cell temperature for BIPV-PDLC ON state was 32°C to 79°C whilst 

for BIPV-PDLC OFF state it was 26°C to 86.2°C. PDLC OFF state condition blocks light to pass through, 

however it absorbs higher heat which has a contribution to the enhancement of PV cell temperature. 

 
Fig. 6: PV cell temperature of BIPV-PDLC for ON (transparent) and OFF (translucent) state 

 

 

4. Conclusions 

 

In this work for the first time, combined BIPV-PDLC glazing’s thermal behavior was conducted using indoor 

characterization. Inclusion of photovoltaic (PV) in a building replaces the building construction material usage 

and cost, generates electricity, controls light and heat. Electrically activated switchable polymer dispersed 

liquid crystal (PDLC) in the presence of power supply become transparent and allow viewing and in the 

absence of power supply becomes a haze. Six polycrystalline PV cells were connected electrically maintaining 

sufficient gap between two cells to fabricate spaced type semitransparent BIPV. Each cell had a dimension of 

5.2 cm × 5.2 cm. PDLC film was sandwiched between two glass panes. In this work, the total employed glass 

panes for combined BIPV-PDLC system was three. The spectral measurement showed BIPV–PDLC had 

46.6% and 31.5% transmission in ON and OFF state respectively. PV cell temperature was 8% lower in the 

PDLC ON state than PDLC OFF state condition. In the future, glazing factors, overall heat loss and power 

requirement of this combined glazing to switch will be investigated.  

5. Acknowledgments 

This work was supported by EPSRC –IAA project grant (Grant No- EP/R511699/1) achieved by Dr Aritra 

Ghosh. This work has been conducted as part of the research project ‘Joint UK-India Clean Energy Centre 

(JUICE)’ which is funded by the RCUK's Energy Programme (contract no: EP/P003605/1). The projects 

funders were not directly involved in the writing of this article. 

6. References  

Cannavale, A., Eperon, G.E., Cossari, P., Abate, A., Snaith, H.J., Gigli, G., 2015. Perovskite 

photovoltachromic cells for building integration. Energy Environ. Sci. 8, 1578–1584. 

 
A. Ghosh ISES SWC2019 / SHC2019 Conference Proceedings (2019)



doi:10.1039/C5EE00896D 

Chemisana, D., Moreno, A., Polo, M., Aranda, C., Riverola, A., Ortega, E., Lamnatou, C., 

Domènech, A., Blanco, G., Cot, A., 2019. Performance and stability of semitransparent OPVs 

for building integration: A benchmarking analysis. Renew. Energy 137, 177–188. 

doi:10.1016/j.renene.2018.03.073 

Chen, K.S., Salinas, J.F., Yip, H.L., Huo, L., Hou, J., Jen, A.K.Y., 2012. Semi-transparent polymer 

solar cells with 6% PCE, 25% average visible transmittance and a color rendering index close 

to 100 for power generating window applications. Energy Environ. Sci. 5, 9551–9557. 

doi:10.1039/c2ee22623e 

Cornaro, C., Renzi, L., Pierro, M., Di Carlo, A., Guglielmotti, A., 2018. Thermal and electrical 

characterization of a semi-transparent dye-sensitized photovoltaic module under real 

operating conditions. Energies 11. doi:10.3390/en11010155 

Cupelli, D., Nicoletta, F.P., Manfredi, S., Vivacqua, M., Formoso, P., De Filpo, G., Chidichimo, 

G., 2009. Self-adjusting smart windows based on polymer-dispersed liquid crystals. Sol. 

Energy Mater. Sol. Cells 93, 2008–2012. doi:10.1016/j.solmat.2009.08.002 

Ghosh, A., Norton, B., 2018. Advances in switchable and highly insulating autonomous (self-

powered) glazing systems for adaptive low energy buildings. Renew. Energy 126, 1003–

1031. doi:10.1016/j.renene.2018.04.038 

Ghosh, A., Norton, B., Duffy, A., 2016. First outdoor characterisation of a PV powered suspended 

particle device switchable glazing. Sol. Energy Mater. Sol. Cells 157, 1–9. 

doi:10.1016/j.solmat.2016.09.049 

Ghosh, A., Norton, B., Mallick, T.K., 2018a. Daylight characteristics of a polymer dispersed liquid 

crystal switchable glazing. Sol. Energy Mater. Sol. Cells 174, 572–576. 

doi:10.1016/j.solmat.2017.09.047 

Ghosh, A., Sundaram, S., Mallick, T.K., 2018b. Investigation of thermal and electrical 

performances of a combined semi- transparent PV-vacuum glazing. Appl. Energy 228, 1591–

1600. doi:10.1016/j.apenergy.2018.07.040 

Green, M.A., Hishikawa, Y., Dunlop, E.D., Levi, D.H., Hohl-Ebinger, J., Yoshita, M., Ho-Baillie, 

A.W.Y., 2019. Solar cell efficiency tables (Version 53). Prog. Photovoltaics Res. Appl. 27, 

3–12. doi:10.1002/pip.3102 

Hakemi, H., 2017. Polymer-dispersed liquid crystal technology ‘industrial evolution and current 

market situation.’ Liq. Cryst. Today 26, 70–73. doi:10.1080/1358314X.2017.1359143 

Hu, X., de Haan, L.T., Khandelwal, H., Schenning, A.P.H.J., Nian, L., Zhou, G., 2018. Cell 

thickness dependence of electrically tunable infrared reflectors based on polymer stabilized 

cholesteric liquid crystals. Sci. China Mater. 61, 745–751. doi:10.1007/s40843-017-9163-0 

Jung, D., Choi, W., Park, J.-Y., Kim, K.B., Lee, N., Seo, Y., Kim, H.S., Kong, N.K., 2017. 

Inorganic gel and liquid crystal based smart window using silica sol-gel process. Sol. Energy 

Mater. Sol. Cells 159, 488–495. doi:10.1016/j.solmat.2016.10.001 

Khandelwal, H., Debije, M.G., White, T.J., Schenning, A.P.H.J., 2016. Electrically tunable 

infrared reflector with adjustable bandwidth broadening up to 1100 nm. J. Mater. Chem. A 4, 

6064–6069. doi:10.1039/c6ta01647b 

Lee, H.M., Yoon, J.H., 2018. Power performance analysis of a transparent DSSC BIPV window 

based on 2 year measurement data in a full-scale mock-up. Appl. Energy 225, 1013–1021. 

doi:10.1016/j.apenergy.2018.04.086 

Nayak, P.K., Mahesh, S., Snaith, H.J., Cahen, D., 2019. Photovoltaic solar cell technologies: 

analysing the state of the art. Nat. Rev. Mater. 4, 269–285. 

 
A. Ghosh ISES SWC2019 / SHC2019 Conference Proceedings (2019)



Park, K.E., Kang, G.H., Kim, H.I., Yu, G.J., Kim, J.T., 2010. Analysis of thermal and electrical 

performance of semi-transparent photovoltaic (PV) module. Energy 35, 2681–2687. 

doi:10.1016/j.energy.2009.07.019 

Peng, J., Curcija, D.C., Thanachareonkit, A., Lee, E.S., Goudey, H., Selkowitz, S.E., 2019. Study 

on the overall energy performance of a novel c-Si based semitransparent solar photovoltaic 

window. Appl. Energy 242, 854–872. doi:10.1016/j.apenergy.2019.03.107 

Shen, K., Luo, G., Liu, J., Zheng, J., Xu, C., 2019. Highly transparent photoelectrochromic device 

based on carbon quantum dots sensitized photoanode. Sol. Energy Mater. Sol. Cells 193, 

372–378. doi:10.1016/j.solmat.2019.01.004 

Snaith, H.J., 2018. Present status and future prospects of perovskite photovoltaics. Nat. Mater. 17, 

372–376. doi:10.1038/s41563-018-0071-z 

Sun, Y., Shanks, K., Baig, H., Zhang, W., Hao, X., Li, Y., He, B., Wilson, R., Liu, H., Sundaram, 

S., Zhang, J., Xie, L., Mallick, T., Wu, Y., 2018. Integrated CdTe PV glazing into windows: 

energy and daylight performance for different architecture designs. Appl. Energy 231, 972–

984. doi:10.1016/j.apenergy.2018.09.133 

Zhang, X., Öberg, V.A., Du, J., Liu, J., Johansson, E.M.J., 2018. Extremely lightweight and ultra-

flexible infrared light-converting quantum dot solar cells with high power-per-weight output 

using a solution-processed bending durable silver nanowire-based electrode. Energy Environ. 

Sci. 11, 354–364. doi:10.1039/c7ee02772a 

 

 
A. Ghosh ISES SWC2019 / SHC2019 Conference Proceedings (2019)


