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Abstract

Global concerns over climate change and ever-increasing energy demand have led to a growing

interest in developing renewable energy technologies. Building Integrated Photovoltaic (BIPV) window,

which is conventionally designed by incorporating a semi-transparent thin film solar cell or evenly

spaced crystalline-silicon (c-Si) solar cells between two layers of glass, is a promising technology to

generate electricity and reduce cooling demands in buildings. In this thesis, an innovative BIPV smart

window system where an optically switchable thermotropic membrane is laminated with a c-Si solar

cell layer and glass covers has been proposed. The thermotropic membrane layer can switch between

a transparent and light-scattering state as its temperature changes; in the meanwhile, a proportion of

the scattered solar radiation is trapped in the window and redirected onto the solar cell surfaces for

electricity generation. Compared with conventional BIPV windows, this smart window has the

potential to offer better control of the daylight transmitted into building spaces as well as higher

electrical power outputs. The concept is new, and findings regarding the window performance have

not been reported in the literature. To prove this concept, in this thesis, a comprehensive research

including prototype design, development and characterisations has been carried out:

(1) The system was preliminarily designed and fabricated with the aid of a simplified optical model

where the thermotropic membrane layer was assumed as a Lambertian reflector with no angular

dependence. The thermotropic membrane was made of a thermo-sensitive natural polymer at

relatively low cost, named Hydroxypropyl Cellulose (HPC), and a gelling agent with good thermal

stability, named Gellan Gum type F (GGF).

(2) The thermotropic membrane was further characterised in terms of angular scattering distribution

by using an optical modelling technique, which combines the Inverse Adding-Doubling (IAD) method,

Double-Integrating-Sphere (DIS) spectral measurement and Monte-Carlo (MC) ray-tracing method.

This IAD-MC optical model is firstly reported and can be applied to the parametric design and

optimisation of smart windows based on anisotropic scattering materials.

(3) The thermotropic membrane was optimised to have a transition temperature of 31°C and a solar

transmittance modulation of 76%. The optimised smart window was experimentally characterised

under both controlled laboratory conditions and dynamic outdoor environmental conditions.

(4) The smart window when applied in buildings was evaluated by using EnergyPlus, a validated whole-

building energy simulation program. It was found that applying the smart window could potentially

reduce the annual energy consumption by 39.0% and improve the luminous environment of a cellular

office under the UK climatic condition, as compared with using an ordinary BIPV window.
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Nomenclature

A Area (m2)

Aw Window aperture surface area (m2)

Cg Geometric concentration ratio

Ce Optical concentration ratio

D Distance (m)

Dτ Relative spectral distribution of illuminant D65

d Thickness (m)

ds Thickness of substrate (m)

dj Thickness of the glass or material layer j (m)

F(θ) Normalised angular scattering intensity (sr-1)

G Irradiance (W/m2)

Gref Irradiance on the reference PV cell (W/m2)

Gsim(θ) Simulated detected irradiance at a specific scattering angle (W/m2)

Gexp(θ) Measured detected irradiance at a specific scattering angle (W/m2)

Gpv Global solar irradiance on solar cells (W/m2)

Gw Global solar irradiance on window outside surface (W/m2)

Gi Normal incident light intensity (W/m2)

g Anisotropy factor of thermotropic layer

h Hour angle (º)

Isc Short-circuit current (A)

Isc,ref Short-circuit current of reference PV module (A)

ks Extinction coefficient of substrate

kj Thermal conductivity of the glass or material layer j (W/(m·K))

N Day number

L Latitude (º)

n Refractive index

nair Refractive index of air

nglass Refractive index of glass

ns Refractive index of substrate

Pm Maximum power output (W)

Ppv Power output from the BIPV window (W)

P(θ) Single-scattering phase function
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Rt Total reflectance of thermotropic laminated glazing unit

Rsub Directional-hemispherical reflectance of substrate

Rse External surface resistance ((m2·K)/W)

Rsi Internal surface resistance ((m2·K)/W)

Rair, j Thermal resistance of the air space j between two layers ((m2·K)/W)

rs Reflectance at the air-substrate interface

Sτ Relative spectral distribution of solar radiation

Tpv Solar cell temperature (ºC)

Tsub Directional-hemispherical transmittance of substrate

Tt Total transmittance of thermotropic laminated glazing unit

Tc Collimated transmittance of thermotropic laminated glazing unit

Ts Transition temperature of thermotropic layer (ºC)

Ug U-value of glazing (W/(m2·K))

V(λ) Spectral luminous efficiency for photopic vision defining the standard

observer for photometry

Zs Surface azimuth angle (º)

z Solar azimuth angle (º)

α Solar altitude angle (º)

αs Absorption coefficient of substrate (1/mm)

β Surface tilt angle (º)

fpv PV cell coverage ratio

Temperature coefficient of power (1/ºC)

Φ Solar zenith angle (º)

Ω Solid angle (º)

δ Declination angle (º)

λ Wavelength (nm)

∆λ Interval between wavelengths (nm)

θ Angle (º)

θc Critical angle (º)

μα Absorption coefficient of thermotropic layer (1/mm)

μs Scattering coefficient of thermotropic layer (1/mm)

Reduced scattering coefficient of thermotropic layer (1/mm)

τ(λ) Spectral transmittance

τsub Internal transmission of substrate
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τvis Average visible light transmittance

τsolar Solar transmittance

∆ τsolar Solar transmittance modulation

ρvis Average visible light reflectance

ρsolar Solar reflectance

ρo(λ) Outer-side spectral reflectance

ρi(λ) Inner-side spectral reflectance

ηo Optical efficiency

ηinverter Inverter’s conversion efficiency

ηpv Actual power conversion efficiency of solar cells

ηpv,STC Power conversion efficiency of solar cells under standard test conditions
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– Introduction and literature review

1.1 Background

With a growing concern about climate change, efforts to reduce fossil fuel consumption and

greenhouse gas emissions are being made in various fields. The building sector is one of the leading

energy consumers and carbon dioxide emitters of the world [1]. The energy used by residential and

commercial buildings in developed countries represents 20-40% of the total energy consumption, and

around 60% of all energy in buildings is consumed for space heating, space cooling, ventilation and

electric lighting [2-5]. Energy conservation and on-site renewable energy production are two main

strategies required to be adopted in the design and operation of buildings, particularly when

considering the urgent need in many developed countries for the transition towards near Zero Energy

Buildings (n-ZEBs) [6].

Windows are an essential part of buildings, providing access to light, heat, vision, sound and fresh air,

and directly related to the comfort and health of occupants [4]. Among the functionalities offered by

windows, solar heat gain and visible light transmission represent two vital factors in the energy and

environmental performance of buildings.

(a) (b)

Figure 1.1: (a) Solar heat gain through a single-glass window; (b) spectral transmittance of clear glass and low-e
glass units. Sources: [4, 7].

Solar Heat Gain Coefficient (SHGC) is a measure of how much solar energy passes through a window,

expressed by a ratio in the range of 0 to 1. Figure 1.1 (a) illustrates an example of solar heat transfer

through a traditional single-glass window. The window has a SHGC of 0.86, which equals the solar

transmittance (83%) of the glass plus the glass absorbed heat that is re-radiated to the indoor space
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(3%). The transmittance of a single clear glass in the visible range (380-780 nm) is about 90%, as

illustrated, for example, in Figure 1.1 (b). Traditional windows with high SHGCs and high visible light

transmittances ( vis) are often the reasons for overheating and glare issues [8]. Accessory solar shading

devices such as curtains or blinds are usually employed to reduce overheating and glare, however, at

the expense of useful daylight so that electric lighting has to be operated in the indoor spaces despite

high external light availability [9].

In order to achieve energy conservation in buildings, a critical step is to minimise the unwanted solar

heat and light transferred through windows that count for substantial cooling and lighting loads. The

following sections present a review focused on Building Integrated Photovoltaic (BIPV) windows

(Section 1.3), Building Integrated Concentrating Photovoltaic (BICPV) windows (Section 1.4) and

thermotropic smart windows (Section 1.5), which have been developed to overcome the drawbacks

corresponding to solar heat gain and glare control.

Recent attempts to develop hybrid BIPV smart windows (Section 1.5.4) for on-site renewable

electricity generation, adaptive solar control and building energy savings give a glimpse of the near

future of n-ZEBs. This research aims to design, develop and characterise a novel BIPV thermotropic

smart window system. This window technology is expected to provide enhanced energy and daylight

performance as compared with an ordinary BIPV window. Details about the research gap,

aim/objectives and thesis outline are given in Sections 1.6-1.8.

1.2 Overview of static and dynamic glazing technologies

Traditional windows are typically constructed of single or multiple glass panes with fixed optical

properties. A single or double-glazed window consisting of clear float glass possesses high vis ( 0.8)

and SHGC (>0.7) [4, 10] (see Figure 1.2). Both values could be reduced if changing the clear glass to

body-tinted glass, also known as absorptive glass [11]. Tinted glass blocks light transmission through

bulk absorption and re-emits a portion of the absorbed heat indoors as it is warming up. Such glazing

allows a great reduction in vis but yields a modest reduction in SHGC [11]. Float glass coated with a

spectrally selective coating, such as low-emissivity (low-E) coating, can reduce undesirable heat

exchange between the building and external environment by reflecting infrared radiation while

retaining a high level of vis. Such glazing could be formulated with a broad range of SHGC (see Figure

1.1 (b)) to balance diverse demands from the thermal insulation, solar heat gain and daylighting points

of view [4, 12]. For instance, the commercial low-E glazing products, Climaguard 80/70 with a SHGC of

0.7 and a vis of 0.8 is intended for thermal insulation and passive solar heating in cold climates, and

Climaguard 70/36 with a SHGC of 0.36 and a vis of 0.7 is intended for solar control in warm climates

[12].
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Tinted glass Onyx solar PV glazing Pleotint Suntuitive® Saint-Gobain Sageglass®

Figure 1.2: Solar heat gain coefficient (SHGC) and visible light transmittance (τ_vis) of traditional single/double
glazing units and commercial dynamic glazing units. Sources: [4, 10].

In continuous efforts to enhance the window performance, various solar energy materials for

applications in windows have been proposed. They include mainly phase change materials [13], water

[14], aerogels [15] and photovoltaic (PV) cells [1, 16]. PV glazing can convert a fraction of the absorbed

solar energy into usable electrical power instead of re-radiating it indoors, hence offering a more

effective way to reduce solar heat gains through windows in comparison to tinted glazing. One of the

challenges that most of the semi-transparent PV applications face is optimising vis and power

conversion efficiency (PCE) at the same time [2, 17]. In general, increasing vis results in a decreased

PCE, because PV cells utilise visible radiation to produce power [1, 10]. Therefore, most semi-

transparent PV glazing products are manufactured with a vis of below 30% in order to achieve a

reasonable PCE [10, 18]. The use of PV glazing with low values of SHGC and vis could alleviate the

overheating and glare discomfort to occupants, and also contribute to reduced cooling demands in

buildings. Conversely, the low values would increase the energy consumption for heating and electric

lighting in buildings.

Windows integrated with smart materials such as thermochromic materials [3], photochromic

materials [19] or electrochromic materials [20] can alter their SHGC and optical transmittance in

response to an external stimulus such as heat, light or voltage. Due to the dynamic solar heat gain and
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daylighting manipulation of the smart windows, potential energy savings are expected to derive from

the reduction in cooling and electric lighting demands (see Figure 1.3).

Figure 1.3: Energy consumption for space cooling versus artificial lighting by glazing type. Source: [3].

1.3 Building Integrated Photovoltaics (BIPV) glazing systems

The concept of BIPV glazing refers to the integration of photovoltaic devices into a transparent

building element (e.g. window, glazed façade and skylight), purposely reducing solar heat and light

transmission into buildings while providing on-site electricity generation. Most of the commercially

available solar cells such as crystalline silicon (c-Si) solar cells and thin-film solar cells (e.g. amorphous

silicon (a-Si), cadmium telluride (CdTe) and Dye-Sensitised Solar Cell (DSSC)) can be integrated into

architectural glazing [1, 10, 17] (see Figure 1.4). For example, the data shown in Table 1-1 indicate

that windows or facades integrated with the listed types of solar cells can contribute to reducing the

solar heat gain, possibility of glare discomfort and energy consumption in buildings.

(a) c-Si (b) a-Si (c) CdTe (d) DSSC

Figure 1.4: Photographs of glazing integrated with different types of solar cells. Sources: [10, 16, 21].

Crystalline silicon (c-Si) solar cells are a well-established technology with a few advantages, such as

high power conversion efficiency and long-term operational stability [1, 22-24]. The typical efficiencies

of monocrystalline silicon (mono-Si) cells and polycrystalline silicon (poly-Si) cells are 16-24% and 14-

18%, respectively [1, 25]. A c-Si BIPV glazing system is typically constructed by encapsulating an array
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of c-Si solar cells between two panes of glass by using ethylene-vinyl acetate (EVA) films or an optically

clear bonding material (e.g. polyvinyl butyral (PVB)) [1, 10]. By altering the distance between adjacent

opaque c-Si cells, a varying degree of PV cell coverage ratio (i.e., the ratio between the overall solar

cell area and the glazing aperture area) can be attained. A higher PV cell coverage ratio is generally

associated with a higher electric energy output and a lower solar heat gain; however, this would

impact the indoor daylight level, the use of electric lighting and the occupants’ satisfaction with the

amount of outside view [1].

Xu et al.[26] used the EnergyPlus program to simulate the building energy performance for c-Si BIPV

windows in central China. The optimal PV cell coverage ratio for achieving the lowest overall energy

consumption has been determined for a different combination of architectural variables, including the

BIPV window orientation and Window-to-Wall Ratio (WWR) (see Figure 1.5). Chen et al. [27]

conducted EnergyPlus simulation and field tests to evaluate the energy-saving potential of c-Si BIPV

windows under various climatic conditions in southwest China. The result obtained for the BIPV

window with a PV cell coverage ratio of 0.87, a WWR of 0.83 and south orientation shows a maximum

of 83% reduction in annual energy consumption, compared to an ordinary double-glazed window.

(a)

(b) (c)

Figure 1.5: (a) Different PV cell coverage ratios; (b) different WWRs; (c) optimal PV cell coverage ratios for
different combinations of WWR and BIPV window orientation. Source: [26].

Thin-film solar cells, which are semi-transparent, uniform in appearance, flexible and lightweight, are

of particular interest for BIPV glazing applications. Unlike c-Si solar cells with a thickness of up to 200

, thin-film solar cells have a thickness of the order of a few microns [28]. Thin-film manufacturing

techniques such as Plasma-Enhanced Chemical Vapour Deposition (PECVD) allow thin films of varying

thickness to be deposited on transparent substrates such as glass and plastic [29, 30]. For enhanced

transparency, thin-film solar cell layers can be either made extremely thin or patterned by laser cutting

[17, 31, 32]. Amorphous silicon (a-Si) cell is a well-developed thin-film PV technology [1]. Due to the

thinner layer produced, an a-Si cell requires less amount of silicon for its manufacture and thus costs

less compared to a c-Si cell. Moreover, a-Si cells are less affected than c-Si cells by high operating
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temperature, shading and air pollution, allowing greater flexibility in building integration [10, 33].

Although many efforts such as surface texturisation and adding anti-reflection coatings have been

made to enhance the optical absorption of a-Si cells, the power conversion efficiency can hardly

exceed 12% [29, 31, 34].

Cadmium Telluride (CdTe) cells are well suited for BIPV glazing applications with cost and performance

advantages over a-Si cells. The record laboratory efficiency of CdTe cells is 21.0±0.4% [35]. In addition,

CdTe can be deposited onto large-area substrates easier and faster when compared with a-Si [33, 36].

So far, CdTe is the only thin-film material to compete with c-Si in terms of cost per watt [33]. On the

other hand, CdTe is a potentially toxic material and could pose some adverse effects on the ecological

environment and human health.

Dye-sensitised solar cells (DSSCs) have gained widespread attention for their unique properties:

inherent semitransparency, colour tunability (depending on the dye used), substrate flexibility and

ability to operate in variable lighting conditions, which make them a promising candidate for BIPV

glazing applications [1, 22]. However, their commercial uptake is still hindered by several problems

such as low power conversion efficiency (up to 12%), chemical degradation and electrolyte leakage

[23, 37].

Table 1-1: Studies on BIPV glazing technologies.

Ref Type Objective Method Region Major outcome

[38] c-Si To develop a 1D transient heat

transfer model

EnergyPlus

simulation

Hong

Kong

About 70% reduction in total heat gain for

a PV cell coverage ratio of 0.8

[39] c-Si To assess the temperature effect

on the electrical performance of a

BIPV façade module

Indoor &

Outdoor

experiments

Korea

0.52% reduction in power output per 1

increase in the module’s operating

temperature

[40] a-Si To find the optimal solar cell

transmittance and WWR for a

semi-transparent BIPV

EnergyPlus

Tokyo

Largest energy saving potential for 50%

WWR and 40% solar cell transmittance

[41] a-Si To investigate the energy-saving

potential of a semi-transparent

PV insulating unit

EnergyPlus
Hong

Kong

25.3% reduction in annual building energy

consumption compared to a clear single-

glass window

[42] CdTe To evaluate the energy and

daylight performance

EnergyPlus

& RADIANCE

Five

cities in

China

Up to 73% energy saving and lower

possibility of glare compared to a

conventional double glazing

[43] DSSC To investigate the electrical

characteristics under varying sky

conditions

Outdoor

experiment Daejeon

Enhanced power conversion efficiency at a

lower solar intensity
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1.4 Building Integrated Concentrating Photovoltaics (BICPV) systems

Low electric power output per unit solar cell area is one of the major barriers to the widespread

adoption of BIPV systems. A viable solution to improve the rate of power generation is to incorporate

a solar concentrator in BIPV design [44]. The idea behind solar concentrators is to concentrate sunlight

onto PV cell areas by using low-cost optical devices made of materials such as plastic, glass and mirror

[45, 46]. For building integration, the majority of Concentrating Photovoltaics (CPV) systems are

designed to be stationary with low concentration ratios (<10 suns) [47]. Although CPVs with medium

concentration ratios (10-100 suns) or high-concentration ratios (>100 suns) could potentially offer a

higher electric power output per unit solar cell area, they require one or two-axis tracking systems to

cater for the sun movement and maximise the solar radiation collection through a day, which prevents

them from architectural integration. A review on the suitability of CPVs for building integration was

presented by Chemisana [44].

A variety of concentrating optics have been proposed for BICPV applications, classified by geometric

shape, including planar optics (e.g. diffused reflector [48], holographic film [49] and Luminescent Solar

Concentrator (LSC) [50, 51]) and non-planar optics (e.g. Fresnel lens [52], wedge prism [53, 54] and

Compound Parabolic Concentrator (CPC) [55]). Such optics are generally designed and optimised using

ray-tracing techniques [56]. The following sub-sections will describe the two categories of BICPV

systems in detail and their research findings.

Flat-plate static solar concentrators

Flat Plate Static Concentrators (FPSCs) usually feature a transparent planar waveguide with reflectors

placed in between adjacent solar cells or at the waveguide’s backside, as illustrated in Figure 1.6. The

reflector can be in the form of a metal-coated v-grooved sheet [57, 58], a Lambertian diffused sheet

[59-61] or a plate doped with luminescent species [62-64]. When light rays enter an FPSC, some rays

are specularly reflected or scattered from the reflectors. A fraction of the reflected rays are trapped

within the waveguide through Total Internal Reflection (TIR) and subsequently redirected to the solar

cells for power generation. The light-trapping ability is determined by the critical angle of the

waveguide (e.g. 42 for glass cover with a refractive index of 1.5 [65]) and also affected by the usage

of secondary optical elements (e.g. mirrors and lenses at the waveguide’s edges [48]).
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(a)

(c)
(b)

Figure 1.6: Cross-section of FPSC modules incorporating (a) v-grooved reflectors and monofacial solar cells, (b)
v-grooved reflectors and bifacial solar cells, (c) Lambertian diffused reflectors. Sources: [57, 66].

Uematsu et al. [57, 67, 68] proposed two FPSC modules consisting of v-grooved reflectors with

monofacial solar cells (Figure 1.6 (a)) and bifacial solar cells (Figure 1.6 (b)) respectively. The short-

circuit current densities of the monofacial-cell-type and bifacial-cell-type FPSC modules are 1.31 and

1.71 times higher as compared to their counterparts without v-grooved reflectors. A further

optimisation study of the monofacial-cell-type FPSC module was carried out by Yoshioka et al. [58].

The simulation result showed that the FPSC module with the optimised parameters, including a v-

groove slope angle of 30°, a reflector width of 8 mm and a cell width of 14.5 mm, could reduce the

coverage area of solar cells to 75% of a conventional PV module. The findings of a ray-tracing study by

Weber et al. [69] revealed that the optical performance of FPSC modules based on v-grooved

reflectors is strongly dependent on the modules’ elevation angle and orientation.

In contrast to v-grooved reflectors, Lambertian type diffused reflectors scatter light uniformly

regardless of the angle of light incidence. Hence, a Lambertian solar concentrator provides similar

optical concentration effects over a wide range of incidence angles [66, 69]. Chou et al. [70] developed

a flexible FPSC module consisting of a polydimethylsiloxane (PDMS) plate with edge-adhered poly-Si

solar cells and a white-diffuse rear reflector, as shown in Figure 1.7 (a). The white-diffuse rear reflector,

which was made from another PDMS layer doped with TiO2 nanoparticles, behaved as a near-

Lambertian reflector. By ray-tracing simulation, it was found that the FPSC module has nearly constant

optical concentration ratios (Ce) for incidence angles up to 50° (see Figure 1.7 (b)). Moreover, the FPSC

module with four poly-Si cells has an optical efficiency (ηo) of 35.07% and a power conversion

efficiency of 4.63%. Here, Ce is defined as the ratio of the irradiance (W/m2) on the PV cell surface to

that on the module aperture; ηo is defined as the ratio of the radiant energy flux (W) received by the

solar cells to the flux incident on the module aperture.
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(a) (b)
Figure 1.7: (a) Photograph of a bendable FPSC module with a PDMS/TiO 2 composite bottom layer; (b) optical
concentration ratio (red curve) of a 5 cm 5 cm FPSC module with four poly-Si cells as a function of incidence
angle. The optical concentration ratios are less than 1, because the solar cells were mounted at the module’s
edges where receive the light scattered from the white-diffuse rear reflector and have lower irradiances
compared with the direct normal irradiance on the module’s front aperture. Source: [70].

Hazel [71] proposed a new design of solar shading device based on bifacial solar cells in combination

with a white semi-transparent rear reflector, as illustrated in Figure 1.8 (a). The solar shading devices

were installed with a tilt angle of 45° at the top of the south-oriented windows, to allow glare-free

diffuse light to enter the office room, as shown in Figure 1.8 (b). This design enables the collection of

the solar radiation falling on the front sides of the bifacial cells as well as the light backscattered to

the rear sides, which achieves up to 58% enhancement in power output compared to the monofacial-

cell-type counterpart.

(a) (b)
Figure 1.8: (a) Schematic of the bifacial PV shading device with a semi-transparent rear reflector; (b) photograph
of the shading devices installed above the south-oriented windows. Source: [71].

An FPSC module utilising Luminescent Solar Concentrator (LSC) panels as rear reflectors was

introduced by Leow et al. [62-64]. In contrast to the traditional LSC windows in which solar cells are

attached along the perimeter of an LSC layer [72-74], the proposed system is constituted of a

transparent acrylic waveguide with solar cells mounted front-facing and interspaced with LSC panels.

As can be seen from Figure 1.9 (a), the incident light is absorbed by the organic dyes (LR305) dispersed
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in the LSC panels and re-emitted isotropically, with a fraction redirected towards the solar cells

through total internal reflection. The result of ray-tracing simulation in Figure 1.9 (b) shows that the

system yields a power gain of about 1.6 (i.e., about 60% increment in power output relative to the

counterpart with no LSC panel) when the LSC distance between adjacent cells is increased to 10 cm.

A further increase in LSC distance sees minor power gain improvement because of exacerbated

photon losses by re-absorption and escaping [62].

(a) (b)

Figure 1.9: (a) Schematic illustrating the transport of photons in an acrylic waveguide coupled with LSC rear
panels; (b) power gain as a function of the LSC distance between adjacent solar cells. Source: [63].

Dielectric based compound parabolic concentrators

A significant problem associated with FPSCs for window integration is their low transparencies caused

by the use of highly reflective/scattering materials for the sake of attaining high optical concentration

ratios. Transparent dielectric material based solar concentrators provide a practical approach to

improve PV power generation and allow access to daylight. Dielectric Compound Parabolic

Concentrators (DiCPCs) forms a category of static solar concentrators widely studied, especially for

building integration [75, 76]. The reported dielectric materials for DiCPCs include polycarbonate [77],

polyurethane [78], polymethyl-methacrylate (PMMA) [79] and Topas® (cyclic olefin copolymer) [77],

which are electrical insulators with high visible transparency (i.e., in the range of 70% to 90%) [77, 80].

Different geometrical profiles of DiCPCs such as three-dimensional crossed CPC [78, 79], rotational

asymmetric CPC [81], linear asymmetric CPC [82, 83] and lens-walled CPC [84] have been introduced,

and the DiCPCs’ performance in terms of optical efficiency, I-V characteristics and temperature

distribution have been investigated by numerical simulations and experiments.

Baig et al. [78, 79] brought forward a CPV system based on 3D Crossed Compound Parabolic

Concentrator (3DCCPCs), as shown in Figure 1.10. An array of 3DCCPCs made from a clear

a: incident ray

b: luminescent particle

c: re-emitted photon

d: wave-guided photon

e: luminescent layer

f: acrylic waveguide

g: solar cell
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polyurethane material (Crystal-clear 200®) were optically bonded to solar cells using an encapsulation

material (Sylguard-184), and the bonded units were placed between two glass panes. Figure 1.10 (d)

illustrates the trajectories of light rays entering a 3DCCPC at different incidence angles. The ray-tracing

simulation results show that the 3DCCPC has a 34.5° acceptance half-angle (i.e., the incident angle at

which the optical flux reaching the exit aperture falls to 90% of its maximum [78, 85]), combined with

a maximum optical efficiency of 73.4%. The maximum power output of the CPV system was found to

be 2.65 times higher than that of its counterpart without 3DCCPCs at normal light incidence.

(b)

(a) (c)

(d)

Figure 1.10: (a) Components of the 3DCCPC based BICPV system; (b) 3DCCPCs made from a clear polyurethane
material; (c) prototype with nine solar cells and 3DCCPCs; (d) ray-tracing graphs of the 3DCCPC for different
angles of light incidence. Source: [78, 79].

The research team at the University of Exeter [56, 76, 86, 87] developed a CPV system consisting of

linear Asymmetric Compound Parabolic Concentrators (ACPCs), as shown in Figure 1.11. The designed

ACPCs allows the incident light within the range of acceptance angles (0°-55°) to be efficiently

collected for power generation, and in the meantime, allowing some light to escape at the air-

dielectric interfaces and transmit through the system for daylighting purposes. The outcome from an

indoor experiment shows that the CPV system has a maximum optical efficiency of 80.5% and a

maximum power ratio of 2.27 (i.e., the ratio of power output relative to a non-concentrating
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counterpart) at the incidence angle of 20° [86]. The CPV system was further characterised by an

outdoor experiment in Edinburgh under different weather conditions (sunny, cloudy and rainy). An

average power ratio of 2.19 was reported for the CPV system tested on a sunny interval day in October.

(a) (b)

(c) (d)

Figure 1.11: (a) Schematic of the ACPC-PV glazing system; (b) prototype fabricated for indoor characterisation;
(c) indoor experimental setup; (d) outdoor experimental setup. Source: [56, 87].

Despite the significant increment in power output, the use of dielectric CPCs usually leads to high solar

cell temperature and non-uniform illumination on the solar cell surface [56, 78]. Baig et al. [56]

simulated the thermal and electrical performance of the linear ACPC system (Figure 1.11) under the

standard solar irradiation (AM1.5, 1000 W/m2). A 51°C maximum increase in solar cell temperature

was observed, which brought down the power conversion efficiency from 18.5% (at 23°C) to 15.6%

(at 74°C). The non-uniformity in flux distribution along the solar cell tends to cause detrimental hot-

spots, current mismatch and degradation in cell performance [44, 56]. The overheating problem can

be relieved by combining the CPV systems with passive cooling mechanisms such as natural ventilation

and Phase Change Material (PCM) [88]. However, these would increase cost and complexity with

regards to architectural integration.
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1.5 Smart window technologies

Smart or switchable windows can change their optical properties reversibly to adapt to time-varying

weather conditions or user requirements, hence offering selective and dynamic modulation of

incoming solar radiation [9, 89]. Such functionality has become possible by exploiting chromogenic

materials (e.g. thermochromic, photochromic, electrochromic and gasochromic), thermotropic

materials, Suspended Particles Devices (SPDs) and Polymer Dispersed Liquid Crystals (PDLCs) [20, 89].

Thermo-sensitive materials which achieve transmittance modulation via tunable scattering

behaviours are usually denoted as “thermotropic materials” in distinction to “thermochromic

materials” characterised by colour change. When used in windows, thermotropic materials offer an

interesting possibility for the passive control of solar heat and visible light into buildings by varying

ambient temperature. This feature helps in reducing the building energy consumption for cooling in

summer without compromising much of the solar radiation for space heating and daylighting in winter.

In addition, thermotropic windows act on the basis of scattering effect, thereby imparting effective

glare reduction. One disadvantage of thermotropic windows is that the optical switching cannot be

actively controlled; therefore, they are not suitable for use in the areas where a permanent view from

the inside out is required. The subsections provide a brief review of smart windows based on

thermotropic hydrogels with relevant data to aid in understanding their optical behaviours and effects

on building energy performance.

Mechanism of thermotropic hydrogels

Thermotropic hydrogels are water (or solvent) poured cross-linked polymer networks with both

hydrophilic and hydrophobic groups within their structures [90, 91]. Figure 1.12 illustrates the

reversible transition of a poly(N-isopropylacrylamide) (PNIPAm) based hydrogel between a

transparent state and a translucent state during heating and cooling. Below the transition

temperature (approximately 32°C), also referred to as Lower Critical Saturation Temperature (LCST),

the PNIPAm polymer is hydrophilic with hydrogen bonds prevailing between the polymer chains and

water molecules. The polymer and water are mixed homogeneously at a molecular level; therefore,

the hydrogel has a median refractive index and is highly transparent [90, 92]. Once the hydrogel

temperature goes above the LCST, the polymer-water hydrogen bonds break, and the hydrophobic

polymer-polymer interactions become dominant [91]. Subsequently, phase separation occurs with the

polymer chains aggregating and free water quenched out from the polymer network. Therefore, light

scattering takes place at the interfaces between the aggregated polymer particles (scattering domain)

and the free water (matrix) which have different refractive indices (see Figure 1.13) [92, 93], resulting

in a translucent appearance of the hydrogel.
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(a) (b)
Figure 1.12: Molecular structure of PNIPAm hydrogel in (a) the hydrated transparent state and (b) the
dehydrated translucent state. Source: [94].

Transparent state Translucent state

Figure 1.13: Light scattering induced by the difference between the refractive indices of the scattering domains
(nSD) and the matrix (nM). Source: [92].

In practical terms, the thermotropic hydrogel used in a smart window needs to fulfil a number of

requirements [90, 91, 95-97]:

 High visible light transmittance (380-780 nm) (>70%);

 Near-room-temperature transition (between 25 and 35°C);

 Steep switching gradient (<10°C);

 High reversibility and low hysteresis in the heating-cooling process;

 High viscosity to distribute the internal hydrostatic pressure evenly in the interspace of a

glazing unit and not to run out;

 Non-toxic, non-freezing, stable against UV radiation;

 Low cost and good scalability.

Thermal and optical properties of thermotropic hydrogels

Thermotropic hydrogels are commonly produced from synthetic polymers or biopolymers [90]. As a

typical member of synthetic polymers, poly(N-isopropylacrylamide) (PNIPAm) has been extensively

investigated due to its unique features, such as reversible abrupt transparent-opaque transition, good
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resistance to UV radiation and simplicity of synthesis [98, 99]. Pure PNIPAm hydrogels have an LCST

of approximately 32°C [100]. The LCST of PNIPAm hydrogels is tunable with the approaches including

copolymerisation [101, 102], adding co-solvents [98] and adding salts [103]. Mizuntani et al. [101]

prepared PNIPAm hydrogels with LCST in the range of 25 and 40°C by copolymerising with

hydrophobic amide-monomer (to increase LCST) or hydrophilic ester-monomer (to decrease LCST).

Wang et al. [98] proposed PNIPAm microgel colloids based on a binary solvent of water and glycerol

mixture. The LCST was found to decrease from 32.2 to 20.4°C by increasing the glycerol content from

0 to 35 wt % (of total solvent). The researchers also found that adding glycerol co-solvent can enhance

the freezing tolerance and reduce the water evaporation rate of PNIPAm hydrogels [98].

Li et al. [104] demonstrated a prototype smart window with an interlayer of thermotropic hydrogel

containing co-polymerised PNIPAm-AEMA microparticles. It can be seen from Figure 1.14 that the

PNIPAm-AEMA hydrogel layer with a thickness of 240 exhibits a visible light transmittance (380-

780 nm) of 87.2%, a Near-Infrared (NIR) transmittance (780-2500 nm) of 81.6% and a solar

transmittance (250-2500 nm) of 84.1% at 25°C, together with a solar energy modulation of 81.3% (i.e.,

the difference between the solar transmittances in the clear and translucent states). However, as

commented by Maiorov [99], the transmittance modulations given in Figure 1.14 are overestimated,

because the authors only considered the change in directional (or collimated) transmittance,

neglecting the diffuse radiation transmitted through the PNIPAm-AEMA layer.

(a) (b)

Figure 1.14: (a) Transmittance spectra of the PNIPAm-AEMA layer at various temperatures; (b) integral luminous
(or visible light) transmittance, IR transmittance, solar transmittance and corresponding transmittance
modulations of the layer as a function of layer temperature. Source: [104].

The spectral transmittance of a PNIPAm hydrogel at varying layer thicknesses was investigated by

Zhou et al. [95]. As can be seen from Figure 1.15, increasing the layer thickness from 26 to 78 µm has

no significant effect on the spectral transmittance at 20°C, however, resulting in lower spectral

transmittance at 40°C. The directional visible, NIR and solar transmittance modulations of the 78-µm-

thick hydrogel layer were reported to be 65.9%, 31.7% and 49.6%, respectively. The relatively
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ineffective light shielding in the NIR region may be attributed to the small PNIPAm particle sizes that

are not comparable to the wavelength of the NIR spectral range [104, 105].

20°C 35°C

(a) (b)
Figure 1.15: (a) Spectral transmittance of the PNIPAm hydrogel with different layer thicknesses; (b) images of
the PNIPAm films in the clear and translucent states. Source: [95].

Recent attempts were considering natural hydrogels based on cellulose derivatives, such as

Hydroxypropyl Cellulose (HPC) [106-108] and Hydroxypropyl Methyl Cellulose (HPMC) [109, 110], for

the development of thermotropic windows. HPC is a non-toxic, biodegradable, water-soluble solid

polymer [90, 106]. Its advantages over synthetic polymers regarding price and availability make it

economically feasible for large scale applications [90]. Furthermore, the scattering domain sizes of

HPC hydrogels could reach as high as 1-2 in diameter; therefore, radiation in both visible and NIR

regions can be effectively scattered [99, 106]. As illustrated in Figure 1.16, the HPC aqueous solution

turns cloudy and milky-white at temperatures above 42°C. The HPC hydrogel layer at 70°C becomes

nearly opaque to light over a broad range of the solar spectrum.

(a) (b)

Figure 1.16: (a) Photographs of 0.5 wt % HPC aqueous solution at different temperatures; (b) spectral
transmittance of a 0.5 wt % HPC hydrogel film with 0.35 mm thickness at different temperatures. Source: [106].

Watanabe [111, 112] developed an Affinity Intelligent WindowTM with a glazing aperture area of 1 m2.

The thermotropic hydrogel laminated between two glass panes was synthesised of HPC, water,
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sodium chloride and an amphipathic compound, the latter of which acts as a spacer to avoid the

irreversible sedimentation of HPC aggregates during phase separation. Schneider and Seeboth [97]

suggested integrating HPC with Hydroxyethyl Cellulose (HEC) or gellan gum, instead of an amphipathic

substance to prevent ageing [90]. Connelly et al. [107] developed a thermotropic hydrogel based on 6

wt % HPC thickened with 1.5 wt % gellan gum. As can be seen from Figure 1.17, The HPC membrane

with a thickness of 0.5 mm changes its transmittance from approximately 90% in the clear state to

approximately 20% in the translucent state; meanwhile, its reflectance increases by approximately

40%. The cloudy point or isotropic-to-biphasic transition temperature of a salt-free aqueous solution

of ≤40 wt % HPC is around 40°C, as shown in Figure 1.18. Adding salt enables the cloudy point to shift

down or up depending on the sorts of the associated anion and cation [113] (see Figure 1.18). For

instance, the cloudy point of HPC aqueous solution can be decreased from 42 to 20°C by increasing

the content of sodium chloride (NaCl) salt from 0 to 1.4 mol/litre [114].

(a)

(b) (c)
Figure 1.17: (a) Photos of an HPC hydrogel window sample at room temperature (left) and above the transition
temperature (right); (b) transmittance spectra and (c) reflectance spectra of the 0.5-mm-thick membrane made
of 6 wt % HPC and 1.5 wt % gellan gum for various temperatures. Source: [107].



36

(a) (b)
Figure 1.18: Cloudy points of the HPC aqueous solutions added with (a) lithium salts with different anions and
(b) metallic nitrates with different cations, at a salt concentration of 0.5 mol/litre. Source: [113].

Design and simulation of thermotropic windows

A thermotropic window can be simply manufactured by filling the intervening space between two

glass panes with a thermotropic hydrogel and then sealing around the edges. If the thermotropic

window is intended to be used in regions with cold winters, it is usually combined with one or more

additional glass panes with a low-E coating for enhanced thermal insulation [115] (see Figure 1.19 (a)).

In order to enable visual contact with the outdoor environment, a window/façade can be designed

with its upper and side parts covered with thermotropic glazing units while its lower and middle parts

covered with visually clear glazing units (see Figure 1.19 (b) and (c)).

(b)

(a) (c)
Figure 1.19: (a) Structure of a thermotropic insulating glazing unit (TT-IGU). Windows composed of (b) TT-IGUs
in the upper section and clear-glass units in the lower section, (c) TT-IGUs and a central clear glass. Source: [115].

Allen et al. [91] conducted EnergyPlus simulation to explore the potential of thermotropic roof

skylights (with 0°, 30° and 60° inclinations) as a means of reducing solar heat gain and improving

building energy efficiency under the climate of Palermo, Italy. From Figure 1.20 (b), it can be seen that
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the horizontal skylight based on 6 wt % HPC hydrogel can provide considerable reductions in peak

solar heat gains at approximately 44% and 25% compared to an Ordinary Double Glazing (ODG) unit

and a low-E glazing unit, respectively, during the representative cooling period. The difference in

overall energy consumption between the glazing units can be seen from Figure 1.20 (c), where the

horizontal skylights with the 6 wt % HPC thermotropic layer with different temperature ranges of

phase separation offer annual energy savings of from 17.5% to 23% over the ODG unit.

Yao and Zhu [116, 117] used the building simulation program DeST to investigate the potential effect

of double-glazed windows filled with an HPMC-NaCl thermotropic hydrogel (LCST = 31°C) on the

indoor thermal environment of a residential building in Hangzhou, China. The results suggest that

installing the thermotropic windows on the west-facing façade (WWR=30%) could reduce the

occurrence of overheating in the indoor space by 70% and the annual cooling energy consumption by

19% when compared with ordinary double-glazed windows.

(a) (b)

(c)

Figure 1.20: (a) Office room geometry in EnergyPlus. (b) Hourly incident solar radiation and hourly total heat
gains through the ODG window, Low-E window and 6 wt % HPC thermotropic (TT) window. (c) Annual energy
consumptions of the office room for different window types and TT transition temperature ranges. Source: [91].
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BIPV smart window systems

The combination of the two fields of BIPV window and smart window has given rise to a new discipline,

termed Building Integrated Photovoltaics (BIPV) smart window system. Few particular ideas have been

put forward combining photovoltaic devices with optically switchable materials such as

electrochromic (EC) materials [118], liquid crystals [24, 119, 120] and thermochromic materials [121].

Ma and Chen [118] presented a self-powered smart window comprised of a c-Si BIPV panel coupled

with an electrochromic stack (four layers: indium tin oxide (ITO)-coated glass, tungsten oxide (WO 3),

electrolyte and ITO-coated glass), as shown in Figure 1.21 (a). The EC stack could be tuned between a

fully-darkened state and fully-bleached state under the voltage (in the range of 0-3.5 V) supplied by

the front BIPV panel via a voltage controller. Murray et al. [120] developed a smart window based on

a Polymer Dispersed Liquid Crystals (PDLC) device for daylighting control, which is powered by an a-Si

absorbing layer deposited on the glass coverslip, as shown in Figure 1.21 (b). The PDLC device scatters

incident light in the absence of an electric field (0V, OFF state) and is transparent to visible light under

applied voltage (150V, ON state). The visible light transmittances are 41% and 68% for the smart

window in the OFF and ON states, respectively. However, concerning its limited transmission

modulation for visible light and NIR radiation, the BIPV-PDLC smart window may not be fully

competent to address glare and overheating problems. Moreover, most of commercially available

PDLC films demand a comparatively high voltage in order to maintain its transparent state, which

could result in high electricity consumption and also a potential safety risk [122].

(a) (b)

Figure 1.21: (a) Photographs of the BIPV-EC smart window in a coloration (top) state and a bleached state
(bottom). (b) Photographs and schematics of the BIPV-PDLC smart window; a-Si absorbers in amber colour are
deposited on the sides of the glass coverslip. Source: [118, 120].
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Zhao et al. [121] reported an electricity-generating smart window that utilises a VO 2-based

thermochromic film to regulate the near-infrared transmittance in response to temperature change

and simultaneously scatter a portion of incident light to the edge-attached poly c-Si solar cells for

electricity production. Power conversion efficiencies of only up to 0.52% were realised by the

scattering effect. Moreover, the applied VO2 film has a transition temperature as high as 68°C, which

limits the use of the window for practical applications.

Wu and co-workers [123] proposed an HPC based thermotropic reflective layer for integration with a

BIPV window/facade in order to realise passive solar control and electricity generation within buildings

(see Figure 1.22). Optical models developed with the aid of a 3D ray-tracing technique were used for

the CPV system design and optical analysis. The optical efficiency and optical concentration ratio of

the system were predicted to be 10% and 0.5 respectively when the diffuse reflectivity of the

thermotropic layer is 50%. The study provides a rough picture of the relationship between the CPV

performance, geometric design specifications and components’ optical properties. The applicability of

the proposed system needs to be further explored and validated in the context of laboratory

conditions and building environments.

Figure 1.22: Cross-sections of a window integrated with edge-attached solar cells and a reflective thermotropic
layer (a) in the translucent state and (b) in the clear state. Source: [123].

1.6 Summary of the literature and research gap

There is a wide range of static, dynamic and smart glazing options for daylighting control and energy-

saving purposes. BIPV glazing that provides effective solar shading together with on-site electricity

generation occupies a pivotal position. PV cells such as c-Si, a-Si, CdTe and DSSC find their applications

in BIPV glazing, each of which has advantages and disadvantages (see Table 1-2). Of these, c-Si BIPV

glazing is a mature and well-developed technology, but the critical aspects are still the opaqueness

and insufficiently high power output per unit area of c-Si solar cells.
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A viable strategy is to integrate c-Si BIPV glazing with inexpensive concentrating optics, enabling a

reduction in the PV cell coverage area with least significant sacrifice of the power output. The solutions

offered so far include developing BICPV windows based on semi-transparent rear reflectors and

dielectric based Compound Parabolic Concentrators (CPCs) (see Table 1-2). The major shortcoming

associated with the BICPV designs using Lambertian diffuse reflectors or luminescent-dye-doped

backplates, is that they could not encompass both features: high transparency (for daylighting and

viewing) and high scattering (for solar concentration and glare control). This issue may be potentially

solved through incorporating switchable reflective layers in BIPV windows.

Hydrogels based on Hydroxypropyl Cellulose (HPC) polymer are a type of optically switchable

thermotropic materials receiving attention for their application in smart windows. HPC hydrogel has

numerous advantages over synthetic thermotropic hydrogels (e.g. PNIPAm) in terms of visible-near-

infrared spectrum modulation, availability, environmental sustainability and cost. In recent decades,

a few researches have been carried out to explore the thermal and optical characteristics of HPC based

thermotropic smart windows and their performance in buildings.

The novel design of combing a BIPV window with an optically switchable thermotropic layer intends

to overcome the technological challenge faced by the Lambertian-diffuse-reflector-based BICPV

windows mentioned above. Although simplified ray-tracing models (assuming the thermotropic layers

as Lambertian diffuse reflectors) have been developed for the window design and optical analysis, the

model accuracy has not been demonstrated. The concept needs to be further validated under quasi-

static or dynamic environmental conditions and examined on the building scale, in order to fully

understand the window’s thermal, optical and electrical behaviours as well as its effect on the energy

consumption and comfort in buildings.
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Table 1-2. Performance and challenges of BIPV and BICPV glazing technologies.

Features Challenges
Effect on building

performance

BIPV

glazing

system

c-Si

* Well-developed PV technology

* High power conversion efficiency

of solar cell and BIPV module

* Opaque and thick solar cell

* PCE is susceptible to PV operating

temperature and shading

* Solar heat gain and

daylighting reductions

* Inhomogeneous

daylighting for the

interior space

a-Si

* Semi-transparent, thin,

lightweight, bendable

* Low cost in large scale production

* Better heat resistance than c-Si

* Long operational lifetime

* Low power conversion efficiency

* Increasing the PCE would sacrifice

the cell transparency

* Lower cooling loads in

summer but higher

heating loads in winter

* Better uniformity of

illumination in the

indoor space than c-Si

BIPV glazing

* Auxiliary shading

devices are needed to

eliminate glare

CdTe

* High PCE, low generation cost

and low energy payback time

* Good performance at elevated

temperature

* Fast deposition process

* Detrimental effects on human

health and environment

* Dark colours

DSSC

* Various transparencies & colours

* Good performance in variable

lighting conditions

* Simple manufacture and low cost

* Low power conversion efficiency

* Chemical degradation

* Electrolyte leakage

BICPV

glazing

system

Luminescent

solar

concentrator

(LSC)

* Various degrees of transparency

and colour

* Large acceptance angle

* Simple manufacture and low cost

* High optical loss due to light

escaping, reabsorption, etc.

* Low optical efficiency

Compound

parabolic

concentrator

(CPC)

* High optical efficiency and optical

concentration ratio

* Non-uniform solar irradiation and

temperature distribution on PV cell

* Cell deterioration due to hot spot

* Non-planar and bulky structure

* The coverage area of

solar cells in BIPV glazing

is reduced without

compromising the

power output

* The concentrating

optics may distort the

view out of building

Lambertian

rear reflector

* Light-scattering effect

* More uniform irradiation on solar

cell than BICPV with V-grooved rear

reflector, CPC, etc.

* High reflectance but low

transparency, potentially not

suitable for glazing application.

* Glare reduction

* Poor passive solar

heating and daylighting

1.7 Research aim and objectives

The research presented here aims to design, develop and characterise a novel BIPV thermotropic

smart window system for electricity generation and adaptive daylighting control. The system

incorporates a new thermotropic hydrogel, which is made of HPC polymer, gellan gum and sodium

chloride, for controlling the heat gains and daylight through the window and also serving as a

concentrating optics to redirect sunlight to integrated PV cells. In the transparent state, the proposed

system is expected to work similarly as a conventional PV window (i.e., with no thermotropic layer) in

terms of solar heating, daylighting and visual effect. In the light-scattering state, the system is

expected to provide more effective solar shading as well as higher electric power outputs (up to 15%)

in comparison with the conventional PV window.
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The main research objectives are:

 To develop a thermotropic hydrogel membrane suitable for application in BIPV windows, with

an appropriate transition temperature, high visible/solar transmittance at room temperature,

large solar transmittance modulation and strong scattering in the wavelength region which is

compatible with the spectral response of c-Si solar cells.

 To develop a reliable optical modelling method for predicting the scattering characteristics of

translucent materials including the proposed thermotropic hydrogel and also for aiding the

design and optimisation of the proposed BIPV smart window system.

 To experimentally characterise the thermal, optical and electrical performance of the

prototype BIPV smart window system in controlled laboratory conditions as well as real

climatic conditions. These experiments are expected to prove the above concept and show

the effectiveness of the proposed system in modulating its optical properties (e.g., the system

automatically varies its visible and solar transmittance between 10% and 90% upon heating

or cooling) and also electrical properties (e.g., the power output is increased by 15-20% when

the state is switched from transparent to light-scattering).

 To conduct building performance simulation to explore the potential of the proposed BIPV

smart window system in building energy saving, on-site renewable energy generation, solar

heat gain and daylighting control. The annual energy saving is expected to be 40-50% provided

by the proposed system, as compared with the conventional double-glazed windows that are

widely used in the UK.

1.8 Thesis outline

The thesis structure is shown in Figure 1.23.

In Chapter 2, a simple Monte-Carol ray tracing model has been developed to design and predict the

performance of the proposed BIPV smart window system. A thermotropic hydrogel membrane

consisting of Hydroxypropyl Cellulose (HPC) and Gellan Gum type F (GGF) was synthesised as the

optically switchable layer for the BIPV smart window system. Subsequent to the optical design and

material development, a small-scale prototype for the BIPV smart window system was fabricated.

Finally, proof-of-concept indoor experiments were conducted.

Chapter 3 presents an advanced optical modelling technique for the design and optimisation of the

BIPV smart window system. This technique involved an Inverse Adding-Doubling (IAD) method

combined with a Double-Integrating-Sphere (DIS) spectral measurement, from which the volume

scattering properties of the thermotropic membrane at varying temperatures were obtained and used
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for ray-tracing analysis. The accuracy of the advanced optical modelling technique has been validated

by experiments.

In Chapter 4, the HPC-GGF based thermotropic membrane (developed in Chapter 2) was optimised in

terms of transition temperature, solar transmittance modulation and light-scattering ability through

the addition of salt such as sodium chloride (NaCl). A prototype for the BIPV smart window system

with the optimised thermotropic membrane and the optimised window design parameters

(determined through the parametric analysis in Chapter 3) was fabricated. The thermal, optical and

electrical performance of the prototype BIPV smart window system was subsequently evaluated by

indoor experiments.

In Chapter 5, the developed BIPV smart window system and a conventional BIPV window system

(reference) were characterised and compared by outdoor experiments under the UK climatic

conditions. Different window inclinations, window dimensions and weather conditions were

considered in the outdoor experiments.

In Chapter 6, EnergyPlus simulations were conducted to explore the potential of the proposed BIPV

smart window system in reducing the energy consumption and improving the luminous environment

in an UK office building. The EnergyPlus models were developed using the measured/calculated

window properties as input, which were derived with the aid of the advanced optical modelling

technique (Chapter 3) and the spectroscopic measurement (Chapter 4). The effects of different

window design parameters, such as Window-to-Wall Ratio (WWR), window orientation and hydrogel

transition temperature, on the building energy and environmental performance were numerically

investigated.
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Figure 1.23: Structure of this thesis.
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– Preliminary window design and characterisation based on a

simplified optical model

2.1 Introduction

Diffuse reflectors made of opaque white materials with high reflectivity can be incorporated in solar

modules to realise static (i.e., non-tracking) concentrators [65, 69, 70, 124]. However, these diffuse

reflectors may not be suited for BIPV window or façade applications, where good glazing transparency

is essential for indoor space heating, daylighting and viewing. The contradiction between reflectivity

and transparency can be resolved by using an optically switchable diffuse reflector. Connelly et al.

[107] synthesised a thermotropic diffuse reflective membrane based on Hydroxypropyl Cellulose (HPC)

hydrogel for application in BIPV smart windows. The developed membrane has a transition

temperature of approximately 42°C, with an average visible light transmittance of over 90% below its

transition temperature and an average visible light reflectance of up to ~50% above the transition

temperature. Wu et al. [123] proposed a BIPV smart window system that mainly consists of two

traditional glass panes, a thermotropic diffuse reflective layer and commercially available solar cells

mounted at the glass cover edges. A 3D ray-tracing technique was applied to predict the optical

performance of the CPV system under different window design parameters, such as the thickness,

aperture area and refractive index of its front glass cover. Nevertheless, neither prototype has been

developed, nor experiment has been conducted so far to prove the concept and verify the optical

simulation.

In this chapter, a novel BIPV smart window system consisting of an optically switchable thermotropic

membrane layer with integrated PV cells has been designed, fabricated and experimentally

characterised. The thermotropic membrane was synthesised by dissolving HPC polymer and gellan

gum in distilled water, and its dynamic optical properties was obtained by spectroscopic measurement.

A wavelength-dependent Monte-Carlo ray-tracing model was developed to predict the dynamic

behaviour of the novel system and also in aid of the system design. A prototype of the BIPV smart

window system was subsequently fabricated and comprehensively investigated under controlled

indoor environmental conditions, in terms of the electrical and optical performance with respect to

different temperatures and HPC concentrations of the thermotropic membrane as well as different

intensities and angles of light incidence.

2.2 Concept of the BIPV smart window system

The BIPV 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 Figure 2.1. The
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thermotropic layer switches from a transparent state to a translucent/light-scattering state when its

temperature increases from below a designed 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 Figure 2.1, a fraction of the scattered radiation is trapped within the window and redirected to the

solar cells for electricity generation through Total Internal 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 Equation (2.1). As heated to a higher

temperature, the thermotropic layer becomes increasingly reflective, potentially resulting in a higher

electricity generation rate. Meanwhile, less solar heat and light penetrate through the window into

the building interior, potentially reducing the risks of overheating and glare.

(2.1)

Where is the critical angle at the glass-air interface, is the refractive index of air and is

the refractive index of the glass pane.

(a) (b)

Figure 2.1. (a) Cross-sectional and (b) front-view schematic diagrams of the BICPV smart window system.

2.3 Methodology

To show the effectiveness of the proposed concept, a small-scale prototype system was developed

and evaluated. The system development process applied a series of steps combing experiments and

optical simulation (see Figure 2.2). 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
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imported to a validated optical model for the design of the prototype system. 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 control films, which

have 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.

Figure 2.2. Flow chart showing the BIPV smart window development process.

Prototype development and experimental characterisation

2.3.1.1 Material selection and thermotropic hydrogel synthesis

To fit for window application, thermotropic materials would need to fulfil requirements of [90, 91, 97,

108]: (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 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 [91, 97, 107]. 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 [107, 108]. These features make HPC based hydrogels potentially well suited for use in

the proposed BIPV smart window system. In this study, the thermotropic reflective layer of the BIPV

smart window was synthesised based on HPC and gellan gum (gelling agent) by the following steps:

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. For example, it took approximately 2 hours to prepare an aqueous solution

with 6 wt % HPC invisible to the naked eye. 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
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addition was completed, the HPC-GGF based aqueous solution was left stirring at 100 rpm with

heating off for 10 minutes. 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. After squeezed

to expel trapped air, the HPC-GGF based hydrogel membrane fully filled the cavity between the glass

slides with no empty areas, implying a uniform membrane thickness (1 mm).

2.3.1.2 Optical characterisations

The spectral transmittance of the HPC-GGF based hydrogel membrane was measured using an Ocean

Optics USB2000+UV-VIS-ES spectrometer with an Ocean Optics FOIS-1 integrating sphere. The spectral

reflectance was measured with 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. [108]. Specifically, prior to measure the

sample spectrum (i.e., the intensity of light transmitted through the laminated glass unit), a single GPE

Scientific low-iron optical glass with 8 mm thickness was placed on the FOIS-1 integrating sphere to

obtain a reference spectrum. With the reference spectrum, dark spectrum (i.e., no light entering the

integrating sphere) and sample spectrum, the spectral transmittance of the HPC-GGF based hydrogel

membrane was calculated in the software OceanView. Similarly, the membrane’s reflectance was

obtained by measuring the reference, dark and sample spectrums through the ISP-REF integrating

sphere. In contrast, the baseline standard for the reflectance tests was an Ocean Optics WS-1 diffuse

reflectance standard (>98% reflective from 250-1500 nm) combined with a 4-mm-thick GPE Scientific

low-iron optical glass.

A GyroStir-DH hotplate was applied to heat the surface of the laminated glass unit uniformly (within

± °C). Meanwhile, the temperature 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 minutes were allowed for temperature

equilibrium before taking the transmittance and reflectance measurements.

2.3.1.3 Prototype fabrication procedures

A prototype for the designed BIPV smart window system was fabricated following the steps plotted in

Figure 2.3. 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 x 50 mm x 4 mm), and left to cure at room

temperature for 20 minutes 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 hours. Subsequently, the
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synthesised HPC-GGF based hydrogel (following the steps 3-6 detailed in Section 2.3.1.1) was poured

onto a second GPE Scientific low-iron glass slide (50 mm x 50 mm x 4 mm) that has a 1-mm-thick gasket

attached to it. Then, the HPC-GGF based hydrogel was covered by the PV-adhered glass 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. For making a commercial normal-sized window, a

process similar to the above description can be applied, but may require more advanced skills and

equipment, especially when dealing with large-scale material preparation and weather-proof sealing.

Figure 2.3: Prototype fabrication steps.

2.3.1.4 Indoor experimental setup

The prototype BIPV smart window was characterised under indoor conditions using the experimental

setup shown in Figure 2.4 (a-c). The sample was mounted on a height-and-angle adjustable holding

platform and irradiated 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-
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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

(see Figure 2.4 (d)). The irradiation spectrum of the tungsten lamp is presented in Figure 2.7. The

uniformity 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 Unit (SMU) via a 4-wire remote sensing method (also known as Kelvin

configuration) [87, 125, 126] for electrical characterisations. The solar cell temperature and

membrane temperature 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 specifications of the equipment and sensors are listed in Table 2-1.

(a)

(b)

(c)

(d)
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(e)

Figure 2.4: (a-d) Photographs and schematic diagram of the indoor experimental setup, (e) 2-wire and 4-wire
methods for the connection between the SMU and solar cell.

The purpose of using 4 wires (instead of 2 wires) for the connection of the Keithley 2420 SMU to an

illuminated solar cell is to eliminate the effect of wire (or lead) resistance. As depicted in Figure 2.4

(d), the current generated in the solar cell flows through a pair of source leads and is measured by an

ammeter inside the SMU. In terms of 2-wire connection (see the left diagram), voltage measurement

is performed using a voltmeter inside the SMU, the value of which equal the voltage drop across the

solar cell plus that in the sense leads. If a large photocurrent flows through the circuit, the voltage

drop in the sense leads can be significant (i.e., voltage drop = current × lead resistance) [127]. As a

result, the voltage measurement on the solar cell may be incorrect. In terms of 4-wire connection (see

the right diagram), the current generated in the solar cell is measured using the source leads, while

the voltage is measured using the sense leads. Since almost no current flows to the voltmeter, the

voltage drop in the sense leads is negligible and only the voltage drop across the solar cell is measured

[127]. The 4-wire method can provide a more accurate I-V measurement than the 2-wire method,

especially when using large-area solar cells with long wires.
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Table 2-1: 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 to 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 to 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: 60V; minimum

resolutions: 1µV and 100 pA;

0.012% basic

measurement

accuracy for

voltage

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 [128]. For a mirror or lens-based solar concentrator, the incident ray paths are altered by

specular reflection or refraction at the geometrical surfaces [84, 129]. 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 [130] (see Figure 2.5). The directions of scattered rays

are randomly selected according to a prescribed probability distribution function [131, 132]. 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 [123, 133].
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Figure 2.5: Schematic diagrams of light scattering at a surface in reality (left diagram) and modelled by a Monte-
Carlo ray-tracing technique (right diagram). Note: scattering is a 3D phenomenon, but here shown in 2D.

2.3.2.1 Optical model description

A Monte-Carlo ray-tracing simulation approach coupled with measured material properties was

developed to predict the radiation characteristics of the BIPV 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 Figure 2.1. The geometric design parameters, such as glass

cover thickness and aperture area, were determined through a parametric analysis (detailed in Section

2.4.1.2). The optical model assumed the thermotropic membrane layer as a Lambertian-type diffused

reflector, i.e., a surface reflecting light equally in all view directions (i.e., no angular dependence) [134-

136]. The spectral reflectance and transmittance at different temperatures of the thermotropic

membrane layer were measured (see Figure 2.12) and used as the Lambertian surface properties. The

glass covers and optical coating were defined with the wavelength-dependent optical constants,

including refractive index (ns) and absorption coefficient (αs), calculated by Equations (2.2)-(2.7) [137]

and shown in Figure 2.6. 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 Figure 2.7). The 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 determined by the Monte-Carlo method [62, 138, 139]. Specifically,
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each time the ray intersects a surface, the surface properties (specular/diffuse transmittance,

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).

(a) (b)
Figure 2.6: Spectral absorption coefficient and refractive index for (a) the GPE Scientific low-iron glass slide and
(b) the Dow-Corning® 1-2577 coating layer. The spectral values were calculated based on the directional-
hemispherical reflectance and transmittance of the materials which were measured over the 450-950 nm
wavelength range by an Ocean Optics USB2000+VIS-NIR-ES spectrometer with integrating spheres.

(2.2)

(2.3)

(2.4)

(2.5)

(2.6)

(2.7)

Where is the refractive index of the substrate, is the absorption coefficient of the substrate,

is the reflectance at the air-substrate interface, is the internal transmission of the substrate,

and are the directional-hemispherical reflectance and transmittance of the substrate obtained

from spectroscopy measurements, is the extinction coefficient of the substrate, is the substrate

thickness, is wavelength, is a parameter used to simplify Equation (2.4).
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Figure 2.7: Normalised irradiation spectrum of the tungsten halogen lamp compared with the normalised
standard AM1.5G solar spectrum.

2.3.2.2 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 experimental tests was carried out. The validation samples were

manufactured with a GPE Scientific low-iron glass slide (50 mm x 50 mm x 4 mm), a Talesun c-Si solar

cell and different types of static diffuse reflective film, as shown in Figure 2.8. 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

current, 611 mV open-circuit voltage, 0.768 fill factor and 16.5% power conversion efficiency at

standard test conditions (100 mW/cm2 illumination, 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 coating, whose thickness on the glass substrate was uniformly

controlled at 0.5 mm through the tape casting technique (also called doctor-blade method) [140, 141].

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 [72].

(a) (b) (c) (d) (e)

Figure 2.8: 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.

Solar cell
Optical coating

Glass slide

Optical coating &

plain-frosted film

Optical coating &

white-frosted film

Optical coating &

milky-frosted film
Optical coating &

opal-frosted film
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(a) (b)

Figure 2.9: (a) Spectral transmittance and (b) spectral reflectance of the frosted films from 350 to 950 nm.

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 transmittance and reflectance films were measured

using the same spectroscopy method and optical devices as for the thermotropic membrane.

It can be seen from Figure 2.9 (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% (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 Figure 2.9 (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. In some cases, the sum of measured transmittance and reflectance

is slightly greater than 100%, which is not realistic in practice, probably due to errors related to

measurement noise (i.e., the background noise from the spectrometer can cause fluctuations in

measured data). 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 experimental setup shown in Figure 2.4. The current-voltage (I-V) curve

of the samples (see Figure 2.10 (a)) was captured by sweeping the source voltage linearly through the

range of 0 V to 0.62 V with a step size of 0.0031 V while measuring the corresponding current from

the PV cells at each voltage step. The power-voltage (P-V) curve of the samples (see Figure 2.10 (b))

was obtained by using linear voltage sweeps with a similar setup as described above while recording

the power output from the PV cells at each voltage step.
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From Figure 2.10 and also Figure 2.11 (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 2.3.2.1, 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 Figure 2.11 (b). The irradiance is increased from

423.1 to 447.7 W/m2 when the reference 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.

(a) (b)
Figure 2.10: (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. The results can also
be presented as current density (mA/cm2) and power density (mW/cm2) without the need to change the values
in these figures, because the solar cells under test have an active area of 1 cm2.

(a) (b)
Figure 2.11: (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.



58

As known from the literature [85, 142], the short-circuit current produced by a crystalline-silicon solar

cell can be taken as directly proportional to the solar irradiance on it, 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 Equation (2.8) [143-145] with respect to a

reference case. This equation together with the experimental result was applied for validating the

developed optical models. As compared in Table 2-2, the deviation between the ratio of short-circuit-

currents (from the experiment) and the ratio of irradiances (from the optical simulation) is less than

2% for all the static diffuse reflective film cases. Therefore, the proposed Monte-Carlo ray-tracing

technique can be considered as a reliable approach for the design and optical analysis of diffuse-type

solar concentrators.

(2.8)

Where is the short-circuit current of the concentrating PV module, is the short-circuit

current of the reference PV module with no concentrator, is the irradiance on the PV cell under

solar concentration, is the irradiance on the reference PV cell.

Table 2-2: 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) 15.1 16.1 16.8 17.0 17.6

Current ratio (Isc/Isc,ref) - 1.07 1.11 1.13 1.17

Simulated irradiance (W/m2) 423.1 447.7 462.5 470.4 489.5

Irradiance ratio (G/Gref) - 1.06 1.09 1.11 1.16

Difference between the ratios 0.8% 1.7% 1.2% 0.7%

2.4 Results and discussion

BIPV smart window prototype design and development

2.4.1.1 Thermotropic membrane properties

Figure 2.12 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 ( ) and

reflectance ( ) in the visible region (380-780 nm) of the hydrogel membrane were calculated by

Equation (2.9) and Equation (2.10) [146], respectively. From Figure 2.12 (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 Figure 2.12 (c)).

Here, the transition temperature is quoted as the temperature at which the average visible light
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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 Figure 2.12 (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 [91, 108]. The formation of local differences in

refractive index between the HPC aggregation and water matrix induces light scattering in the

hydrogel membrane [90]. As can be seen from Figure 2.12 (a-c), the further temperature elevation

from 54 to 58°C leads to insignificant changes in transmittance and reflectance, indicating the near

completion of phase separation. At 58°C, the average visible light transmittance and reflectance are

11.7% and 47.1%, respectively.

(a) (b)

(c)
Figure 2.12: (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.

Transition

temperature



60

(2.9)

(2.10)

Where is the measured spectral transmittance, is the measured spectral reflectance, is

the interval between wavelengths, is the spectral luminous efficiency for photopic vision

defining the standard observer for photometry, and is the relative spectral distribution of

illuminant D65.

2.4.1.2 Predicted optical performance

A prototype for the BIPV smart window system was designed with the aid of the validated Monte-

Carlo ray-tracing model. Figure 2.13 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% to 47%, according to the optical measurement (displayed in Figure

2.12). Optical simulations were conducted for a series of the designed prototypes with respect to

different glazing aperture areas (between 20 mm x 20 mm and 80 mm x 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 Figure 2.14 (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 dimensions of 50 mm × 50 mm × 4 mm as an example: the optical concentration ratio

increases from 0.96 to 1.15 when the reflectance increases from 10% to 47%. Significant

improvements in optical concentration 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 multiple 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 Figure 2.14 (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.
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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.

Figure 2.13: Model geometry of the BIPV smart window prototype.

(a) (b)

Figure 2.14: Optical concentration ratio of the BIPV 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%.

Electrical and solar control performance

A prototype of the optimised design (Figure 2.13) for the BIPV 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. Figure

2.15 shows the transition process of the prototype from a clear state to a light-scattering state with

an increase in membrane temperature. The light transmitted through the prototype was detected by

the cosine-corrected irradiance probe held against the prototype's backside. The solar cell
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temperature and membrane temperature were monitored by the T-type thermocouples, which had

been calibrated and wrapped with aluminium foil to avoid any light exposure.

Figure 2.15: Images illustrating the state transition of the BIPV smart window prototype with the membrane
temperature increasing.

2.4.2.1 Effect of membrane temperature

Figure 2.16 shows the electrical characteristics of the BIPV smart window prototype with a 6 wt % HPC

and 1.5 wt % GGF based hydrogel membrane under varying membrane temperatures. No significant

differences 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 Figure 2.17 (a), the short-circuit current produced by the BIPV 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

solar cell temperature increasing (see Figure 2.17 (b)). This is because, a higher cell temperature

reduces the amount of energy required (or bandgap) to excite the electrons bonded to an atom into

a free state, which promotes the generation of electron-hole pairs and hence yields a slight increase

in the short-circuit current; on the other hand, more recombination of electrons-holes pairs takes

place as a result of the increased reverse saturation current with temperature, which leads to a

decrease in the open-circuit voltage; since the voltage of a crystalline-silicon solar cell is more

temperature-dependent than the current, increasing the cell temperature can results in a lower power

output and conversion efficiency [147, 148]. By comparison, 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

BIPV smart window prototype, respectively, when the solar cell temperature reaches 54°C.

25°C 38°C 42°C 50°C

Irradiance probe

Thermocouples
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(a) (b)

Figure 2.16: (a) I-V and (b) P-V characteristics of the 6 wt % HPC and 1.5 wt % GGF based BIPV smart window
prototype under different membrane temperatures and an irradiation level of 550 W/m 2.

(a) (b)

Figure 2.17: Short-circuit current and maximum power output of (a) the BIPV smart window prototype and (b)
its counterpart with no membrane, as a function of solar cell temperature.

The electrical characteristics of the BIPV smart window prototype and its counterpart system with no

membrane were also compared under different conditions of incident light intensity and angle. Figure

2.18 (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 BIPV 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. Under the same irradiation levels, the BIPV smart window prototype has both higher short-

circuit currents and power outputs (i.e., current times voltage) compared with its counterpart system.

From Figure 2.18 (b), it can be seen that the short-circuit current of the BIPV 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 BIPV smart window

prototype offers better electrical performance than its counterpart system.
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(a) (b)

Figure 2.18: I-V characteristics of the BIPV 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.

2.4.2.2 Effect of HPC concentration

The effect of HPC concentration on the electrical and optical performance of the BIPV 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

Figure 2.19 (a), the maximum power outputs of the three BIPV 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 [149]. The maximum power outputs of the three prototypes

start to increase once the membrane temperature exceeds 40°C, due to the occurrence of phase

separation. The 6 wt % HPC based prototype 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 Figure 2.19 (b). The outcomes may be attributed to higher reflectance

and lower transmittance of the hydrogel membranes with greater HPC concentrations [107, 108],

because of more HPC aggregates formed in the water matrix during phase separation.

The above experimental results demonstrate that the BIPV smart window system has the potential to

provide lower solar heat gains and higher electricity generation when subjected to higher membrane

temperatures, 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 thermotropic 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
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index. The optimisation, however, should also take into account the reduction in daylight transmission

and the impacts on occupant comfort and building energy consumption.

(a) (b)

Figure 2.19: (a) Maximum power output and (b) transmitted radiant intensity of the 2, 4 and 6 wt % HPC based
BIPV smart window prototypes as a function of membrane temperature under an irradiation level of 550 W/m 2.
Error bars represent one standard deviation.

2.5 Summary

A Building Integrated Photovoltaic (BIPV) smart window with a dual function of electricity generation

and adaptive solar radiation control is introduced in this chapter. 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 BIPV smart

window system due to its higher reflectance above switching temperature and also meet most of the

window requirements. From the optical prediction, it can be seen that when the prototype has a 50

mm × 50 mm × 4 mm front glass cover with a 10 mm x 10 mm solar cell exhibits the best performance.

A prototype with this suggested design has been subsequently fabricated and characterised

experimentally. Some key findings from the BIPV smart window characterisations are presented below:

1. The maximum power output of the BIPV smart window system decreases with an increase in

membrane temperature until reaching the HPC thermotropic membrane transition

temperature of 40.5°C; it increases significantly thereafter.

2. The BIPV smart window system offers a higher short-circuit current and higher maximum

power output by up to 12.7% and 17.4%, respectively, compared to its counterpart system

with no HPC thermotropic membrane.

3. An approximately 70% reduction in light transmittance for the BIPV smart window is observed

when the membrane temperature increases from 28 to 54°C.

4. Using a higher HPC concentration could potentially enhance both solar transmittance

modulation and electricity generation of the system.



66

– A Monte-Carlo optical model coupled with an IAD method

for the window performance prediction

3.1 Introduction

In Chapter 2, a BIPV smart window system was developed based on a simplified ray-tracing optical

model, where the thermotropic layer in its translucent state was assumed as a Lambertian-type

reflective surface with a uniform reflectance distribution [134, 150]. However, in practice, the light

reflection from a translucent medium with a slab geometry is anisotropic (angle dependent) in almost

all situations [151]. The simplified ray-tracing technique applied in the previous chapter might not be

accurate enough to predict the optical performance of a solar system where a translucent medium is

involved. Therefore, an optical model considering the non-Lambertian scattering with angular

distribution is required.

(a) (b)

Figure 3.1. (a) Schematic diagram of the BIPV smart window system and (b) possible light paths in the system.

An alternative method is to model the spatial light distribution, involving volume (or bulk) scattering,

when a light ray propagates through the thermotropic layer, as sketched in Figure 3.1 (b). Typically,

the light distribution in a translucent medium can be modelled based on its intrinsic optical properties,

including absorption coefficient ( ), scattering coefficient ( ), anisotropy factor ( ) and reduced

scattering coefficient ( ) [152-155]. These volume scattering properties can be estimated by the

direct methods and the inverse methods [152, 156, 157]. In the direct methods (e.g. Lorenz-Mie

theory), the physical properties of a diffuse medium and its constituent particles, such as refractive

index, particle size, shape and concentration, are measured with specialised equipment and used as

input in Maxwell’s equations to yield solutions for the volume scattering properties [157-159]. If these

experimental data are not available, the volume scattering properties can be estimated by the Inverse
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or fitting approaches, such as the Kubelka-Munk method [160], the diffusion approximation [161] and

the Inverse Adding-Doubling (IAD) method [159]. The prerequisites for these inverse methods are the

macroscopic quantities of a diffuse medium, such as reflectance and transmittance, which can be

obtained using the experimental setups such as integrating spheres and goniometers [158].

The IAD method is regarded as a standard reference approach to estimate the volume scattering

properties of diffuse media, with advantages such as fast computation, good flexibility and broad

applicability [154, 156]. In the IAD method, an initial guess is made for the volume scattering

properties of a sample. The guessed values are used for calculating the sample’s reflectance and

transmittance with the Adding-Doubling (AD) method, and iteratively adjusted until a good fit

between the calculated and measured values is obtained. The IAD method applies to any diffuse

medium for which the Radiative Transport Equation (RTE) is valid, and places no restrictions on albedo,

optical depth and scattering anisotropy [162, 163]. Typically, three input variables are required for the

IAD calculation: the total reflectance, total transmittance and collimated transmittance of a diffuse

medium. These data are usually available from the measurement with a single/double integrating

sphere system [154, 164] or a Bi-directional Scattering Distribution Function (BSDF) device [155, 158,

159].

The IAD method has been used to investigate the light scattering in a host of diffuse media such as

fruit and vegetable tissues [154, 165, 166], tissue-mimicking phantoms for clinic use [163, 167, 168],

translucent liquids [152, 159] and plastic diffusers [159, 169]. Leyre et al. [159] used the IAD method

to estimate the volume scattering properties for a concentration series of diluted milk in glass cuvettes,

which were used as input to Monte-Carlo ray-tracing simulations to predict the angular scattering

intensity distribution of the samples with different milk concentrations and thicknesses. Good

agreement was obtained between the simulated results and the data measured using a BSDF device.

Xie et al. [170] investigated the optical characteristics of Quantum dots (QDs)-Polymethyl

methacrylate (PMMA) films by using a combination of IAD calculation and double-integrating-sphere

measurement. It was found that the QDs-PMMA films exhibit stronger scattering and absorption at

higher QDs concentrations and for the incident laser with a lower wavelength.

In this chapter, an advanced optical modelling approach based on a Monte-Carlo ray-tracing technique

with the volume scattering properties of the thermotropic membrane layer determined by the IAD

method has been developed. This developed optical model has been subsequently used to optimise

the BIPV smart window design, where the effects of HPC concentration, geometric concentration ratio,

thermotropic membrane thickness and glass refractive index on PV power outputs have been
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evaluated. This novel optical model can be applied to most variants of smart windows that involve

anisotropic scattering materials. The accuracy of this model has been validated by experiments.

3.2 Methodology

A flow chart showing the procedure of the development and validation of the proposed advanced

optical model is illustrated in Figure 3.2. At first, the total reflectance ( ), total transmittance ( ) and

collimated transmittance ( ) of a thermotropic laminated glazing sample (4-mm-thick glass pane/1-

mm-thick 2 wt % HPC based thermotropic membrane layer/4-mm-thick glass pane) were measured

and used as input to an IAD algorithm. The volume scattering properties of the thermotropic

membrane, including absorption coefficient ( ), reduced scattering coefficient ( ) and anisotropy

factor ( ), were derived from the IAD calculation and then imported into a Monte-Carlo ray-tracing

model. The intensities of light transmitted through the thermotropic laminated glazing sample

observed at multiple scattering angles ( ) were simulated with the Monte-Carlo ray-tracing

technique and compared to experimental data ( ). To gain deeper insight into the thermotropic

membrane performance, its angular scattering profile and spatial flux distribution were simulated

under varying membrane temperatures and HPC concentrations. The developed model was

subsequently used for the design and optimisation of the proposed BIPV smart window system. The

simulated results for the optimised prototype were compared to the data obtained from an indoor

experiment, as further validation of the developed numerical method for BIPV and smart window

applications.
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Figure 3.2: Flow chart presenting the process for optical simulation and validation.

Optical measurements

The thermotropic membranes were synthesised using HPC polymer and Gellan Gum type F (GGF)

(gelling agent). The detailed synthesis procedures are presented in Section 2.3.1.1. The total

reflectance ( ) and total transmittance ( ) of a laminated glazing sample with an HPC-GGF

thermotropic membrane layer were measured using a Double-Integrating-Sphere (DIS) system

illustrated in Figure 3.3 (a). In the DIS system, the totally reflected light (including the specularly and

diffusely reflected light) from the sample was collected by an Ocean Optics ISP-REF integrating sphere;

and the totally transmitted light (including the specularly and diffusely transmitted light) through the

sample was collected by an Ocean Optics FOIS-1 integrating sphere. The spheres were connected to

an Ocean Optics USB2000+UV-VIS-ES spectrometer via 400 µm core diameter optical fibres. The

collimated transmittance ( ) of the sample, which is defined as the light transmitted through the

sample without being scattered [157, 164], was measured using the setup illustrated in Figure 3.3 (b).

A collimated detector consisting of an Ocean Optics 74-UV collimating lens and a 400 µm core

diameter optical fibre was positioned at a distance of 20 cm from the sample with its centre aligned

with the incident beam. The collimated detector was connected to the Ocean Optics USB2000+UV-

VIS-ES spectrometer. A distance independence test has been conducted for the collimated
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transmittance measurement. As can be seen from Figure 3.4, the measured collimated transmittance

decreases exponentially with increasing the distance between the sample and detector, indicating less

diffuse light being detected. No significant decrease in collimated transmittance has been observed

when the distance is over 20 cm.

Before the optical measurements, a GyroStir-DH hotplate was used to heat the thermotropic

membrane to a defined temperature with an equilibrium time of at least 10 minutes. The membrane

temperature was recorded and monitored by a T-type thermocouple embedded in the membrane

(see Figure 3.5) and connected to a DT85 data taker. The uniformity of temperature distribution across

the membrane was checked by using a FLIR E40BX infrared camera. The thermal and optical

measurements were repeated at least triplicate, to account for the uncertainty due to membrane

temperature fluctuation.

(a) (b)

Figure 3.3: (a) Double-integrating-sphere system and (b) collimated transmittance measurement setup.

Figure 3.4: Measured collimated transmittance of the sample with a 2 wt % HPC, 1.5 wt % GGF based TT
membrane in the translucent state against sample-detector distance.

27 40 44 50

Figure 3.5: Images illustrating the states of the sample with a 2 wt % HPC, 1.5 wt % GGF based TT membrane at
different temperatures.
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IAD calculation and ray-tracing simulation

The measured spectral data of , and were imported to an IAD algorithm [164, 171, 172], with

which , and as a function of wavelength were calculated [166, 173]. A flow chart of the IAD

algorithm is shown in Figure 3.6. The additional input parameters for the IAD calculation include the

average refractive index of the low-iron optical glass panes (1.51), the average reflective index of the

thermotropic layer (1.34), the glass pane thickness (4 mm), the thermotropic layer thickness (1 mm),

the illumination beam diameter (1.5 mm), the diameters of the integrating spheres (38 mm), the

diameters of the sample ports (10 mm) and the sphere wall reflectivity (98%). In the IAD algorithm,

the refractive indices of the glass panes and thermotropic layer are used to calculate the Fresnel

reflection at boundaries, and the geometrical dimensions are used to correct the light loss when using

the DIS measurement setup [164]. The refractive index of 2 wt % HPC aqueous solution is 1.34

according to the literature [174, 175] and is considered as the refractive index of the thermotropic

layer under study.

Monte-Carlo ray-tracing model has been developed to simulate the optical characteristics of the

thermotropic laminated glazing sample. The light propagation in the thermotropic layer was

approximated using its absorption coefficient , scattering coefficient (given by Equation (3.1)

[173]) and single-scattering phase function as input. (or ) is defined as the reciprocal of the

average free path that light travels between two absorption (or scattering) events [152, 170]. The

single-scattering phase function describes the fraction of light scattered at an angle from the

incident direction after a single scattering event [152, 156]. In this work, the Henyey–Greenstein phase

function with a single variable (anisotropy factor) was implemented for the simulation, given by

Equation (3.2) [173]. Other input parameters include the refractive index and absorption coefficient

of the low-iron optical glass panes, the refractive index of the thermotropic layer, the measured

irradiation intensity of the light source and the number of incident rays where 1,000,000 rays were

used in this study confirmed through a ray independence test.
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Figure 3.6: Inverse adding-doubling algorithm for determining the volume scattering properties of a translucent
medium.

(3.1)

(3.2)

Validation of the optical model

The optical model was validated by an experiment using the setup shown in Figure 3.7. A laminated

glazing sample comprised of a thermotropic layer (40 mm × 40 mm × 1 mm) between two optical glass

covers (50 mm × 50 mm × 4 mm) was mounted in the centre of a rotation device. The sample was

illuminated by a collimated light source that consists of an Ocean Optics 74-UV collimating lens, a 400

µm core diameter optical fibre and an Ocean Optics HL2000 halogen lamp. The normal incident beam

has a diameter of 5 mm and a total irradiation intensity of 36 W/m2 across the 350-1000 nm spectrum.

A detector (at a 10 cm distance from the centre and 15 cm away from the light source) moved around

the sample to collect the light scattered at a predefined set of angles. The detector consists of an

Ocean Optics CC-3-UV-S cosine corrector (with an aperture diameter of 3.9 mm and a field of view

180 ) and a 400 µm core diameter optical fibre connected to an Ocean Optics USB2000+UV-VIS-ES
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spectrometer. The optical detection system had been calibrated for absolute spectral irradiance

against an Ocean Optics LS-1-CA calibrated halogen lamp. The intensities of light transmitted through

the sample observed at the angles of 0 , 15 , 30 , 45 and 60 were measured and compared to the

simulation results using the developed optical model (described in Section 3.2.2). After validation, the

normalised scattered radiant intensity of the thermotropic laminated glazing sample as a function of

scattering angle was calculated, given by Equation (3.3) [176].

(3.3)

Where F is the normalised angular scattering intensity, is the scattering intensity of the

sample detected at the scattering angle (W/m2), is the normal incident light intensity (W/m2),

is the solid angle of the detector, A is the surface area of the detector port (m2), and R is the distance

between the detector port and the centre of the sample.

Figure 3.7: Schematic diagram of the angular intensity measurement setup.

3.3 Results and discussion

Total transmittance, total reflectance and collimated transmittance

Figure 3.8 shows the total transmittance and total reflectance of the sample consisting of a 1-mm-

thick 2 wt % HPC, 1.5 wt % GGF based thermotropic membrane sandwiched by two pieces of 4-mm-

thick optical glass panes, measured over the membrane temperature range from 27 to 56°C and the

wavelength range from 400 to 1000 nm. As shown in Figure 3.8 (a), the total transmittance of the

sample decreases with increasing temperature, being approximately 90% at temperatures below 38°C

and nearly 20% above 50°C. This is because HPC is freely soluble in the water below 38°C, whereas is

insoluble and precipitates as white floc in water above 38°C, resulting in a translucent appearance
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[108, 174, 177], as can also be seen in Figure 3.5. The transition temperature of the 2 wt % HPC

membrane is approximately 42°C.

On the other hand, the total reflectance is below 10% at 27°C, decreases slightly when the

temperature increases from 38 to 42°C, and then increases progressively with temperature, as shown

in Figure 3.8 (b). A similar phenomenon was reported by Varma et al. [178]. This might be due to the

combined effect of specular reflection decrease and diffuse reflection increase. The specular reflection

decrease might be attributed to an increase in the refractive index of the thermotropic hydrogel,

induced by its volumetric change with temperature [179]. A possible reason for the diffuse reflection

increase may be that the number and size of HPC aggregates (i.e., scattering centres) in the membrane

structure increase due to continuous phase separation [95].

(a) (b)

Figure 3.8: (a) Spectral total transmittance and (b) spectral total reflectance of a laminated glazing sample with
a 2 wt % HPC, 1.5 wt % GGF based TT membrane under various temperature conditions.

Figure 3.9 shows the average values of total transmittance ( ), collimated transmittance ( ) and

total reflectance ( ) in the visible region (380-780 nm) (calculated following the methods outlined in

the BSI Standard BS EN 410:2011 [146]) for the laminated glazing samples with the 2, 4 and 6 wt %

HPC membranes under various temperature conditions. The samples exhibit similar total

transmittances ( 90%), collimated transmittances ( 80%) and total reflectances ( 8%) when below

38°C. The differences between the total and collimated transmittances imply that the light passing

through the samples in the transparent state is not entirely in the specular direction. A fraction of light

incident on the samples is diffused, probably because of unsmooth surfaces and impurities. As can be

seen from Figure 3.9, the total and collimated transmittances both start to decrease at 38°C. However,

the collimated transmittance decreases faster than the total transmittance, indicating an increase in

the proportion of diffusely to totally transmitted light through the sample. When the membrane

temperature increases to 42°C, the collimated transmittances of the three samples are nearly 0%

whereas their total transmittances are higher than 35%. The transmittance differences suggest that
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the thermotropic membranes potentially can be used in windows to reduce glare caused by direct

lighting. As the membrane temperature reaches 56°C, the total transmittances of the samples with 2,

4 and 6 wt % HPC decrease to 21%, 16% and 14%, respectively. The total reflectances of the

samples increase with temperature when the samples are heated above 42°C. A higher HPC

concentration results in higher total reflectance but lower total and collimated transmittances in the

phase separation process. This could be attributed to an increased amount of HPC aggregates within

the membrane structure, increasing the opportunity for light to be scattered.

Figure 3.9: Average visible total transmittance, total reflectance and collimated transmittance of the three
laminated glazing samples with the TT membranes consisting of 2, 4 and 6 wt % HPC with 1.5 wt % GGF, as a
function of membrane temperature.

Volume scattering properties

Based on the measured spectral transmittance and reflectance, the spectral volume scattering

properties of the thermotropic membrane were calculated using the IAD method. Figure 3.10 shows

the effect of membrane temperature on the volume scattering properties of the thermotropic

membrane consisting of 2 wt % HPC and 1.5 wt % GGF over the wavelength range from 400 to 1000

nm. It can be seen that the reduced scattering coefficient ( ) increases when the membrane

temperature increases from 44 to 56°C. This trend corroborates that the thermotropic membrane

becomes increasingly diffusely reflective and transmissive in the heating process as aforementioned.

On the other hand, the temperature effect on the sample’s absorption coefficient ( ) is as not

significant as on the . The anisotropy factor ( ) is observed to decrease with increasing temperature,

indicating an increasing proportion of the incident light being scattered backwards from the

thermotropic membrane.
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(a) (b)

(c)

Figure 3.10: (a) Reduced scattering coefficient, (b) absorption coefficient and (c) anisotropy factor of the 2 wt %
HPC, 1.5 wt % GGF based TT membrane under various temperatures.

Figure 3.11 shows the volume scattering properties calculated for the 2, 4 and 6 wt % HPC based

thermotropic membranes at the wavelength of 600 nm. As can be seen from Figure 3.11, the three

membranes exhibit similar temperature dependences of the volume scattering properties. Taking the

6 wt % HPC as an example, when the membrane temperature increases from 44 to 56°C, the

increases from 0.78 to 2.41 mm-1, the reduces from 0.55 to 0.42 mm-1, and the reduces from

0.88 to 0.67. It is also found that at the same temperatures, the membranes with greater HPC

concentrations have higher but lower . For example, at 56°C, the increases from 1.48 to 2.41

mm-1, while the decreases from 0.79 to 0.67, with increasing the HPC concentration from 2 to 6

wt %. Similar trends regarding the effects of temperature and HPC concentration are observed at the

wavelengths of 400 nm and 800 nm (see Table 3-1).

The effect of the wavelength of incident light on the volume scattering properties of the thermotropic

membranes has also been investigated. As can be seen from Table 3-1 and Figure 3.10, the is lower

and the is higher at a longer wavelength. This might be because the radiative scattering behaviour

of a translucent material is related to the particle size parameter ( ), which is determined

by the wavelength of incident light ( ) and the particle radius ( ) [180, 181]. The longer the wavelength,
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the smaller the value of , therefore the less effectively light is scattered by the particles, and also the

larger the angle between the incident and scattered directions [180, 181].

Figure 3.11: Volume scattering properties of the 2, 4 and 6 wt % HPC based TT membranes at the wavelength of
600 nm as a function of membrane temperature.

Table 3-1: Volume scattering properties with respect to different HPC concentrations, membrane temperatures
and wavelengths.

400 nm 600 nm 800 nm

Unit °C mm-1 mm-1 mm-1 / mm-1 mm-1 mm-1 / mm-1 mm-1 mm-1 /

2

wt %

44 0.67 5.81 0.36 0.88 0.31 5.70 0.46 0.95 0.19 5.69 0.48 0.97

50 1.72 7.22 0.33 0.76 1.11 7.10 0.45 0.84 0.85 7.05 0.49 0.88

56 2.30 7.01 0.29 0.67 1.48 6.91 0.40 0.79 1.18 6.87 0.44 0.83

4

wt %

44 1.06 5.88 0.43 0.82 0.59 5.77 0.53 0.90 0.42 5.73 0.57 0.93

50 2.53 6.35 0.36 0.60 1.59 6.26 0.45 0.75 1.27 6.21 0.50 0.80

56 2.99 6.71 0.33 0.55 2.00 6.63 0.41 0.70 1.63 6.59 0.45 0.75

6

wt %

44 1.28 6.45 0.44 0.80 0.78 6.34 0.55 0.88 0.58 6.30 0.60 0.91

50 2.86 7.11 0.35 0.60 1.88 7.01 0.45 0.73 1.51 6.96 0.50 0.78

56 3.63 7.37 0.35 0.51 2.41 7.30 0.42 0.67 1.99 7.26 0.46 0.73

Angular scattering profile and spatial flux distribution

The volume scattering properties determined in the previous section were used as input data to the

Monte-Carlo ray-tracing model, where an irradiance detector rotates around the thermotropic

laminated glazing sample to collect the scattered light at a specific angle from the sample (Figure 3.7).
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Figure 3.12 shows the results of detected irradiance from the optical simulation (circle points) and the

measurement (cross points). Good agreement is obtained between the simulated and measured

results for the selected scattering angles (0 , 15 , 30 , 45 and 60 ), membrane temperatures (48, 50

and 52°C) and HPC concentrations (2, 4 and 6 wt %). The validated results give confidence in the use

of the optical modelling approach to predict the angular scattering profile and spatial flux distribution

of the thermotropic membranes under different conditions.

(a) (b)
Figure 3.12: Comparison between the simulated and measured irradiances for (a) the sample with 2 wt % HPC
at 48, 50 and 52°C, and (b) the samples with 2, 4 and 6 wt % HPC at 50°C.

The validated optical model has been subsequently used to investigate the angular scattering intensity

distribution of the thermotropic laminated glazing sample when subjected to the changes in

membrane temperature and HPC concentration. As can be seen from Figure 3.13 (a), the 2 wt % HPC

based sample at 44°C exhibits narrow-angle forward scattering, i.e., most of the incident light is

scattered forwards within the angle range from 345° to 15°. The forward-scattering peak reduces

significantly with the membrane temperature increasing from 44 to 56°C, as shown in Figure 3.13 (a)

and Figure 3.13 (b). For instance, the normalised radiant intensity at the scattering angle of 0° reduces

from 1 sr-1 to 0.18 sr-1 when the membrane temperature increases from 44 to 48°C, and further

to 0.09 sr-1 when above 54°C. On the other hand, the backward scattering becomes more prominent

at higher membrane temperatures. In addition to the temperature effect, the angular scattering

intensity distribution shows dependence on the HPC concentration. Figure 3.13 (c) and Figure 3.13 (d)

illustrate that increasing the HPC concentration from 2 to 6 wt % results in suppressed forward

scattering and enhanced backward scattering at the membrane temperatures of 50 and 56°C. Similar

trends are observed for the other membrane temperatures in the range from 44 to 56°C (results not

shown here). The results from Figure 3.13 (c) and Figure 3.13 (d) also show that increasing the HPC

concentration results in a more uniform angular intensity distribution of the light scattered in the

forward direction, which can potentially reduce the intensity contrast between the glare area and its

neighbouring area thus providing more effective glare protection for buildings.
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(a) (b)

(c) (d)
Figure 3.13: Normalised angular scattering intensity distributions of (a and b) the sample with 2 wt % HPC at the
membrane temperatures from 44 to 56°C, (c and d) the samples with 2, 4 and 6 wt % HPC at the membrane
temperatures of 50°C and 56°C.

Figure 3.14 illustrates the spatial flux distributions when light propagates in the 2 wt % and 6 wt %

HPC based thermotropic layers at the three membrane temperatures: 44, 50 and 56°C. A light beam

with a diameter of 0.5 mm was assumed to perpendicularly enter the top surface of the 1-mm-thick

thermotropic layer (i.e., Y = 0). All the other settings are the same as in the previous optical simulations.

As shown in Figure 3.14, the incident flux in the X range from -0.25 to 0.25 mm decreases with the

depth increasing. The light attenuation is caused by the absorption and scattering in the thermotropic

membrane. Due to the volume scattering, the light beam spreads in the transverse direction during

propagation in the thermotropic layer. When the membrane temperature increases from 44 to 56°C

or the HPC concentration increases from 2 to 6 wt %, the flux reaching the bottom surface (i.e., Y = -

1) decreases, which results in reductions in the total transmittance (Figure 3.9) and forward scattering

peak (Figure 3.13) of the thermotropic laminated glazing sample.



80

(a)

(b)

(c)

(d)

(e)

(f)

Figure 3.14: Cross-section views of the incident flux distribution in the TT membrane layer with 1 mm thickness
for (a-c) 2 wt % HPC and (d-f) 6 wt % HPC at 44, 50 and 56°C, respectively, obtained from the optical simulation.

Optical design and characterisation of BIPV smart window

The developed optical model has been used to predict the effects of various parameters (e.g. HPC

concentration, membrane thickness, geometric concentration ratio and glass refractive index) on the

performance of the proposed BIPV smart window. Subsequently, a prototype for the BIPV smart
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window and a prototype for the counterpart PV window of similar structure but with no HPC

membrane (named reference system) have been fabricated based on the findings from the optical

simulation. A schematic diagram for the BIPV smart window for initial optical modelling is illustrated

in Figure 3.15. The BIPV smart window has a four-layer structure: a Dow Corning 1-2577 optical

coating layer for encapsulating the solar cell (10 mm 10 mm), a thermotropic membrane layer (50

mm 50 mm 1 mm) for modulating incident solar radiation and two GPE Scientific low-iron glass

covers (50 mm 50 mm 4 mm). The thermotropic membrane layer was modelled using the sets of

volume scattering properties ( , and ) corresponding to the membrane temperatures from 44

to 56 . The average refractive indices of the glass covers and the optical coating layer were defined

as 1.51 and 1.49, respectively. The solar cell was assumed as a perfect light absorber (i.e., 100%

absorptivity) for simplicity. AM1.5G sunlight with the power density of 1000 W/m2 [182] was

perpendicularly irradiated on the front glazing cover of the BIPV smart window. The ray number was

set as 1,000,000 conformed by a ray independence study.

Figure 3.15: Configuration of the BIPV smart window prototype for optical analysis.

The effects of membrane temperature and HPC concentration on the optical performance of the BIPV

smart window have been investigated and are shown in Figure 3.16 (a). When the membrane

temperature increases from 44 to 56°C, the optical power density (i.e., irradiance at the solar cell

surface) of the BIPV smart window with the 2 wt % HPC membrane increases from 958 to 1028 W/m2,

higher than that of the reference system (930 W/m2). This is because the thermotropic membrane

offers stronger backward scattering at higher temperatures (see Figure 3.13), resulting in an increased

fraction of incident light being reflected and redirected through Total Internal Reflection (TIR) towards

the solar cell. Figure 3.16 (a) also shows that higher optical power densities can be achieved by

increasing the HPC concentration, for example, the optical power densities at 56°C for the 2, 4 and 6

wt % HPC concentrations are 1028, 1047 and 1061 W/m2, respectively. Therefore, the HPC

concentration of 6 wt % was selected for further parametric studies.

The optical performance of the BIPV smart window with a 6 wt % HPC membrane at different

thicknesses is illustrated in Figure 3.16 (b). The optical power density increases significantly with the
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membrane thickness increasing from 0.1 to 0.5 mm. A possible reason may be that using a thicker

membrane increases the number of scattering events along the path of propagation, thus causing

more photons to be scattered to the solar cell. With further increasing the thickness above 1 mm, it is

observed that there is no significant increase in optical power density, probably because the

contribution of longer path length travelled photons to the light reflectance is less significant [183]. In

other words, the reflected radiation is mainly contributed by the near-surface volume scattering [151].

Figure 3.16 (c) illustrates the relationship between the geometric concentration ratio (i.e., the ratio

between the aperture areas of the front glazing cover and solar cell) and the optical performance of

the BIPV smart window with a 1-mm-thick 6 wt % HPC membrane. Taking the membrane temperature

of 56°C as an example, when the geometric concentration ratio is increased from 4 to 16, the optical

power density increases from 1019 to 1057 W/m2. This is due to a larger area of the thermotropic

membrane available, resulting in more photons being reflected and concentrated on the solar cell.

There is a slight increase to 1064 W/m2 when the geometric concentration ratio is further raised to

36, indicating that most of the photons scattered from the expansion area could not be collected by

the solar cell. The optical losses could be attributed to the escaping of photons from the window

system and the absorption of photons in the coating/glass/membrane before reaching the solar cell.

(a) (b)

(c) (d)
Figure 3.16: Optical power density for the BIPV smart windows based on (a) different HPC concentrations,
membrane thickness d = 1 mm, geometric concentration ratio C g = 25 and refractive index of the front glass
cover n = 1.52; (b) 6 wt % HPC, different thicknesses, Cg = 25 and n = 1.52; (c) 6 wt % HPC, d = 1 mm, different Cg
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and n = 1.52; (d) 6 wt % HPC, d = 1 mm, Cg = 25 and different refractive indices. N.B., the Cg was varied by
maintaining the same solar cell area while changing the glass aperture area.

The refractive index of the front glazing cover is another factor affecting the optical performance of

the BIPV smart window. As can be seen from Figure 3.16 (d), the curve of optical power density plotted

against membrane temperature shifts downwards as the refractive index is increased from 1.52 to

1.71. This may be because the front glazing cover with a higher refractive index has lower optical

transmittance and reduces the direct sunlight received by the solar cell.

After considering all the factors affecting the BIPV smart window performance, the HPC concentration

of 6 wt % with the membrane thickness of 1 mm, the geometric concentration ratio of 16 and the

glass refractive index of 1.52 was selected and applied for the prototype development.

Experimental validation

The optimised prototype of the BIPV smart window has been characterised by an indoor

environmental experiment. The electrical performance of the prototype illuminated under a tungsten

halogen lamp was measured using a Keithley 2420 source meter unit. The incident light intensity and

the ambient air temperature were controlled to be 90 mW/cm2 and 25°C respectively. Figure 3.17 (a)

shows the current-voltage (I-V) characteristics at different membrane temperatures of the prototype

BIPV smart window. The short-circuit current density increases by 17.8% from 27.8 to 32.8 mA/cm 2

with the membrane temperature increasing from 42 to 54°C, and meanwhile, the maximum power

output increases by 12.1%. The result demonstrates that the BIPV smart window system can produce

more electricity when the integrated thermotropic membrane provides stronger light scattering while

subjected to higher temperatures above its transition temperature.

Based on the experimental results, the ratio of short-circuit currents generated from the prototype

BIPV smart window ( ) and from its counterpart system with no membrane (reference system)

( ) was calculated. From Figure 3.17 (b), it can be seen that the short-circuit current ratio

increases from 1.053 to 1.145, with the membrane temperature increasing from 44 to 56°C. Since the

short-circuit current produced by a solar cell can be taken as directly proportional to the irradiance at

the cell surface [85, 142, 184], the ratio of irradiances between the prototype BIPV smart window

( ) and the reference system ( ) can be expressed by Equation (3.4). The irradiance ratios

at various membrane temperatures derived from the experiment and optical simulation are presented

in Table 3-2. The simulation results give good agreement with the experimental results, with

differences of less than 1%. This validation confirms the usefulness of the optical modelling approach

for predicting the dynamic behaviours of the BIPV smart window system.



84

(a) (b)

Figure 3.17: (a) I-V characteristics of the BIPV smart window prototype at different membrane temperatures. (b)
The ratio of short-circuit currents between the BIPV smart window and the reference system as a function of
membrane temperature.

(3.4)

Table 3-2: Experimental and simulated irradiance ratios at different membrane temperatures.

44°C 46°C 48°C 50°C 52°C 54°C 56°C

Experiment 1.053 1.085 1.109 1.125 1.135 1.141 1.145

Simulation 1.050 1.080 1.101 1.116 1.127 1.136 1.143

Difference 0.3% 0.5% 0.7% 0.8% 0.7% 0.4% 0.2%

3.4 Summary

This chapter presents a generalised method for evaluating the scattering characteristics of translucent

materials (e.g. thermotropic hydrogels) and also for the accurate performance prediction of the

proposed BIPV smart window system. To be more specific, a numerical method based on Inverse

Adding-Doubling (IAD) calculation coupled with Double-Integrating-Sphere (DIS) spectroscopic

measurements has been firstly used to determine the volume scattering properties of the HPC based

thermotropic hydrogel membranes. Subsequently, a Monte-Carlo ray-tracing model using the volume

scattering properties obtained from the IAD has been developed to predict the dynamic behaviours

of the developed thermotropic membranes (2, 4 and 6 wt % HPC) and optimise the design of the

proposed BIPV smart window system. The simulation predictions were found to be in good agreement

with the experimental results. The key findings and conclusions are as follows:

1) The total transmittance of the thermotropic laminated glazing sample (2 wt % HPC) reduces

from 90% to 20% and the collimated transmittance reduces from 80% to 0%, with the

membrane temperature increasing from 27 to 56°C. These features indicate that the
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developed thermotropic membrane offers good potential for application in windows to avoid

excessive solar heating and glare.

2) The optical simulation results show that increasing membrane temperature or HPC

concentration leads to stronger backward scattering from the thermotropic membrane,

resulting in an improved power output of the BIPV smart window.

3) There is no significant improvement in power generation when the geometric concentration

ratio of the BIPV smart window (6 wt % HPC) exceeds 16× and the membrane thickness is

greater than 1 mm.

4) The optimised prototype of the BIPV smart window shows an increase in short-circuit current

density by 17.8% and an increase in maximum power output by 12.1% with the membrane

temperature increasing from 42 to 54°C.

5) The short-circuit current of the prototype BIPV smart window is up to 1.15 times higher than

that of its counterpart system of similar structure but with no membrane.
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– Material selection, membrane synthesis, window

development and indoor experimental characterisation

4.1 Introduction

As indicated in our previous chapters, the thermotropic hydrogels prepared from aqueous blends of

HPC polymer and gellan gum possess suitable properties for application in BIPV smart windows:

 High visible and near-infrared transmittance in the clear state (below Ts) and low

transmittance in the translucent state (above Ts)

 High reflectance (above Ts) within the wavelength range of 350-1100 nm, compatible with the

spectral response of crystalline-silicon solar cells.

 Simple synthesis process.

The transition temperatures of the HPC-gellan-gum based thermotropic hydrogels at low HPC

concentrations (2-6 wt %) are found to be approximately 40-42°C. However, these hydrogels may not

be suitable for use in the climates with mild temperatures during summer, such as the UK (where the

average summer daytime temperature is approximately 20°C), since the hydrogels would spend most

of the time in the transparent state, scarcely exploiting their potential for energy efficiency. Therefore,

the thermotropic hydrogels need to be further developed to adapt to a range of climatic conditions.

According to the literature (see Table 4-1), the transition temperature and optical properties of the

hydrogels made of the polymers such as HPC, poly(N-isopropylacrylamide) (PNIPAm) and

hydroxypropyl methylcellulose (HPMC) could be adjusted by adding alcohol (e.g. glycerol), acid

(e.g. acrylic acid) and salt (e.g. sodium chloride (NaCl)). Numerous researches dealing with the effect

of salt addition have been conducted [103, 113, 185, 186]. The study from Xia et al. [114] suggested

that the transition temperature of HPC-NaCl aqueous solution decreases linearly with the increase of

NaCl concentration. Yang et al. [106] prepared a series of HPC-NaCl films with a fixed HPC

concentration (0.5 wt %) and varying NaCl concentrations. The transition temperature was found to

decrease from 38 to 30°C by increasing the NaCl concentration from 0.5 wt % to 5 wt %, and

simultaneously the solar transmittance modulation is improved from 25.7% to 43.6%. The microscopic

properties of pure HPC and HPC-NaCl aqueous solutions at varying temperatures were studied

by Weißenborn and Braunschweig [185]. The results show that the mean hydrodynamic radius of

scattered particles in the salt-free HPC aqueous solution starts to decrease at 45°C, due to coil-to-

globule transition, whereas the transition temperature is shifted to 32.5°C by adding 0.7 M NaCl.
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Table 4-1: Thermal and optical properties of thermotropic hydrogels reported in the literature.

Compositions

(weight concentration)

d

(mm) (°C)
Ref.

1 HPC (0.05%) - 43 - - - [185]

2 HPC (6%) + GGF (1.5%) 0.5 42 >90% >70% - [107]

3 HPC (0.5%) + NaCl (5%) 0.35 30 82.5% 66.9% 43.6% [106]

4 HPC (0.5%) + glycerol (33%) 2 30 - 80% - [187]

5 HPC (0.3%) + HEC (1.4%) 10 22.5 90% - - [97]

6 HPC (0.6%) +PAA (1%) - 17 - - - [188]

7 PNIPAm (8%) 0.2 32 89.1% 88.5% 73.9% [95]

8 PNIPAm + AEMA 0.24 32 87.2% 85% 81.3% [104]

9 PNIPAm (1.6%) + PAM 1 30 92% 36.4% - [189]

10 PNIPAm + TDMImAc - 25 >90% - - [190]

11 PNIPAm (2.5%) + glycerol (35%) 2 20.4 - 70% 60% [98]

12 HPMC (1%) - 69 - - - [191]

13 HPMC (0.5%) + PAA (7%) - 38 - - - [192]

14 HPMC (2%) + AuNRs 10 35 - - - [109]

15 HPMC (2%) + NaCl (20%) 2 24 80% - - [117]

d is the layer thickness, is the transition temperature, is the average visible light transmittance in the

clear state, and are the differences in average visible light transmittance and solar transmittance

respectively between the clear and translucent states. HEC: hydroxyethyl cellulose; PAA: poly(acrylic acid);

AEMA: 2-aminoethylmethacrylate hydrochloride; PAM: polyacrylamide; TDMImAc: 1-Methyl-3-

tetradecylimidazolium acrylate; AuNRs: gold nanorods.

In this chapter, a comprehensive experimental study was conducted to optimise the HPC based

thermotropic hydrogel for applications in the UK climate. The procedures include: (1) investigation of

the correlation between transition temperature, composition and concentration of HPC aqueous

solution (i.e., no gelling agent added); (2) synthesis of HPC based hydrogel membranes with different

component concentrations and characterisation of their optical and thermal behaviours by

spectroscopic measurement; (3) design and fabrication of a BIPV smart window system with the

optimised hydrogel membrane; (4) experimental evaluation of the developed BIPV smart window

system under controlled laboratory conditions.
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4.2 Methodology

Material synthesis and optical measurement setup

4.2.1.1 HPC aqueous solution synthesis

HPC polymer (weight average molecular weight (Mw) ~ 80,000 and number average molecular weight

(Mn) ~ 10,000) in the form of off-white powder was purchased from Sigma Aldrich and used without

any purification. HPC aqueous solution was prepared by mixing the HPC powder in distilled water at

room temperature until thoroughly dissolved. Salt such as NaCl sourced from Sigma Aldrich was added

to the HPC aqueous solution to form an HPC-salt hybrid solution.

4.2.1.2 HPC aqueous solution tests

The prepared pure HPC or HPC-salt aqueous solution was dripped into a quartz cuvette with a

pathlength (or medium thickness) of 10 mm. The cuvette was placed in an Ocean Optics Qpod-2e

sample compartment (see Figure 4.1). The Peltier-controlled cuvette holder in the sample

compartment exchanged heat with the circulating water from the water bucket and provided

temperature control from -15°C to 105°C with a precision of ±0.01°C (i.e., a measure of how well the

cuvette is maintained at constant temperature) for the cuvette [193]. The Qpod-2e sample

compartment was connected to an Ocean Optics HL2000 halogen light source and a USB2000+UV-VIS-

ES spectrometer using collimating-lens-attached optical fibres. This setup allowed the measurement

of spectral transmittance (in the collimated direction) for the HPC aqueous solution with its

temperature precisely controlled. Based on the HPC aqueous solution tests, the transition

temperatures under different compositions (i.e., without salt added and with different types of salt)

and concentrations were obtained and used as references for the subsequent membrane

development.

Transparent state Translucent state

(a) (b)
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(c)

Figure 4.1: Photographs of (a) the experimental setup for the HPC aqueous solution tests, and (b) the cuvette
containing the HPC aqueous solution when it was unheated (above photograph) and when heated above its
transition temperature (below photograph); (c) schematic diagram of the setup.

4.2.1.3 HPC hydrogel membrane synthesis

This section outlines the procedures for the synthesis of the HPC hydrogels without salt (Steps 1-3)

and with salt (Steps 1-5) and the membrane development (Step 6-7). Step 1: Gellan Gum type F (GGF)

powder sourced from Special Ingredients was magnetically stirred into distilled water at 80°C for

several minutes until all the GGF dissolved. Step 2: the GGF aqueous solution was cooled to 60°C and

then fed steadily with HPC powder (average Mw ~ 80,000 and average Mn ~ 10,000) sourced from

Sigma-Aldrich. Step 3: the HPC-GGF-water mixture was left stirring for 2-3 hours until the HPC had

fully dissolved (i.e. the number of hours depends on the amount of HPC to dissolve). Step 4: a certain

amount of NaCl-water solution needed to produce the desired concentrations of the final hydrogel

composition was dripped into the HPC-GGF-water solution using a pipette while stirring vigorously.

Step 5: after the mixing completed, the visible air bubbles trapped in the HPC-GGF-NaCl hydrogel were

removed using ultrasonic vibration. Step 6: after naturally cooled to 25°C, the hydrogel was laminated

with two 4-mm-thick low-iron optical glass slides sourced from GPE scientific; the thickness of the

hydrogel layer (membrane) was controlled to be 1 mm by the use of a gasket spacer between the glass

slides. Step 7: the laminated glass unit was sealed around the edges with butyl sealant to prevent the

hydrogel from leakage and drying out.

4.2.1.4 Membrane spectroscopy measurement

The spectral transmittance and reflectance of the laminated glass unit (glass/membrane/glass) were

measured by an Ocean Optics USB2000+ spectrometer (spectral range: 300-1000 nm) and an Ocean

Optics NIRQuest 512-2.5 spectrometer (spectral range: 1000-2500 nm) coupled with integrating

spheres and a GyroStir-DH hot plate (see Figure 4.2). The spectral transmittance and reflectance of

the thermotropic membrane were obtained by subtracting the spectra of the low-iron optical glass
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slides from the measured spectra, using the baseline-correction method presented by Connelly et al.

[107, 108]. The baseline for the reflectance tests was a 4-mm-thick GPE scientific optical glass slide

covered by an Ocean Optics WS-1 diffuse reflectance standard (100% reflectance). The baseline for

the transmittance tests was an optical glass slide of the same type but at a thickness of 8 mm. Based

on the measured spectral data, the average visible light transmittance (τvis) and average visible light

reflectance (ρvis) of the thermotropic membrane were calculated using Equations (2.9) and (2.10)

[146], and the solar transmittance (τsolar) and solar reflectance (ρsolar) were calculated using Equations

(4.1) and (4.2) [146].

(4.1)

(4.2)

where is the measured spectral transmittance, is the measured spectral reflectance, is

the interval between wavelengths, is the relative spectral distribution of solar radiation.

(a) (b)

Figure 4.2: (a) Optical measurement setup, (b) sample in the transparent and translucent states.

Window fabrication and indoor characterisation setup

Figure 4.3 illustrates a small prototype designed for the BIPV smart window system, where the

components’ dimensions (e.g. aperture area and thickness of the glass covers and membrane) have

been optimised using the technique of Monte-Carlo ray-tracing simulation coupled with the IAD

method (described in Chapter 3). The window performance was experimentally characterised using

the setup shown in Figure 4.4. In the setup, a plate holder from Thorlabs was used to clamp the

prototype with its front side facing a tungsten-halogen lamp. An irradiance probe comprised of an

Ocean Optics 200-μm-core-diameter optical fibre and an Ocean Optics CC-3-UV cosine corrector was 

held against the rear glass cover of the prototype and connected to an Ocean Optics USB2000+
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spectrometer (with a wavelength range of 350-1000 nm and a resolution of 0.5 nm) to detect the

transmitted radiation. The optical sampling system had been calibrated for absolute spectral

irradiance measurement using an Ocean Optics LS-1-CA calibration light source. The prototype was

linked to a Keithley 2420 source meter unit via a four-wire connection method to measure its current-

voltage (I-V) characteristics. The temperatures of the integrated solar cell and thermotropic

membrane were recorded by T-type thermocouples connected to a Datataker DT85. The optical,

electrical and temperature measurements were performed simultaneously under the controlled

environment conditions: ambient air temperature 25°C and total irradiation level 900 W/m 2

(determined by a Kipp & Zonen pyranometer CMP11 with the spectral response range 285-2800 nm).

Figure 4.3: Schematic diagram of the structural design of the BIPV smart window prototype.

(a) (b)

Figure 4.4: (a) Setup for indoor characterisation; (b) images illustrating the appearance change of the fabricated
BIPV smart window below and above its transition temperature.
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4.3 Results and Discussion

Thermal and optical properties of HPC aqueous solutions

Figure 4.5 shows the average visible light transmittance (τvis) of the pure HPC aqueous solutions as a

function of solution temperature. As can be seen, the transition temperature (Ts) (i.e., the

temperature at which the τvis is half of the clear state transmittance at 26°C) decreases from 40.2 to

39.5°C by increasing the HPC concentration from 3 to 6 wt %. However, the Ts reduces by only

approximately 1°C when the HPC concentration is increased from 6 to 15 wt %. This indicates that a

further increase in HPC concentration would exert a minor effect on the transition temperature.

Figure 4.5: Average visible light transmittance of the HPC aqueous solutions at varying temperatures with
respect to different HPC concentrations.

The effect of adding different types of salt on the transition temperature of HPC aqueous solution was

investigated. As can be seen from Table 4-2, the HPC aqueous solution with sodium sulfate (Na2SO4)

has the lowest Ts, followed by sodium chloride (NaCl), calcium chloride (CaCl2) and sodium nitrate

(NaNO3), while adding potassium iodide (KI) leads to an increase in Ts. This may be because the salt

addition affects the solubility of HPC polymer in water. The salting-out effectiveness follows a specific

ion order (or the so-called Hofmeister series): > > > and > [103, 194].

In this work, NaCl was selected as the additive for adjusting the transition temperature of HPC aqueous

solution/hydrogel, considering trade-offs between salting-out effectiveness and health safety.

Although Na2SO4 is more effective in reducing the transition temperature, it is a slightly hazardous salt

that may cause irritation in the case of eye/skin contact and asthma if inhaled, while NaCl is generally

regarded as non-hazardous.

Table 4-2: Transition temperatures of the aqueous solutions of 3 wt % HPC with and without salts (3 wt %).

HPC only HPC + NaCl HPC + CaCl2 HPC + NaNO3 HPC + Na2SO4 HPC + KI

Ts 40.2°C 31.7°C 34.0°C 38.8°C 25.4°C 43.2°C
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The τvis of the HPC aqueous solutions made at a constant HPC concentration (6 wt %) and different

NaCl concentrations as function of solution temperature is shown in Figure 4.6. By increasing the NaCl

concentration from 0 to 4.5 wt %, the Ts is found to decrease significantly from 39.5°C to 27.7°C, while

the hysteresis loop width of the τvis upon heating and cooling remains narrow (<1.5°C) (see Figure 4.7).

The effective reduction in transition temperature may be because the presence of NaCl weakens the

hydrogen bonding between HPC polymer and water, facilitating the HPC polymer to aggregate and

precipitate out of solution at a reduced temperature.

Further increasing the NaCl concentration is undesirable as the HPC-NaCl aqueous solution turns

cloudy at or below room temperature (25°C), which would affect daylighting and viewing when

applied in windows. For example, the HPC aqueous solution with 6 wt.% NaCl starts to switch at

approximately 22°C. Accordingly, the NaCl concentrations of 4.5 wt % (with a Ts of approximately 28°C)

and 3 wt % (with a Ts of approximately 31°C) were selected for the subsequent membrane synthesis

and evaluation.

Figure 4.6: Average visible light transmittances of HPC aqueous solutions with various NaCl concentrations at
different solution temperatures. The solution temperature was precisely controlled by the device in Figure 4.1.

Figure 4.7: Variation in average visible light transmittance when the HPC aqueous solutions were subject to
heating and subsequent cooling.
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Thermal and optical properties of HPC hydrogel membranes

Three salt-free HPC hydrogel membranes were prepared by increasing the HPC concentration from 6

wt % to 12 wt % while maintaining the GGF concentration constant at 0.5 wt %, in order to further

explore the hypothesis raised in [107], that increasing the concentration of HPC within HPC-GGF based

hydrogel may potentially reduce the transition temperature. To investigate the salt effect, two NaCl-

added HPC hydrogel membranes were synthesised using the same concentrations of HPC (6 wt %) and

GGF (0.5 wt %) but with different concentrations of NaCl: 3 wt.% and 4.5 wt %.

The spectral transmittance and reflectance of the HPC hydrogel membranes with different

compositions at 25°C and 55°C are shown in Figure 4.8. At 25°C, there are little differences in

transmittance and reflectance across the whole investigated spectrum between the thermotropic

membranes. When the temperature increases to 55°C, the spectral transmittance reduces

significantly, for example, from over 90% to about 20% in the visible region (380-780 nm) for the salt-

free hydrogel membranes, whereas to about 10% for the salt-added hydrogel membranes. On the

other hand, raising the temperature to 55°C results in higher spectral reflectance. In this state, most

reflection is observed in the wavelength range of 400-1100 nm, matching well with the spectral

response of crystalline-silicon solar cells [108, 195]. It can also be seen that the hydrogel membranes

with increased concentrations of HPC or NaCl have higher spectral reflectance and conversely lower

spectral transmittance.

(a)
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(b)

Figure 4.8: (a) spectral transmittance and (b) spectral reflectance of the thermotropic membranes (1 mm
thickness) with different compositions at 25°C and 55°C.

Figure 4.9 (a) shows the variation of the average visible light transmittance (τvis) of the thermotropic

membranes upon heating from 25°C to 55°C and their transition temperatures (Ts). As can be seen,

the hydrogel membrane made of 6 wt % HPC and 0.5 wt % GGF exhibits the highest Ts observed to be

42.7°C. There is a slight reduction in Ts by approximately 2°C after doubling the concentration of HPC,

indicating a limited effect of HPC concentration on transition temperature. In terms of NaCl salt effect,

the Ts is reduced to 34.1°C and 30.7°C after adding NaCl salt to 6 wt % HPC based hydrogel membrane

to the concentration of 3 wt % and 4.5 wt %, respectively. It is expected that with further increasing

the NaCl concentration, the Ts would continuously decrease.

The average visible light reflectance (ρvis) with increased temperature of the thermotropic membranes

is shown in Figure 4.9 (b). At 25°C, the ρvis is approximately 10% and almost unaffected by varying the

concentration of HPC or NaCl. The ρvis starts to increase at approximately 40°C for the salt-free

hydrogel membranes, while it is approximately 35°C and 31°C for the hydrogel membranes with 3 wt %

NaCl and 4.5 wt % NaCl, respectively. Among the tested samples, the hydrogel membrane with 4.5

wt % NaCl has the highest ρvis when above the Ts. For example, at 55°C the reflectance is 48.7% for the

sample of 6 wt % HPC, 0.5 wt % GGF and 4.5 wt % NaCl, compared to 37.4% for the sample of 12 wt %

HPC and 0.5 wt % GGF and 30.0% for the sample of 6 wt % HPC and 0.5 wt % GGF.
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(a) (b)

Figure 4.9: (a) Average visible light transmittance and (b) average visible light reflectance of the thermotropic
membranes (1 mm thickness) over the temperature range of 25°C to 55°C.

The solar reflectance (ρsolar) and solar transmittance (τsolar) of the thermotropic membranes at 25°C

and 55°C are outlined in Table 4-3. From Table 4-3 and Figure 4.8, it can be seen that increasing the

membrane temperature results in a higher ρsolar but a lower τsolar. It can also be seen that the hydrogel

membranes with and without NaCl have similar values of ρsolar and τsolar at 25°C. However, when the

membrane temperature increases to 55°C, the ρsolar of the hydrogel membrane with 4.5 wt % NaCl

increases to 41.0%, compared to 25.9% for the hydrogel membrane with the same HPC concentration

(6 wt %) and no salt added. The hydrogel membrane with 4.5 wt % NaCl shows the highest solar

transmittance modulation (∆τsolar) of 76.2% (i.e., the difference in solar transmittance between 25°C

and 55°C) among the tested samples.

Table 4-3: Solar reflectance (ρsolar), solar transmittance (τsolar) and solar transmittance modulation (∆τsolar) of
the thermotropic membranes (1 mm thickness).

Properties at
different

Temperatures

6 wt % HPC
0.5 wt %GGF

9 wt % HPC
0.5 wt % GGF

12 wt % HPC
0.5 wt % GGF

6 wt % HPC
0.5 wt % GGF
3 wt % NaCl

6 wt % HPC
0.5 wt % GGF
4.5 wt % NaCl

ρsolar 25°C 9.2% 8.7% 8.4% 8.3% 7.9%

55°C 25.9% 26.6% 29.1% 38.4% 41.0%

τsolar 25°C 87.2% 87.3% 87.8% 86.3% 85.8%

55°C 17.5% 15.6% 15.0% 11.5% 9.6%

∆τsolar 69.7% 71.7% 72.8% 74.8% 76.2%

The above results demonstrate that adding NaCl salt to a HPC based hydrogel membrane reduces the

transition temperature, while providing higher solar transmittance modulation as well as higher

reflectance when the hydrogel membrane experiences a temperature above the Ts, which would

benefit for passive overheat protection and electricity generation of the BIPV smart window system.

This is likely to be attributed to the weakened strength of hydrogen bonding between HPC polymer

chains and surrounding water molecules after NaCl salt addition [106, 114]. Increasing the

= 42.7

= 41.7

= 40.5

= 34.1

= 30.7
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concentration of NaCl tends to reduce the solubility of HPC in water and drive the aggregation of HPC

at elevated temperature. With an increased number of HPC aggregates (scattering domains)

presenting in water, light scattering from the hydrogel membrane is enhanced.

The thermotropic hydrogel membrane composed of 6 wt % HPC, 0.5 wt % GGF and 4.5 wt % NaCl with

a transition temperature of 30.7°C, which is close to the average summer daytime temperature (20 °C)

[196, 197] and above the recommended upper limit of occupants’ thermal comfort (26 ºC) [198, 199],

was selected for further studies on the development of the prototype BIPV smart window and its

applicability in the UK climate.

Reversibility of the selected HPC hydrogel membrane

The thermal reversibility of the hydrogel made of 6 wt % HPC, 0.5 wt % GGF and 4.5 wt % NaCl has

been evaluated. A 3-mm-pathlength cuvette containing the hydrogel was placed in the Qpod-2e

sample compartment (Figure 4.1) (where the collimating lens on the spectrometer side was replaced

with a cosine-corrector for normal-hemispherical transmittance measurement). The sample

compartment was programmed to heat the hydrogel to 45°C (translucent state) and hold the

temperature for 15 minutes, and subsequently cool the hydrogel to 25°C (transparent state) and hold

the temperature for 15 minutes. The heating-cooling cycles were repeated in 100 times. Figure 4.10

shows the collected transmittance data for the hydrogel membrane (3 mm thickness) at the selected

wavelengths of 450, 700 and 900 nm at the membrane temperatures of 45°C and 25°C. No significant

transmittance variations are observed for the hydrogel membrane at the same wavelengths and

temperatures during the heating-cooling cycles, indicating that the transition process is reversible. For

potential commercial applications, this material may need to be tested with more heating-cooling

cycles (e.g., 1000 times) to confirm its long-term cycling stability.

Figure 4.10: Spectral transmittances of the 6 wt % HPC, 0.5 wt % GGF, 4.5 wt % NaCl based hydrogel membrane
(3 mm thickness) during 100 heating-cooling cycles.
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Scattering characteristics of the selected HPC hydrogel membrane

The scattering characteristics of the 6 wt % HPC, 0.5 wt % GGF, 4.5 wt % NaCl based hydrogel

membrane was investigated using the IAD method (described in Chapter 3). Firstly, the total

transmittance, total reflectance and collimated transmittance of the laminated glazing unit (4 mm

glass/1 mm membrane/4 mm glass) were measured (see Figure 4.11) and used for the IAD calculation.

Then, the reduced scattering coefficient ( ), anisotropy factor ( ) and absorption coefficient ( ) of

the hydrogel membrane (1 mm thickness) with respect to wavelength and temperature were derived

from the IAD calculation (see Figure 4.12 (a-c)). These values were subsequently imported to a Monte-

Carlo ray-tracing model to predict the angular scattering intensity distribution of the laminated

thermotropic glazing unit (see Figure 4.12 (d)).

As can be seen from Figure 4.12 (a-c), the increase of the membrane temperature leads to a higher

value of and lower values of . The temperature effect on the volume scattering properties

becomes negligible, when the thermotropic membrane is heated to above 46°C, indicating that an

almost steady translucent state has been reached. From Figure 4.12 (d), it may be seen that with the

membrane temperature increasing, the laminated thermotropic glazing unit exhibits stronger

backward scattering together with suppressed but more uniform forward scattering. These features

could potentially benefit the enhancement of power generation and daylighting control of the BIPV

smart window system, which will be discussed in the subsequent section.

Figure 4.11: Average visible total transmittance, collimated transmittance and total reflectance of a laminated
glass unit, which consists of a 1-mm-thick hydrogel membrane (made of 6 wt % HPC, 0.5 wt % GGF and 4.5 wt %
NaCl) between two 4-mm-thick optical glass slides, as a function of membrane temperature.
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(a) (b)

(c) (d)

Figure 4.12: (a) Reduced scattering coefficient and (b) anisotropy factor of the 6 wt % HPC, 0.5 wt % GGF, 4.5
wt % NaCl based hydrogel membrane (1 mm thickness) at different membrane temperatures, (c) volume
scattering properties at the wavelength of 600 nm, (d) normalised angular intensity distribution of the light
scattered from the laminated glass unit .

Optical and electrical performance of BIPV smart window systems

Figure 4.13 (a) shows the spectral intensity of the light transmitted through the BIPV smart window

system with the selected thermotropic membrane (6 wt % HPC, 0.5 wt % GGF and 4.5 wt % NaCl)

under various membrane temperatures. The measured light incident on the window aperture has a

spectral intensity of up to 120 μW/cm2/nm over the wavelength band of 350 to 1000 nm, equivalent

to a total irradiation intensity of 540 W/m2. When the membrane temperature is 25°C, the BIPV smart

window system at its transparent state allows most of the incident light across the 400 to 1000 nm

spectrum to be transmitted, with a total intensity of 480 W/m2. The total transmitted light intensity

reduces significantly to 191 W/m2 when the membrane temperature increases to 34°C and stabilises

at approximately 100 W/m2 when above 46°C.

The I-V characteristics of the BIPV smart window system at different membrane temperatures are

shown in Figure 4.13 (b). It can be seen that the short-circuit current is approximately constant below

30°C. With the temperature increasing from 30°C to 34°C, a significant increase in short-circuit current

by 12.2% is observed. The enhancement in short-circuit current goes up to 28.5% as the temperature

reaches 54°C. This may be a consequence of increased irradiation intensity on the solar cell, induced
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by the increased reflectance of the thermotropic membrane with its temperature increasing above

30°C (see Figure 4.9 (b)).

(a) (b)

Figure 4.13. (a) Spectral transmitted light intensity and (b) I-V characteristics for the BIPV smart window system
with the thermotropic membrane consisted of 6 wt % HPC, 0.5 wt % GGF and 4.5 wt % NaCl under various
membrane temperatures. The spectral intensity of the incident light was measured when the irradiance probe
was not covered by the sample.

The total transmitted light intensity and maximum power output for the BIPV smart window systems

with different hydrogel compositions are shown in Figure 4.14. From Figure 4.14 (a), it can be seen

that the total transmitted light intensity for the system with 4.5 wt % NaCl starts to decrease at 28°C,

while it is 32°C for the system with 3 wt % NaCl and 40°C for the systems with no NaCl, respectively.

Using a higher NaCl concentration is expected to shift the switching temperature to a lower value.

Similar as observed in Table 4-3, the result in Figure 4.14 (a) shows that the BIPV smart window system

with 4.5 wt % NaCl allows 88.8% and 18.9% of incident light to be transmitted at the membrane

temperature of 26°C and 54°C, respectively; However, these values are lower than 92.5% and 32.8%

for the system with the same HPC concentration (6 wt % HPC) and no NaCl added at the same

membrane temperatures. It can be inferred that increasing the NaCl concentration may reduce the

amount of radiation transmitted through the BIPV smart window system in both transparent and light-

scattering states.

Despite lower transmittance, the BIPV smart window system with 4.5 wt % NaCl provides higher solar

transmittance modulation between 26°C and 54°C (69.9%) compared to its counterpart system with

6 wt % HPC and no NaCl (59.7%). Moreover, the system with 4.5 wt % NaCl offers higher maximum

power outputs than the counterpart systems with less or no NaCl at the same temperatures above

32°C, as shown in Figure 4.14 (b). These findings show that adding NaCl salt can effectively reduce the

transition temperature and also improve the solar transmittance modulation and electricity

generation of the BIPV smart window system, which corroborates the conclusion drawn from the

spectroscopic measurement in Section 4.3.2.
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(a) (b)

Figure 4.14. (a) Total transmitted light intensity (integration over the 350-1000 nm spectrum) and (b) maximum
power output of the BIPV smart window systems with different membrane compositions as a function of
membrane temperature.

4.4 Summary

To optimise the BIPV smart window performance in terms of transition temperature, window

transmittance and electrical power output, in this chapter, thermotropic hydrogels with a modified

composition (i.e., HPC-GGF based hydrogel is added with sodium chloride (NaCl)) were synthesised

and evaluated by experiments. From the HPC aqueous solution tests, it was found that the transition

temperature could be adjusted between 39.5°C and 24.5°C by varying the NaCl concentration

between 0 wt % and 6 wt %. This allows the hydrogel for applications in a variety of climatic conditions.

Based on the spectroscopic measurement, the thermotropic membrane composed of 6 wt % HPC, 0.5

wt % GGF and 4.5 wt % NaCl was selected for further evaluation of outdoor performance in the UK

climate, due to its appropriate transition temperature Ts (30.7°C) as well as high solar energy

modulation (up to 76.2%) and high reflectance in the light-scattering state (up to 48.7%). Moreover,

the thermotropic membrane shows good thermal reversibility and stability during heating-cooling

cycles. From the indoor experimental tests, it was found that applying the thermotropic membrane

with a higher NaCl concentration could potentially improve both electricity generation and light-

shielding performance of the BIPV smart window system.
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– Outdoor experimental characterisation

5.1 Introduction

Different from tested in a controlled laboratory environment, BIPV smart windows for application in

real climatic conditions are subjected to continuously varying boundary conditions such as ambient

air temperature, solar radiation angle and intensity, wind speed and humidity. This chapter aims to

examine the temporal associations between the performance of the developed BIPV smart window

system and dynamic outdoor environmental conditions.

Following on from the indoor characterisation study (Chapter 4), the BIPV smart window system

integrated with the thermotropic membrane made of 6 wt % HPC, 0.5 wt % gellan gum and 4.5 wt %

NaCl was used for the outdoor experimental analysis. The outdoor experiment was carried out based

on a small-scale test cell at the University of Nottingham (52.9° N, 1.2° W) during summer. The BIPV

smart window system and its counterpart system with no thermotropic membrane were installed on

the south wall of the test cell. The window performance has been analysed for different window sizes

(50 mm × 50 mm and 120 mm × 120 mm), window inclination angles (90° and 45°) and weather

conditions (sunny and partially cloudy weathers).

5.2 Experimental setup

A field test was conducted at the Energy Technologies Building at the University of Nottingham, the

UK. Figure 5.2 shows the block diagram and photographs of the outdoor characterisation setup. The

50 mm × 50 mm prototype BIPV smart window and its counterpart system with no thermotropic

membrane were installed in a south-facing test cell (see Figure 5.2 (b)). The window systems were

linked to a Keithley 2420 I-V tracker with a 4-wire connection method [45, 87]. A custom program

written in LabVIEW (National Instruments, version 14.0) was used to instruct the device to trigger

current-voltage (I-V) sweeping with 1-minute intervals automatically. A CMP6 pyranometer (P1) from

Kipp & Zonen with a spectral response range of 285 to 2800 nm was used to measure the global solar

irradiance on the south-facing window surfaces. Another two CMP6 pyranometers (P2 and P3) were

placed adjacent to the windows’ interior side to measure the solar radiation transmitted into the

chambers of the test cell (see Figure 5.2 (c)). The chambers were cooled by natural ventilation to

ensure similar internal air temperatures. The temperatures of the solar cells, thermotropic membrane

layer, external air and internal air were monitored by T-type thermocouples wrapped in aluminium

foil and calibrated with an accuracy of ±0.5°C. The pyranometers and thermocouples were connected

to a Datataker DT85, with the data collected in 1-minute intervals over the experimental period

starting from 9:30 am until 5:30 pm.
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(a) (b)

Figure 5.1: (a) Cross-sectional schematic diagram and (b) image of the prototype BIPV smart window for indoor
and outdoor characterisations.

(a)

(b)

(c)
Figure 5.2: (a) Schematic of the outdoor experimental setup; (b) image of the 50 mm × 50 mm window systems
installed in the test cell; (c) pyranometers in the testing chambers.

5.3 Results and discussion

Outdoor characteristics of the 50 mm × 50 mm window systems

5.3.1.1 Performance at 90° plane inclination

The BIPV smart window system and its counterpart system with no membrane at 90° inclination from

the horizontal were characterised on a sunny interval day (24 th July 2019). Figure 5.3 shows the

variation of the global solar irradiance on the south-facing vertical surfaces (detected by P1) and the

temperatures of the thermotropic membrane, solar cells and outdoor ambient air during the daytime

between 9:30 and 17:30. The global solar irradiance fluctuates between 100 and 600 W/m 2 in the
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periods before 14:00 and after 15:00, due to intermittent cloud cover affecting solar irradiation. In the

interval between 14:00 and 15:00, whilst the global solar irradiance stabilises at level of 600 W/m 2

and the average ambient air temperature is over 30°C, the temperatures of the thermotropic

membrane and solar cell reach up to 44°C.

The solar radiation transmitted into the test cell was attempted to be measured using the

pyranometers behind the BIPV smart window system (P3) and the counterpart PV window system (P2).

However, the solar irradiances detected by P2 and P3 are found to be similar (up to about 100 W/m 2)

and significantly lower than the incident solar radiation (up to about 600 W/m 2) over the entire

observation period, as shown in Figure 5.3. This might be because the pyranometers P2 and P3 in the

test cell are not exposed to the direct sunlight; in other words, only the diffuse component of the

sunlight transmitted through the windows is detected, as a result of multiple factors including small

window area, high solar elevation angle and existing window-to-sensor distance. Using a larger

window area could potentially allow the direct beam component of the transmitted solar radiation to

be sensed by the pyranometers, which will be further explored and discussed in Section 5.3.2.

Figure 5.3: Variation of the solar irradiances and temperatures on 24 th July 2019.

As can be seen from Figure 5.4, the short-circuit current (Isc) of the PV window systems fluctuates

along with the global solar irradiance at the south-facing window surfaces. The maximum short-circuit

current of the BIPV smart window system is recorded to be 32.5 mA at 13:07 with a maximum global

solar irradiance of 636 W/m2 and a membrane temperature of 40.2°C, which is 8.7% higher than that

of the counterpart PV window system. The difference in short-circuit current between the two window

systems increases with a further increase in membrane temperature. At 14:24, when the highest

membrane temperature of 43.5°C is reached, the short-circuit current of the BIPV smart window

system exceeds that of the counterpart PV window system by 12.2%. It is also observed that the BIPV
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smart window system and its counterpart system have similar short-circuit currents during the periods

before 12:30 and after 16:30, while the membrane temperature is below 34°C. This may be because

the intensity of light concentrated onto the solar cell associated with the light-scattering ability of the

thermotropic membrane is relatively weak at low membrane temperatures.

Figure 5.4: Variation of the short-circuit current of the 50 mm × 50 mm BIPV smart window system and its
counterpart system with no membrane at 90° inclination.

Figure 5.5 shows the correlation between the measured short-circuit current and global solar

irradiance. For the counterpart PV window system, the short-circuit current increases linearly with an

increase in global solar irradiance. There is no significant difference in short-circuit current between

the BIPV smart window system and its counterpart system under similar global solar irradiances, when

the membrane temperature is below 34°C. However, the BIPV smart window system provides higher

short-circuit currents than its counterpart system under similar global solar irradiances, when the

membrane temperature is above 34°C. The result confirms the finding from the indoor I-V

characterisation shown in Figure 4.13 (b) where the short-circuit current of the BIPV smart window

under constant solar irradiation increases sharply as the membrane temperature increases to 34°C or

above.
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Figure 5.5: Short-circuit current of the 50 mm × 50 mm PV window systems plotted against global solar irradiance
at the south-facing vertical surfaces.

The variation of the hourly maximum power output (Pm) of the two window systems over the

experimental period (9:30-17:30, 24th July 2019) is shown in Figure 5.6. The hourly maximum power

output of the BIPV smart window system increases to 13.1 mW (13:30-14:30) when the hourly global

solar irradiance reaches a peak of 568 W/m2, and then decreases to 3.6 mW (16:30-17:30) with the

hourly global solar irradiance decreasing to 176 W/m2. During 12:30 to 17:30, the BIPV smart window

system offers 5.3-11.4% higher hourly maximum power outputs than its counterpart system with no

membrane. The power enhancement can be explained because the thermotropic membrane has

turned into its light-scattering state at temperatures above 34°C after 12:30 (see Figure 5.6), leading

to increased irradiation intensity on the solar cell.

Figure 5.6: Hourly maximum power output of the 50 mm × 50 mm PV window systems at 90° inclination. Error
bars represent one standard deviation.
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5.3.1.2 Performance at 45° plane inclination

The 50 mm × 50 mm PV window prototypes were also characterised at a tilt angle of 45° to explore

their potential when incorporated as skylights in buildings. Figure 5.7 shows the variation of the

measured solar irradiances and temperatures with local time over a clear sunny day (29 th July 2019).

The incident solar radiation at the inclined south-facing surfaces increases to about 1000 W/m 2 at

11:30 and remains at this level until 14:30. The irradiance detected by P2 for the counterpart PV

window system has a parabolic shape between 11:30 and 14:30 with a maximum of around 600 W/m 2

(at 11:30) and a minimum of around 400 W/m2 (at 13:00). This may be because, at noontime, the

pyranometer P2 in the test cell is partially shaded by the opaque wall/frame and has a smaller area

exposed to direct sunlight with the sun elevation angle increasing. As to the BIPV smart window, the

irradiance detected by P3 stabilises at around 200 W/m2 during 11:30 to 14:30. Meanwhile, the

membrane temperature is observed to be higher than 40°C, and this suggests that the thermotropic

membrane is in its light-scattering state and the solar radiation entering the test cell is significantly

reduced.

Figure 5.7: Variation of the solar irradiances and temperatures on 29 th July 2019.

Figure 5.8 shows the variation in short-circuit current with global solar irradiance for the PV window

systems inclined at 45°. The short-circuit current of the BIPV smart window system reaches above 50

mA during 11:30 to 13:30 while the global solar irradiance is approximately 1000 W/m 2, and then

decreases gradually while the global solar irradiance decreases. A maximum increase of 12.8% in

short-circuit current is observed for the BIPV smart window system compared to its counterpart

system, during 11:30 to 13:30 with membrane temperatures of over 40°C. The correlation between

short-circuit current and global solar irradiance is shown in Figure 5.9. A linear fit through the

measured data for the BIPV smart window system below 34°C (blue line) yields a gradient of 0.048,
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similar to that for the counterpart PV window system (black line). The gradient increases to 0.052

when above 34°C (red line), implying a higher electricity generation rate of the BIPV smart window

system when switching from the transparent state to the light-scattering state.

Figure 5.10 shows that the two window systems have similar hourly maximum power outputs at the

hourly membrane temperatures of below 34°C (before 10:30 and after 16:30). The hourly maximum

power output of the BIPV smart window system exceeds that of its counterpart system with no

membrane by 6.6% at approximately 35°C (10:30-11:30) to 12.0% at approximately 43°C (14:30-15:30).

The result shows that the membrane temperature plays a pivotal role in the power generation of the

BIPV smart window system.

Figure 5.8: Variation of the short-circuit current of the 50 mm × 50 mm PV window systems at 45° inclination.

Figure 5.9: Short-circuit current of the 50 mm × 50 mm PV window systems plotted against global solar
irradiation on the south-facing window surfaces at 45° inclination.
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Figure 5.10: Hourly maximum power output of the 50 mm × 50 mm PV window systems at 45° inclination. Error
bars represent one standard deviation.

Outdoor characteristics of the 120 mm × 120 mm window systems

In addition to the 50 mm × 50 mm prototype, a large-scale prototype for the BIPV smart window

system was developed for outdoor characterisations. The purpose is to avoid the edge effect on the

detection of solar beam irradiation by the light sensor in the test cell and accurately measure the

window transmittance. The large-scale prototype was fabricated with similar configurations and

materials as those for the 50 mm × 50 mm prototype (shown in Figure 5.1), but differing in the

aperture area of the components, i.e., the glazing aperture area is 120 mm × 120 mm and the

thermotropic membrane area is 110 mm 110 mm. Two identical test boxes were constructed where

the BIPV smart window system and its counterpart system with no membrane were mounted on the

south side (see Figure 5.11). The solar radiation transmitted through the windows was detected using

the Kipp & Zonen CMP6 pyranometers located in the test boxes with a similar setup as the previous

tests discussed in Section 5.3.1. The average temperature of the thermotropic membrane layer was

measured using the T-type thermocouples located at three different heights in the layer.

(a) Transparent state (b) Translucent state

Figure 5.11: Images of the test boxes with the 120 mm 120 mm PV window systems.
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5.3.2.1 Performance on a clear sunny day

The window performance was evaluated on a clear sunny day (25th August 2019). As can be seen from

Figure 5.12, the global solar irradiance on the south-facing window surfaces (detected by P1) is in a

parabolic shape between 9:30 and 17:00. It increases from around 400 W/m2 to around 650 W/m2 at

12:45 and gradually decreases to around 200 W/m2 at 17:00. The irradiance detected by P2 for the

counterpart PV window system shows a similar tendency as the global solar irradiance measured by

P1, but at a lower level, reaching a maximum of around 500 W/m2 at 12:45. The irradiance detected

by P2 decreases rapidly after 16:00, because the pyranometer in the south-facing test box can hardly

receive direct sunlight as the sun sets in the west. As to the BIPV smart window system, the irradiance

detected by P3 is nearly constant at 100 W/m2 during 10:00 to 15:00 where the thermotropic

membrane is in its light-scattering state with temperature between 34°C and 50°C. The BIPV smart

window system can significantly reduce (up to 80%) solar radiation entering the test cell when

compared with its counterpart system, showing advantages in reducing overheating and glare in

buildings on hot sunny days.

The variation in short-circuit current with local time is also shown in Figure 5.12. During the hot period

between 11:00 and 17:00, whilst the ambient air temperature exceeds 30°C and the membrane

temperature is over 40°C, the BIPV smart window system generates up to approximately 12% higher

short-circuit currents when compared to its counterpart system with no membrane. For the same

period, the hourly maximum power outputs of the BIPV smart window system are found to be 8.7-

11.8% higher than those of the counterpart system, as shown in Figure 5.13.

It is noted that the BIPV smart window system has lower power outputs than its counterpart system

between 9:00 and 10:00 in the morning. This might be because when below the Ts, the thermotropic

membrane layer has a higher refractive index (nTT ≈ 1.33) than the air layer (nair = 1.0) and thus a larger

critical angle ( ) at its interface with the PV encapsulation layer (nencapsulation = 1.49) according to the

Snell’s law ( ), which causes less incident light being trapped and totally

reflected in the PV encapsulation layer of the BIPV smart window system. When above the Ts, the total

internal reflection is enhanced with more light being scattered from the thermotropic membrane layer,

and thereby the BIPV smart window has higher power outputs.
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Figure 5.12: Optical and electrical performance of the 120 mm × 120 mm PV window systems at 90 inclination.

Figure 5.13: Hourly maximum power output of the 120 mm 120 mm PV window systems at 90° inclination.
Error bars represent one standard deviation.

5.3.2.2 Performance on a partially cloudy day

The 120 mm × 120 mm prototype BIPV smart window at an inclination of 90° were also characterised

on a partially cloudy day in summer (21st August 2019) with intermittent solar irradiation and low

ambient air temperatures shown in Figure 5.14 (a). The global solar irradiance on the south-facing

vertical surfaces (detected by P1) is observed to be less than 200 W/m2 with overcast sky conditions

in the morning (before 10:30) and in the late afternoon (after 15:00). During 10:30 to 15:00, the global

solar irradiance fluctuates between 100 and 750 W/m2 due to intermittent cloud cover. The solar

irradiation measured for the counterpart PV window in the test cell (P2) follows a similar trend as the



112

global solar irradiation measured by P1 but with lower intensities. A similar irradiance pattern is

observed for the BIPV smart window system (P3) and the counterpart PV window (P2) until 11:30,

indicating similar window transmittances. However, the solar radiation transmitted through the BIPV

smart window system reduces from approximately 450 W/m2 at 11:30 to approximately 150 W/m2 at

12:30, while that through the counterpart PV window remains at level of 500 W/m 2. This can be

explained with Figure 5.14 (b), where the thermotropic membrane changes its state between

transparent and translucent with the variation of its temperature. Specifically, the thermotropic

membrane turns into translucent at around 12:00 when its temperature is over 30°C and maintains

this state till 15:00. The thermotropic membrane returns to its transparent state after 15:00 when the

membrane temperature decreases below 30°C, when the sky becomes overcast and the ambient air

temperature is approximately 20°C. This observation illustrates the dynamic solar transmittance of

the BIPV smart window system in relation to the membrane temperature under the combined

influence of solar irradiation and ambient air temperature.

(a) (b)
Figure 5.14: (a) Variation of the parameters measured on the partially cloudy day, (b) images illustrating the
appearances of the BIPV smart window system with different average membrane temperatures (T m).

5.4 Summary

The BIPV smart window system was characterised for its electrical and optical performance under

outdoor weather conditions in Nottingham (UK). The thermotropic membrane selected for the

outdoor tests consists of 6 wt.% HPC, 0.5 wt.% GGF and 4.5 wt.% NaCl with a transition temperature

of 30.5°C. Two similar prototypes with the glazing cover dimensions of 50 mm × 50 mm and 120 mm

× 120 mm were constructed and tested at the inclination angles of 90 and 45 facing south,

respectively, and their performance was analysed in comparison to the identical BIPV window systems

in the absence of the thermotropic membrane. The outdoor experiments illustrate how solar
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irradiation influences the temperature of the thermotropic membrane layer, thus altering the optical

and electrical properties of the BIPV smart window system. It is found that the BIPV smart window

can reduce up to 80% solar radiation transmitted into the interior space compared to its counterpart

system with no thermotropic membrane applied, while providing up to 12% higher electrical power

outputs.
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– Building Performance Simulation

6.1 Introduction

The outdoor characterisation of the BIPV smart window prototypes, as discussed in Chapter 5,

provides a general picture of how varying external environmental conditions affect their electrical,

thermal and optical properties. This chapter aims to provide insight into the potential of the BIPV

smart window system in improving the energy efficiency and occupant comfort in buildings.

In this work, building performance simulation has been carried out in EnergyPlus (version 9.2) for a

small cellular office room located in Nottingham, the UK. The office room was assumed to be equipped

with a BIPV smart window system which was constituted of a glass-PV-membrane-glass laminate, an

air gap and a low-emissivity (low-e) glass pane. Based on the EnergyPlus model, the performance of

the BIPV smart window system in terms of solar heat gain, daylighting control and electricity

generation was simulated, and compared to those for a conventional BIPV window and an ordinary

low-e double-glazed window. The effects of different window design parameters, such as Window-to-

Wall Ratios (WWR), window orientation and transition temperature, on the overall energy and

daylight performance of the BIPV smart window system have also been investigated.

6.2 Methodology

EnergyPlus is a modular program that reads input data (e.g. building geometry, window properties,

internal heat load, occupant/equipment schedule and climate data) and writes output data (e.g.

window surface temperature, window solar heat gain, heating/cooling/lighting load and PV power

output). Figure 6.1 provides a flow chart illustrating the integration of the thermal, optical and

electrical properties of the BIPV smart window system into the EnergyPlus model. The thermal

properties (e.g. thermal conductivity and U-value) were calculated using the International Standard

ISO 10077-1:2006 [200] and the optical properties (e.g. solar transmittance and visible light

transmittance) were calculated following the International Standard ISO 9050:2003 [201]. These

window properties were imported to a built-in module named ‘thermochromic glazing module’ in

EnergyPlus for the simulations of heat and light transfer through the BIPV smart window system. On

the other hand, the optical concentration ratio of the BIPV smart window system under varying

conditions (e.g. thermotropic layer temperature and angle of light incidence) was predicted by the

Monte-Carlo ray-tracing simulation technique (described in Chapter 3). A PV modelling algorithm

based on the predicted optical concentration ratios was developed and validated, and then specified

in the ‘Energy Management System (EMS) module’ in EnergyPlus for simulating the on-site electricity

generation from the BIPV smart window system.
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Figure 6.1: Flow chart of the workflow for modelling the BIPV smart window system.

Model geometry

Figure 6.2 shows the geometry of the cellular office room (3 m × 3 m × 3 m) modelled in EnergyPlus.

The office room was considered as part of a large south-facing façade and buffered by mechanically

conditioned spaces. It was assumed that only the south wall and horizontal roof comprising the office

room were exposed to external conditions and subjected to heat transfer [91, 202]. The south wall of

the office room was assumed to be installed with a BIPV smart window system with a WWR of 25%.

The BIPV smart window system was assumed to consist of an array of crystalline-silicon (c-Si) solar

cells with cell dimensions of 0.01 m × 0.01 m and a cell-to-cell spacing of 0.02 m. The PV cell coverage

ratio, which is defined as the fraction of the window aperture surface area covered by the solar cells,

is equal to approximately 11%.

Figure 6.2: Geometry of the office room modelled in EnergyPlus.
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Glazing configuration and properties

6.2.2.1 Glazing configuration

Three glazing systems shown in Table 6-1 were designed for the numerical simulation and

comparative analysis. The BIPV smart window system was assumed to consist of an outside laminate

layer, an air gap and an inside low-e glass layer. The laminate layer was assumed to consist of a Dow-

Corning 1-2577® coating layer (where c-Si solar cells were encapsulated) and a thermotropic layer

between two optiwhite glass coverslips. The thermotropic layer was designed with the hydrogel

composition of 6 wt % HPC, 0.5 wt % GGF and 4.5 wt % NaCl with a transition temperature of 30.5°C

(details are presented in Chapter 4). A counterpart BIPV window system (with a similar window

structure and PV cell coverage ratio, but no thermotropic layer applied) and a low-e double-glazed

window (with no PV encapsulation layer and thermotropic layer) were selected as references for the

window performance comparison.

Table 6-1: Window components and their thicknesses.

Type Outer cover Middle layer Inner cover

BIPV smart window

system

Laminate (from outside to inside):

3 mm GPE scientific optiwhite glass

2 mm PV encapsulation layer

1 mm thermotropic layer

3 mm GPE scientific optiwhite glass

12 mm air gap
3 mm Guardian

low-e glass*

Counterpart BIPV

window system

Laminate (from outside to inside):

3 mm GPE scientific optiwhite glass

2 mm PV encapsulation layer

3 mm GPE scientific optiwhite glass

12 mm air gap
3 mm Guardian

low-e glass*

Low-e double-glazed

window
6 mm GPE scientific optiwhite glass 12 mm air gap

3 mm Guardian

low-e glass*

* The physical properties of the commercially available low-e glass pane can be found from the International

Glazing Database (IGDB) (ClimaGuard 80/70, ID: 3238) [203].

6.2.2.2 Window thermal properties

The thermal transmittance (or U-value) of a double or multi-layer glazing system can be determined

using Equation (6.1) and the typical values given in the International Standard ISO 10077-1:2006 [200].

For the BIPV smart window system, the thermal conductivities (kj) of the individual layers including

the optiwhite/low-e glass panes (d = 3 mm), PV encapsulation layer (d = 2 mm) and thermotropic layer

(d = 1 mm) are 1.0 W/m K, 0.27 W/m K and 0.59 W/m K, respectively. As the window is vertically

inclined and the normal emissivity of its external and internal surfaces is greater than 0.8, the thermal

resistances of its external surface (Rse) and internal surface (Rsi) can be assumed to be 0.13 m2 K/W

and 0.04 m2 K/W, respectively, according to the ISO 10077-1:2006. The thermal resistance (Rair,j) of
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the unventilated air space between the laminate and the low-e glass pane can be assumed to be 0.377

m2 K/W, since the air space has 12 mm thickness and one side coated with a normal emissivity of 0.1,

according to the ISO 10077-1:2006.

With the above inputs, the U-value of the BIPV smart window system was calculated to be 1.77 W/m2

K. Similarly, the U-value of the counterpart BIPV window system (with no thermotropic layer) was

calculated to be 1.78 W/m2 K and that of the low-e double glazed window (with no PV encapsulation

layer and thermotropic layer) was calculated to be 1.80 W/m2 K.

(6.1)

where Rse and Rsi are the external and internal surface resistances, dj is the thickness of the glass or

material layer j, kj is the thermal conductivity of the glass or material layer j, Rair, j is the thermal

resistance of the air space j between two layers.

6.2.2.3 Window optical properties

For a window consisting of two glazing covers separated by an air gap, its spectral transmittance τ(λ),

outer-side spectral reflectance ρ0(λ) and inner-side spectral reflectance ρi(λ) can be calculated by

Equations (6.2)-(6.4), according to the International Standard ISO 9030:2003 [201]. For the BIPV smart

window system, the calculation inputs include the spectral properties of the glass-PV-membrane-glass

laminate (outer pane), which were obtained by spectroscopic measurement, and also the spectral

properties of the low-e glass cover (inner pane), which were sourced from the International Glazing

Database (IGDB) [203]. Figure 6.3 (a) and (b) show the average transmittance and reflectance in the

visible region (380-780 nm) and solar spectrum (250-2500 nm) measured for the glass-PV-membrane-

glass laminate. Figure 6.3 (c) and (d) show the calculated optical properties for the BIPV smart window

system. A Similar method was applied to calculate the optical properties of the counterpart BIPV

window system and the low-e double-glazed window (see Table 6-2).

(6.2)

(6.3)

(6.4)

where is the spectral transmittance of the outer pane (i.e., the laminate), is the spectral

reflectance of the outer pane in the direction of incident light, is the spectral reflectance of the
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outer pane in the opposite direction of incident light, is spectral transmittance of the inner pane

(i.e., the low-e glass pane), is the spectral reflectance of the inner pane in the direction of

incident light, is the spectral reflectance of the inner pane in the opposite direction of incident light,

is the wavelength.

(a) Average visible light properties of the laminate (b) Solar properties of the laminate

(c) Average visible light properties of the window (d) Solar properties of the window

Figure 6.3: Transmittance, outer-side reflectance and inner-side reflectance measured for the glass-PV-
membrane-glass laminate and calculated for the BIPV smart window system.

Table 6-2: Average visible light and solar properties of the three glazing systems.

glazing system Solar transmittance and
reflectance

Average visible light transmittance
and reflectance

τ(λ) ρ0 ρi τ ρ0 ρi

BIPV smart window
25°C 0.468 0.250 0.267 0.669 0.233 0.238

50°C 0.058 0.352 0.431 0.075 0.420 0.477

Counterpart BIPV window 0.554 0.324 0.274 0.693 0.263 0.249

Low-e double-glazed window 0.637 0.222 0.197 0.814 0.132 0.132

The above window optical and thermal properties were used for the daylight simulation and heat

balance simulation in EnergyPlus. For the BIPV smart window system, due to its optical properties

varying with temperature, the built-in ‘thermochromic glazing module’ was adopted. Specifically, at

each timestep, EnergyPlus determines the temperature of the thermotropic layer, which selects the

most closed specification temperature whose corresponding window optical properties will be used

for the next timestep calculation. The reliability of simulation based on the ‘thermochromic glazing
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module’ has been validated by Liang et al. [204, 205] through comparing the simulated cooling load

with the measured cooling load for a thermochromic-glazing-equipped test room [206] with same

boundary conditions applied.

6.2.2.4 Window electrical properties

A PV modelling algorithm was developed and specified in the ‘Energy Management System (EMS)’

module in EnergyPlus to predict the on-site electricity generation from the BIPV smart window system

or the counterpart BIPV window system under time-varying weather conditions. The electrical power

output (P) of the PV cells within the BIPV windows was calculated by Equation (6.5) [207], where the

constant parameters include the window aperture surface area (Aw), PV cell coverage ratio (fpv) and

inverter efficiency (ηinverter) (listed in Table 6-3), and the dynamic parameters include the global solar

irradiance (Gpv) on the PV cells and the actual power conversion efficiency (ηpv) of the PV cells. The Gpv

can be calculated by Equation (6.6), where the optical concentration ratio (Ce) of the BIPV windows

(i.e., the ratio between the solar irradiance on the PV cells and on the window aperture surface) was

predicted using the IAD and Monte-Carlo coupled optical modelling technique (described in Chapter

3). The ηpv can be calculated by Equation (6.7).

(6.5)

(6.6)

(6.7)

Where Ppv is the PV power output from the BIPV window (W), Gpv is the global solar irradiance on the

solar cells (W/m2), Aw is the window aperture surface area (m2), fpv is the PV cell coverage ratio, ηpv is

the actual power conversion efficiency of the solar cells, ηinverter is the inverter efficiency, Gw is the

global solar irradiance on the window outside surface (W/m2), Ce is the predicted optical

concentration ratio, ηpv,STC is the power conversion efficiency of the solar cells under standard test

conditions, ξ is the temperature coefficient of power (%/°C), Tpv is the solar cell temperature (°C).

Table 6-3: Input parameters for the PV modelling algorithm.

Parameter value

Window aperture surface area (Aw) 2.25 m2

PV cell coverage ratio (fpv) 11%

Power conversion efficiency of the solar cell under STC (ηpv,STC) 17%

Inverter efficiency (ηinverter) 95%

Temperature coefficient of power of the solar cells (ξ) 0.3%
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In practice, the optical concentration ratio depends on the thermotropic layer temperature as well as

the angle of light incidence on the window aperture, both of which change with local time. The angle

of light incidence varies with the sun position, surface tilt angle and surface azimuth (see Figure 6.4).

It can be determined using Equation (6.8), which can be simplified to Equation (6.9) if the investigated

surface is vertically inclined (β = 90°), facing south (Zs = 0°) and in the northern hemisphere [208, 209].

Figure 6.5 shows the predicted optical concentration ratios for the BIPV smart window system under

various conditions of thermotropic layer temperature and incidence angle. At the same temperatures,

the optical concentration ratio remains nearly constant within the incidence angle range of 0° to 65°,

while it reduces significantly with the incidence angle increasing above 65°. On the other hand, at the

same angles, the optical concentration ratio of the BIPV smart window system experiences a

significant increase with the thermotropic layer temperature increasing until 44°C, while it changes

slightly with a further temperature increase.

Figure 6.4: Diagram of solar radiation incident on a plane. Source: [208].

(6.8)

(6.9)

(6.10)

or

(6.11)

Where θ is the angle of incidence between the solar beam on a surface and the normal to the surface,

δ is the declination angle, L is the local latitude, β is the surface tilt angle, Zs is the surface azimuth
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angle, h is the hour angle, N is the day number, α is the solar altitude angle, z is the solar azimuth angle,

Φ is the solar zenith angle.

Figure 6.5: Predicted optical concentration ratio of the BIPV smart window system with respect to thermotropic
layer temperature and angle of light incidence on it.

The developed PV modelling algorithm has been validated by comparisons with the results obtained

from the outdoor experiment in Nottingham on the summer days, July 25 th and August 25th, 2019. The

details about the outdoor experimental setup and data are presented in Chapter 5. Given the

measured thermotropic layer temperatures and the calculated angles of light incidence at the local

times of the summer days, the corresponding optical concentration ratios can be derived from the

predicted dataset (see Figure 6.5 and Figure 6.6 (a) and (b)). With the prediction of optical

concentration ratio, the electrical power output of the BIPV smart window system at the local times

was calculated using Equations (6.5)-(6.7). From Figure 6.6 (c) and (d), it can be seen that the

calculated maximum power outputs are in a good agreement with the measured results.

By using the EMS, the time-varying parameters such as the thermotropic layer temperature, the angle

of light incidence on the window and the PV cell operating temperature were detected at the

beginning of each time step. Then, a corresponding optical concentration ratio for this condition was

selected from the dataset (Figure 6.5) and a corresponding power conversion efficiency was calculated

by the EMS. These data were subsequently applied in the PV modelling algorithm for the calculation

of on-site electricity generation.
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(a) (b)

(c) (d)

Figure 6.6: Predicted optical concentration ratios for the BIPV smart window tested in Nottingham on the dates
of (a) 25/07/2019 and (b) 25/08/2019; comparison between the calculated and measured maximum power
outputs on the dates of (c) 25/07/2019 and (d) 25/08/2019.

Other settings in EnergyPlus

In the model setup, the boundary condition of the south wall and roof of the office room was set as

‘exposed to the outdoor environment’, while those of the rest walls and floor was set to be adiabatic

(i.e., no heat gains and losses through them). Table 6-4 shows the U-values specified for the building

elements in EnergyPlus, compared with the maximum allowed U-values for UK office buildings under

the latest Building Regulation Part L2A [210]. The office room was assumed to be occupied by one

person from 9:00 to 17:00 on weekdays all year long. An ideal-loads Heating, Ventilation and Air-

conditioning (HVAC) system with a dual setpoint control was used to maintain the indoor air

temperature between 20°C and 26°C, in accordance with the HVAC design temperatures for office

buildings recommended by the American Society of Heating, Refrigerating and Air-Conditioning

Engineers (ASHRAE) [211]. The internal heat load from electrical equipment was assumed to be 15

W/m2. The light power density was assumed to be 9 W/m2, where 80% of the electric lighting power

was consumed for visible radiation and 20% was dissipated as heat to the interior space. The electric

lighting was set to be automatically controlled, i.e., during the working hours, the electric lighting was
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switched on when the daylight illuminance over the working plane (at the centre of the office room

and at a 0.75 m height above the floor) fell below 300 lux.

Table 6-4: Simulation parameters for a UK cellular office.

Parameters Benchmark range for building
performance simulation [211]

Values
used in this study

U-value

(W/m2 K)

Wall 0.35 0.35

Roof 0.25 0.25

Floor 0.25 0.25

Window 2.2 1.8

Heating temperature setpoint (°C) 20-23 20

Cooling temperature setpoint (°C) 23-26 26

Maximum occupant density (m2/person) 6-15 9

Infiltration rate (ACH) 0.16-1.0 0.5

Equipment heat gain (W/m2) 10-25 15

Lighting power density (W/m2) 4-24 9

Illuminance over a task area (lux) 300-500 300

6.3 Results and discussion

In order to understand the thermal, electrical and optical performance of the designed BIPV smart

window system and its effect on building energy and environmental performance, specific evaluation

criteria were applied. Firstly, the thermal behaviour in terms of the monthly solar heat gain through

window and the percentage of working hours for the thermotropic layer at specific temperatures was

investigated. Then, the monthly/annual energy consumptions (i.e., cooling, heating and lighting loads)

and on-site electricity generation were analysed to explore the energy saving potential. The daylight

performance was evaluated using the metric named Useful Daylight Illuminance (UDI). Finally,

detailed energy and daylight analyses were carried out to explore the effects of different WWRs,

glazing orientations and transition temperatures of the thermotropic layer.

Window solar heat gain

Figure 6.7 shows the monthly solar heat gains through the different windows for application in the

office room with a WWR of 25% and south orientation of glazing under the climate of Nottingham. As

can be seen, both BIPV windows allow less solar heat to be admitted to the indoor space when

compared to the low-e double-glazed window. This occurs probably because a portion of incident

solar radiation is absorbed and converted to electricity by the solar cells in the BIPV windows. During

the cold months of November to February, the solar heat gains through the BIPV smart window are

slightly lower than those through the counterpart BIPV window. However, during the warm months

of March to October, significant reductions in solar heat gain are observed for the BIPV smart window

over the counterpart BIPV window. For example, during the hottest month (July), the BIPV smart
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window provides approximately 47% lower solar heat gains when compared with the counterpart

BIPV window and approximately 53% when compared with the low-e double-glazed window. The BIPV

smart window shows a greater potential in reducing solar heat gain during summer than during winter,

which is likely attributed to the increasing number of hours during summer where the thermotropic

layer has turned into translucent at temperatures above 28°C (see Figure 6.8).

Figure 6.9 shows the variation of the solar heat gain rate of the BIPV windows with the incident solar

radiation intensity. In the graph, the data points for the BIPV smart window are separated into two

groups, corresponding to the steady-state conditions: transparent (below 28°C) and translucent

(above 36°C) (i.e., the steady states can be also determined according to Figure 6.3 (d)). When the

thermotropic layer is transparent, the BIPV smart window and its counterpart system with no

thermotropic layer have similar solar heat gain rates under similar solar irradiation intensities;

however, after switching to the translucent state, the solar heat gain rate of the BIPV smart window

reduces significantly, i.e., the gradient of the linear fit (or the Solar Heat Gain Coefficient (SHGC))

decreases from 0.49 to 0.12. The above results suggest that the BIPV smart window can provide a

similar passive solar heating effect as the traditional BIPV window in cold periods, but more effective

overheat protection in hot periods.

Figure 6.7: Monthly solar heat gains (kWh per window area) through the different windows for application in
the office with a WWR of 25% and south orientation of glazing.



125

Figure 6.8: Percentages of total working hours (range: 9:00-17:00) in the months where the thermotropic layer
temperature is within the specific temperature ranges.

Figure 6.9: Solar heat gain rates of the BIPV smart window in the steady states and its counterpart system with
no thermotropic layer. Data were retrieved at 10-minutes time steps through a year.

Energy consumption, electricity generation and daylight performance

Figure 6.10 shows the monthly energy consumptions for heating, cooling and electric lighting in the

office room using the different window types. During the cooling-demand months of April to October,

the use of the BIPV smart window contributes to significantly lower cooling loads of the office room

when compared with the counterpart BIPV window and low-e double-glazed window; however,

during the heating-demand months of November to March, the office room with the BIPV smart

window consumes slightly more heating energy. These could be explained by the differences in

monthly solar heat gain between the windows according to Figure 6.7. Apart from reducing cooling

energy consumption, the BIPV smart window generates more quantities of electric energy compared

to the counterpart BIPV window, as shown in Figure 6.10. The increase in the amount of electric

energy generated by the BIPV smart window over its counterpart system becomes larger as the
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weather warms up, reaching a maximum of approximately 12% in July. This could be explained by the

fact that the thermotropic layer maintains at high temperature and in its translucent state over a

longer period during summer than during winter (see Figure 6.8), therefore the BIPV smart window

can utilise more scattered solar radiation for electricity generation, thus providing better electrical

performance than its counterpart system during summer.

Table 6-5 shows the annual energy performance of the office room with the different window types.

Both BIPV windows provide lower annual cooling loads but higher annual heating and lighting loads

than the low-e double-glazed window. However, the BIPV smart window outperforms the counterpart

BIPV window with a reduction in annual cooling load by 19.6 kWh/m2 and an increase in annual

electricity generation by 0.2 kWh/m2. In addition, the BIPV smart window offers net energy savings of

39.0% when compared with the counterpart BIPV window and 49.6% when compared with the low-e

double-glazed window.

Figure 6.10: Monthly energy consumption and generation (kWh per floor area) of the office using the different
window types.

Table 6-5: Annual energy consumption and generation comparison between the different window types.

Annual
Cooling

(kWh/m2)

Annual
Heating

(kWh/m2)

Annual
Lighting

(kWh/m2)

Annual
PV electricity

(kWh/m2)

Annual net
Energy use
(kWh/m2)

Energy
saving

(relative to
DG

BIPV Smart window 17.3 11.1 4.5 4.2 28.7 49.6%

Counterpart BIPV window 36.9 9.6 4.6 4.0 47.1 17.2%

Low-e double glazing (DG) 44.0 8.5 4.4 0.0 56.9 -



127

To assess daylight availability in the building interior, Useful Daylight Illuminance (UDI) is generally

used as the performance metric. In this study, the percentages of total working hours in a year where

the daylight illuminance on the working plane falls within three standard UDI bins were predicted. The

working plane was assumed to be at the centre of the room and a height of 0.75 m above the floor.

The UDI bins include (1) an undersupply UDI bin where the hourly illuminances are lower than 100 lux

(labelled as ‘UDI<100 lux’); (2) an oversupply UDI bin where the hourly illuminances exceed 2000 lux

(labelled as ‘UDI>2000 lux’); (3) a useful bin where the hourly illuminances are in the range of 100 to

2000 lux (labelled as ‘UDI100–2000 lux’) [202, 212]. Periods that fall into the UDI<100 lux and UDI>2000 lux bins

often encourage some form of intervention, since the undersupply of daylight (UDI <100 lux) could lead

to an increased demand for supplementary artificial lighting, while the oversupply of daylight

(UDI>2000 lux) is likely to cause visual or thermal discomfort of occupants. Periods that lands in the

UDI100–2000 lux bin generally require neither electric lighting nor solar shading, and it may be assumed

that the luminous environment meets the needs of occupants.

Figure 6.11 shows the annual UDI distribution for the different window types. For the low-e double-

glazed window, the periods when exposed to oversupplied daylight (UDI >2000 lux), undersupplied

daylight (UDI<100 lux) and desirable illumination (UDI100–2000 lux) account for 71.7%, 4.5% and 23.8%,

respectively. The percentage of UDI100–2000 lux is slightly increased to 27.6% when the office room is

equipped with the counterpart PV window. In contrast, using the BIPV smart window significantly

increases the percentage of UDI100–2000 lux to 42.0% while reducing the percentage of UDI>2000 lux to

52.9%. This may be because the BIPV smart window can scatter incoming sunlight and reduce its

visible light transmittance in some periods of a year, thus lowering the risk of over illumination.

Figure 6.11: Annual UDI distribution in the office room with a south-facing window and a WWR of 25% under
the climate of Nottingham.
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Effect of window orientation and WWR

Further simulations have been carried out to specify the effects of orientation and WWR on the

window performance. Four orientations, including south, west, east and top (horizontal skylight),

were considered in the EnergyPlus simulations. In each orientation group, three WWRs were

considered: 25%, 50% and 75% (see Figure 6.12), which were recommended to represent office

buildings with low, medium and high levels of glazing coverage, respectively [211]. Therefore, totally

12 architecture design scenarios were numerically investigated.

Vertical window Horizontal skylight

WWR = 25% WWR = 50% WWR = 75% WWR = 25% WWR = 50% WWR = 75%

Figure 6.12: Diagrams of the office room using different window-to-wall ratios (WWR) for the south/west/east-
facing window and horizontal roof skylight.

(a)

(b)
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(c)

(d)

Figure 6.13: Annual energy use and generation for the (a) south-facing windows, (b) west-facing windows, (c)
east-facing windows and (d) horizontal skylight under different WWRs.

The predicted annual energy consumption and electricity generation with respect to different glazing

orientations and WWRs are shown in Figure 6.13. Under the same WWRs, all the three windows with

the top orientation show the highest annual cooling loads, followed by the south, west and east

orientations. This may be because the horizontal skylights receive more solar radiation than the

vertical windows in hot seasons when the sun has high elevation angles. Under the same WWRs, the

south orientation cases require the lowest amounts of heating energy, due to the longest exposure to

direct solar radiation in cold seasons when the sun has low elevation angles. Another observation is

that under the same orientations, the increase of WWR from 25% to 75% leads to both higher annual

total energy consumption and annual electricity generation for the BIPV windows.

From Table 6-6, it can be clearly seen that under the same orientations, all the three windows with a

larger WWR are associated with larger annual net energy consumption. Amongst them, the BIPV smart
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window exhibits the best energy performance in all cases of orientation and WWR. For example, when

the office room is facing south with a WWR of 75%, the net energy savings by using the BIPV smart

window and the counterpart BIPV window are 60.2% and 20.7%, respectively, when compared with

the low-e double-glazed window. In terms of daylight performance, as can be seen from Table 6-7,

the BIPV smart window shows the highest percentages of total working hours where the office room

is supplied with the desired daylight illumination (UDI100–2000 lux), in all cases of orientation and WWR.

Overall, the results suggest that using the BIPV smart window in place of the traditional BIPV window

or low-e double-glazed window can improve both overall energy efficiency and indoor luminous

environment quality for the office rooms regardless of glazing orientation and WWR.

Table 6-6: Annual net energy consumption for different WWRs and orientations. The values in brackets are the
net energy savings relative to the low-e double-glazed window (DG).

South window
(kWh/m2 - floor)

West window
(kWh/m2 - floor)

East window
(kWh/m2 - floor)

Horizontal skylight
(kWh/m2 - floor)

Smart Ref DG Smart Ref DG Smart Ref DG Smart Ref DG

WWR
= 25%

28.7
(49.6%)

47.1
(17.2%)

56.9 36.7
(32.5%)

47.6
(12.5%)

54.4 36.6
(27.9%)

44.4
(12.5%)

50.8 46.2
(48.1%)

74.7
(16.1%)

88.9

WWR
= 50%

43.8
(58.7%)

84.5
(20.3%)

106.0 48.7
(43.5%)

72.1
(16.4%)

86.3 49.0
(38.8%)

66.6
(16.8%)

80.0 71.0
(54.1%)

127.1
(17.7%)

154.5

WWR
= 75%

60.8
(60.2%)

121.2
(20.7%)

152.9 60.4
(47.6%)

94.7
(17.9%)

115.3 61.0
(43.0%)

87.5
(18.3%)

107.1 91.6
(56.5%)

172.3
(18.2%)

210.7

Table 6-7: Percentages of total working hours where the daylight illuminance in the office room lands in the
UDI100-2000 bin for different WWRs and window orientations.

South window West window East window Horizontal skylight

Smart Ref DG Smart Ref DG Smart Ref DG Smart Ref DG

WWR
= 25%

42.0% 27.6% 23.8% 60.4% 53.8% 47.1% 64.4% 57.4% 51.1% 44.9% 28.9% 25.4%

WWR
= 50%

29.1% 17.0% 15.6% 33.8% 28.6% 25.5% 38.7% 31.9% 27.4% 29.8% 14.6% 12.9%

WWR
= 75%

20.8% 13.8% 12.6% 22.3% 20.1% 17.5% 25.8% 21.2% 18.7% 15.7% 10.3% 8.6%

Effect of transition temperature

To better take advantage of the BIPV smart window for energy saving and daylighting control, this

section takes at a more in-depth look at how the window performance is affected by the transition

temperature of the thermotropic layer. A series of EnergyPlus models with the same setups as the

previous model (i.e., an office room with south orientation and 25% WWR), except the transition

temperature for the BIPV smart window, have been developed for the comparative analysis. The

transition temperature was varied in the range of 20°C to 40°C with an interval of 2°C. For simplicity,

the thermal and optical properties of the BIPV smart window derived for the transition temperature

of 30.5°C (shown in Figure 6.3) were used in the new models; the only difference is that the original
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property data were shifted to the transition temperature under testing (e.g. the curves of SHGC and

τvis in Figure 6.3 were shifted rightwards by 1.5°C for the transition temperature of 32°C).

Figure 6.14 shows the predicted annual energy consumption and electricity generation for different

transition temperatures. It can be clearly seen that with the transition temperature decreasing from

40 to 20°C, the annual cooling load of the office room decreases, but in the meantime, the annual

heating load increases. Moreover, the annual electricity generation by the BIPV smart window slightly

increases by using a lower transition temperature. As can be seen from Table 6-8, the net energy

saving by using the BIPV smart window over the low-e double-glazed window increases from 31.0%

to 62.6% with the decrease of the transition temperature from 40 to 24°C. A minimal difference in net

energy saving is observed by further decreasing the transition temperature to 20°C. In the perspective

of daylight availability, the application of the BIPV smart window with a lower transition temperature

contributes to an increased percentage of total working hours where the daylight illuminance is within

the desirable range (UDI100-2000 lux). These results suggest that using a lower transition temperature is

beneficial for improving the onsite electricity generation, cooling energy saving as well as luminous

environment in the office, however, possibly causing a higher heating demand. This can be explained

because with a lower transition temperature, the BIPV smart window has transitioned to its

translucent state over a longer period across the year, which reduces the occurrence of over-

illumination and overheating, increases the amount of solar energy concentrated on the integrated

PVs through Total Internal Reflection (TIR) and in turn impacts on passive solar heating.

Figure 6.14: Annual energy consumption and on-site electricity generation for the BIPV smart window with
different transition temperatures (from 20°C to 40°C), the counterpart BIPV window (Ref PV) and the low-e
double-glazed window (DG).
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Table 6-8: Window performance with respect to the transition temperature of the thermotropic layer.

BIPV smart window
Ref

PV
DGTransition

temperature
20°C 22°C 24°C 26°C 28°C 30°C 32°C 34°C 36°C 38°C 40°C

Annual PV
electricity
(kWh/m2)

4.7 4.6 4.5 4.4 4.3 4.2 4.1 4.1 4.1 4.0 4.0 4.0 /

Net energy

Saving*

62.6

%

62.6

%

61.4

%

58.5

%

54.5

%

49.5

%

43.7

%

38.8

%

35.7

%

33.0

%

31.0

%

17.3

%
/

UDI100-2000
67.9

%

62.4

%

56.6

%

51.4

%

46.2

%

42.0

%

37.3

%

34.5

%

32.5

%

31.1

%

30.0

%

27.6

%

23.8

%

* reduction of net energy consumption compared to the low-e double-glazed window (DG)

6.4 Summary

In this chapter, a comprehensive simulation method has been developed to predict the performance

of the BIPV smart window system in an office-type building environment and analyse the effect of

different window designs on the building energy efficiency and visual comfort of occupants. Firstly,

the thermal, optical and electrical properties of a designed BIPV smart window system were calculated.

Subsequently, these window properties were imported to an EnergyPlus model where the BIPV smart

window system was assumed to be installed in a small cellular office under the climate of Nottingham,

the UK. From the EnergyPlus simulation, the overall energy performance in terms of energy

consumption (i.e., heating, cooling and artificial lighting loads) and on-site electricity generation and

daylight performance (e.g. useful daylight illuminance) were predicted. The effects of different WWRs

(25%, 50% and 75%), window orientations (south, west, east and top) and transition temperatures of

the thermotropic layer (from 20°C to 40°C) were also investigated. The following conclusions can be

drawn:

1) Using the BIPV smart window system can result in lower overall energy consumption and

higher PV electricity generation in the office when compared with its counterpart system with

a similar PV area but no thermotropic layer applied. For example, the net energy saving is 49.6%

when the window is facing south and the WWR is 25%.

2) Using the BIPV smart window system can effectively reduce the period of over-illumination

occurring in the office room and thus provide more comfortable luminous environment,

compared to the counterpart BIPV window system.

3) Reducing the transition temperature of the thermotropic layer could potentially reduce the

cooling energy consumption, enhance the on-site electricity generation and improve the

luminous environment of the office room served by the BIPV smart window system. However,

the energy saving becomes trivial when the transition temperature is decreased below 24°C,

this probably attributed to increased requirements for heating and electric lighting.
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- Conclusions and recommendations for future work

Solar radiation transmitted through conventional single or double-glazed windows provide heat and

light to the indoor space, which could exert either a positive or negative impact on the building energy

performance and indoor luminous environment, depending on the circumstances. Excessive solar heat

gain through windows can cause high cooling demands and thermal discomfort of occupants.

Although glare-induced visual discomfort can be mitigated by using shading devices (e.g. blinds and

curtains), they could also reduce useful solar heating and daylighting, which may increase the loads of

heating and artificial lighting. Considerable endeavours have been devoted to improving the window

performance. Windows integrated with photovoltaic (PV) or concentrating PV (CPV) devices can offer

effective solar shading and cooling load reduction, while also allowing the conversion of solar energy

into electricity. In contrast to conventional windows with static shading devices, smart windows

exploiting thermotropic materials can adjust the amount of solar heat and light through it to adapt to

the changed environmental conditions (ambient air temperature and solar irradiation). The intelligent

control of solar heat gain and daylighting ensures greater thermal and visual comfort for occupants

and contributes to significant energy savings. Combining BIPV glazing and thermotropic smart material

into a single window for both electricity generation and adaptive solar radiation control is an

innovation concept, which was proposed and numerically studied by Wu et al. [123] but has not been

thoroughly investigated. Neither prototype has been developed, nor experiment has been conducted

to prove the concept and validate the numerical models. To explore this idea further, this research

project designed and developed a novel BIPV smart window system, which consisted of an optically

switchable thermotropic hydrogel layer with integrated PVs. This system was comprehensively

evaluated by Monte-Carlo ray-tracing simulation (Chapter 2 & Chapter 3), indoor experimental

characterisation (Chapter 2 & Chapter 4), outdoor experimental characterisation (Chapter 5) and

building performance simulation (Chapter 6).

7.1 Conclusions

Proof-of-concept preliminary studies

In the early stage of this research (Chapter 2), a thermotropic hydrogel potentially suitable for the

BIPV smart window application was synthesised with the formula: 6 wt.% Hydroxypropyl Cellulose

(HPC) and 1.5 wt.% Gellan Gum type F (GGF) mixed in distilled water, and first evaluated by

spectroscopic measurement. A validated wavelength-dependent Monte-Carlo optical model with the

measured spectral properties was applied to guide the design and development of the proposed BIPV

smart window system. With the aid of the optical simulation and design, a prototype for the BIPV

smart window system was fabricated and subsequently evaluated by the experiments of I-V



134

characterisation and solar transmission measurement under controlled indoor conditions. From the

spectroscopic measurement, an optical switching temperature of 40.5°C was recorded for the 6 wt %

HPC and 1.5 wt % GGF based thermotropic membrane. Its average visible light reflectance was

observed to increase from below 10% to over 47%, with the membrane temperature increasing from

25 to 58°C. Based on the optical simulation and indoor experiment, some key findings and conclusions

are presented below:

 The optical concentration ratio of the BIPV smart window system can be affected by various

factors including the reflectance of the thermotropic membrane and the aperture area and

thickness of its front glass cover.

 The short-circuit current and maximum power output of the BIPV smart window system (6

wt % HPC) increase by 18.6% and 16.5% respectively, with the membrane temperature

increasing from 40 to 50°C; meanwhile, a 70.9% reduction in the intensity of light transmitted

through the window was observed.

 The maximum power output of the BIPV smart window system (6 wt % HPC) is up to 17.4%

higher than that of the counterpart system with no thermotropic membrane applied.

 Increasing the concentration of HPC from 2 to 6 wt % results in an improved power output

and reduced light transmittance for the BIPV smart window system when the thermotropic

membrane is in the light-scattering state.

An advanced optical model for window design and performance prediction

In Chapter 3, an advanced optical model, which combines a Monte-Carlo (MC) ray-tracing technique

with an Inverse Adding-Doubling (IAD) method, has been developed for further investigating the light-

scattering behaviour of the HPC-GGF based thermotropic membrane and thus enhancing the

reliability and robustness of the system design via optical simulation. In contrast to the previous

optical models where the thermotropic membrane was assumed as a Lambertian reflector (i.e.,

uniform reflectance in all directions), the IAD-MC coupled optical model considered the angular

distribution of light scattered from the thermotropic membrane. In so doing, the IAD method

combined with a Double-Integrating-Sphere (DIS) measurement was first applied to derive the volume

scattering properties of the thermotropic membrane under various temperature conditions, which

were subsequently applied in a Monte-Carlo ray-tracing model for light-scattering analysis. The IAD-

MC coupled optical model has been validated by experiment and showed its applicability for the

design and optimisation of the proposed BIPV smart window system.

The light-scattering study revealed that increasing either the temperature or HPC concentration of the

thermotropic membrane leads to a higher scattering coefficient and a lower anisotropy factor, i.e.,
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stronger scattering of incident light in the backward direction. From the window design and

performance analysis, it was found that the enhanced backward light scattering from the

thermotropic membrane contributes to a higher optical power density at the integrated PV cells in

the BIPV smart window system, thereby a higher electrical power output. In addition, the performance

can potentially be further improved by careful optimisation of different design parameters, such as

geometric concentration ratio, thermotropic membrane thickness and glass refractive index.

Further development of the thermotropic membrane for practical applications

In the preliminary studies, the HPC-GGF based thermotropic hydrogels have been shown to be

promising for application in BIPV windows to improve electricity generation and daylighting control.

However, due to high transition temperatures (approximately 40°C), these hydrogels may not switch

efficiently to the light-scattering state and provide efficient overheat/glare protection in the mild

summer climates (e.g. the UK). Therefore, further development of the thermotropic hydrogels to

adapt to a wide range of climatic conditions is required.

Chapter 4 describes an experimental method to optimise the performance of the BIPV smart window

system in terms of transition temperature, solar modulation ability and electric power output. A novel

thermotropic membrane was developed on the basis of HPC-GGF hydrogel, to which a certain

concentration of sodium chloride (NaCl) salt was added to adjust its transition temperature. The result

showed that the thermotropic membrane made of 6 wt.% HPC, 0.5 wt.% GGF and 4.5 wt.% NaCl has

a transition temperature of 30.5°C with a large modulation of solar transmittance (up to 76.2%

difference between the transparent and light-scattering states) and good reversibility during heating-

cooling cycles. In addition, the NaCl-added thermotropic membrane exhibits stronger backward

scattering than the salt-free thermotropic membrane in the light-scattering state, therefore enabling

better electrical performance of the BIPV smart window system.

Window performance in real weather conditions

After the indoor experimental characterisation, the BIPV smart window system comprised of the HPC-

GGF-NaCl based thermotropic membrane with the transition temperature at 30.5°C was further

evaluated under dynamic outdoor environmental conditions in Nottingham, the UK (Chapter 5). The

outdoor experiment was carried out in summer days based on a small-scale test cell, where the BIPV

smart window system and its counterpart system with no thermotropic membrane were installed on

the south wall. The diurnal variations in the electrical properties of the systems and the solar radiation

transmission into the test cell with weather factors (e.g. solar irradiation and ambient temperature)

were measured and analysed. The main results are summarised below:
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 The variation of the short-circuit current and electric power generated by the systems follow

similar patterns as the variation of the solar irradiance during the days.

 It was found that the maximum power output of the BIPV smart window system (50 mm × 50

mm) facing south at a tilt angle of 45 is up to approximately 12% higher in comparison to its

counterpart system with no membrane.

 Further outdoor tests on a large-scale window system (120 mm × 120 mm) confirm that the

BIPV smart window system can passively control the solar radiation transmitted into the

interior space with variation in membrane temperature.

 In the middle of a sunny summer day, the use of the BIPV smart window system (120 mm ×

120 mm) could reduce the amount of solar radiation transmitted into the test cell by up to

80%, when compared to its counterpart system with no thermotropic membrane, indicating

more effective overheat and glare protection for the building interior.

Potentials in improving building energy efficiency and occupant comforts

In the final stage of this research (Chapter 6), a comprehensive numerical model was established in

EnergyPlus to predict the overall energy and daylight performance of the proposed BIPV smart

window system when applied in buildings. The BIPV smart window system was designed (consisting

of a PV-membrane glass laminate, an air gap and a low-e glass pane) and assumed to be installed in a

cellular office room under the climatic condition of Nottingham, the UK. The thermal, optical and

electrical properties of the designed system were calculated and then used as input data to the

EnergyPlus model to quantify its behaviour. From the simulation, the potentials of the BIPV smart

window system in adaptively modulating daylight transmission and solar heat gain, reducing building

energy consumption, supplying renewable energy and improving visual comfort of occupants were

evaluated. The following conclusions can be drawn:

 The solar heat gains through the BIPV smart window system are similar as those through the

counterpart BIPV window and the low-e double-glazed window in cold seasons, while

significantly lower in warm seasons.

 The BIPV smart window system shows better energy and daylight performance than the other

two windows. For example, when the Window-to-Wall Ratio (WWR) of the office room is 25%,

installing the BIPV smart window system on the south façade contributes to an annual net

energy saving of 39.0% when compared with the counterpart BIPV window and 49.6% when

compared with the low-e double-glazed window.

 The installation of the BIPV smart window system on the south façade of the office room

provides the largest energy savings, followed by the installations on the roof, west façade and
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east façade. Moreover, the energy savings by the BIPV smart window system become more

significant with increasing the WWR.

 Using a lower transition temperature for the BIPV smart window system results in a lower

annual cooling load but a higher annual heating load of the office room. Because of this, the

reduction in annual net energy consumption becomes insignificant when the transition

temperature is decreased below 24°C.

When compared with the counterpart BIPV window, the BIPV smart window has an additional cost

for the HPC based hydrogel layer. For example, the cost of a hydrogel layer (6 wt % HPC) with

dimensions of 1 m x 1 m x 0.001 m is estimated to be around £40. The cost of an ordinary double-

glazed window (1 m x 1 m) is £300-400 and the cost of a similar-size BIPV window can be over £400.

Therefore, the cost of the BIPV smart window might be less than 10% higher than that of a similar-size

BIPV window; however, the benefits brought about by the BIPV smart window include reduced cooling

energy demand, better daylighting control and higher electricity generation, which could offset the

additional cost.

7.2 Recommendations for future work

This study showed a promising glimpse of the proposed BIPV smart window system for building energy

conservation, on-site renewable energy generation and adaptive daylighting control. However, there

are still some works that need to develop in future research in order to optimise and fully characterise

the system. The recommendations for future work are presented below:

 The thermotropic hydrogel could potentially be further optimised in these aspects: (1)

optimising the abilities of light scattering and solar modulation by changing the physical

properties of the hydrogel components (e.g. the particle size and refractive index of the HPC

polymer) [213]; (2) enhancing the spectral selective performance (i.e., accepting visible light

but shielding NIR light) by combining the thermotropic hydrogel with a NIR absorption based

photothermal material (e.g. cesium tungsten bronze (CsxWO3)) [189]; (3) improving the long-

term operational stability, resistance to UV radiation and weatherability by adding UV-

stabilisers, antioxidants and/or weathering agents [90].

 The power generation capability of the BIPV smart window system could be enhanced by the

methods: (1) Integrating solar cells with a higher power conversion efficiency; (2) replacing

the mono-facial solar cells with bi-facial solar cells to take advantage of the light scattered to

the solar cell back surfaces [71].
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 Detailed and more accurate visual comfort predictions in terms of UDI, daylight uniformity

and daylight glare probability need to be made. The complementary daylight model can be

developed using the validated light simulation tool, RADIANCE [212, 214].

 The BIPV smart window system needs to be manufactured in large scales and installed in a

real office room or an outdoor test facility with HVAC and artificial lighting systems for annual

field tests. This would be beneficial for the validation of the developed EnergyPlus models.

 The window performance needs to be assessed in different climatic conditions.

 A life-cycle cost analysis needs to be conducted.

The above recommendations for future work would contribute to a more complete understanding or

a more optimised design of the BIPV smart window system. The future work may also provide insights

and references for the design and development of advanced window systems with similar structures,

materials or working mechanisms.
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