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A B S T R A C T   

Building Integrated Concentrating Photovoltaic (BICPV) window represents a promising alternative approach for 
improving the electricity generation of photovoltaic cells when integrated into building windows. As a new 
concept, BICPV smart window consisting of an optically switchable thermotropic layer with integrated PV cells 
offers the potential to simultaneously generate electricity and control solar heat and visible light into buildings. 
In this study, a BICPV smart window system with a Hydroxypropyl Cellulose (HPC) based thermotropic hydrogel 
membrane has been developed and characterised. The system was designed with the aid of a validated 
wavelength-dependent optical model based on a Monte-Carlo ray-tracing technique, where the thermal and 
optical properties of the thermotropic layer used for the optical model prediction were obtained from experi
mental measurement. Subsequently, a prototype of the BICPV smart window system has been fabricated and 
characterised under controlled indoor conditions. From the experiments, it was found that the maximum power 
output of the BICPV smart window (6 wt% HPC) increases by 17.1% with the membrane temperature increasing 
from 40 ◦C (the transition temperature) to 54 ◦C; meanwhile, a 70.9% reduction in the light transmittance is 
observed. This indicated that the BICPC smart window might potentially reduce the solar heat gain in hot periods 
and therefore reduce the building energy demand. In addition, the effect of different concentrations of HPC 
polymer (2, 4 and 6 wt%) on the electrical and optical performance of the system has been investigated.   

1. Introduction 

Global concerns over climate change and ever-increasing energy 
demand have led to a growing interest in developing renewable energy 
technologies. Photovoltaic (PV) cells that utilise solar energy for elec
tricity generation have progressed significantly in recent decades 
(Ogbomo et al., 2017). Integrating photovoltaics into building trans
parent façade has been increasingly seen in modern building designs 
(Baig et al., 2014). In such system, photovoltaic cells serve as a part of 
the transparent building envelope element such as window, glazed 
façade or skylight, offering savings in materials and generating renew
able electricity on-site while reducing excess solar heat and daylight into 
the indoor spaces (Norton et al., 2011; Skandalos and Karamanis, 2015; 
Agathokleous and Kalogirou, 2016). 

One of the main challenges for wide adoption of BIPV glazing is the 
optimisation of both daylighting and electricity generation (Hee et al., 
2015), which are related to the transparency and power conversion ef
ficiency of selected PV cells. Semi-transparent photovoltaic cells such as 
amorphous silicon (a-Si) and Dye Sensitised Solar Cell (DSSC) are 

popular choices for window integration, as they can be manufactured in 
various degrees of transparency and offer more homogeneous 
daylighting of the indoor spaces compared to crystalline-silicon (c-Si) 
solar cells (Skandalos and Karamanis, 2015). In recent years, a growing 
number of researches have been conducted to investigate the potential 
use of Building Integrated Concentrating Photovoltaics (BICPVs) to 
improve the electricity generation, daylighting control and aesthetics of 
BIPV windows/facades. Sellami and Mallick (2013) presented a Square- 
Elliptical-Hyperboloid (SEH) shaped static solar concentrator for win
dow integrated concentrating photovoltaics. It was reported that the 
SEH system with a geometric concentration ratio of 4× achieved an 
optical efficiency of 68%. Sarmah et al. (2014) developed a semi- 
transparent Dielectric Asymmetric Compound Parabolic Concentrator 
(DiACPC) with a geometric concentration ratio of 2.8× with a maximum 
optical efficiency of 80.5%. In the follow-up research (Sarmah and 
Mallick, 2015), a 30 cm × 30 cm prototype for the DiACPC based BICPV 
façade was fabricated and evaluated under outdoor conditions in 
Edinburgh. The maximum power output of the BICPV façade prototype 
was found to be 2.27 times higher compared to its non-concentrating 
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counterpart under a solar irradiance of 943 W/m2. Sabry (2016) pro
posed a BICPV glazed façade using Total Internal Reflection (TIR) pris
matic segments that collect most of the direct incident radiation for 
electricity generation in summer, while allowing the sunlight at lower 
incidence angles to be transmitted into the building interior for heating 
in winter. Corrado et al. (2013) developed a 31.8 cm × 31.8 cm Lumi
nescent Solar Concentrator (LSC) window using front-facing solar cells 
with a PV cell coverage ratio of 31%. The LSC window achieved an 
overall module efficiency of 6.2% and a power ratio of 1.6 over the 
counterpart with no LSC during outdoor experimental tests. Wu et al. 
(2016) introduced the concept and design of a BICPV smart window 
system with an optically switchable thermotropic layer for electricity 
generation and passive solar radiation control. 3D ray-tracing simula
tions have been used to investigate the effects of different membrane 
reflectances, geometrical concentration ratios, glass cover thicknesses 
and glass refractive indices on the optical efficiency and optical con
centration ratio of the proposed system. Nevertheless, neither prototype 
has been developed, nor experiment has been conducted to prove the 
concept and validate the numerical model. 

In this research, a novel BICPV smart window system that can 
generate electricity on-site and also modulate its solar energy trans
mission in response to thermal stimulus has been designed and devel
oped. The BICPV smart window system consists of solar cells and a 
Hydroxypropyl cellulose (HPC) based thermotropic membrane layer. A 
wavelength-dependent Monte-Carlo ray-tracing model has been devel
oped and validated to predict the dynamic behaviour of the novel 
window system and also in aid of the system design. A prototype of the 
BICPV smart window system was subsequently fabricated and compre
hensively investigated under controlled indoor conditions, in terms of 
the electrical and optical performance under various membrane tem
peratures, incident light intensities, incident light angles as well as HPC 
concentration ratios for the thermotropic membrane layer. 

2. Concept of BICPV smart window system 

The BICPV smart window system is mainly comprised of a front glass 
pane, an encapsulation layer with evenly spaced c-Si solar cells, a 
thermotropic layer and a back glass pane, as shown in Fig. 1. The 
thermotropic layer switches from a transparent state to a translucent/ 
scattering state when its temperature increases from below a designed 
temperature threshold (transition temperature) to above it. In other 
words, when below the transition temperature, the window appears 
transparent; a portion of the incident solar radiation strikes the solar 
cells for electricity generation, while most of the rest radiation passes 
through the window for indoor space heating and daylighting, with a 
small amount lost due to the reflection off the front glass pane. When the 
thermotropic layer is in the translucent state, as shown in Fig. 1, a 

fraction of the scattered radiation is trapped within the window and 
redirected to the solar cells for electricity generation through Total In
ternal Reflection (TIR). Some of the scattered radiation escapes from the 
front and back glass panes because the angles of incidence at the glass- 
air interface are less than the critical angle expressed by Eq. (1). As 
heated to a higher temperature, the thermotropic layer becomes 
increasingly reflective, potentially resulting in higher electricity gener
ation. Meanwhile, less solar heat and light penetrate through the win
dow into the building interior, potentially reducing the risks of 
overheating and glare. 

θc = sin− 1 nair

nglass
(1)  

where θc is the critical angle at the glass-air interface, nair is the 
refractive index of air and nglass is the refractive index of the glass pane. 

3. Methodology 

To show the effectiveness of the proposed concept, a small-scale 
prototype system was developed and evaluated. The system develop
ment process applied a series of steps combing experiments and optical 
simulation (see Fig. 2). Initially, a HPC-based thermotropic hydrogel 
membrane was synthesised and characterised by optical spectroscopy. 
The temperature variation of the spectral transmittance and reflectance 
of the thermotropic hydrogel membrane was measured and then im
ported to a validated optical model for the design of the prototype sys
tem. The optical model was established based on a wavelength- 
dependent Monte-Carlo ray-tracing technique, which was validated in 
advanced by experimental tests with commercially available solar con
trol films with different static optical properties (i.e. different films with 
static transmittances and reflectances). With the aid of the optical 
model, the prototype system was designed, optimised and fabricated. 
Finally, indoor experiments were carried out to obtain the prototype 
system performance and verify the proposed concept. 

3.1. Development and characterisation of the thermotropic membrane 

3.1.1. Material selection and thermotropic hydrogel synthesis 
To fit for window application, thermotropic materials would need to 

fulfil requirements of Allen et al., 2017, Schneider and Seeboth, 2001, 
Resch and Wallner, 2009 and Connelly et al., 2017: (1) reversible 
switching between a clear state with >85% transmittance and a light- 
scattering state with <15% transmittance; (2) steep switching gradient 
within a small temperature range (<10 ◦C); (3) transition temperature in 
the range between 25 ◦C and 40 ◦C; (4) low hysteresis upon heating and 
cooling; (5) long-term stability and good weatherability; (6) availability 

Fig. 1. (a) Cross-sectional and (b) front-view schematic diagrams of the BICPV smart window system.  
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in a large area at low costs. 
Hydroxypropyl cellulose (HPC) based hydrogels have been proved to 

be a promising candidate to meet most of the above demands (Allen 
et al., 2017; Schneider and Seeboth, 2001; Connelly et al., 2016). 
Moreover, HPC based hydrogels can effectively scatter solar radiation in 
the wavelength range of 350–1100 nm, which is compatible with the 

spectral response of c-Si solar cells (Connelly et al., 2017; Connelly et al., 
2016). These features make HPC based hydrogels potentially well suited 
for use in the proposed BICPV smart window system. In this study, the 
thermotropic reflective layer of the BICPV smart window was syn
thesised based on HPC and gellan gum (gelling agent) by the following 
steps: 

Fig. 2. Flow chart showing the BICPV smart window development process.  

Fig. 3. Prototype fabrication steps.  
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HPC polymer (weight average molecular weight Mw ~ 80,000 and 
number average molecular weight Mn ~ 10,000) received as an off- 
white powder from Sigma Aldrich was magnetically stirred into 
distilled water at room temperature (25 ◦C). The stirring was maintained 
at 100 rpm for several hours until all the HPC had dissolved. A gel matrix 
was prepared by dissolving Gellan Gum type F (GGF) powder supplied 
by Special Ingredients in distilled water at 80 ◦C. A pipette was used to 
slowly add the HPC aqueous solution into the gel matrix at 60 ◦C with a 
stirring speed of 200 rpm. After the addition was completed, the HPC- 
GGF based aqueous solution was left stirring at 100 rpm with heating 
off for 10 min. After naturally cooled to the gel state, the HPC-GGF based 
hydrogel was cast between two GPE Scientific low-iron glass slides 
spaced by a 1-mm-thick gasket. The HPC-GGF based hydrogel mem
brane with 1 mm thickness was used for optical characterisations. 

3.1.2. Optical characterisations 
The spectral transmittance of the HPC-GGF based hydrogel mem

brane was measured using an Ocean Optics USB2000+UV–VIS-ES 
spectrometer with an Ocean Optics FOIS-1 integrating sphere. The 
spectral reflectance was measured using the same spectrometer and an 
Ocean Optics ISP-REF integrating sphere. The measured spectra had 
been baseline-corrected (i.e. excluding the spectra of the low-iron glass 
slides) using the method presented by Connelly et al. (Connelly et al., 

2017). A GyroStir-DH hotplate was applied to heat the surface of the 
laminated glass unit uniformly (within ±1 ◦C). Meanwhile, the tem
perature of the HPC-GGF based hydrogel membrane was monitored by 
an embedded T-type thermocouple that had been waterproofed with 
epoxy resin adhesive. After the hydrogel membrane was heated to a 
required temperature, 15 min were allowed for temperature equilibrium 
before taking the transmittance and reflectance measurements. 

3.1.3. Prototype fabrication procedures 
A prototype for the designed BICPV smart window system was 

fabricated following the steps plotted in Fig. 3. Firstly, a Dow-Corning® 
1–2577 transparent silicone-based coating with a thickness of 1 mm was 
cast on a GPE Scientific low-iron glass slide (50 mm × 50 mm × 4 mm), 
and left to cure at room temperature for 20 min to allow solvents to flash 
off and blisters to disappear. Next, a Talesun c-Si solar cell (1 cm2 active 
area) with its front side facing down was placed at the centre of the 
coated glass substrate and encapsulated by a second layer of Dow- 
Corning® 1-2577 coating with 1 mm thickness. The coating was left to 
solidify at room temperature for 24 h. Subsequently, the synthesised 
HPC-GGF based hydrogel (following the steps 3–6 detailed in Section 
3.1.1) was poured onto a second GPE Scientific low-iron glass slide (50 
mm × 50 mm × 4 mm) that had a 1-mm-thick gasket attached to it. 
Then, the HPC-GGF based hydrogel was covered by the PV-adhered glass 

Fig. 4. Photographs and schematic diagram of the indoor experimental setup.  
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substrate (prepared in step 2) with pressing to get rid of air bubbles. 
Finally, the laminated glass unit was sealed around the edges using glass 
sealant and butyl tape to prevent the hydrogel from leaking and drying 
out, and mounted in a frame made by a 3D printer. 

3.1.4. Indoor experimental setup 
The BICPV smart window prototype was characterised under indoor 

conditions using the experimental setup shown in Fig. 4. The sample was 
mounted on a height-and-angle adjustable holding platform and irra
diated by a tungsten halogen lamp. The irradiation level at the sample 
aperture height was measured with an Ocean Optics optical sampling 
system consisting of a USB2000+VIS-NIR-ES spectrometer, a CC-3-UV-S 
cosine corrector and a 200-µm-core-diameter optical fibre. The optical 
sampling system had been calibrated for absolute spectral irradiance 
against an Ocean Optics LS-1-CAL halogen light source, and its accuracy 
had been verified by a Kipp & Zonen CMP11 pyranometer. The irradi
ation spectrum of the tungsten lamp is presented in Fig. 7. The unifor
mity of the total irradiance (i.e. the integral value of irradiance 
spectrum) over the sample aperture area (50 mm × 50 mm) was 
measured to be within ±5%. The sample was connected to a Keithley 
2420 source meter via a 4-wire remote sensing method (Sarmah and 
Mallick, 2015; Paul et al., 2013; Abu-Bakar et al., 2016) for electrical 
characterisations. The solar cell temperature and membrane tempera
ture of the sample were detected using a DT85 data logger with T-type 
thermocouples. The measurements were performed at least in triplicate, 
and data were expressed as mean ± standard deviation. The specifica
tions of the equipment and sensors are listed in Table 1. 

3.2. Development and validation of the wavelength dependent Monte- 
Carlo optical model 

Ray-tracing techniques have been widely adopted in the design and 
performance analysis of solar concentrating systems. The principle is to 
launch a bundle of rays from a light source and track their trajectories in 
a solar concentrating system to obtain the irradiance/illuminance at the 
surface of interest (Nyeinga et al., 2019). For a mirror or lens-based solar 
concentrator, the incident ray paths are altered by specular reflection or 
refraction at the geometrical surfaces (Su et al., 2012; Sarmah et al., 
2011). For a diffuse type solar concentrator, when light encounters a 
diffuse surface/body, it is scattered into a wide range of directions. This 
phenomenon can be modelled using a stochastic sampling method, 
named Monte-Carlo ray-tracing technique. In principle, the continuous 
light scattering distribution is approximated by a set of random rays 
with possible directions (Meinardi et al., 2017) (see Fig. 5). The di
rections of scattered rays are randomly selected according to a pre
scribed probability distribution function (Montes and Ureña, 2012; 
Jensen et al., 2003). Due to the stochastic nature of the Monte-Carlo ray- 
tracing process, a large quantity of rays is required to be traced in order 
to achieve a good approximation (Wu et al., 2016; Burgers et al., 2005). 

3.2.1. Optical model description 
A Monte-Carlo ray-tracing simulation approach coupled with 

measured material properties was developed to predict the radiation 
characteristics of the BICPV smart window system. A Monte-Carlo ray- 
tracing model was set up in the software TracePro, involving four steps: 
(1) constructing the geometry of the system; (2) applying measured 
spectral properties to the geometrical components; (3) defining rays 
emitted from a light source; (4) propagating rays through the system and 
calculating the flux on the absorber surfaces (solar cells). 

In designing the prototype system, a 3D model geometry was created 
with a single solar cell and a four-layer stacked structure: front glass 
cover, optical coating layer, thermotropic membrane layer and back 
glass cover, similar as seen in Fig. 1. The geometric design parameters, 
such as glass cover thickness and aperture area, were determined 
through a parametric analysis (detailed in Section 5.1.2). The optical 
model assumed the thermotropic membrane layer as a Lambertian-type 
diffused reflector, i.e., a surface reflecting light equally in all view di
rections (i.e. no angular dependence) (Li et al., 2014; Schaepman-Strub 
et al., 2006; Simonot, 2009). The spectral reflectance and transmittance 
at different temperatures of the thermotropic membrane layer were 
measured (see Fig. 12) and used as the Lambertian surface properties. 
The glass covers and optical coating were defined with the wavelength- 
dependent optical constants, including refractive index (n) and absorp
tion coefficient (α), calculated by Eqs. (2)–(7) (Rubin et al., 1998) and 
shown in Fig. 6. For simplicity, the front side of the solar cell was 
assumed as a perfect absorber of light (with 100% optical absorptance), 
while its back side was assumed as a perfect Lambertian surface (with 
100% diffuse reflectance). To match the laboratory conditions as closely 
as possible, the spectral irradiance of the light source was equal to the 
result measured for the applied tungsten halogen lamp (see Fig. 7). The 

Table 1 
Specifications of the experimental devices.  

Equipment Model Specification and 
measurement range 

Measurement 
accuracy 

Data logger Datataker DT85 Measuring voltage 
output from 
thermocouples; 
calibrated to ITS-90 
standard for 
thermocouple reading; 

0.1% variance for 
DC voltage 
(5–40 ◦C) 

Thermocouple T-type 
thermocouple 

Temperature range of 
− 75 to 250 ◦C; 

±0.5 ◦C  

Spectrometer Ocean Optic 
USB2000 +
UV–VIS-ES 
spectrometer 

Measuring irradiance, 
transmittance, 
reflectance and 
absorptance; spectral 
resolution: 0.5 nm; 

Signal-to-noise 
ratio: 250:1 

Irradiance 
detector 

Ocean Optics CC- 
3-UV-S cosine 
corrector 

Collecting light from a 
180◦ Field of view; 
diffuser diameter: 
3900 µm; spectral 
range: 200 to 2500 nm;  

Optical fibre Ocean Optics 
UV–Visible patch 
cord 

Transmitting light; 
fibre core diameter: 
200 µm  

Calibration 
light source 

Ocean Optics LS- 
1-Cal halogen 
light source 

Calibrating the 
absolute spectral 
response of an optical 
sampling system;  

Pyranometer Kipp & Zonen 
CMP11 

Spectral range: 
285–2800 nm; Field of 
view: 180◦; maximum 
solar irradiance: 4000 
W/m2 

<0.2% non- 
linearity (100 to 
1000 W/m2) 

I-V tracker Keithley 2420 
source meter 

Maximum sourcing 
current: 3A; maximum 
sourcing voltage: 60 V; 
minimum resolutions: 
1 µV and 100 pA; 

0.012% basic 
measurement 
accuracy for 
voltage  

Fig. 5. Schematic diagrams of light scattering at a surface in reality (left dia
gram) and modelled by a Monte-Carlo ray-tracing technique (right diagram). 
Note: scattering is a 3D phenomenon, but here shown in 2D. 
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number of the rays, which were emitted from the light source and 
perpendicularly applied to the aperture of the front glass cover of the 
prototype system, was set to 1,000,000 according to a ray-independence 
study. 

In the process of tracing a ray through the system, the outcome of 
events (transmission, reflection, scattering and absorption) was deter
mined by the Monte-Carlo method (Nitz et al., 1998; Leow et al., 2013; 
Lambda Research Corporation, 2020). Specifically, each time the ray 
intersects a surface, the surface properties (specular/diffuse trans
mittance, specular/diffuse reflectance and absorptance) are used as 
probabilities and compared to a randomly generated number (between 
0 and 1); for example, for a non-absorbing surface with 30% reflectance 
and 70% transmittance, if the number is between 0 and 0.3, the ray is 
reflected, otherwise the ray is transmitted. The process continues until 
the ray is lost from the system, absorbed by the solar cell or attenuated 
with its energy flux below the predefined threshold 5% (i.e. fraction 
value of starting energy flux). 

n =
1 +

̅̅̅̅rs
√

1 −
̅̅̅̅rs

√ (2)  

α =
4πk

λ
(3)  

rs =
β −

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

β2 − 4(2 − Rs)Rs

√

2(2 − Rs)
(4)  

β = T2
s − R2

s + 2Rs + 1 (5)  

k = −
λ

4πd
lnτS (6)  

τS =
Rs − rs

rsTS
(7)  

where n is the refractive index of the substrate, α is the absorption co
efficient of the substrate, rs is the reflectance at the air-substrate inter
face, τs is the internal transmission of the substrate, Rs and Ts are the 
directional-hemispherical reflectance and transmittance of the sub
strate obtained from spectroscopy measurements, k is the extinction 
coefficient of the substrate, d is the substrate thickness, λ is wavelength. 

3.2.2. Validation of the Monte-Carlo ray-tracing model 
Prior to the design of the prototype system, a preliminary verification 

of the proposed Monte-Carlo ray-tracing technique by indoor experi
mental tests was carried out. The validation samples were manufactured 
with a GPE Scientific low-iron glass slide (50 mm × 50 mm × 4 mm), a 
Talesun c-Si solar cell and different types of static diffuse reflective film, 
as shown in Fig. 8. The c-Si solar cell has dimensions of 1 cm × 1.2 cm (1 
cm2 active area) and the electrical properties: 35 mA short-circuit cur
rent, 611 mV open-circuit voltage, 0.768 fill factor and 16.5% power 
conversion efficiency at standard test conditions (100 mW/cm2 illumi
nation, AM1.5 solar spectrum and 25 ◦C cell temperature). The solar cell 
was tabbed with Ulbrich tin-coated copper PV wires (1.8 mm wide and 
0.1 mm thick) using a low-melting-point tin/lead solder. The wire- 
tabbed solar cell and the static diffuse reflective film were optically 
bonded to the low-iron glass slide. The optical bonding was achieved 
using a Dow-Corning® 1–2577 transparent silicone-based coating, 
whose thickness on the glass substrate was uniformly controlled at 0.5 
mm through the tape casting technique (also called doctor-blade 
method) (Ahmadi et al., 2014; Chen and Ting, 2013). Before testing, it 
is important to ensure that the active area of the solar cell is in complete 
contact with the coated glass substrate with no solder bump and air gap 
in-between; otherwise, these would affect the experiment validation due 
to a reduced amount of light collected by the solar cell (Zhang et al., 
2015). 

The static diffuse reflective films are commercially available frosted 
films, named plain frosted film (Purlfrost®), white frosted film (Purlfrost 
Ltd®), milky frosted film (d-c-fix®) and opal frosted film (Purlfrost®). 
These frosted films are a type of solar control film for windows to scatter 
sunlight in the visible range and reduce glare. Their spectral trans
mittance and reflectance films were measured using the same spec
troscopy method and optical devices as for the thermotropic membrane. 

It can be seen from Fig. 9(a) that the plain frosted film has the highest 
transmittance in the wavelength range from 400 to 950 nm, followed by 
the white frosted, milky frosted and opal frosted films; for example, the 
values at the 600 nm wavelength are 92.5% (plain frosted film), 75.2% 

Fig. 6. Calculated spectral absorption coefficient and refractive index for (a) the GPE Scientific low-iron glass slide and (b) the Dow-Corning® 1-2577 coating layer.  

Fig. 7. Normalised irradiation spectrum of the tungsten halogen lamp 
compared with the normalised standard AM1.5G solar spectrum. 
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(white frosted film), 66.8% (milky frosted film) and 55.3% (opal frosted 
film), respectively. Conversely, the opal frosted film has the highest 
reflectance over the 400–950 nm spectrum, followed by the milky 
frosted, white frosted and plain frosted films, as shown in Fig. 9(b); for 
example, the values at 600 nm are 40.4% (opal frosted film), 30.2% 
(milky frosted film), 22.9% (white frosted film) and 10.1% (plain frosted 
film), respectively. The purpose of using these different static diffuse 
reflective films is to acquire preliminary observations on the effect of the 
dynamic reflectance of the developed thermotropic membrane on PV 
electricity generation. 

The electrical characteristics of the fabricated samples including the 
reference PV module (with no film) were measured using the setup 
shown in Fig. 4. From Fig. 10 and also Fig. 11(a), it can be seen that the 
sample based on the opal frosted film has both the highest short-circuit 
current (17.6 mA) and maximum power output (8.5 mW), followed by 
the samples based on the milky frosted film (17.0 mA and 8.3 mW), the 
white frosted film (16.8 mA and 8.1 mW), the plain frosted film (16.1 
mA and 7.8 mW) and with no film (15.1 mA and 7.3 mW). The sequence 

is the same as that found for the reflectance measurement. The result 
suggests that using a diffuse reflective film with higher reflectance for 
application in PV glazing can contribute to improved electricity 
generation. 

The fabricated samples were optically modelled using the proposed 
Monte-Carlo ray-tracing technique. The model settings are the same as 
those described in Section 3.2.1, except using the measured spectral 
properties for the static diffuse reflective films as input. The simulated 
irradiance on the solar cell surface for the samples is shown in Fig. 11(b). 
The irradiance is increased from 423.1 to 447.7 W/m2 when the refer
ence PV module is integrated with the plain frosted film, and further to 
489.5 W/m2 when integrated with the opal frosted film with higher 
reflectance. The result indicates that increasing the reflectance of the 
diffuse reflective film yields a more substantial solar concentration 
effect. 

As known from the literature (Sharaf and Orhan, 2015; Xuan et al., 
2019), the short-circuit current produced by a crystalline-silicon solar 
cell can be taken as directly proportional to the solar irradiance on it, 

Fig. 8. PV modules with (a) no film, (b) a plain-frosted film, (c) a white-frosted film, (d) a milky-frosted film and (e) an opal-frosted film. The ratio between the solar 
cell area and the frosted film area is 1:5. 

Fig. 9. (a) Spectral transmittance and (b) spectral reflectance of the frosted films from 350 to 950 nm.  

Fig. 10. (a) Current-voltage (I-V) characteristics and (b) power-voltage (P-V) characteristics of the PV modules at a cell temperature of 25 ◦C and under an incident 
radiation level of 460 W/m2. 
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which allows using irradiance or optical concentration ratio as an 
indication of short-circuit current. Therefore, the short-circuit current of 
a concentrating PV module could be expressed by Eq. (8) (Baig et al., 
2020; Li et al., 2014; Nilsson, 2005) with respect to a reference case. This 
equation together with the experimental result was applied for vali
dating the developed optical models. As compared in Table 2, the de
viation between the ratio of short-circuit-currents (from the experiment) 
and the ratio of irradiances (from the optical simulation) is less than 
1.5% for all the static diffuse reflective film cases. Therefore, the pro
posed Monte-Carlo ray-tracing technique can be considered as a reliable 
approach for the design and optical analysis of diffuse-type solar 

concentrators. 

Isc

Isc,ref
=

G
Gref

(8)  

where Isc is the short-circuit current of the concentrating PV module, 
Isc,ref is the short-circuit current of the reference PV module with no 
concentrator, G is the irradiance on the PV cell under solar concentra
tion, Gref is the irradiance on the reference PV cell. 

Fig. 11. (a) Measured electrical properties and (b) simulated irradiance on the solar cell for the PV modules based on different frosted-films (FF) and the reference PV 
module with no film. 

Fig. 12. (a) Spectral transmittance, (b) spectral reflectance and (c) average visible light transmittance and reflectance of the 6 wt% HPC and 1.5 wt% GGF based 
hydrogel membrane with 1 mm thickness under various membrane temperature conditions. 
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4. Results and discussion 

4.1. BICPV smart window prototype design and development 

4.1.1. Thermotropic membrane properties 
Fig. 12 shows the spectral transmittance and reflectance of a 1-mm- 

thick thermotropic hydrogel membrane synthesised of 6 wt% HPC and 
1.5 wt% GGF. The average light transmittance (Tvis) and reflectance 
(Rvis) in the visible region (380–780 nm) of the hydrogel membrane were 
calculated by Eqs. (9) and (10) (BS EN 410:2011, 2011), respectively. 
From Fig. 12(a), it can be seen that the spectral transmittance reduces 
from over 90% to about 10% with an increase in membrane temperature 
from 25 to 58 ◦C. A transition temperature of 40.5 ◦C is recorded (see 
Fig. 12(c)). Here, the transition temperature is quoted as the tempera
ture at which the average visible light transmittance equals to 50% of 
the transmittance at 25 ◦C. On the other hand, the spectral reflectance 
increases from approximately 10% to over 40% when the temperature 
increases from 25 to 58 ◦C, as shown in Fig. 12(b). The sharp changes in 
transmittance and reflectance are caused by phase separation in the 
hydrogel membrane, where HPC polymer chains aggregate and free 
water quenches out of the polymer network, owing to the weakening of 
hydrogen bonding between HPC polymer chains and surrounding water 
molecules by heating (Allen et al., 2017; Connelly et al., 2017). The 
formation of local differences in refractive index between the HPC ag
gregation and water matrix induces light scattering in the hydrogel 
membrane (Resch and Wallner, 2009). As can be seen from Fig. 12(a–c), 
the further temperature elevation from 54 to 58 ◦C leads to insignificant 
changes in transmittance and reflectance, indicating the near comple
tion of phase separation. At 58 ◦C, the average visible light trans
mittance and reflectance are 11.7% and 47.1%, respectively. 

Tvis =

∑780nm
380nmDτT(λ)V(λ)Δλ
∑780nm

380nmDτV(λ)Δλ
(9)  

Rvis =

∑780nm
380nmDτR(λ)V(λ)Δλ
∑780nm

380nmDτV(λ)Δλ
(10)  

where T(λ) is the measured spectral transmittance, R(λ) is the measured 
spectral reflectance, Δλ is the interval between wavelengths, V(λ) is the 
spectral luminous efficiency for photopic vision defining the standard 
observer for photometry, and Dτ is the relative spectral distribution of 
illuminant D65. 

4.1.2. Predicted optical performance 
A prototype for the BICPV smart window system was designed with 

the aid of the validated Monte-Carlo ray-tracing model. Fig. 13 shows 
the main components comprising the prototype. The thermotropic 
reflective layer was for simplicity modelled as a Lambertian surface 
between the back glass cover and the optical coating layer. The dynamic 
reflectance of the Lambertian surface was assumed to be in the range of 
10–47%, according to the optical measurement (displayed in Fig. 12). 

Optical simulations were conducted for a series of the designed pro
totypes with respect to different glazing aperture areas (between 20 mm 
× 20 mm and 80 mm × 80 mm) and different glazing cover thicknesses 
(between 1 and 8 mm). The optical concentration ratio, which is 
denoted as the ratio of the irradiance on the solar cell surface to the 
irradiance on the front glazing aperture, was calculated for the different 
design scenarios. 

As can be seen from Fig. 14(a), the optical concentration ratio of the 
designed prototypes is strongly dependent on the reflectance of the 
thermotropic layer. Take the prototype with the front glass cover di
mensions of 50 mm × 50 mm × 4 mm as an example: the optical con
centration ratio increases from 0.96 to 1.15 when the reflectance 
increases from 10% to 47%. Significant improvements in optical con
centration ratio are observed by increasing the glazing aperture area 
until it exceeds 70 mm × 70 mm. This indicates that further extensions 
of the glazing aperture area could not contribute to more photons being 
collected by the solar cell, due to the losses of photons caused by mul
tiple scattering, absorption and escaping. In terms of the front glass 
cover thickness, the optical concentration ratio is maximum at the 
thickness of 3 or 4 mm, as shown in Fig. 14(b). This may be because a 
higher thickness results in longer paths for the photons travelling in the 
front glass cover before reaching the solar cell and thus higher optical 
absorption; however, reducing the thickness may cause more scattered 
photons escaping from the front glass cover, due to an increased number 
of light pass between the boundaries of the front glass cover, i.e., a 
higher possibility for light entering the glass-air interface at angles less 
than the critical angle. 

Considering the balance between the predicted optical concentration 
ratio and the uniformity of the indoor lamp irradiation over the sample 
aperture area (>5% errors when the sample aperture area is greater than 
50 mm × 50 mm), the dimensions of the front glazing cover were 
selected as 50 mm × 50 mm × 4 mm for the prototype fabrication. 
Optical simulations have also been conducted for different thicknesses of 
the back glass cover, however, which show only a minor effect on the 
optical concentration ratio. 

4.2. Electrical and solar control performance 

A prototype of the optimised design (Fig. 13) for the BICPV smart 
window system was fabricated and evaluated by an indoor experiment. 
The electrical and optical performance of the prototype along with the 
membrane temperature and solar cell temperature were measured 
simultaneously. Fig. 15 shows the transition process of the prototype 
from a clear state to a light-scattering state with an increase in mem
brane temperature. The light transmitted through the prototype was 
detected by the cosine-corrected irradiance probe held against the 

Table 2 
Comparison between the simulated and measured results for the tested PV 
modules.   

Reference Plain 
FF 

White 
FF 

Milky 
FF 

Opal 
FF 

Reflectance at 600 nm  10.1% 22.9% 30.2% 40.4% 
Measured short-circuit 

current (mA) 
15.14 16.12 16.76 16.95 17.56 

Current ratio (Isc/Isc,ref) – 1.065 1.107 1.120 1.160 
Simulated irradiance 

(W/m2) 
423.1 447.7 462.5 470.4 489.5 

Irradiance ratio (G/Gref) – 1.058 1.093 1.112 1.157 
Difference between the 

ratios  
0.62% 1.25% 0.68% 0.25%  

Fig. 13. Model geometry of the BICPV smart window prototype.  

X. Liu and Y. Wu                                                                                                                                                                                                                               



Solar Energy 220 (2021) 722–734

731

prototype’s backside. The solar cell temperature and membrane tem
perature were monitored by the T-type thermocouples, which had been 
calibrated and wrapped with aluminium foil to avoid any light exposure. 

4.2.1. Effect of membrane temperature 
Fig. 16 shows the electrical characteristics of the BICPV smart win

dow prototype with a 6 wt% HPC and 1.5 wt% GGF based hydrogel 
membrane under varying membrane temperatures. No significant dif
ferences in short-circuit current (i.e. current at the voltage of 0 V) and 
maximum power output (i.e. the peak point of a P-V curve) are observed 
between 28 ◦C and 40 ◦C. Further increasing the membrane temperature 
to above 40 ◦C yields significant increases in short-circuit current and 
maximum power output. This is because the HPC-GGF based hydrogel 
membrane above 40.5 ◦C transitions from a transparent state to a light- 
scattering state, resulting in more light being collected by the solar cell. 
As can be seen from Fig. 17(a), the short-circuit current produced by the 
BICPV smart window prototype increases from 26.9 to 31.9 mA with the 

membrane temperature increasing from 40 to 50 ◦C; meanwhile, the 
maximum power output increases from 12.1 to 14.1 mW. In contrast, the 
counterpart PV window system, which has a similar structure but 
without the hydrogel membrane, shows a continuous decline in 
maximum power output and a slight increase in short-circuit current 
with the increasing solar cell temperature (see Fig. 17(b)). The 
maximum power output and short-circuit current of the counterpart PV 
window system are 12.7% and 17.4% lower than those of the BICPV 
smart window prototype, respectively, when the solar cell temperature 
reaches 55 ◦C. 

The electrical characteristics of the BICPV smart window prototype 
and its counterpart system were also compared under different condi
tions of incident light intensity and angle. Fig. 18(a) shows the I-V 
characteristics at a solar cell temperature of 50 ◦C under the three 
irradiation levels: 550, 600 and 700 W/m2. The short-circuit current of 
the BICPV smart window prototype is observed to increase from 31.9 to 
41.0 mA when the irradiation level is elevated from 550 to 700 W/m2. 

Fig. 14. Optical concentration ratio of the BICPV smart window (a) for different aperture areas of the front glazing with the same thickness 4 mm and (b) for 
different thicknesses of the front glazing with the same aperture area 50 mm × 50 mm; the reflectance (R) of the thermotropic layer is assumed to vary between 10% 
and 47%. 

Fig. 15. Images illustrating the state transition of the BICPV smart window prototype with the membrane temperature increasing.  

Fig. 16. (a) I-V and (b) P-V characteristics of the 6 wt% HPC and 1.5 wt% GGF based BICPV smart window prototype under different membrane temperatures and an 
irradiation level of 550 W/m2. 
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Under the same irradiation levels, the BICPV smart window prototype 
has both higher short-circuit currents and power outputs (i.e. current 
times voltage) compared with its counterpart system. From Fig. 18(b), it 
can be seen that the short-circuit current of the BICPV smart window 
prototype under 700 W/m2 irradiation decreases from 41.0 to 21.3 mA 
when the incident light angle is increased from 0◦ (normal to the plane) 
to 60◦. At the same incident light angles, the BICPV smart window 
prototype offers better electrical performance than its counterpart 

system. 

4.2.2. Effect of HPC concentration 
The effect of HPC concentration on the electrical and optical per

formance of the BICPV smart window prototype has been investigated. 
Three hydrogel membranes consisting of 1.5 wt% GGF and different 
HPC concentrations (2, 4 and 6 wt%) were prepared for the comparative 
analysis. As can be seen from Fig. 19(a), the maximum power outputs of 

Fig. 17. Short-circuit current and maximum power output of (a) the BICPV smart window prototype and (b) its counterpart with no membrane, as a function of solar 
cell temperature. 

Fig. 18. I-V characteristics of the BICPV smart window prototype and its counterpart system (a) under the irradiation levels of 550, 600 and 700 W/m2 at the 
incident light angle of 0◦, and (b) at the incident light angles of 0◦, 30◦ and 60◦ under the irradiation level of 700 W/m2. 

Fig. 19. (a) Maximum power output and (b) transmitted radiant intensity of the 2, 4 and 6 wt% HPC based BICPV smart window prototypes as a function of 
membrane temperature under an irradiation level of 550 W/m2. Error bars represent one standard deviation. 
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the three BICPV smart window prototypes show decreasing trends when 
the membrane temperature increases from 28 to 39 ◦C. This is because of 
the fact that under constant irradiation, the power conversion efficiency 
of c-Si solar cells decreases with an increase in operating temperature 
(Brano et al., 2010). The maximum power outputs of the three pro
totypes start to increase once the membrane temperature exceeds 40 ◦C, 
due to the occurrence of phase separation. The 6 wt% HPC based pro
totype shows a 17.1% increase in the mean value of maximum power 
output with the membrane temperature increasing from 40 to 54 ◦C, 
followed by the prototypes based on 4 wt% HPC (11.5%) and 2 wt% HPC 
(8.9%). On the other hand, the mean values of the intensity of the light 
transmitted through the prototypes based on 6 wt%, 4 wt% and 2 wt% 
HPC reduce by 70.9%, 66.5% and 57.3%, respectively, when the 
membrane temperature increases from 28 to 54 ◦C, as shown in Fig. 19 
(b). The outcomes may be attributed to higher reflectance and lower 
transmittance of the hydrogel membranes with greater HPC concen
trations (Connelly et al., 2017; Connelly et al., 2016), because of more 
HPC aggregates formed in the water matrix during phase separation. 

The above experimental results demonstrate that the BICPV smart 
window system has the potential to provide lower solar heat gains and 
higher electricity generation when subjected to higher membrane tem
peratures, which could protect the building interior from overheating in 
summer and improve the building energy efficiency. The optical analysis 
reveals that the effectiveness of solar concentration via total internal 
reflection is related to the thermotropic membrane reflectance as well as 
the optical losses due to escaping of light from the system. The ther
motropic membrane reflectance could potentially be further enhanced 
by increasing the HPC concentration, HPC particle size or membrane 
thickness. The optical losses may be reduced by applying low-iron glass 
covers with a higher refractive index. The optimisation, however, should 
also take into account the reduction in daylight transmission and the 
impacts on occupant comfort and building energy consumption. 

5. Conclusions 

A Building Integrated Concentrating Photovoltaic (BICPV) smart 
window with a dual function of electricity generation and adaptive solar 
radiation control has been introduced in this project. A validated Monte- 
Carlo ray-tracing technique has been applied for the system design and 
performance prediction. A thermotropic hydrogel membrane comprised 
of 6 wt% HPC and 1.5 wt% GGF has been selected for the BICPV smart 
window system due to its relative higher reflectance than the other type 
of wt% HPC and GGF when above transition temperature and also meet 
most of the window requirements. From the optical prediction, it can be 
seen that the prototype with a 50 mm × 50 mm × 4 mm front glass cover 
and a 10 mm × 10 mm solar cell exhibits better electrical performance 
than the other designs of similar aperture size but with different thick
ness. A prototype with this suggested design has been subsequently 
fabricated and characterised experimentally. Some key findings from 
the BICPV smart window characterisations are presented below:  

1 The maximum power output of the BICPV smart window system 
decreased with an increase in membrane temperature until reaching 
the HPC thermotropic membrane transition temperature of 40.5 ◦C; 
it increased significantly thereafter. 

2 The BICPV smart window system offered a higher short-circuit cur
rent and a higher maximum power output by up to 12.7% and 17.4%, 
respectively, compared to its counterpart system with no HPC ther
motropic membrane applied.  

3 An approximately 70% reduction in light transmittance for the 
BICPV smart window system was observed when the membrane 
temperature increased from 28 to 54 ◦C.  

4 Using a higher HPC concentration could potentially enhance both 
solar transmittance modulation and electricity generation of the 
system. 

Overall, this project reveals that the proposed BICPV smart window 
system has the potential to enhance the on-site electricity generation 
and reduce the risks of overheating and glare in buildings when 
compared to traditional non-concentrating PV windows. Future work 
will need to be carried out to adjust the transition temperature and 
optimise the light-scattering properties of the thermotropic hydrogel 
membrane to make it more suitable for building applications. Building 
energy simulation will need be performed to evaluate the daylight 
performance and energy-saving potential of the BICPV smart window 
system. 
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