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 Abstract 

In the last few years, energy consumption in the building sector has increased 

significantly because of the economic and population growth in Saudi Arabia and 

the United Kingdom. Governmental bodies and policymakers have invested 

greatly to implement measures to reduce the energy demand and carbon 

emissions for the building sector. Recently, a new technology of smart windows 

has emerged such as Polymer Dispersed Liquid Crystal Smart Glazing (PDLC). 

It has the potential to dynamically control the transmittance of solar radiation into 

a building by altering the optical and thermal properties. To evaluate the PDLC 

glazing for building applications, certain properties such as spectral transmission, 

thermal, and daylight performance need to be investigated. Therefore, this 

research aims to investigate PDLC glazing to characterise the thermal and 

daylight performance for energy efficiency for buildings in Saudi Arabia and the 

United Kingdom. 

To investigate the thermal and daylight performance of PDLC glazing, theoretical 

and experimental methodologies were used. In the indoor experiment, the PDLC 

glazing was investigated to evaluate the spectral transmission and determine the 

thermal properties. In the outdoor experiment, the PDLC glazing was investigated 

with and without a solar control film to evaluate the thermal behaviour and 

daylight performance under various sky conditions. Furthermore, the EnergyPlus 

simulation tool was used to perform building energy modelling and daylight 

analysis to evaluate the potential of energy saving of the PDLC glazing for an 

office building in Saudi Arabia (arid climate) and the United Kingdom (temperate 

climate).   

The result of the indoor investigation showed that the investigated PDLC glazing 

has 2.79 W/m2·K and 2.44 W/m2·K for transparent and opaques states, 

respectively. In addition, the outdoor evaluation revealed that the PDLC glazing 

effectively reduced solar heat gain when switched to the opaque state. Visual 

comfort was also achieved in all sky conditions (sunny, intermittent, cloudy) when 

a solar control film was attached to the PDLC glazing. In terms of energy savings, 

the EnergyPlus analysis showed that the PDLC glazing reduced cooling load by 

12.7% in Riyadh and heating load by 4.9% in London.  
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Chapter 1. Introduction and literature review 

1.1 Background 

Fossil fuels are used worldwide at an alarming rate, which causes environmental 

issues and strains future resources. Building activities such as cooling, heating, 

and lighting contribute to a significant concern related to environmental problems 

and energy demand [1]. The building sector is responsible for one-third of the 

carbon dioxide emissions and accounts for 32% of the global energy [2]. In 

developed countries building sector consumes 30- 40% of the total energy 

consumption, which is higher than the proportion needed for industry and 

transportation [3,4]. In the European Union (EU), the building sector uses about 

40% of the total energy consumption, which is responsible for 36% of CO2 

emissions [5]. The residential building sector is responsible for 25% of the energy 

consumption, leading to 16% of greenhouse gas emissions [6]. In the US, 

commercial and residential buildings are responsible for approximately 39% of 

the total primary energy used in the country [7]. 

In Saudi Arabia, about 76% of the overall energy is consumed through the 

building sector, and 49% of that energy demand goes to the residential buildings 

[8]. Figure 1-1 shows the energy demand in Saudi Arabia by sector. The high 

energy consumption levels within Saudi Arabia occur mainly in the summer 

months during all hours (day and night), as the elevated temperatures result in 

increased cooling loads. Additionally, other contributing factors lead to increased 

energy demands in the country, such as population growth, economic 

development, and low prices for energy resources [9].  

Petroleum and natural gas are the most common fuel used for energy production 

in the UK; each account for 38% of the total energy consumption [10]. Notably, 

the commercial buildings consume 10% of the total natural gas production and 

2% of the total petroleum production. Figure 1-2 reports the demand for natural 

gas and crude oil in the UK by sector. 
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Figure 1-1 Shows the energy consumption in Saudi Arabia in 2014 based on 

sectors. [8]. 
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b) 

 

Figure 1-2. The chart shows the energy demand in 2016 based on sectors in the 

United Kingdom. a) reports the natural gas consumption: b) reports the petroleum 

consumption [10]. 
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passive solar gain through windows. These vital functions make windows 

selection very important, especially from energy usage and visual comfort 

prospective. However, windows are responsible for approximately 60% of the 

total energy consumption in a building due to the high level of heat loss and heat 

gain [11]. U-value and solar heat gain coefficient (SHGC) are the major factors 

that determine windows’ energy performance. In order to decrease heating and 

cooling loads, high SHGC and low U-value are required for cold climates and hot 

climates, respectively [12]. Thus, it is vital that windows have appropriate SHGC 

and U-values to bring thermal comfort to occupants and diminish energy 

demands. In addition, admitted solar radiation could have an adverse impact on 

the well-being of occupants and the degradation of materials inside a building 

[13]. In this respect, it is essential to take decisive measures to reduce global 

energy demand and greenhouse gas emissions. 

In recent years, there have been significant developments within the Saudi 

economy as the 2030 vision has been implemented, where green and renewable 

energy have received considerable attention. The vision of 2030 in Saudi Arabia 

aims to mitigate the emissions of CO2 by 130 million tons and improve the energy 

efficiency in the building sector. The Saudi government has put a significant effort 

to promote and explore new technologies and green façades for the building 

sector to reduce energy consumption. The retrofit programme proposed by King 

Abdullah Petroleum Studies and Research Centre (KAPSARC) aims to improve 

the energy efficiency in buildings and lead to electricity generation reduction [14]. 

The retrofit programme specifically targets new window technologies for existing 

and new buildings. 

In order to meet the Saudi 2030 vision, the retrofit programme has set the 

following targets: 

1- Avoid electricity consumption by 62,800 GWh/year for residential buildings 

and 100,00 GWh/y for total stock buildings. 

2- Avoid electricity generation capacity by 14,300 MW/year for residential 

buildings and 22,900 MW/year for total stock buildings.  

3- Reduce carbon emissions by 47,600 kton/year for residential buildings and 

76,000 kton/year for total stock buildings.  
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In the United Kingdom, the building sector has received significant attention in 

order to improve energy efficiency and reduce carbon emissions. Heating and 

cooling are important aspects in the Energy Performance of Buildings Directives 

(EPBD) and need to move toward a clean and carbon-neutral energy systems. 

The United Kingdom is committed to improving energy efficiency for homes and 

reducing CO2 emissions by 2050 [15]. In the UK, the residential sector is 

responsible for 22% of greenhouse gas emissions [16]. In addition, the industry 

sector aims to reduce the emissions by half for new buildings by 2050 by utilising 

high efficient and low carbon technologies [17]. High energy efficiency systems, 

including high-performance insulation and highly efficient windows, are required 

to meet the UK’s new targets for low carbon buildings.  

1.2 Research justification 

Building envelops, particularly windows have become a considerable interest 

topic for regulatory bodies, researchers, developers and building designers in 

both new and existing buildings. The main goal is to explore new technologies of 

windows that can adapt to the environmental conditions and user behaviour in a 

dynamic way that provides thermal and visual comfort for occupants in addition 

to energy balance. The evidence provided related to the energy crisis for 

buildings above strongly suggests that glazing is a key factor that can mitigate 

the energy demand. Glazings available in the market are classified into; low heat 

loss control, solar gain heat control, and daylight glare control glazings; however, 

these technologies do not possess variable U-value and SHGC. Additionally, 

electrically actuated glazings are classified into; electrochromic (EC), suspended 

particles device (SPD), and polymer dispersed liquid crystal (PDLC) glazings.  

PDLC glazing has considerable potential for low energy building applications. 

Studies related to building energy consumption using the PDLC smart glazing 

are limited in the literature. Therefore, this research aims to investigate 

electrically switchable PDLC glazing for low energy building applications. The 

following reasons provide an understanding of the scope of the research.  

• Electrically actuated glazings can change the optical and thermal 

properties according to occupants needs.  
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• Colour changing in EC glazing is fairly slow as it takes 5 min to 12 min to 

change to dark state depending on the glass size, making it difficult to 

adapt to rapid fluctuations of sky conditions.  

• EC glazing control solar radiation mainly by absorption, which leads to 

high surface temperature, which could negatively impact the indoor 

temperature of a room.  

• Both EC and SPD have good solar transmittance modulation; however, 

they do not offer privacy.  

• Privacy is a critical factor in building design in Saudi Arabia. Therefore, 

there is a necessity to explore a new technology of glazing that provides 

privacy and has the potential to improve indoor thermal and visual comfort, 

such as PDLC glazing.  

• Saudi Arabia and the United Kingdom aim to improve energy efficiency for 

buildings and reduce cooling and heating demands; therefore, 

investigating PDLC glazing for energy savings is required.  

• No attempt was carried out to investigate PDLC glazing for building 

applications in Saudi Arabia and the United Kingdom. Therefore, it is 

imperative to investigate PDLC glazing under real weather conditions and 

assess its potential for energy savings.  
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1.3 Review of electrically actuated switchable glazing  

1.3.1 Solar heat gain coefficient (SHGC) 

The solar heat gain coefficient (SHGC) is defined as the fraction of external solar 

radiation that is admitted through a window, both directly transmitted and 

absorbed and subsequently released inward [18]. The solar heat gain coming 

through the transparent envelope of buildings plays a significant part in cooling 

load; some of the solar heat transfers to the inner space. A portion of the solar 

radiation is reflected, some is absorbed by the fenestration, and some is 

transferred to the building as infrared radiation. Solar heat gain is measured by 

the solar heat gain coefficient [19]. Many studies have been done on SHGC as it 

is a critical thermal property factor of glazing. 

The less solar heat passes through a window, the lower the SHGC value it has. 

SHGC may be expressed for the glass alone and in some cases may refer to the 

entire window assembly. The concept has been presented in order to calculate 

the total energy gain of elements of a building as a result of incident solar 

radiation. In such a situation, it is assumed that direct solar radiation is 

perpendicular to the surface of the element [20]. Because of the significance of 

this coefficient and the need for advancement many research labs have invested 

in studies throughout the year. SHGC can be measured using steady-state 

laboratory conditions or transient conditions [12]. 

To calculate solar heat gain coefficient (SHGC) for double glazing windows, 

supply-air windows and smart facades, Computational Fluid Dynamic (CFD) 

simulations were employed [21]. SHGC depends on the transmissivity of the 

glass; thus, single glass panes glazing has higher SHGC than double or triple 

glazing. A higher airflow rate through the air channel enhances the SHGC value 

[22]. Studies and experiments to provide information on Energy Ratings for 

building envelopes were developed by Lawrence Berkeley National Laboratory 

and the U.S Department of Energy National Laboratory [23]. Many researchers 

have provided more or less simplified mathematical models and numerical 

simulations to determine the SHGC value. Bhandari and Bansal have presented 

a simple method to select, optimise and size an indirect solar heating system. 

The method presented requires the minimum metrological data and can take into 
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account the effect of insulation [24]. Gueymard and duPont have investigated the 

SHGC and visible transmittance that resulted from a deliberate change in the 

reference spectrum [25]. They found that replacing the direct spectrum would 

lead to changes of about -2% to +7% in the SHGC of windows and around -3% 

to +11% in the SHGC of the skylights, which tend to make most glazing systems 

look less energy-efficient in cooling-dominated buildings. Also, they 

recommended that the calculation of visible transmittance be with the same 

spectral weighting function as SHGC [25]. A study has proposed a model for 

calculating solar heat gain through glazed surfaces to be used in the simplified 

calculation of thermal energy requirements in air-conditioned buildings [26]. The 

conclusion obtained from this work can be summarised as follow: 

1- Solar heat gain through a glazed surface is evaluated by summing three 

contributions: the direct optical contribution, the secondary direct 

contribution, and the indirect secondary contribution due to the radiation 

reflected internally.  

2- A more accurate monthly evaluation was obtained from the new 

calculation procedure of the solar heat gains, with less than 2% deviations 

compared to the TRNSYS code [26].  

Many studies have been done on calculating and measuring solar heat gain 

coefficient by Aritra [27], Shunyao Lu [19], and Aleo, F [28]. 

1.3.2 Overall heat loss coefficient (U-value) 

Overall heat transfer coefficient (U-value) is defined by the difference in the 

internal and external heat transfer coefficient and thermal conductance of glazing. 

Heat loss through a window occurs when the inside temperature of a room is 

higher than the outside temperature. When glazing is exposed to an outdoor 

environment, interact with the outside real-time condition. This exposure offers a 

variation of convective heat loss from the outside surface [29]. This review will 

discuss several methods to evaluate the solar heat gain coefficient and the 

overall heat transfer coefficient. 
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Many studies have been done to predict the U-value of glazing using different 

measurement methods. For instance, Wright has investigated the U-value for 

glazing systems by an analytical computer program called VISION. His research 

noted that the introduction of supply airflow consistently decreased the U-value 

and increased the shading coefficient of the various glazing system. Also, he 

proposed that effective U-value and effective shading coefficient can be replaced 

with the input of U-value and shading coefficient in a building energy analysis 

program [30]. Simulations to evaluate thermal transmittance coefficients for the 

ventilated double window were conducted. Experimental measurements during 

the night period were used to validate the calculations. Then, these values were 

used in a whole building simulation program. It was found in system 1 that the 

useful U-value has increased with the increase of airflow. Whereas system 2 has 

given the opposite. However, the useful U-value of system 2 was always lower 

than the one of system 1 which mean that system 1 was able to recover more 

heat [31].  

Thermal performance of the supply-air window was simulated using 

Computational Fluid Dynamic (CFD). Also, a simplified model based on the 

analytical solution was proposed to investigate the thermal properties of the same 

window. Then, the result obtained from the (CFD) and the simplified model were 

compared. Three different methods were found to consider in thermal building 

simulation. First, the effective U-value and solar factor must be pre-calculated 

and used only for constant airflow. Second, the infrared radiative calculation can 

be affected by the large pane outside surface temperature. Third, a simplified 

method can be implemented with fewer equations [21]. Several studies have 

been conducted to measure the overall heat transfer coefficient for different types 

of glazing systems, refer to the available work, e.g. Baker, P. H. [32], Hoffmann 

[33], W. Zhang [34], A. Ghosh [27,35]. 

1.3.3 Daylight 

Daylighting is an excellent and sustainable alternative to artificial lighting that can 

improve visual comfort, energy efficiency, and green building developments. 

Windows allow daylighting to enter a room to create a pleasant atmosphere and 

provide occupants with contact with the outside environment. Daylight is the best 
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source of light because it has an excellent colour rendering and closely matches 

the human eyes response.  

Electric lighting is one of the main energy consumers, accounting for 20-30% of 

the total power consumption of office buildings and 10% of residential buildings 

[36,37]. Natural light is an economical way to provide light for buildings. Natural 

daylight can improve vision efficiency and reduce electric lighting load using 

proper lamp fittings with lighting controls [38]. Lately, daylight has been widely 

recognised to contribute to building energy savings [39]. Appropriate daylighting 

strategies with lighting controls have shown great potential to reduce artificial 

lighting load [40]. Studies have shown that daylight with light control strategies 

can reduce annual artificial lighting consumption by 30% to 60% of the total 

energy consumption [41,42]. Adapting an appropriate daylighting strategy can 

potentially lead to energy saving in buildings and lead to reduce greenhouse gas 

emissions [39,43]. 

1.3.4 Glare 

Glare is a sensation produced by luminance that results in disturbance or 

discomfort when the human eyes receive luminance greater than the eyes 

adaptation [44]. Discomfort glare caused by natural daylight and artificial lighting 

has been studied, and several metrics methodologies have been proposed to 

measure glare phenomena. The Visual Comfort Probability (VCP) method [45], 

the CIE Glare Index (CGI) [46], and the Unified Glare Rating (UGR) system [47] 

are methods that are applicable for evaluating glare coming from artificial lights 

or uniform light source. In addition, none of these methods is suitable for 

predicting discomfort glare coming from sunlight [48]. British Glare Index (BRS or 

BGI) system [49] is appropriate for small glare sources that have solid angles 

inferior to 0.027 sr [50], without mentioning the monitoring procedure of the 

required parameters [51]. Most of these methods are not sufficient for evaluating 

user comfort as they react only to the horizontal illuminance. Daylight glare 

probability (DGP) is a method that evaluates glare in a simplified way in terms of 

the correlation between the vertical illuminance to the levels of glare [52]. 

Additional elements must be considered to evaluate glare discomfort from 

windows, such as the magnitude of discomfort glare which substantially depends 
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on the brightness of the sky portion visible from the window. Glare originated from 

daylight at mild degrees seems to exhibit greater tolerance effects compared to 

the glare originated from artificial lighting sources. However, it may not be 

noticeable at higher glare levels [48]. Glare sensation is affected by non-uniform 

luminance distribution from windows [53].  

1.3.5 Suspended Particle Device (SPD)  

Suspended Particle Devices (SPDs) were invented during the 1930s and function 

through the same principle as light valves. This is where a cell is created using 

two transparent sheets of insulating material separated by a small space and 

containing a suspension of mini-particles in a liquid form [54]; particles are either 

heraphathite or dihydrocinchonidine bisulfite polyiodide. The shape and structure 

of a particle can be needle-, rod- or lath-shaped in form. The presence of an 

electrical field enables the liquid suspended particles to move in a random 

formation, resulting from Brownian movement that absorbs the light directed into 

the cell. Figure 1-3 presents the design of SPD glazing for the transparent and 

opaque states. Hence, during the opaque or no power state, the light valve is 

dark. The overall percentage of light absorption is dependent upon the structure 

of the cell, the natural environment, and the concentration of particles with light 

energy content.  
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Figure 1-3 a) Shows the SPD glazing in the transparent state when the particles 

are aligned and allows light to pass through. b) Illustrates the SPD glazing in the 

opaque state when the particles are randomly aligned reducing the light passing 

through. c) An actual photograph of the SPD in the transparent state. d) An actual 

photograph of the SPD in the opaque state. [55]. 

 
Ghosh states that particles become aligned and enable the majority of light to 

pass through a cell when an applied electrical field is present, which is why a light 

valve becomes transparent [56]. This technology has been applied for 

approximately seventy years in light modulation in alphanumeric and television 

display areas of use, which also functions in optical devices as a filter. 

Additionally, plastic films are the preference for liquid suspension in regard to 

glazing applications, as a plastic film removes the swelling effects during high 

column suspension because of the device’s hydrostatic pressure and leakage 

possibilities. With a plastic film, only a small number of particles are present, and 

these do not agglomerate noticeably during repeated film activation that uses 

applied electrical fields. The SPD light valve utilises a film of a cross-linked 

polymer matrix with a refractive index (1.4), together with the suspended-liquid 

light valve distributed through the matrix [56]. Furthermore, in shatter resistant 
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laminated SPDs, two sheets of glass were used with a laminated inter-layer in 

between. Specifically, Research Frontiers Inc (RFI) manufactures commercial 

SPD devices used for different appliances, such as goggles, eyeglasses, and 

windows. 

Two different groups have investigated SPD glazing properties through thermal, 

daylighting and optical usage on outdoor and indoor characterisation: the Dublin 

energy lab, Dublin; and the Grupo de Displays Aplicaciones Fotonicas, Spain. An 

outdoor test cell characterisation was used to investigate: SPD glazing thermal 

behaviour [57]; electrical and daylighting behaviour [27,56]. The SPD glazing 

changes transmission by up to 55% from 5% when 110V, 0.07W AC power is 

present [55,58]. Moreover, it was determined that SPD glazing possesses an 

intermediate transmittance state when variable applied power is used during an 

indoor experiment. Studies have reported that SPD glazing increased the overall 

heat transfer to 5.9 W/m2·K, which is switchable single glazing, although this does 

have the potential to control solar heat gains that are measured at 0.05 whilst 

opaque to 0.38 whilst transparent [57,59]. Therefore, it can be stipulated that SPD 

has the potential to be used in the summer and within hot climates, although SPD 

double-glazing is able to save 66% in heat loss when compared to SPD single 

glazing, and thus, is suitable to be used in cold climates [57]. In cold climates, 

SPD vacuum glazing has been noted to be the best option compared to SPD 

single glazing; this can save 83% in heat loss [27]. What is more, SPD glazing 

produces comfortable daylight within the indoor environment, which increases 

occupant satisfaction [60]. Meanwhile, SPD glazing can offer comfortable 

daylight, which creates an intermediate state of 30% improvement.  

In addition, SDP glazing’s durability was researched following four years of 

exposure, where a single year laboratory environment and the Dublin outdoor 

environment for three years demonstrated contrasting ratios that changed from 

1:11 (opaque) to 1:10 (transparent). Therefore, it can be noted that it is imperative 

that additional research is conducted to acquire strong statements regarding SPD 

glazing’s stability [54]. Furthermore, it was determined that the requirement for 

SPD glazing voltage is not dependent on surface temperature. Table 1-1 shows 

the key parameters of the investigated SPD windows. The SPD single glazing 
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had identical heat absorbing capacity for the transparent and opaque states. 

Thus, the rise of temperature of the SPD glazing surfaces for the transparent and 

opaque state were the same resulting in identical heat transfer values.  The 

electrical and optical behaviour of a 28 cm x 22 cm commercial SPD window was 

investigated [61]. A Solartron 1260 analyser was utilised to carry out the 

impedance analysis. The optical response was measured using a lamp with an 

emission similar to the A illuminant. The transmittance measurements were taken 

using an optical fibre bundle near the SPD glazing surface. The results showed 

that the SPD had poor switching times and the device breakdown after 1000 

cycles. It was found that the abrupt changes in applied voltages caused the 

stresses.  

Table 1-1. Therma and transmittance data of SPD glazing. 

size (cm) Type States U-value SHGC  τ(λ) Ref. 

21  28 SPD single 
Transparent  5.9 0.35 55% 

[57,59] 
Opaque  5.9 0.05 5% 

21  28  SPD double  
Transparent 1.9 NA NA 

[57] 
Opaque 1.9 NA NA 

22  28  SPD single 
Transparent NA NA 40%  

[62] 
Opaque NA NA 6% 

 
1.3.6 Electrochromic glazing (EC) 

Electrochromic glazing changes optical properties from transparent to dark when 

direct current is applied and usually composed of several layers. Figure 1-4 

illustrates a generic design of EC glazing. The first layer is a glass or a plastic 

attached to, mostly (ITO) transparent conducting film. The following layer is an 

ion storage film. The last layer is another transparent conducting film. The middle 

layer of EC glazing is an electrolyte which can be a polymer material or 

transparent thin film. The ions are transported in an electric field. Therefore, they 

should be small for easy transportation; protons (H+) and lithium ions (Li+) are 

common alternatives. The ion conductor layer is attached to an EC thin film that 

works as a mixed conductor and conducts ions and electrons when the electrical 

field is applied [63]. Tungsten-based oxide is a good example and it is commonly 

used for manufacturing EC glazing [64]. An ion storage film is on the opposite 
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side of the ion conductor and also works as a mixed conductor. It is 

recommended that the ion storage film possesses EC properties to enhance the 

other layers’ performance.  

 

Figure 1-4  Schematic diagram of EC glazing in transparent and dark states. 

 
Electrochromic (EC) materials have been attractive due to their potential usage 

and applications within energy conservation development [65]. For instance, 

smart windows, automotive rear-view mirrors, and sunglasses all use 

electrochromic materials [66]. In particular, the most vital aspect of producing an 

ideal EC window is to include: high-initial transparency; large optical contrasts 

between the states that are coloured and bleached; a reduced switch time; and 

cyclic stability that is long-term [67]. Additionally, EC materials are classified into 

organic and inorganic materials. Certain inorganic EC materials are traditional 

metal oxide semiconductors, which include: WO3 [68]; TiO2 [69]; MoO3 [70]; 

Nb2O5 [71,72]; NiO [73]. EC windows based on WO3 demonstrate fantastic 

electrochromic properties, which have now been utilised in many appliances: 

smart windows [74]; automotive rear-view mirrors [75]; electrochromic displays 

[76]. Furthermore, nickel oxide (NiO) thin film has been attractive to researchers 
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for two main reasons: acceptable cost and excellent electrochromic properties 

[77]. It can also be enhanced by incorporating NiO with a wide range of bandgap 

oxide materials [78].   

Organic conjugated polymers have been extensively researched, which include: 

polythiophene, polyaniline (PANI), polypyrrole (PPy), and Poly(3,4-ethylene-

dioxythiophene) (PEDOT), as well as its derivatives [79]. Many of these show 

quality and beneficial electrochromic properties. PANI is a common organic 

electrochromic material. Its derivatives are vital organic conjugated polymers to 

EC windows, as they function with short colouring and bleaching switching times, 

alongside high optical contrasts and increased efficiency colouration [80]. 

Additionally, PEDOT, together with its derivatives, also presents quality EC 

conjugated polymers, resulting from the elevated colouration efficiency and 

diverse colours’ ability that they produce [81,82]. Contrastingly, the disadvantage 

of short lifespans is a result of conjugated polymers’ low electrochemical and 

thermal stability, which are detrimental to organic EC application development in 

the future [83]. 

EC technology reverses its colour because of oxidation and reduction reaction if 

an external electrical field is applied. Electrochromic materials, therefore, change 

their optical properties of transparency and adsorption of solar radiation, which 

result in reducing both the visible light (τvis) and near-infrared (NIR) transmitted 

through the window  [84]. Dynamic EC glazing has the potential to control NIR, 

which can save up to 5 to 15 kwh/m2 year of the heating and cooling loads of 

commercial and residential buildings [85]. Table 1-2 presents EC glazing 

performance parameters [86]. 

Table 1-2 performance parameters of electrochromic windows [86]. 

Performance indicator Value 

Switching voltage ≤ 5V 

Switching time ≤ 10 s to 5 min 

Optical memory 2 – 24 h 

τ(λ) 
60 – 70 % (bleached) 

6 – 7% (coloured) – energy tasks 
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< 3% (coloured) – visual comfort tasks 

SHGC 

≥ 0.6 (bleached) 

≤ 0.2 (coloured) 

SGHCmax/ SGHCmin ≥ 3 – energy tasks 

ρnir 
≤ 0.1 (bleached) 

≥ 0.7 (coloured) 

U (W m-2 K-1) ≤ 1.2 

CRI ≥ 80 

Lifetime 
20 – 30 years 

25,000 – 50,000 cycles 

Operating temperatures -30 to 90 °C 

 
The EC glazing available in the market usually produces blue colour due to using 

WO3 as common electrochromic material. The colour changes from clear when 

the device is off to dark when the device is on [85]. Solar Heat Gain coefficient 

has been observed in EC devices as 0.49 in the clear state and 0.09 in the full 

dark state, with light transmission values (τvis) ranging between 69% to 1%. The 

power required to change the state of an EC window is very minimal (2.5 Wp/m2) 

and even less power is required to maintain a dark state (less than 0.4 Wp/m2). 

This is due to the electrochromic materials’ stability [84]. The transition time is 

reasonably slow for an instant; a 10 x 30 cm glass requires about 5 min, while a 

1.2 x 0.8 cm glass takes about 12 min for a dark state and clear state [87]. 

Furthermore, the switching time is dependent on panel size, where the bleaching 

cycle is typically faster and increases as the glass temperature decreases. Slow 

transition speed is not considered a disadvantage instead, it allows occupants to 

cope naturally with daylight [84]. 

Nevertheless, experimental and numerical evaluations have found remarkable 

performance in controlling glare where EC windows are oriented to the South and 

acceptable performance where EC windows are oriented to the East and West 

[88,89]. Another experiment was conducted using a small-scale EC glazing 

prototype in real environmental conditions, which showed reasonable glare 

control for diffuse daylight. The investigation has shown that EC glazing 

successfully reduces glare and brings comfort even though it cannot transmit to 

full dark state when direct sunlight passes through [88,90]. The durability of EC 
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glazing has been proven since the 2000s with installed EC devices still in 

operation. A warranty of 10 years is offered for EC products with maintenance 

service from 30 to 50 years [91]. 

1.3.7 Liquid Crystal (LC) glazing 

Liquid crystal (LC) is used as an AC powered electrically activated switchable 

glazing application, placed between two panes of glass. It was noted that in LC 

devices, the main liquid crystals used are nematic, ferroelectric, guest host, and 

polymer dispersed [92]. Smectic is also a liquid crystal (SmA), while PDLC is also 

a form of LC, where polarisers are not a requirement in operation. For these 

applications, SmA needs a few ms, while PDLC requires 1-10 ms to switch on. 

The scattering process of SmA LC devices commences from the devices’ edges 

or conductive electrodes that move centrally. Hence, the device’s size defines 

the scattering and states, whilst higher voltages are needed to obtain uniform 

performance. The alignment of non-uniform particles can result in localised hot 

spots that create LC device arcing [93]. In this system, the voltage level strongly 

changes the response time [94]. Meanwhile, Anjaneyulu and Yoon state that LC 

material-based glazing had a variance of 30%- 55%, with a dimension of 12.5 cm 

 12.5 cm and a thickness of 6 µm [95]. A study has suggested that the organic-

based SmA LC panels of 1  1 m2 change from a clear to a fully scattered state 

through the process of more than three orders to several tens of milliseconds 

[93]. 

Different forms of PDLC are the most relevant in usage for glazing, as they do 

not need a polarizer in their operation; moreover, they do not require high 

brightness due to high transparency; wide angled views; fast response times, 

through milliseconds; no surface treatment; or for intermediate electrically 

controllable transmission levels to possibly be present [96]. Figure 1-5 presents 

an illustration of the PDLC glazing design in transparent (ON) and opaque (OFF) 

states. Generally, PDLC films in a solid polymer matrix are composed of lower 

molecular weight micro-sized liquid crystal droplets. These are situated between 

two separate transparent conducting electrodes. Lights are scattered when 

power is absent due to the refractive index mismatch that is present between 

droplets and the polymer matrix. Moreover, power LC molecules are present as 
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they pass the light and refractive index between the polymer matrix and droplets. 

The droplets’ sizes define PDLC scattering, while the radius of the droplets is 

smaller than the incident wavelength, which enables light to pass through without 

any form of scattering.  

 

Figure 1-5. Illustration of PDLC glazing design where a) shows that the particles 

are aligned which allows light to pass through in the transparent (ON) state. b) 

Demonstrates that the particles are randomly aligned resulting in reducing the 

light passing through in the opaque (OFF) state. 

 
The thermal conductivity of a PDLC film rises as the applied electric field 

increases because it improves LC droplets’ thermal conductivity. Hadj Sahraoui 

et al. add that the rate of increment relies upon LC concentration in composites, 

which is able to be controlled; this is also dependent upon incident light’s 

temperature and angles [97]. Moreover, PDLC films can block 98% of all UV rays 

and modulate the NIR between 12- 38% [98]. A study has suggested that PDLC 

films have a stability level of temperature measured between 0-60 ºC [99]. 

Meanwhile, one PDLC film demonstrates durable levels of up to 3 million times 

the electrical switching at 100 VAC and 60Hz with switching intervals of 1 second 

[100]; lower thickness levels of LC material do not require as much time to switch. 
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The electro-optical switching effect from a 50 mm thickness PDLC film produces 

a 190 µs time of rising in order to become transparent. At the same time, 2 ms of 

daylight are required when an external electric field is utilised. 

It is possible for the combination of PDLC and electrochromic guest-host 

molecules to produce rapid switching from a state of opaque scattering to a 

transmissive transparent state, which helps to control daylight and the results of 

glare [101,102]. Moreover, reverse mode PDLC glazing was researched that had 

a transparent (OFF) state and an opaque (ON) state [103]. It was also possible 

to switch off this device using a light source. Accordingly, daylight 

characterisation with the use of PDLC glazing was researched using outdoor test 

cells in Dublin, which produced 71% transparency from a 20 V AC supply, while 

there was 27% transparency with a power supply absence [104]; there was also 

82.6% haze with this particular form [105,106]. PDLC glazing was not able to 

control the glare for both states (transparent and translucent) when there were 

clear sunny days, while PDLC glazing performance was acceptable to control 

glare when there were intermittent overcast or cloudy day [104]. 

Certain disadvantages are clear from LC glazing made of PDLC films, as they 

require a continuous power supply to maintain their transparency and create haze 

as a result of scattering at wider angles of views in the state of transparency. 

Scattering occurs in PDLCs as there is a difference between the refractive index 

and the droplets of LC and the polymer matrix that suspends them. The reduction 

of diameters with the droplets increases the scattering levels, although a higher 

driving voltage level is required. Due to droplet sizes being reduced by 

transmitting red light without noticeable scatter, PDLC films scatter blue and 

green light efficiently [94]. PDLC requires increased driving voltage and haze that 

produce considerable scattering levels and unwanted yellow colouring as UV 

ageing occurs. In addition, the replacement of polymer with glass was researched 

in order to lower the effects stated previously. In particular, a 5 x 5 cm2 PDLC 

device was produced that created a switching time of 10 times less, together with 

85% lower voltage levels (15 V), to offer 80% transmission compared to other 

PDLC devices [107]. Table 1-3 shows the key parameters of the PDLC glazing.  
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Table 1-3: Therma and visible transmittance of PDLC glazing. 

size (cm) States U-value SHGC τvis Ref. 

20 x 15 
Transparent  NA 0.53 71% 

[77] 
Opaque NA 0.39 27% 

 

The PDLC device exhibits several advantages: it can be operated without 

polarisers, high transparency transmission, large viewing angle, fast witching 

time, and the potential to control the transmission level [96]. Thus, these features 

have attracted researchers to investigate PDLC for windows applications. A 

PDLC window has been investigated by employing a smart room equipped with 

sensors and a computer system to control the PDLC transparency based on sun 

exposure and occupant motion inside the smart room [108]. The computer can 

detect the sunlight and the occupant’s motion and adjust the PDLC transparency 

accordingly. The performance of the PDLC was compared against a typical room 

with standard system. The investigation results showed that the PDLC window 

was able to reduce the energy consumption by 38% in comparison to the 

standard system and provide privacy in the room.  

The Nasir et al. (2020) study aims to improve the optical properties by fabricating 

the PDLC switchable glazing directly onto glass called “vacuum glass coupling” 

instead of plastic polymers. The study has demonstrated a cost-effective and 

straightforward method to prepare PDLC switchable glazing directly from a 

commercially available polymer and liquid crystal with nano-beads on glass 

substrates via vacuum glass coupling on a large scale. The study has performed 

an experiment using a commercially prepared liquid crystal, E7 to fabricate the 

PDLC film. They used a wire-bar coater to coat the PDLC mixture on indium-tin-

oxide-coated glass and assembled the PDLC cell by coupling another glass in a 

vacuum. They characterised the switching behaviour of the cells by ramping the 

AC voltage and measured a transmittance change of 70%. 

The study results indicated that the PDLC switchable glazing exhibited low 

haziness and wide-angle vision and could be fabricated at a large scale by a 

vacuum-coupling process, with potential use as glass windows for energy-

efficient buildings. The fabricated PDLC device exhibited a high transmittance 
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change with a low driving voltage of 60 V. Their fabrication method could be used 

widely for general solid substrates without limitation of size. The glass-based 

smart window could be used for indoor privacy purposes and also for energy 

saving purposes under direct sunlight due to the glass durability for UV 

irradiation. Therefore, switchable glazing has significant potential for numerous 

commercial and industrial applications. 

In 2022, Shaik et al. investigated the efficacy, cost savings, and performance 

advantages of the PDLCs glazing in a hot-dry climate installed in place of existing 

tinted bronze glazing of a library building in Vellore, India [109]. The study aimed 

to explore the Solar-optical properties of different coloured PDLCs glazing 

systems and compute reductions in the cooling costs during the summer months 

for the cooling-dominant climate. The study has performed an experiment in the 

entire solar spectrum in order to measure the solar and visible light properties for 

four different coloured PDLC film glazing (pink, yellow, blue, and white) in 

transparent (ON) and translucent states (OFF). Thermal analysis has been 

conducted to calculate the glazing thermal properties (U-value, g-value) and their 

influence on the heat gain/loss through PDLC glazing in buildings. The thermal 

analysis has been performed on a real building in order to calculate the energy-

saving potential of the building when the existing building glazing was retrofitted 

with different PDLC glazing. The measured solar optical properties were used to 

calculate the solar heat gains and cost savings. Also, they performed daylight 

simulations in order to know daylight accessibility through PDLC glazing inside 

the building. 

This study provides statistics related to a visual acceptability range in the PDLC 

buildings with respect to colour rendering index and daylight factors. The study 

suggests information related to net energy savings of PDLC glazing systems by 

considering PDLCs’ operational energy consumption. The results showed that 

the PDLC glazing had demonstrated substantial reductions in building cooling 

loads, corresponding to cooling cost savings. The PDLC glazing thermal 

performance was superior to existing tinted bronze glazing (TBG), concluding 

cost savings ($/m2) and carbon emission mitigations (tCO2/year). The cost-

benefit analysis indicated significant cost savings ($) with retrofitting existing 
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tinted bronze glazing in the building. In addition, the Daylight analysis had 

concluded adequate natural daylight accession in the building interiors for various 

library tasks as per the green building codes to shed artificial daylighting costs. 

The average daylight factor (DF) metric of PDLC glazing was above the minimum 

recommended level for building interiors as per Indian codes. 

1.4 Research aims and objectives 

This research aims to investigate Polymer Dispersed Liquid Crystal Glazing 

(PDLC) for commercial building applications in the United Kingdom and Saudi 

Arabia. Optical characterisation was performed in an indoor environment to 

determine the solar transmission, visible transmission, reflectance, and 

absorption. In addition, the thermal properties were also characterised in an 

indoor condition to find out the thermal transmission (U-value) and solar heat gain 

coefficient (SHGC). The optical and thermal properties were used to perform 

energy modelling and daylight analysis using EnergyPlus for the United Kingdom 

and Saudi Arabian Climates. A comparison between PDLC glazing and a 

reference double window system was evaluated. A test cell was fabricated to 

investigate the thermal and daylight characteristics of the PDLC prototype in an 

outdoor environment under real weather conditions. The thermal and daylight 

characteristics were analysed to assess the device performance.  

The objectives of the research are to investigate the following:  

1- Theoretical evaluation using EnergyPlus to evaluate the thermal 

performance of the PDLC prototype to assess energy savings for cooling, 

heating, and artificial lighting loads for the United Kingdom (temperate) 

and Saudi Arabia (arid) climates. 

2- Theoretical investigation of daylighting analysis to evaluate the daylight 

performance and Daylight Glare Index (DGI) for the two mentioned 

climates. 

3- Experimental evaluation of the thermal and daylight performance under 

real weather conditions to establish rationale of using such technologies 

in the UK and Saudi Arabia. 
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4- The use of solar control film to assess its effect on the PDLC prototype 

behaviour under real weather conditions.  

The objective will be achieved through: 

1- Characterise the optical and thermal properties of the PDLC prototype in 

an indoor condition. 

2- Develop an office building model using EnergyPlus to evaluate the energy 

savings in the UK and Saudi Arabian climatic conditions.  

3- Develop a shading control strategy to control the PDLC prototype in both 

transparent and opaque states according to the user’s desire to obtain 

indoor comfort.   

4- Design and fabrication of a test cell to investigate the PDLC prototype in 

outdoor condition.  

5- Analyse the thermal behaviour of the PDLC prototype for the transparent 

and opaque states using the test cell under real weather conditions.  

6- Analyse daylight performance and glare levels of the PDLC prototype for 

both states.   

7- Integrate a solar control film with the PDLC prototype to evaluate its effect 

on the PDLC glazing behaviour for transparent and opaque states. 

1.5 Research methodology  

1- A comprehensive review of existing literature focusing on electrically 

actuated switchable windows was conducted. 

2- A review of previous studies was conducted to select an experimental 

setup to achieve the aim and objectives of the research. 

3- Two experimental setups were utilised: 

a. Indoor experimental setup was utilised to determine the thermal 

transmission (U-value) and solar heat gain coefficient. The data 

collected were ambient temperature, glazing surfaces temperature, 

test cell temperature and solar radiation.  

b. Outdoor experimental setup was used to evaluate the thermal 

behaviour of the PDLC prototype by using field measurement of 

ambient temperature, glazing surfaces temperature, test cell 
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temperature, and solar radiation (global plus diffuse). In addition, 

glare level was calculated by the data for external and internal 

illuminance.  

4- For the theoretical evaluation, an office building model that meets the 

ASHRAE standards 90.1 was developed using EnergyPlus to assess the 

energy savings. The evaluation was carried out for two different climates 

and the weather data was obtained from the EnergyPlus website. A 

shading control strategy was developed to control the PDLC glazing 

prototype in relation to solar radiation and outdoor temperature.  

1.6 Structure of thesis  

This section provides an outline of the content of this research. 

Chapter one presents the introduction of the research illustrating the energy 

problem for the building sector in Saudi Arabia and the United Kingdom. It 

describes the main aim of the research and defines specific objectives and 

methodology used to execute the research. In addition, it provides a 

comprehensive literature review of the state of the art of electrically actuated 

switchable glazing systems.  

Chapter two explains the methodology carried out to achieve the aim and 

objectives of the research. Furthermore, details of the design, experimental setup 

and equipment are provided. The theoretical evaluation to assess the energy 

savings and daylight performance was also discussed.  

Chapter three discusses the results of the indoor experiment for the calculated 

U-value and SHGC. Thermal behaviour of the PDLC prototype in an indoor 

environment was also discussed.  

Chapter four provides a detailed discussion of the outdoor investigation of the 

PDLC glazing and PDLCF glazing combined with solar control film. Thermal 

behaviour of the PDLC glazing and PDLCF glazing with solar control film were 

discussed in detail. In addition, the daylight performance and glare level were 

also provided.  
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Chapter five presents the results of the energy savings, daylight analysis, and 

daylight glare index for an office building in Riyadh and London. The results and 

findings of the energy savings for an office building in Riyadh and London were 

described in detail. Critical evaluation of daylight performance and daylight glare 

index in three daylighting zones were also discussed.  

Chapter six explores the potential of artificial lighting load reduction by employing 

PDLC glazing for an office building in Riyadh and London. Analysis of the results 

of the evaluation of artificial lighting reduction in relation to solar radiation and 

outdoor temperature were provided.  

Chapter seven provides a summary of the research results and 

recommendations for future research.  

1.7 Contribution to knowledge 

This research contributes to the knowledge by providing more understating of 

smart PDLC glazing behaviour as follows: 

• Comprehensive analysis of the thermal and daylight characteristics of 

PDLC glazing under real weather conditions for temperate climate.  

• Outdoor evaluation of the effect of solar control film on PDLC switchable 

glazing thermal and daylight behaviour.  

•  Indoor investigation to determine the overall heat transfer coefficient (U-

value) and solar heat gain coefficient (SHGC).  

• Comprehensive theoretical analysis of energy savings for cooling, heating, 

and artificial lighting for an office building in arid and temperate climates.  

• Provides theoretical evaluation of interior illuminance and daylight glare 

index for PDLC switchable glazing for transparent and opaque states.  

1.8 Conclusion  

In this chapter, the main aims and objectives of this research have been 

introduced. In addition, the extensive literature on electrically actuated switchable 

windows has been discussed. The following conclusion of this chapter can be 

summarised as follows: 
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1. The building sector is a primary energy consumer in Saudi Arabia and the 

United Kingdom. Both countries have regulations in place to minimise the 

energy consumption of cooling, heating, and artificial lighting using new 

advanced technologies of windows. 

2. Electrically actuated switchable windows such as EC, SPD, and PDLC are 

new technology of windows that change optical properties when an 

electrical field is introduced. They have the potential to modulate solar 

radiation, which could bring thermal and visual comfort to occupants. EC 

glazing has been extensively investigated for building applications. 

However, EC glazing suffers significant drawbacks such as slow switching 

time, not uniformed switching process, and requires intervals to be 

connected to a power supply. EC glazing rejects solar heat mainly by 

absorption, which causes the glazing surface to be very hot and that could 

lead to indoor thermal discomfort. Furthermore, SPD and EC glazing do 

not offer privacy when switched to dark state. SPD glazing suffers 

mechanical stresses after 1000 cycles because of the abrupt changes in 

the applied voltages [61].   

3. PDLC possess advantages that make it an excellent candidate for building 

application. PDLC can be operated without polarisers, has a high 

transparency level, fast switching time, and the potential to control the 

transmission level. So far, no investigation has been done to investigate 

the potential of PDLC for building applications in Saudi Arabia and the UK. 
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Chapter 2. Research methodology and experimental setup 

2.1 Introduction 

This chapter presents in detail the methodology used to investigate a PDLC 

switchable glazing in transparent and opaque state. Description of the PDLC 

glazing, experimental setup, and simulation modelling parameters are also 

discussed.  

2.2 Overall methodology 

In this research, a PDLC switchable glazing was investigated in indoor, outdoor 

conditions, and by using EnergyPlus simulation software. Thermal and daylight 

characterisation of the PDLC switchable glazing were performed in two stages.  

First, thermal and daylight performance of the PDLC switchable glazing was 

characterised by employing indoor and outdoor experimental setup. To 

experimentally investigate thermal and daylight performance of the PDLC 

switchable glazing two test cells were utilised and several key parameters were 

measured. In order to characterise the PDLC glazing, the optical properties were 

determined using indoor spectrophotometer instrument.   

Second, EnergyPlus simulation modelling tool was utilised to evaluate the energy 

performance of the PDLC switchable glazing for an office building. Evaluation of 

annual energy saving for cooling, heating, and artificial lighting loads was 

performed for two climate zones. Additionally, daylight glare discomfort analysis 

was also conducted. 

In indoor experiment, solar heat gain (SHGC) and thermal transmittance (U-

value) were calculated for the PDLC glazing. To calculate the SHGC and U-value, 

parameters such as incident solar radiation, solar transmittance and absorption, 

and the area of the PDLC glazing were required. The incident solar radiation was 

measured using solar simulator AAA type. A Spectrophotometer was utilised to 

measure the solar transmittance, reflectance, and absorption. Ambient, glazing 

surfaces, and test cell temperature were measured to evaluate the PDLC glazing 
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thermal performance for indoor condition. All equations used to calculate the 

SHGC and U-value are explained in detail in Chapter 3. 

In outdoor experiment, characterisation of thermal performance and daylight 

glare were carried out for the PDLC switchable glazing and the PDLC combined 

with solar control film for different sky conditions (sunny, intermittent, and cloudy 

sky conditions). To evaluate the thermal behaviour and daylight glare discomfort 

weather data was considered such as ambient temperature, glazing surface 

temperature, and solar radiation. Same procedures were used to investigate the 

PDLC glazing and the PDLC combined with solar control film. Description of the 

experiment in is provided in Chapter 4. 

Building energy modelling was performed to evaluate the energy performance of 

PDLC switchable glazing on cooling, heating, and artificial lighting loads f. 

Daylight glare discomfort and interior illuminance analysis for three daylight 

zones were also performed. Two different climate zones were utilised to perform 

the simulation. The weather data was obtained from EnergyPlus database for 

Riyadh, Saudi Arabia and London, United Kingdom. An office building model was 

constructed to perform the simulation and the building’s envelope properties were 

characterised as required by ASHRAE standards. The parameters used in the 

simulation modelling to characterise PDLC glazing were determined by the indoor 

experiment. The evaluation of energy performance and artificial lighting saving 

were explained in Chapter 5 and Chapter 6. Description of experimental setup 

and building energy modelling parameters are explained in the following sections. 

2.3 Review of outdoor test cell  

The assessment of the effectiveness of Façade elements and its multi-functional, 

that do one or more of functions is a complex task. Researchers and 

standardisation bodies attempted to establish the appropriate procedures in order 

to evaluate the actual behaviour of building components in the simple and cost-

effective way.  

The assessment procedure usually performed by three main facility group: 

outdoor real-scale facilities, laboratory indoor facilities and outdoor test cells 
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[110]. The outdoor real-scale facilities correspond to in-field measurements with 

boundary conditions specified by weather and occasionally occupants’ 

behaviour. The laboratory indoor facilities and outdoor test cells corresponding to 

measurements under laboratory-controlled boundary conditions. However, not all 

the outdoor test cells are under control of the research team. 

Indoor testing experiments allow accurately controlling the key parameters such 

as ambient temperature, relative humidity, and air velocity. Guarded hot box is 

an example of an indoor testing for building components for measuring thermal 

transmittance particularly with reference standards IOS. 8990:1994 and ISO 

12567- 1:2010. Indoor experiments generally have steady-state boundaries or 

pre-defined sequence. Weather conditions can be mimicked by different means 

of dynamic schedules, but they never represent the actual interaction with real 

climate. However, outdoor condition such as diffused radiation by the sky and 

ground are difficult to mimic. The following section provides extensive literature 

about used test cell for building component investigation. 

Test cells are facilities which have an internal volume below 8 m3, corresponding 

to internal dimensions of 2 m  2 m  2 m (LxWxH). They are utilised to 

characterise thermal and daylight performance for building components. Many 

studies used test cell method in their research. For example, study of Lopez et 

al. used a test cell method in order to investigate the thermal behaviour of a 

double glazing with a circulating water chamber [111]. In this study, the device 

contains a cubic box with an interior edge of 0.6 m and one open side. The 

stratigraphy of the test cell from the inside to the outside is: 12 mm thick plywood 

with anti-damp treatment, 160mm thick extruded polystyrene and 4 mm thick 

reflective insulation comprising an 8 µm pure aluminium sheet and a 4 mm layer 

of polyethylene bubbles. The estimated thermal transmittance was about 0.18 

W/m2·K. 

Similarly, Olivieri et al. used the test cell to characterise the thermal, daylighting 

and electrical performance of semi-transparent photovoltaic modules and then 

contrast it with a code-compliant conventional glass [112]. The test cell is made 

of 160mm thick extruded polystyrene (XPS) board with phenolic plywood in both 
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sides and a protective plastic film as outer layer. The overall estimated thermal 

transmittance was about 0.2 W/m2·K. Piccolo study also used a small cubic test 

cell with the interior edge of 43 cm in order to examine the thermal and optical 

properties of a small-size double glazing unit where the outer pane has an 

electrochromic behaviour [90]. The thermal transmittances of the front-wall and 

the side wall of the test box were estimated to be 2.4 and 1.2 W/m2·K. Another 

experiment in Hong Kong Polytechnic University used test box to investigate the 

fluid flow in the air cavity and thermal performance of a double-sided façade with 

transparent thin-film or a-Si solar cells [113]. The testing facility is composed of 

two identical test cells. Each cell with the dimensions of 1.22 m  0.82 m  0.9 m. 

In Lodie et al. study, they stated that the Test Reference Environment of Lleida 

(TRE-L) is composed by a thermally well insulated wooden box with external 

dimensions of 2.06 m 2.36 m 0.37 m and a support structure that let to incline the 

device [114]. The box walls are sandwich panels formed by 0.02 m thick plywood 

layers filled with a 0.2 m thick expanded polystyrene (EPS). The walls of box 

painted with white varnish to reduce the solar absorption. Their prototype had a 

south facing opening where a glass-Tedlars monocrystalline-Si PV module, 

dimensions of 0.98 m by 1.51 m is positioned. 

Moreover, Ahmad et al. study examines the thermal performance of building 

components incorporating a phase change material coupled with a vacuum 

insulation panel (VIP) [115]. The two-test cell constructed includes one glazed 

face and five opaque faces insulated with VIPs. These placed on a frame made 

of white PVC profiles. One of the cells is equipped with five panels containing 

PCM, while the other is kept as reference. 

In 2013, a round robin test box experiment started within IEA ECBCS Annex 58 

“Reliable Building Energy Performance Characterisation Based on Full Scale 

Dynamic Measurements” [116]. The test box sent to various institutes in order to 

be monitored under different climatic conditions. Also, obtained dynamic data 

sets sent to different institutes to characterise the test box. The goal of this 

experiment was to explore the reliability of full-scale testing and dynamic data 

analysis, under- stand the effect of climatic conditions on characterisation, 
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present well-documented data set for validation and conclude the state-of-the-art 

and the next steps to do towards more complex (real) buildings. Test cells enable 

researchers to investigate building components in a way that allow to keep indoor 

conditions under control, while outdoor parameters vary as in real weather 

conditions. 

2.4 PDLC glazing performance parameters evaluation 

The PDLC switchable glazing is characterised by the ability to changing the 

optical properties under the power of voltage. Thus, it modulates the incoming 

solar radiation into a building to provide thermal and visual comfort according to 

users need. When such technology is integrated with building application, 

potential energy saving and enhanced daylighting are expected. To effectively 

investigate the switchable PDLC glazing to accomplish the energetic and 

environmental objectives, certain parameters must be considered. The following 

parameters are commonly selected to evaluate a switchable glazing [117–119]: 

a) switching speed; c) optical transmittance; d) solar heat gain coefficient 

(SHGC); e) thermal transmittance U-value.  

The switching time is defined as the time required for the PDLC glazing to reach 

the maximum and minimum level of the transmittance. The switching time 

required for the PDLC glazing to switch to transparent state is ≤100 ms and ms 

≤10 ms to the opaque state. A fast-switching time for smart glazing is desirable 

for energy efficiency and visual comfort. In contrary, smart glazings such as EC 

glazing suffer from slow switching speed, which takes up to 12 min depending on 

the size of the glazing to switch to the dark state [87]. Fast switching time gives 

the PDLC glazing an advantage over the other smart glazings. When the 

switching time is slow, the smart glazing takes longer time to optimize the 

transmittance against the external environmental conditions. This problem occurs 

with automated venetian blinds as when the activation time is longer the lighting 

energy consumption increases [120].  

The optical properties of a glazing determine the amount of solar radiation that is 

transmitted, reflected, and absorbed by the glazing. The transmitted solar 

radiation through a glazing is absorbed by the interior room surroundings. Thus, 
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it influences the heat balance inside the room. In addition, the absorbed solar 

radiation by each layer of the glazing contributes to the heat gain inside the room. 

Therefore, these parameters are important to determine the u-value and SHGC. 

It is also noteworthy to mention that low values of solar radiation and visible 

transmittance in the opaque state are desirable as the PDLC glazing should 

provide shade and neutralise glare caused by the direct solar radiation. In 

addition, blocking as much as possible of solar radiation helps to reduce 

overheating and potentially results in reducing cooling load in summer months.  

A small amount of solar radiation is reflected when the PDLC glazing is switched 

the opaque state. This means that the internal surface of the glazing absorbs a 

considerable amount of solar radiation, which then released into the indoor 

environment through convection and radiative heat transfer. Thus, in order to 

evaluate the energy performance of the PDLC glazing, solar heat gain coefficient 

should be considered as an important parameter. Building simulation study 

suggests that SHGC(bleached)/SHGC(colour)>3 should offer at minimum 10% energy 

saving compared to low-e glazing [121]. When indoor temperature is higher than 

the ambient air temperature, heat loss occurs through windows. They accounts 

for 40% of the total heat loss in buildings [122]. Highly efficient glazings that 

possess low u-value are desired to reduce the energy loss. Thus, it essential to 

determine the u-value of the PDLC glazing in the transparent and opaque state.  

The current research aims to provide comprehensive analysis of the switchable 

PDLC glazing, which could help in defining the potential of the PDLC for building 

applications. The research undertakes two approaches to evaluate the PDLC 

glazing performance. First, experimental setup was used to investigate the 

thermal and daylight performance of the PDLC glazing in an indoor and outdoor 

environment. Second, building energy modelling was performed to evaluate the 

potential of energy saving in two climate zones using EnergyPlus simulation tool.  

In order to perform the experimental investigation, test cells were required. Test 

cells fill the gap between the laboratory evaluation and full-scale buildings by 

enabling to control the indoor conditions and varying outdoor real weather 

conditions. Test cell setup is an excellent methodology to characterise a glazing 
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system under real weather conditions and in an indoor environment 

[112,123,124]. An insulated test cell is a representative of an small scale room 

[125] and allows the evaluation of thermal and daylight performance of a glazing 

[126]. Therefore, two test cell were fabricated to investigate the PDLC glazing. 

To ensure accurate measurements are obtained, several technical points were 

taken into account during the fabrication process and installation of the 

experimental setup as follows: 

• Two test cells were designed to accomplish the purpose and the objective 

of the experiment.  

• The test cells were fabricated using insulation board materials to ensure 

that one dimensional heat transfer was considered for the analysis and 

calculations.  

• The test cells were positioned away from any obstruction or shading to 

ensure uniformed exposure to solar irradiance.  

• The outdoor test cell was oriented to face south in order to perform full 

analysis and validate the collect data.  

• The readings were taken for sufficient period of time to ensure different 

sky conditions were covered. 

• Convenient temperature sensors with good accuracy were selected to 

ensure reliable data was collected.  

• The daylight sensors (lux meters) were selected with spectral sensitivity 

that is visible to the human eye in wavelength between 350 and 750 nm.  

• High industrial quality data logger was utilised for data collection and was 

compatible with the daylight and temperature sensors.  

• All components were selected to withstand temperature of 60 ºC. 

• All electrical components were housed in a weatherproof enclosure to 

avoid any interruption for the data collection. 

For the indoor experiment, the solar irradiance was replaced with AAA type solar 

simulator, which has similar spectrum to the solar radiation between 250 nm and 

3000 nm. In order to calculate the u-value and SHGC, the readings were collected 

when the PDLC glazing surface temperatures achieved a steady state. For the 

outdoor experiment, the PDLC glazing was investigated with and without solar 
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control film to characterise the thermal and daylight performance under different 

sky conditions. The data was collected every five minutes from 9:00 to 17:00. 

Figure 2-1 presents a schematic diagram of the experimental methodology.  

 

Figure 2-1. Shows a schematic diagram of the experimental methodology.  

 
Building Energy Modelling (BEM) was utilised to perform energy and daylight 

analysis for the PDLC glazing by employing an office building for two climate 

zones. The analysis focus was assessing the potential of the PDLC glazing to 

reduce heating, cooling, and artificial lighting loads using two shading control 

strategies to control the PDLC glazing transmission. Building energy modelling is 

the activity of performing computer-based simulation tool to acquire detailed 

information of a building’s energy use and daylight visual comfort. The simulation 

tool uses an enhanced mathematical model that provides an approximate 

representation of the building energy and daylight performance. Thus, it is 

important to properly model window heat transfer mechanism to assess the effect 

of enhanced window design on building energy consumption and occupant 

comfort. The mechanism include conduction through glazing, solar heat gain, 

daylighting, and natural ventilation. EnergyPlus has a library that contains over 

200 glazing systems built up of entries from the glass including single glass, 

double glass, and triple glass window with different tints, coatings, gas fills and 
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glass thickness [127]. EnergyPlus uses heat balance and daylight comfort 

equations to determine the performance of a window.  

In this regards, EnergyPlus was utilised to investigate the impact of the PLDC 

glazing on heating, cooling, and artificial lighting loads and daylight performance, 

for an office building using solar radiation and outdoor temperature to control the 

switchable PDLC glazing. The energy modelling simulation was performed for 

Riyadh, Saudi Arabia (arid climate zone) and London, United Kingdom 

(temperate climate zones). The results of the energy and daylight performance 

of the switchable PDLC glazing was compared to a double-glazing reference 

window. Figure 2-2 illustrates a schematic diagram of the building energy 

simulation study. 

 

Figure 2-2. Illustrates a schematic diagram of the building energy modelling.  

 
2.5 Description of PDLC glazing system  

PDLC switchable film is an electrically actuated film that changes transparency 

from transparent (On state) to opaque (OFF state) when power is applied. PDLC 
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switchable film was selected to investigate its suitability for building application. 

The PDLC switchable film used in this research consists of a 20 m polymer layer 

sandwiched between two 188 m ITO layers. The film was sandwiched between 

two low iron glasses where each glass was 4 mm thick. Different sizes of PDLC 

glazing were used in this research. Details of the PDLC film is shown in Table 

2-1. 

Table 2-1. Details of PDLC film in transparent (On) and opaque (OFF) state. 

  Mode  Specification  

Optical 
Visible Light Transmission  

On 83  

OFF 55 

Viewing Angle On >140 

Electrical 

Operate Voltage  On AC/V (50/60 HZ) 

Response time 
On → Off  ms ≤100  

Off → On  ms ≤10 

 
2.5.1 PDLC glazing for indoor experiment  

A small size PDLC switchable glazing was used in the indoor experiment to 

calculate the SHGC and U-value. A schematic diagram of PDLC switchable 

glazing in both transparent and opaque state is shown in Figure 2-3. 
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Figure 2-3. Illustration of the light transmission through the PDLC glazing. a) 

Shows the particles are aligned when power is ON resulting the light to pass 

through the glazing. b) The particles are randomly aligned causing the light to 

scatter when the power is OFF. c) Actual photograph of the PDLC glazing in the 

transparent state. d) Actual photograph of the PDLC glazing in the opaque state.  

 
2.5.2 PDLC glazing for outdoor experiment 

For outdoor experiment an A4 size PDLC glazing was employed to characterise 

thermal and daylight performance. Figure 2-4 shows a photograph of the PDLC 

switchable glazing in transparent (On) and opaque (OFF) state. 
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a) b) 

 

Figure 2-4.  a) shows an actual photograph of the PDLC glazing in transparent 

state (On). b) The PDLC glazing in the opaque states (Off). 

 
2.5.3 PDLC glazing combined with solar control film 

Solar control film was considered to investigate its effect on solar heat gain and 

glare discomfort. The solar control film was attached to an A4 size PDLC glazing. 

The combined glazing then was investigated in outdoor under real weather 

condition. The thickness of the solar control film was 62 μm. This combined 

glazing was employed to characterise thermal and daylight performance for 

different sky condition. Schematic diagram of the combined glazing is shown 

Figure 2-5. Table 2-2 shows the solar control film details. 
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Figure 2-5. Schematic diagram of the combined PDLC glazing with solar control 

film. 

 
Table 2-2. Solar control film specification.  

 Thickness  
Visible 
Transmission  

Visible 
Reflection 
Exterior  

Visible 
Reflection 
Interior  

3M film 62μm 70%  7% 7%  

 
2.5.4 Spectrophotometer measurement  

The measurements were undertaken using a Perkin Elmer® Lambda 1050 

UV/VIS/NIR spectrophotometer to measure the solar transmittance, reflectance, 

and absorptance of the PDLC glazing systems for the transparent and opaque 

state. The instrument features a double-beam; double-monochromator; ratio 

recording optical system; and a LabSphere 150mm. The sphere feature enables 

an effective collection surface for the detectors, equivalent to the sphere input 

ports area (1 in. /25.4 mm). Figure 2-6 illustrates the schematic diagram of Perkin 

Elmer® Lambda 1050 UV/VIS/NIR spectrophotometer. The optical 

measurements of the PDLC glazings and PDLC glazing with solar control film are 

provided in Table 2-3. 
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Figure 2-6. Schematic diagram of Perkin Elmer® Lambda 1050 UV/VIS/NIR 

spectrophotometer. M1, M2, and M3 are mirrors reflecting the sample beam and 

reference beam. 

  
Table 2-3. Details of the glazing used in the experiments. 

 Dimension (m) 
Transmission 
(ON/OFF) 

Visible 
transmittance 

Supplier 

PDLC 
(indoor) 

0.15  0.14 62% / 42% 79% / 44% 
HOHO 
industry 

PDLC 
(outdoor) 

0.30  0.21 49% / 28% 68% / 39% 
HOHO 
industry 

PDLC with 
3M film 

0.30  0.21 17% / 13% 54% / 28% N/A 

 
2.6 Description of test cell  

Two test cells were fabricated in the solar lab in University of Exeter using 

polyisocyanurate (PIR) material. The first test cell was used for the indoor 

characterisation to determine U-value and SHGC. The test cell walls thickness 

were 0.025 m and the dimensions were 0.36 m  0.19 m  0.25 m. Figure 2-7 

shows a photograph of the test cell. The test cell was equipped with temperature 

sensors and a data logger to collect the data. Details of the instruments are 

shown in Table 2-4. The second the test cell was used for the outdoor experiment 

and its exterior was covered with aluminium sheets to minimise thermal 

disturbance and protects it from rain, dust, and bad weather. The test cell 

dimensions were 0.9 m  0.9 m  0.9 m. Figure 2-8 shows schematic diagram of 
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the outdoor test cell. It was placed in University of Exeter, in top of the ESI building 

in the north roof. It was positioned to face south orientation to unobstructed view 

to the solar radiation. The test cell represented a small unfurnished room with 1:8 

window to wall ratio. The thermal conductivity of the polyisocyanurate and the 

aluminium were 0.022 W/m·K and 160 W/m·K, respectively. Several sensors and 

instruments were attached to the test cell. Details of the sensors and equipment 

are listed in Table 2-5 

Table 2-4. Details of instrument for the indoor experiment.  

Instrument Specification  Measurement 

Thermocouple T type Temperature 

Data logger 

Picolog: 

High resolution and accuracy,  

temperature range (-270 to 1820 °C) 

Record data 

Solar simulator AAA Type, class A spectral match 
Incident solar 

radiation 

 

Table 2-5. Details of the instrument for the outdoor experiment. 

Instruments Specification Sensitivity  measurement 

Thermocouple 
(K Type) 

-40 °C < t° < 1000 °C 
Accuracy = ± 1.5°C  

N/A Temperature 

Light sensors 
(MESA) 

Operating temperature 
(-40 °C to 60 °C) 

Spectral response 
(350 to 750 nm) 

Illuminance 

Light sensors 
(CS300) 

Operating temperature 
(-40 °C to 70 °C) 

Spectral response 
(360 to 1120 nm) 

Illuminance 

Pyranometer 
(CMP) 

Range (0-2000 W/m² 
40), O.P temperature (-
40 °C to 80 °C) 

7 to 14 µV/W/m², 
Spectral response 
(285 to 2800 nm) 

Solar 
irradiance 
(global plus 
diffuse) 

Data logger 
(CR1000X) 

Accuracy: ±3 min per 
year, Resolution: 1 ms 

N/A Data recording 
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Figure 2-7. Photograph of the test cell that used to investigate the PDLC in an 

indoor environment. 

 

 
Figure 2-8. Schematic diagram of a test cell used for the outdoor investigation. 
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2.7 Experimental setup 

2.7.1 Indoor experiment 

To calculate the U-value and SHGC key data were required to be measured such 

as incident solar radiation, ambient temperature, PDLC glazing surfaces 

temperature, internal test cell temperature. All temperatures were measured 

using T type thermocouples. External and internal surface temperature of the 

glazing were measure using one thermocouple for each surface. To measure the 

internal and ambient temperature, a thermocouple was placed in the centre of 

the test cell and another was placed 10 cm away from the test cell, respectively. 

A solar simulator type AAA was employed to simulate the solar irradiance at 

various intensities (1000, 800, 600, 400 W/m2). All thermocouples were 

connected to a Pico data logger to record the temperature data every 5 minutes. 

The data logger was connected to a computer where the data was retrieved from. 

Figure 2-9 shows a photograph of the indoor experiment. Details of the 

instruments used are presented in Table 2-4. All mathematical equations used to 

calculate U-value and SHGC are provided in Chapter 3. 

 
Figure 2-9. Photograph of the indoor experimental setup. 
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2.7.2 Outdoor experiment 

The PDLC glazing was investigated under real weather condition to evaluate 

thermal and daylight glare performance. The PDLC glazing combined with solar 

control film was also investigated. 

2.7.2.1 Thermal characterisation 

The experiment was performed for 26th of March to 24th of September of 2021. 

Thermal characterisation was investigated for the PDLC glazing for different sky 

conditions from 9:00 to 17:00. The focus of the experiment was to study the 

thermal behaviour of the PDLC glazing for south orientation. Figure 2-10 show a 

photograph of the experiment. To perform the experiment real weather data was 

required to be measured such as horizontal global solar irradiance (Ih,g), 

horizontal diffuse solar irradiance (Ih,d) using two pyranometers. Four K type 

thermocouples were used to measure the temperature in the test cell. 

Temperature data for ambient, glazing surfaces, and internal temperature of the 

test cell were required to evaluate thermal behaviour of the PDLC glazing. The 

PDLC glazing surfaces temperature were measured using two thermocouples 

placed in the centre of each surface. The thermocouple that was attached to the 

external surface of the PDLC glazing was covered with aluminium foil for 

protection and to avoid solar heat gain from the solar radiation. The internal test 

cell temperature was measured using one thermocouple placed in the centre of 

the test cell. To measure the ambient temperature a thermocouple was placed 

on top of the test cell. Four thermocouples in total were used to collect the 

required temperature data and they were all connected to CR1000x data logger. 

The same procedures and instrument were used to characterise the PDLC 

glazing combined with solar control film. Figure 2-11 shows a photograph of the 

PDLC glazing combined with the solar film. The interval time for recording the 

data was every five minutes. The recorded data was retrieved from a computer 

that was connected to the data logger. Table 2-5 provides detail of the 

instruments used in the experiment. 
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Figure 2-10. Photograph of the outdoor experiment showing the sensors and 

equipment. 
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b)

 

Figure 2-11. Photograph of PDLCF glazing combined with the solar film. a) shows 

applying the solar film on the glazing. b) shows the PDLCF glazing with the solar 

control film.  

 
2.7.2.2 Daylight glare characterisation 

To perform daylight glare analysis illuminance values were required to be 

measured. Four illuminance sensors (lux meter) were employed to measure the 

illuminance outside and inside of the test cell at different locations. The exterior 

illuminance (Lext) was measured using MESA lux meter and was placed on the 

vertical surface of the front side of the test cell. The sensor was equipped with a 

transparent filter to measure spectral range visible to the human eye in wave 

lengths of 350 to 750 nm. The other three sensors were placed inside the test 

cell at different locations. One sensor was placed 1 cm behind the PLDC glazing 

(Li) to measure the illuminance transmitted through the glazing. The interior 

illuminance (Lwin) was measured by a sensor that was placed 45 cm away from 

the front wall and was facing the centre of the glazing. Another sensor was placed 

on a work plane 35 cm away from the front wall to measure the horizontal 
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illuminance (Lh). All light sensors were calibrated by the manufacture. Figure 2-12 

a schematic diagram illustrates the location of the sensors.  

 

Figure 2-12. Schematic diagram illustrates the locations of the sensors. 

 
2.8 Simulation modelling 

In this section, the energy building modelling for the PDLC window is discussed. 

Energy simulation study was performed to evaluate the effect of PDLC Window 

on cooling, heating, and artificial lighting loads for two contrasting climate zones 

and the results were compared against a double pane reference window. The 

building model was developed utilising Rhinoceros© modelling tool, integrated 

with a graphical algorithm editor Grasshopper© [128]. The software has excellent 

capabilities that enable modelling for energy and daylight simulation. Several 

scripts have been developed and integrated with Grasshopper© tool to perform 

building energy simulation such as Ladybug and Honeybee [129].  Grasshopper© 

can provide components such as EnergyPlus/ OpenStudio and Radiance/ 

Daysim to perform thermal and daylight analysis. This software was utilised as 

the main tool to perform building energy simulation for the PDLC switchable 

window to evaluate the cooling, heating, and artificial lighting loads, and daylight 

performance for a two-story office building. Building model, shading control 
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strategies used, and climate zones in the energy building modelling are 

discussed in the following sections. 

 

2.8.1 Building model 

In order to evaluate the impact of PDLC window in enhancing the energy 

performance of an office building the heating, cooling, and artificial lighting loads 

and daylight performance were investigated using EnergyPlus 8.9. The 

developed prototype building is a model with ideal constructions that meet the 

minimum requirements of ASHRAE standards 90.1 [130]. Figure 2-13 shows the 

building model, which comprises four perimeter zones and two core zones. The 

model envelope properties were constructed as required by the American Society 

of Heating, Refrigerating and Air-conditioning Engineers ASHRAE standards. 

EnergyPlus allows users to add building envelop components from its database 

library, thus the exterior walls and reference window were selected to perform the 

building energy simulation [131]. Table 2-6 provides the envelope properties of 

the model building. The selected model is a two-story office building with a total 

conditioned area of 4391.29 m2, a floor height of 3 m, and a 60% window to wall 

ratio.  

Table 2-7 presents the optical and thermal properties of the PDLC and reference 

window. The reference window was selected from the EnergyPlus database 

library according to the insulation requirements of ASHRAE standards 90.1 [132]. 

The PDLC glazing properties were obtained from the indoor experiment results 

as reported in Table 3-3 and Table 3-4. An ideal air load system was adopted 

from the EnergyPlus library and used as a HVAC system to eliminate mechanical 

related problems. The heating and cooling setpoint during occupied hours were 

set to 20 C and 26 C. The internal load contributed by equipment was 7.6 W/m2, 

artificial lighting was 11.8 W/m2, and people were 0.0565 person/ m2 as 

recommended by ASHRAE standards [132]. The operation schedule was 

selected adopting a typical office building type starting from 8:00-16:00 hrs from 

Monday to Friday. 
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Figure 2-13. a) The picture presents a two-story office building model with 60% 

window to wall ratio. b) shows the perimeter zones. 

 
Table 2-6. The envelope properties of the building model according to ASHRAE 

standards 90.1. 

Construction 
United Kingdom Saudi Arabia 

Reference 
U-Factor [W/m2·K] U-Factor [W/m2·K] 

Exterior Wall 0.591 2.377 

[132] Exterior Roof 0.273 0.358 

Exterior Floor 2.945 2.945 

 
 

Table 2-7. Details of the optical and thermal properties of the PDLC and reference 

windows. 

Properties 
PDLC OFF 

(opaque) 

PDLC ON 

(transparent) 

Reference 

window 

Visible transmittance 44% 79% 81% 

SHGC 0.63 0.68 0.76 

U-value 2.44 W/m2 2.79 W/m2 3.1 W/m2 

Reference   [132] 
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2.8.2 Shading control strategy 

The PDLC switchable window can be operated by electrical power to switch to 

ON/OFF state; its optical and thermal properties can be controlled by users. The 

shading control of the PDLC can be categorised by manual control according to 

user needs and automatic control by the external environmental conditions. The 

automatic control includes variables such as outdoor temperature, indoor 

temperature, solar radiation, and external illuminance. From the user perspective, 

the objective of the PDLC switchable window is to control its properties in order 

to obtain indoor comfort. The objective of this study is to assess the PDLC 

performance at the highest and lowest temperatures for the selected climates. 

The highest and lowest temperature vary significantly and to achieve better 

evaluation another temperature 20 ◦C was chosen to evaluate the PDLC 

performance at the same outdoor temperature in two contrasting climate zones. 

Therefore, the control strategy is limited to external environmental conditions in 

relation to outdoor temperature and solar radiation in order to achieve the 

optimum control variables. 

 In this study, the PDLC window was controlled by the solar radiation and the 

outdoor temperature. Each control strategy contained several variables and each 

variable was simulated independently in both strategies to avoid contradictions 

in the algorithm logic. Figure 2-14 illustrates the switching logic of the PDLC 

window where only one variable is selected to perform the simulation. The PDLC 

window was controlled by various solar radiation levels upon vertical surfaces of 

the window. In addition, several outdoor temperature variables including the 

minimum and maximum temperatures were used to control the PDLC window. 

The PDLC shading control variables utilised in this study were set as follows: 

1. The PDLC window was controlled by changing the solar radiation levels 

on the vertical window surface. When the solar radiation on the window 

surface exceeded the thresholds of 100 W/m2, 250 W/m2, 500 W/m2, 750 

W/m2, and 1000 W/m2, the PDLC window changed to opaque; otherwise, 

it became Transparent.  
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2. The PDLC window was controlled by changing the outdoor temperature. 

When the ambient temperature exceeded thresholds the state of PDLC 

window changed to opaque, and if not, it remained transparent. The 

selected temperatures for Riyadh and London are shown in Table 2-8.  

 

Figure 2-14. Workflow chart that illustrates the shading control strategy logic. The 

system simulates each variable independently for each control strategy. 

 

2.8.3 Weather Data and Climate Zone 

This simulation study utilised the weather data available on the EnergyPlus 

website [133]. Both cities (Riyadh, Saudi Arabia and London, United Kingdom) 

used in this study were a representative of the climate characteristics for each 

climate zone. Riyadh and London climate zones were classified according to 

Köppen-Geiger climate system [134]. Riyadh is located in Saudi Arabia (24°38N 

46°43 E) and has an arid climate. The weather in Riyadh is hot and dry during 

the summer season where the maximum temperature reaches 46 ºC, while in the 

winter the temperature drops to 4 ºC. London is located in the United Kingdom 

(51°30 N 0°39 W) and has a temperate oceanic climate. In London, the annual 
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maximum temperature in summer is 31.3 ºC, while in the winter is -5.9 ºC. Table 

2-8 reports the weather temperature in both cities. Figure 2-15 presents a 

comparative analysis of the monthly average temperature of Riyadh and London. 

The graph shows that Riyadh has higher monthly average temperatures in the 

summer months compared to London. This reflects the importance of air 

conditioning systems in Riyadh as more energy required to obtain thermal 

comfort in the summer. In contrary, London has lower monthly average 

temperature in the winter months indicating more heating load consumption 

compared to Riyadh.  

The maximum and minimum temperature of Riyadh and London are utilised to 

develop a shading control strategy for each climate zone. The shading control 

strategy is used to control the transmittance of the PDLC glazing by utilising 

weather data variables. For Riyadh, the variables used for the shading control 

strategy are 46 ºC as maximum temperature and 4 ºC as minimum temperature. 

For London, the variables are 31.3 ºC as maximum temperature and -5.9 ºC as 

minimum temperature. For more details regarding the shading control strategy 

see section (2.8.2).  

Table 2-8. Weather data for Riyadh and London climate zones. 

  Riyadh  London 

Air Temperature (ºC) 

Max 46 31.3 

Min 4 -5.9 

Average 26.2 10.2 
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Figure 2-15. Comparative analysis of monthly average temperature for Riyadh 

and London climate zones. 

 

Figure 2-16-a reports the hourly direct solar radiation in Riyadh, Saudi Arabia and 

London, United Kingdom. The annual direct solar radiation in Riyadh varies from 

a minimum of 102 W/m2 to a maximum of 1018 W/m2. In general, Riyadh receives 

high amount of direct solar radiation throughout the year. However, in the summer 

months the mount of direct solar radiation is higher than the rest of the year. In 

London, the amount of direct solar radiation ranges from 88 to 881 W/m2 from 

January to December. Figure 2-16-b shows a comparison of the monthly average 

of the amount of direct solar radiation between Riyadh and London. The graph 

shows a clear difference in the monthly average amount of direct solar radiation 

between Riyadh and London. The highest average value for direct solar radiation 

in Riyadh can be seen in July (317 W/m2), whilst in London it can be seen in May 

(143 W/m2). The lowest average amount of direct solar radiation can be seen in 

December for Riyadh (119 W/m2) and for London (22 W/m2). 
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a) 
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b) 

 

Figure 2-16. a) The graph reports the hourly direct solar radiation in Riyadh and 

London. b) shows the monthly average of direct solar radiation.  

 
Figure 2-17-a presents the hourly global horizontal illuminance in Riyadh, Saudi 

Arabia and London, United Kingdom. In Riyadh, the amount of global horizontal 

illuminance is higher in the summer months than the winter months. The amount 

of global horizontal illuminance in Riyadh varies between 11,370 to 113,700 lux 

from January to December. In London, the global horizontal illuminance can 

reach to a maximum of 97,4000 lux and a minimum of 9,740 lux. Figure 2-17-b 

presents a comparative data of the monthly average of global horizontal 

illuminance between Riyadh and London. In Riyadh, the highest monthly average 

value of global horizontal illuminance is in June (35,646 lux), whilst in London the 

highest average value is in July (23,149 lux). Both cities have the lowest monthly 

average of global horizontal illuminance in December of 16,197 lux and 2,496 lux 

for Riyadh and London, respectively. 
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a) 
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b)

 

Figure 2-17 a) The graph presents the annual global horizontal illuminance in 

Riyadh and London. b) presents the monthly average values of global horizontal 

illuminance. 

 
2.8.4 Energy simulation parameters 

To perform building energy simulation for the PDLC window EnergyPlus 8.9 

component was utilised. Windows used in this simulation study were 

characterised by U-value, SHGC, and visible transmittance. These parameters 

for the PDLC window were obtained from the indoor results. The reference 

window was adopted from the EnergyPlus database library. The simulation was 

performed on hourly basis for 12 months and only daytime energy usage was 

considered.  

2.8.5 Daylight simulation parameters 

To accomplish the balance between adequate daylighting level and energy 

usage, artificial lighting should be used when the amount of daylight in the room 

is insufficient. It was suggested by Velds and Christoffersen to divide a room into 
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three daylighting zones, considering on the distance of a daylight zone from the 

window [135]. The room was divided into three daylight zones (high daylight 

zone, intermediate daylight zone, and low daylight zone) to establish an 

appropriate evaluation of the discomfort glare and the interior illuminance. The 

effective window height was calculated by Eq 2-1. The daylighting zones were 

divided into three zones, as follow: 

1. High daylight zone (where artificial lighting is not usually required) 

starts from the window and has a depth of 2 x EWH. 

2. Intermediate daylight zone starts from the end of the high daylight zone 

to a depth of 1.5 x EWH. 

3. Low daylight zone (where the artificial light is required) starts from the 

border of the intermediate daylight zone to the end of the room. 

𝐸𝑊𝐻 =  
𝑎𝑏𝜏

𝑐
 Eq 2-1 

Where EWH is effective window height (m); ab𝜏 effective window area (m2); 𝑎𝑏 

the actual window area above 0.9 m from the façade (m2); 𝑎 the width of the 

window (m); 𝜏 the transmission of the window plane; 𝑐 the width of the façade. 

Figure 2-18 shows the reference points of the daylight glare index for all three 

daylight zones. 

 

Figure 2-18. Illustration of DGI reference points and daylight zones. 
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2.8.6 Artificial lighting system 

This section discusses the parameters used to perform the simulation to explore 

the potential of artificial lighting energy savings employing PDLC glazing for an 

office building. The building model was equipped with two fluorescent lamps in 

each daylighting zone that require 100 W for each lamp. The fluorescent lights 

were programmed to be fully dimmable when the light sensors receive 

illuminance equal to the illuminance setpoint. The minimum fraction power for 

each fluorescent lamp was 0.15.  The illuminance setpoint for office buildings was 

set to be 500 lux as recommended design for interior illuminance level. The 

lighting management system considered for the evaluation was a continuous 

dimming control. The artificial lighting control was simulated hourly, once the final 

daylight illuminance value was determined for each reference point considering 

the shading control strategy.  

2.9 Conclusion 

PDLC switchable glazing was investigated to characterised thermal and daylight 

performance in indoor and outdoor conditions for transparent and opaque state. 

Two small-scale test cells were fabricated representing an unfurnished room. 

SHGC and U-value were determined by employing an indoor experimental setup. 

In addition, thermal and daylight performance were characterised for a PDLC 

glazing and combined PDLC with solar film using outdoor experimental setup. 

Instruments such as pyranometers, light sensors, thermocouples were utilised to 

measure solar radiation, illuminance, and temperatures, respectively. 

EnergyPlus software was utilised to perform an evaluation of the annual saving 

for an office building equipped with a PLDC glazing. Solar radiation and outdoor 

temperature parameters were used to control the PDLC glazing transmission as 

shading control strategies. Furthermore, daylight glare discomfort analysis and 

artificial lighting reduction evaluation were performed. Two climate zones were 

utilised. 
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Chapter 3. Indoor investigation of thermal performance for an 

electrically switchable polymer dispersed liquid crystal 

(PDLC) glazing 

3.1 Introduction 

The aim of this chapter is to calculate the SHGC and U-value of a PDLC glazing 

system conducted in indoor conditions by utilising a small-scale test cell equipped 

with small area of PDLC glazing and temperature sensors to measure the solar 

energy entering the test cell through the PDLC glazing. In addition, the optical 

characteristics and protection factors were also evaluated. In this work, the 

investigation of the thermal performance of the PDLC glazing under various solar 

radiation was discussed in addition to the spectral transmittance. 

3.2 Optical properties of PDLC glazing  

The solar radiation reaches the earth’s surface, including visible light (VIS), 

ultraviolet (UV), and near-infrared (NIR) is approximately located between (300 

nm and 3000 nm). The visible light is located between (380 nm and 780 nm) while 

the UV and NIR are located below and above the VIS spectrum. When the 

incident solar radiation falls onto glazing, it will be transmitted, reflected, and 

absorbed. The optical properties of the glazing, the incident angle, and the 

wavelength of the radiation determine the amount of solar radiation that is 

transmitted, reflected, and absorbed. Furthermore, the optical properties 

influence the transmitted solar radiation to produce distinct incident angle 

dependencies applied to the different relative intensity of the components of 

direct, diffuse, and ground reflected solar radiation. The diffuse light can 

determine the satisfaction of a room illumination whereas; the direct solar 

radiation influences the solar material protection factor and the skin solar 

protection factor [13]. The high energy of solar radiation like UV can have a 

negative impact on the glazing lifetime, the interior building materials, and human 

skin. Thus, such knowledge is important to determine what type of glazing should 

be used for low energy building.  
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In order to evaluate the optical characteristics of the PDLC glazing system, a 

spectrophotometer was employed to measure the solar transmission and 

reflection. The UV transmittance, visible transmittance and reflectance, solar 

transmittance and reflectance, and solar absorption, were determined using the 

following equations Eq 3-1 to Eq 3-6 [136]: 

UV transmittance 𝜏𝑢𝑣 =
∑  𝑇(𝜆)𝑆𝜆∆𝜆380𝑛𝑚

𝜆=300

∑ 𝑆𝜆 (𝜆)∆𝜆380𝑛𝑚
𝜆=300

  Eq 3-1 

Visible transmittance 𝜏𝑣𝑖𝑠 =  
∑ 𝑇(𝜆)𝐷65(𝜆)𝑉(𝜆)∆𝜆780𝑛𝑚

𝜆=380𝑛𝑚

∑ 𝐷65
780𝑛𝑚
𝜆=380𝑛𝑚 (𝜆)𝑉(𝜆)∆𝜆

  Eq 3-2 

Visible reflectance 𝑅𝑣𝑖𝑠 =
∑ 𝐷65(𝜆)𝑅(𝜆)𝑉(𝜆)𝛥𝜆780𝑛𝑚

𝜆=380𝑛𝑚

∑ 𝐷65(𝜆)𝑉(𝜆)𝛥𝜆780𝑛𝑚
𝜆=380𝑛𝑚

  Eq 3-3 

Solar transmittance 𝜏𝑠𝑜𝑙 =
∑ 𝑇(𝜆)𝑆(𝜆)𝛥𝜆2500𝑛𝑚

𝜆=300𝑛𝑚

∑ 𝑆(𝜆)𝛥𝜆2500𝑛𝑚
𝜆=300𝑛𝑚

  Eq 3-4 

Solar reflectance 𝑅𝑠𝑜𝑙 =
∑ 𝑅(𝜆)𝑆(𝜆)𝛥𝜆2500𝑛𝑚

𝜆=300

∑ 𝑆(𝜆)𝛥𝜆2500𝑛𝑚
𝜆=300𝑛𝑚

  Eq 3-5 

 

where, Suv(λ) is the relative spectral distribution of ultraviolet solar radiation. D65 

is the relative spectral distribution of illuminant  [137], V(λ), which is the spectral 

efficiency of a standard photopic observer, S(λ) relative spectral distribution of 

solar radiation, and Δλ is the wavelength interval. D65V(λ)Δλ values at different 

wavelengths are given in Table 3-1. T(λ) and R(λ) are the spectral transmission 

and reflection of glazing. In addition, solar absorption is calculated using the 

written Eq 3-6: 

Solar absorption 𝛼𝑠 = 1 − 𝜏𝑠 − 𝜌𝑠   Eq 3-6 

The selectivity index is the ratio of light transmissivity with the total transmitted 

energy from the glazing. The higher the value of the selectivity index, the better 

the solar control performance for glazing. Haze percentage was determined for 

the considered glazing using Eq 3-8, where Td and TTotal illustrate the diffuse and 

total transmission.  

Selectivity = 
𝜏𝑣

g
  Eq 3-7 

Haze = 
𝑇𝑑

𝑇𝑇𝑜𝑡𝑎𝑙
 100%  Eq 3-8 
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Table 3-1. Values of relative spectral distribution D65V(λ)Δλ at different 

wavelengths, which were used for the calculation of the visible transmittance and 

visible reflectance [18]. 

Wavelength λ (nm) D65V(λ)Δλ Wavelength λ (nm) D65V(λ)Δλ 

380 0 590 0.063306 

390 0.000005 600 0.053542 

400 0.00003 610 0.042491 

410 0.000103 620 0.031502 

420 0.000352 630 0.020812 

430 0.000948 640 0.01381 

440 0.002274 650 0.00807 

450 0.004192 660 0.004612 

460 0.006663 670 0.002485 

470 0.00985 680 0.001255 

480 0.015189 690 0.000536 

490 0.021336 700 0.000276 

500 0.033491 710 0.000146 

510 0.051393 720 0.000057 

520 0.070523 730 0.000035 

530 0.08799 740 0.000021 

540 0.094427 750 0.000008 

550 0.098077 760 0.000001 

560 0.094306 770 0 

570 0.086891 780 0 

580 0.078994     

 

3.3 Evaluation of solar material protection and solar skin protection factor 

Some part of the solar radiation such as the ultraviolet and visible spectrum can 

have a negative impact on human skin and materials inside a building. The impact 

on materials varies from discolouration to loss of functionality, while human skin 

may experience pale skin to severe sunburn. The level of damage depends on 
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the time and degree of exposure. The level of impact for human skin might be 

minimised by clothing and sun lotions, while the light stabiliser application may 

protect the materials. PDLC glazings can be of interest in this aspect as they have 

the potential to control the solar radiation. This section aims to evaluate how well 

the PDLC glazing system protects human skin and materials inside buildings from 

the solar radiation. In order to measure the protection level, the solar material 

protection factor (SMPF), and solar skin protection factor (SSPF) was calculated. 

The values of (SMPF) and (SSPF) range from 0 to 1, where a higher value 

indicates a high protection level [18]. To show that a larger part of the visible solar 

spectrum can degrade materials, the SMPF was calculated in the wavelength of 

today’s value between 300 nm – 600 nm instead of the earlier value 300 nm – 

500 nm [136]. The evaluation of (SMPF) and (SSPF) was achieved by 

mathematical calculations.  

Solar material protection factor 

SMPF= 1 −
∑ 𝑇(𝜆)𝐶𝜆

600𝑛𝑚
𝜆=300𝑛𝑚 𝑆𝜆Δ𝜆

∑ 𝐶𝜆𝑆𝜆Δ𝜆
600𝑛𝑚
𝜆=300𝑛𝑚

   Eq 3-9 

Where Cλ = e-0.012λ 

Solar skin protection factor 

SSPF=1 -  
∑ 𝑇(𝜆)𝐸𝜆𝑆𝜆𝛥𝜆

400𝑛𝑚
𝜆=300𝑛𝑚

∑ 𝐸𝜆𝑆𝜆𝛥𝜆
400𝑛𝑚
𝜆=300𝑛𝑚

 Eq 3-10 

Eλ CIE erythermal effectiveness 

 

3.4 Calculation of Solar heat gain coefficient 

Solar heat gain coefficient (SHGC) is the fraction of incident solar radiation that 

passes through a glazing system to a room in the form of transmitted radiation 

[138]. The solar gain passively causes the room temperature to rise, which is 

desirable during the winter season, although not during the summer months. 

SHGC is a primary factor to evaluate the glazing system and the energy 

consumption of a building [12]. SHGC can be influenced by several elements 



   
 

 

88 

such as the wind conditions, the spectrum of the incident radiation, and the 

internal and external temperature, however,  the wind condition is neglected in 

this case  [139]. Thus, the SHGC was calculated for the PDLC glass by the 

following equation.  

The solar heat gain coefficient can be calculated by Eq 3-11 [136,140]. 

g= 𝜏𝑠 + 𝑞𝑖 = 𝜏𝑠 + 𝛼 
ℎ𝑖

ℎ𝑖+ℎ𝑒
   Eq 3-11 

Where hi and he stand for the internal and external heat transfer coefficient, 𝜏𝑠 

represents solar transmittance, and α is the solar absorbance. 

3.5 Calculation of Overall heat transfer coefficient 

Thermal transmission through a glazing system is determined by the difference 

of temperature between external and internal surfaces with consideration of the 

thermal conduction, convection, and radiation [141]. Room temperature is usually 

maintained constant, whereas the external temperature varies based on 

environmental conditions, such as solar radiation and wind velocity. Overall heat 

transfer coefficient determines how well a glazing system can insulate heat loss 

from inside of a room to the outside environment. Therefore, the U-value of the 

PDLC glass was determined using mathematical models.  

Overall, the heat transfer coefficient can be calculated by Eq 3-17 [57,142]. The 

parameters required to calculate U-value are presented in Table 3-2. 

𝑄𝑖𝑛 = 𝑄𝑃𝐷𝐿𝐶 + 𝑄𝑡𝑒𝑠𝑡𝑐𝑒𝑙𝑙 + 𝑄𝑙𝑜𝑠𝑠  Eq 3-12 

Where Qin is the incident radiation.  

Qin can be calculated using (Eq 3-12). 

𝑄𝑖𝑛 = 𝐼𝛼𝜏𝐴𝑃𝐷𝐿𝐶    Eq 3-13 

Total heat transfer through the glazing is expressed in Eq 3-10 [27]. 
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𝑄𝑃𝐷𝐿𝐶 = 𝑈𝑃𝐷𝐿𝐶𝐴𝑃𝐷𝐿𝐶∆𝑇  Eq 3-14 

Total heat transfer inside the test cell is provided by Eq 3-15 [59]. 

𝑄𝑡𝑒𝑠𝑡𝑐𝑒𝑙𝑙 = 𝑚𝑡𝑒𝑠𝑡𝑐𝑒𝑙𝑙𝐶𝑎𝑖𝑟
𝑑𝑇

𝑑𝑡
   Eq 3-15 

The total heat losses through the test cell are given by Eq 3-16. 

𝑄𝑙𝑜𝑠𝑠 = (𝑈𝐴)𝑡𝑒𝑠𝑡𝑐𝑒𝑙𝑙(∆𝑇)   Eq 3-16 

Overall heat transfer of the PDLC glazing is calculated using Eq 3-17. 

𝑈𝑃𝐷𝐿𝐶 =
𝑄𝑖𝑛−𝑄𝑡𝑒𝑠𝑡𝑐𝑒𝑙𝑙−𝑄𝑙𝑜𝑠𝑠

𝐴𝑃𝐷𝐿𝐶∆𝑇
  Eq 3-17 

 
Table 3-2. Parameters required to calculate U-value 

Fixed 

Parameters 

 Value 

Aperture area of glazing (APDLC) 0.021 m2 

Interior wall surface (Awall) 0.401 m2 

Internal volume of test cell (vair) 0.0164 m3 

Thickness of Polystyrene (Lpl) 0.025 m 

Mass of air inside test cell (Mtc = vair × ρair) 0.02 kg 

Physical 

Density of air (ρair) 1.2250 kg/m3 

Heat capacity of air (Cair) 1.006 kJ/kg K 

Thermal conductivity of polystyrene (Kpl) 0.038 W/m·K 

Incident radiation from simulator (I) 1000 (W/m2) 

Variables 

Temperature inside the test cell (Tin,tc) 
Measured by 

thermocouple (T) 

Temperature outside the test cell (Tout,tc) 
Measured by 

thermocouple (T) 

 

3.6 Experimental setup 

Complete experimental setup is explained in section 2.7.1 with a photograph for 

the experiment Figure 2-9. The test cell description is provided in 2.6 in Chapter 

2. Details of the PDLC glazing is available in section 2.5.1. 
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3.7 Results of the indoor investigation 

3.7.1 PDLC transmission measurements  

Figure 3-1 shows the measured total transmission of the PDLC glazing by using 

a spectrophotometer, with results of 62% for the transparent state and 42% for 

the opaque state. The PDLC glazing offered UV transmission of 17% in the 

transparent state and 8% in the opaque state. It controlled the NIR radiation by 

44% in the opaque state and 61% in the transparent state. Moreover, PDLC 

scatters light, starting from the edges or conductive electrode, and increases 

towards the centre. This process occurs because the refractive index does not 

match between the droplets and the polymer matrix during the opaque state. 

Comparatively, when PDLC is in the transparent state, the LC molecules align 

and enable light to pass through, which indicates that the refractive index 

between the polymer matrix and droplets are matched. The spectrophotometer 

measurements demonstrate that the diffused light was collected by the sphere 

from both states and scattered forward. Besides, the LC particles make the light 

scatter, resulting in higher transmission during the opaque state. 

The same Figure 3-1 reports the measurements of the total reflectance of the 

PDLC glazing for the transparent and opaque states. The total solar reflectance 

was calculated for the PDLC glazing in the transparent and opaque states using 

Eq 3-5. A low value of solar reflectance indicates a low reflection of solar 

radiation, whereas a high value indicates high solar reflectance. In general, solar 

reflectance is represented in percentage values between 0 and 100%. It is worth 

noting that the solar spectrum covered in the calculations is between 2500 and 

300 nm. The results showed the PDLC glazing had solar reflectance of 17% in 

the transparent state and 18% in the opaque state. In addition, the PDLC glazing 

offered a reflection of 14% and 18% of UV radiation in the transparent and 

opaque states. In terms of NIR radiation, the reflection values were 15% and 16% 

in the transparent and opaque states, respectively. The visible reflectance was 

calculated using Eq 3-3 and the results were 18% for the transparent state and 

24% for the opaque state. The total solar reflectance was always lower than the 

total solar transmission for both states of the PDLC glazing. A nearly equal 

amount of solar reflection of both states of the PDLC glazing indicates that the 
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diffuse light was due to forward scattering. The transmission and reflectance 

curves clearly show that the PDLC glazing absorbed a considerable amount of 

solar radiation. The solar absorption was calculated for the PDLC glazing for both 

states using Eq 3-6. The solar absorption value is a number between 0 and 1, 

which is usually represented by a percentage value. The higher the percentage 

value the higher the absorption. The solar absorption of PDLC glazing for the 

transparent state was 21% and for the opaque state was 40%. It was observed 

that the opaque state possesses higher absorption value than the transparent 

state due to the random alignment of the particles, which indicates less amount 

of solar radiation passes through. The transmission measurements for PDLC 

glazing are presented in Table 3-3. 

 

Figure 3-1. Total transmission (regular + diffuse) and reflection of PDLC glazing 

for the transparent and opaque states. 
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Table 3-3. Measurements of the spectrophotometer for PDLC glazing for the 

transparent and opaque states.  

transmittance  PDLC/ OFF PDLC/ ON 

Solar transmittance (300–2500) 

total 42% 62% 

regular 12% 59% 

diffuse 30% 4% 

Solar reflectance (300–2500) total 18% 17% 

Visible transmittance (380–780) 

total 44% 79% 

regular 2% 72% 

diffuse 42% 7% 

Visible Reflectance (380-780)  24% 18% 

 
Figure 3-2 reports the regular and diffuse transmissions of PDLC glazing. The 

regular transmission was 59% and 12% for the transparent and opaque state, 

respectively. Comparatively, the diffuse transmission was 4% in the transparent 

state and 30% in the opaque state. During the transparent state, the PDLC offers 

higher regular transmission and lower diffuse transmission. The higher regular 

transmission is a result of the alignment of the particles during the transparent 

(ON) state, which enables light to pass through the PDLC.  

Light is scattered at a wider viewing angle in the transparent state, while the 

angular distribution of light can be affected by haze. From (Eq 3-8), haze 

coefficient was calculated for the transparent state and was determined to be 

(6.4%). In contrast, the opaque state offers lower regular transmission and higher 

diffuse transmission. The high diffuse transmission is a result of the dispersed 

particles in the liquid crystal. The haze coefficient in the switch-off state was 

71.4%, which is considered high value and results in the PDLC becoming 

opaque. Selectivity index for the investigated glazing was found to be 1.16 and 

0.7 for the transparent and opaque states, respectively. 
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Figure 3-2. Regular and diffuse transmission of PDLC glazing for the transparent 

state and opaque state. 

 
3.7.2 Solar material and solar skin protection factors 

Solar material protection factor (SMPF) was calculated for the investigated PDLC 

glazing using Eq 3-9 for both the transparent and opaque state, and the value 

was 0.39 and 0.69, respectively. Solar skin protection factor (SSPF) was found 

to be 0.71 for the transparent-state and 0.87 for the opaque off-state of PDLC 

glazing. PDLC opaque state offers better protection levels for human skin and 

material of building interior compared to the transparent state. The SMPF and 

SSPF results are reported in Table 3-4. 
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Table 3-4. List of factor values for PDLC glazing for the transparent and opaque 

stats. 

 PDLC/ OFF PDLC/ ON 

SMPF 0.69 0.39 

SSPF 0.87 0.71 

Selectivity index 0.7 1.16 

Haze percentage  71.4% 6.4% 

SHGC 0.63 0.68 

U-value 2.44 W/m2 2.79 W/m2 

 
3.7.3 PDLC glazing thermal performance 

The PDLC glazing system was exposed to a constant indoor solar simulator at 

different radiation intensities (1000, 800, 600, 400 W/m2) for 180 minutes for both 

the transparent and opaque states. It was observed that the PDLC system 

behaved similarly during all various radiation intensities. 

Figure 3-3 illustrates the temperature variation of the system during the 

transparent state under the radiation of 1000 W/m2. The test cell temperature 

increased from 27.3 °C to 51.22 °C following 180 minutes of exposure, while the 

ambient temperature increased from 24.00 °C to 25.54 °C. During the first 55 

minutes, the test cell temperature increased at a rate of 2.0 °C/min, while the 

ambient temperature increased at 0.09 °C/min. Comparatively, it was determined 

that the internal glass temperature was higher than the external glass 

temperature, which indicates higher energy transmission; therefore, greater heat 

flow. 
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Figure 3-3. Measured temperature of external and internal glazing surface, test 

cell and ambient temperature in transparent state under 1000 W/m2 solar 

radiation.  

 
Figure 3-4 presents the temperature variation of the PDLC glazing system during 

the opaque state under 1000 W/m2 radiation. In comparison, during the opaque 

state, the test cell temperature increased from 30.56 °C to 53.91 °C, while the 

ambient temperature increased from 25.07 °C to 26.78 for the same exposure 

time as the transparent state. During the first 55 minutes, the test cell temperature 

increased at a rate of 1.96 °C/min, while the ambient temperature increased at 

0.084 °C/min. 
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Figure 3-4. Measured temperature of external and internal glazing surface, test 

cell and ambient temperature in the opaque state under 1000 W/m2. 

 
Figure 3-5 shows the temperature variation of the PDLC glazing system during 

the transparent state under various solar radiation intensities (800, 600, 400 

W/m2). When the PDLC glazing system was exposed to solar radiation at 800 

W/m2 the test cell temperature reached the maximum temperature of 47.7 °C, 

while the ambient temperature was 25 °C after 180 min of exposure to solar 

radiation. The external PDLC glazing surface maximum temperature was 43.5 

°C, while the internal surface was 46.5 °C. At 600 solar radiations, the maximum 

test cell temperature was 43.4 °C. The external and internal surfaces reached to 

the maximum temperature of 38 °C and 42.5 °C, respectively. At 400 solar 

radiation, the test cell reached the highest temperature of 41.8 °C. The external 

surface maximum temperature was 38.7 °C and the internal surface was 41.1 °C. 

It was observed that the internal glass temperature was always higher than the 

external glass in all different solar radiation intensities. In addition, the test cell 

temperature was always higher than the glazing surfaces in all solar radiation 

intensities. These measurements show agreement with the measurements taken 

at 1000 W/m2. The test cell maximum temperature decreased as the solar 
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radiation intensity was reduced, while the ambient temperature was always 

constant at 25 °C. 

 

Figure 3-5. Measured temperature of external and internal glazing surface, test 

cell and ambient temperature in the transparent state under 800, 600, 400 W/m2 

solar radiation. 

 
Figure 3-6 presents the temperature variation of the PDLC glazing system during 

the opaque state under various solar radiation intensities (800, 600, 400 W/m2). 

At 800 solar radiation, the test cell reached the maximum temperature of 50.4 °C 

and the ambient temperature was 26 °C. The highest temperature of the external 

glass was 46.4 °C, while the internal glass temperature was 49.8 °C. At 600 solar 

radiation, the maximum temperature of the test cell was 44.2 °C. The external 
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glass maximum temperature (40.4 °C) was lower than the internal glass (43.3 

°C). At 400 solar radiation, the test cell maximum temperature decreased to 41.2 

°C as solar radiation was reduced to 400 W/m2. The external and internal glass 

highest temperature were 38.1 °C and 40.4 °C, respectively. Data analysis 

showed that internal temperature of the test cell in the opaque state was higher 

than the internal temperature in the transparent state at 800 W/m2 and 600 W/m2. 

At 400 solar radiation, the test cell temperature was nearly similar in both the 

opaque and transparent state. Table 3-5 shows the maximum temperature of the 

PDLC glazing system. 

 

Figure 3-6. Measured temperature of external and internal glazing surface, test 

cell and ambient temperature in the opaque state under 800, 600, 400 W/m2 solar 

radiation.  
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Table 3-5. The maximum temperature (°C) of the PDLC glazing system. 

 Transparent state (ON) Opaque state (OFF) 

Solar radiation 

(W/m2) 
1000 800 600 400 1000 800 600 400 

External 

glazing (°C) 
46.3 43.5 39.8 38.7 49.1 46.4 40.4 38.1 

Internal 

glazing (°C) 
50 46.5 42.5 41.1 53 49.8 43.3 40.4 

Test cell (°C) 51.2 47.7 43 41.8 53.9 50.4 44.2 42.2 

Ambient (°C) 25.6 25.9 25.6 25 26.8 26.3 24.5 24.4 

 

Figure 3-7 shows the time variation of the temperature difference (Tg) between 

the internal and external PDLC glazing surfaces across all various radiation 

intensities. The temperature of the internal and external glass steadily increased 

for both the transparent and opaque states at a similar rate, which demonstrates 

that the PDLC system exhibits uniform behaviour under various radiation 

intensities. The average increase of temperature difference during the 

transparent state was 2.11 C for all solar radiation intensities, while in the 

opaque state was 2.62 C. It was also found that the opaque state has higher 

temperature differences than the transparent state. This indicates that the PDLC 

system exhibits higher absorption levels of radiation, rather than reflection. 
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Figure 3-7. The time variation of the temperature difference (Tg) between the 

internal and external PDLC glazing surfaces for both the transparent (blue line) 

and opaque (red line) states under various radiation intensities. 

 

Figure 3-8 illustrates the time variation of the temperature difference (Tcell) 

between the internal cell temperature and external ambient across all various 

radiation intensities. The graph highlights that the test cell has steady 

performance through the entire measurements. The average increase of 

temperature difference during the transparent state was 18.79 C, while the 

opaque state was 20.12 C under various radiation intensities. It was observed 

that the test cell temperature was always higher than the ambient temperature 

during the opaque state, due to the absorption property of PDLC glazing, which 

indicates that the convection heat transfer is higher. In addition, the overall heat 

flow to the test cell through the PDLC glazing in the opaque state is higher 

compared to the transparent state. Moreover, the thermal performance of the 
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PDLC glazing demonstrates the ability to reduce the heat loads during the cold 

months. 

 

Figure 3-8. The time variation of the temperature difference (Tcell) between the 

test cell and the ambient temperature for both the transparent (blue line) and 

opaque (red line) states under various radiation intensities. 

 
3.7.4 Solar heat gain coefficient (SHGC) 

The solar heat gain coefficient for the PDLC glazing was found to be 0.68 and 

0.63 for the transparent and opaque states, respectively. It was observed that the 

value of SHGC was roughly similar in both the transparent state and opaque 

state, due to low solar reflection and transmission in both states. In particular, 

high SHGC values indicate that PDLC glazing is suitable for cold climates.  
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3.7.5 Overall heat transfer (U-value) 

The value of overall heat transfer was calculated when the interior and exterior 

glazing surfaces temperatures achieved a steady state. Figure 3-9 and Figure 

3-10 report the PDLC glazing’s U-value of 2.79 W/m2·K for the transparent state 

and 2.44 W/m2·K for the opaque state. The difference in the U-value was due to 

the variation of transmission of both states. The PDLC glazing U-value was 

compared to typical contemporary static transparent double-glazing system. An 

outdoor experiment of a double glazing showed U-value of 2.98 W/m2·K [57]. 

Thus, PDLC glazing offered 6% lower thermal transmission while the optical 

transmission was 32% lower than that of transparent state. 

 

Figure 3-9. U-value and temperature difference between the ambient and test cell 

when PDLC glazing was in the transparent state. 
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Figure 3-10. U-value and temperature difference between the ambient and test 

cell when the PDLC glazing was in the opaque state. 

 
3.8 Conclusion 

In this work, measurements of the optical characteristics were carried out using 

UV-vis-NIR (1050) spectrophotometer, and the SMPF and SSPF were calculated 

to evaluate a PDLC glazing system for future low energy buildings. Moreover, 

SHGC and U-value were investigated in indoor conditions. The PDLC glazing 

system was exposed to constant solar radiation with different radiation intensities 

(1000, 800, 600, 400 W/m2) for 180 minutes for both the transparent (ON) and 

opaque (OFF) states. The results of the investigation are summarised as follows. 

1. The result of the optical properties showed that the PLDC system is a good 

candidate for variable transparency glazing with solar modulation between 

62% and 42% for the transparent and opaque states, respectively.  

2. The optical evaluation showed that the investigated PDLC glazing offered 

low transmissions for UV 14% and NIR 37% in the opaque state, 

respectively. In addition, the system has a high degree of protecting the 

human skin in both states which indicate that the investigated PDLC has 
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the potential to control the exposure to UV. The system could be 

significantly effective in replacing the conventional curtains as it could 

control the UV exposure and offer the view to the outside environment 

simultaneously.  

3. The highest temperature for the PDLC glazing surface achieved was 52.97 

C and 49.95 C for the opaque and transparent states, respectively, under 

1000 W/m2. In terms of the test cell, the highest temperature achieved was 

53.91 C and 51.22 C for the opaque and transparent states, respectively. 

The major finding was that the PDLC glazing system demonstrated 

effective thermal performance in reducing heat load in a cold dominated 

climate with SHGC 0.68 and 0.63 for the transparent and opaque states, 

respectively. However, it was observed that the internal glass had a higher 

surface temperature, which could generate secondary heat gain resulting 

in thermal discomfort for the occupants. 
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Chapter 4. Outdoor investigation of thermal and daylight 

performance of PDLC glazing and PDLCF combined with solar 

control film 

4.1 Introduction 

The objective of this chapter is to investigate the PDLC glazing under real 

weather conditions. The PDLC glazing prototype was characterised for different 

sky conditions (a sunny day, an intermittent day, and a cloudy day) to evaluate 

the thermal performance. In addition, the glare subjective rating was evaluated 

for the PDLC glazing prototype. The investigation was conducted in two different 

experiments. 

4.2 First experiment 

A test cell was fabricated in the solar lab and was utilised to investigate the PDLC 

glazing prototype. The PDLC glazing was mounted on the test cell in addition to 

several sensors and equipment were equipped on the test cell. The aim of this 

work was to evaluate the temperature behaviour of the PDLC glazing’s surfaces 

and the test cell temperature in addition to the daylight glare. Further details about 

the test cell and the equipment are provided in section 2.6.  

4.3 Second experiment  

A solar control film was combined with the PDLC glazing, which was referred to 

as (PDLCF) and then was mounted on the test cell. The aim of this work was to 

assess the impact of the film on the thermal behaviour and visual comfort of the 

PDLC glazing. More details about the PDLC glazing and solar film can be found 

in sections 2.5.2 and 2.5.3. 

4.4 Thermal performance of PDLC glazing and PDLC combined with solar 

film 

Indoor comfort in buildings is determined by several parameters such as lighting, 

humidity, and temperature. In most cases, thermal comfort inside buildings is 
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achieved by mechanical systems such as fans or HVAC systems. However, the 

use of mechanical systems could result in high energy consumption. Generally, 

windows are responsible for undesired heat gain and heat loss between buildings 

and the outdoor environment. Solar heat gain can significantly affect thermal 

comfort and could increase the cooling and heating loads. Windows technologies 

have advanced significantly to enhance the energy performance for buildings, 

such as solar control films, thin-film coatings, and low-emittance coatings. 

According to Lampert “solar control films are designed to reflect the incident solar 

radiation, in order to diminish solar heat gains through the glass” [143]. Many 

studies have investigated glazing with or without solar control films in the past. A 

study investigated the heat transfer in multiple glazing with or without solar control 

film, taking into account environmental parameters such as temperature and wind 

velocity [144]. The thermal conductance for a clear double glass without solar 

control film was 3 W/m2K and with the solar control film, the value was reduced 

to 2 W/m2K. A simulation study used eQUEST software to evaluate the energy-

saving for a commercial building equipped with solar window films in Shanghai, 

China [145]. The simulation results showed that the shading coefficient and solar 

heat gain could be decreased by 44% and 22% by applying the solar control film 

on the outside and inside the existing windows, respectively. Another simulation 

study utilised the Energy-10 software to evaluate the energy consumption of two 

departments with two rooms. One room had a window with simple glass and the 

other room had a window with a solar control film. The annual energy 

consumption decreased by approximately 16% for the room equipped with a 

window with a solar control film.  

In this work, PDLC switchable glazing was investigated to characterise thermal 

and daylight performance under different sky conditions. Then a solar film was 

attached to the exterior surface of the PDLC glazing to evaluate the film effect on 

solar heat gain and glare discomfort level in outdoor conditions. The parameter 

considered in this experiment is global solar irradiance, diffuse solar irradiance, 

ambient, glazing surfaces, and test cell internal temperature. The incident solar 

radiation falling onto a glazing would be transmitted, reflected, and absorbed in 

different amounts depending on the glazing optical properties. The solar radiation 

transmitted through the glazing would influence the thermal comfort inside a 
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room, whereas the diffuse radiation would determine the illuminance level. 

Applying a solar control film on a glazing would change the amount of transmitted, 

reflected, and absorbed solar radiation. In other words, solar control film would 

influence the thermal and visual comfort level inside a room. 

Spectral transmittance measurements were carried out using a Perkin Elmer 

Lambda 1050 UV/vis/NIR spectrophotometer. Figure 4-1 shows the spectral 

transmittance of the PDLC glazing and combined PDLCF in the transparent and 

opaque states. The PDLC glazing offered 68% visible transmittance in the 

transparent (ON) state and 39% in the opaque (OFF) state. The combined PDLCF 

visible transmittance was 49% and 28% in the transparent and opaque states, 

respectively. The solar film reduced the PDLC glazing visible transmittance by 

28% in the transparent and the opaque states. This indicates that the solar control 

film would have some effect on solar heat gain and glare level. 

 

 

Figure 4-1. The solar transmittance of the PDLC glazing prototype and combined 

PDLCF for the transparent and opaque states. 
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4.5 Daylight glare discomfort 

Glare is a sensation caused by direct sunlight that causes visual discomfort 

because the luminance from the source is greater than the eyes adaptation [44]. 

In the literature, there are several methods to evaluate glare; however, there is 

not a unique reliable method agreed upon researchers to evaluate glare 

worldwide. Glare Subjective Rating (SR) method is used in this study to evaluate 

glare discomfort. Pervious experiments suggested that glare level is strongly 

correlated to the direct vertical illuminance received by the observer’s eyes 

[146,147]. Glare was calculated using the equation Eq 4-1 [120]. 

SR = 0.1909 EV
0.31 Eq 4-1 

Where EV is the vertical illuminance from the light source. Table 4-1 presents the 

level of discomfort glare.  

Table 4-1. Levels of discomfort glare indexes. 

Glare Subjective Rating SR indexes 

Just intolerable 2.5 

Just disturbing 1.5 

Just noticeable 0.5 

Just imperceptible 0 

 
4.6 Experimental setup 

A complete explanation of the experiment setup is available in Chapter 2. Details 

of the test cell are provided in section 2.6. For the PDLC glazing description see 

sections 2.5.2 and 2.5.3. 

4.7 Results of the outdoor investigation  

4.7.1 Thermal analysis of the PDLC glazing prototype 

Figure 4-2 reports the temperature variation as a function of time for the PDLC 

glazing prototype in the transparent state for different sky conditions. On a sunny 

day, the maximum recorded temperature of the test cell was 46.8 °C, while the 

maximum internal PDLC surface temperature was 41.5 °C and the external 

surface temperature was 38.6 °C. The test cell increased at a rate of 2.5 °C/h 
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between 9:00 to 13:00, while the ambient temperature increased at 0.5 °C/h. The 

internal temperature of the test cell remained higher than the ambient 

temperature from 9:00 to 17:00. Between 14:00 to 17:00, the test cell temperature 

increased at a higher rate due to an increase in the global solar irradiance from 

355 W/m2 to 783 W/m2. For an intermittent day, the test cell reached the 

maximum temperature of 39.5 °C at a rate of 3.5 °C/h. The ambient temperature 

increased from 15 °C to the maximum of 21.6 °C at 0.6 °C/h. In addition, the 

internal surface of the PDLC glazing reached the maximum temperature of 35 °C 

at 2.5 °C/h. The test cell temperature decreased as the global irradiance 

decreased from 812 W/m2 to 476 W/m2 between 14:00 and 17:00. However, the 

test cell temperature remained higher than the ambient temperature. For a cloudy 

day, the maximum recorded temperature for the test cell was 37.8 °C and 

increased by 2.4 °C/h. The highest ambient temperature was 25 °C and 

increased by 0.7 °C/h. The internal surface of the PDLC glazing reached the 

maximum temperature of 35 °C when the ambient temperature was 24 °C. In 

general, the global irradiance readings were low and varied between 584 W/m2 

and 77 W/m2. It was found that the internal surface of the PDLC glazing 

temperature was always higher than the external surface in the transparent state.  

Table 4-2 presents the temperatures for the PDLC glazing prototype for different 

sky conditions. Table 4-3 shows the readings of the solar irradiance for different 

sky conditions. 
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Figure 4-2. Temperature variation as a function of time for the PDLC glazing 

prototype in the transparent state for different sky conditions. a) Shows sunny sky 

condition. b) Shows intermittent sky condition. c) Shows cloudy sky condition.   

 
Table 4-2. The temperature readings for the PDLC glazing prototype in the 

transparent state. 

 
Maximum temperature (°C) Rate of increment (°C/h) 

Sunny Intermittent  Cloudy  Sunny  Intermittent  Cloudy  

Ambient  27 21.6 25 0.5 0.6 0.7 

Test cell  46.9 39.5 37.8 2.5 3.5 2.4 

External 

surface 
38.6 32.2 32 0.9 2 1 

Internal 

surface 
41.5 35.1 35 1.4 2.5 1.1 

 
 
 
 



   
 

 

111 

Table 4-3. The solar irradiance measurements for different sky conditions when 

the PDLC glazing prototype was in the transparent state. 

Sky 

condition 

Global solar irradiance 

(W/m2) 

Diffuse solar irradiance 

(W/m2) 

Max Min Average Max Min Average 

Sunny  848 215 625 290 68 132 

Intermittent  885 112 548 441 111 261 

Cloudy  584 77 293 413 53 196 

 
Figure 4-3 shows the diurnal variation of the PDLC glazing prototype in the 

opaque state for different sky conditions. On a sunny day, the test cell steadily 

increased from 18.9 °C to the maximum temperature of 39.9 °C, while the internal 

surface of the PDLC glazing increased to the maximum temperature of 35.6 °C 

at a rate of 3.4 °C/h. The highest ambient temperature recorded was 21.3 °C 

between 9:00 and 14:00.  The test cell and ambient temperatures increased at a 

rate 2.6 °C/h and 0.6 °C/h, respectively. The temperature difference between the 

test cell and the internal surface of the PDLC glazing was 7.3 °C at 17:00, 

indicating low heat loss from the cell due to the opaque property of the PDLC 

glazing. In comparison, the maximum temperature of the test cell was 46.9 °C 

when the PDLC was in the transparent (ON) state, while when the PDLC glazing 

was switched to the opaque state, the maximum temperature was 39.9 °C. It was 

observed that the PDLC glazing was able to reduce the solar energy entering the 

test cell in the opaque state. For an intermittent day, the highest temperature was 

recorded for the test cell and ambient temperature was 43.2 °C and 27.2 °C at a 

rate of 3.2 °C/h and 1.4 °C/h, respectively. Both the maximum temperature for 

the test cell and ambient was reached between 9:00 am and 15:00. The internal 

surface of the PDLC glazing prototype increased by 2.2 °C/h to reach the 

maximum temperature of 39.8 °C. It was observed that the global irradiance 

readings were high between 12:00 and 15:00, resulting in higher energy transfer 

entering the test cell. On a cloudy day, the test cell reached the highest 

temperature of 24.6 °C between 9:00 and 15:00 and increased 1 °C/h. The 

highest recorded ambient temperature was 21.8 °C and increased by 0.3 °C/h. 

The external surface temperature of the PDLC glazing increased 0.6 °C/h to 
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reach the maximum of 25.4 °C. Table 4-4 reports the PDLC glazing prototype 

temperature. The solar irradiance values are presented in Table 4-5. 

 

Figure 4-3. Temperature variation as a function of time for the PDLC glazing 

prototype in the opaque state for different sky conditions. a) shows sunny sky 

condition. b) shows intermittent sky condition. c) shows cloudy sky condition. 

 
Table 4-4. The temperature readings for the PDLC glazing prototype in the 

opaque state. 

 
Maximum temperature (°C) Rate of increment (°C/h) 

Sunny  Intermittent  Cloudy  Sunny  Intermittent  Cloudy  

Ambient  21.8 27.2 21.8 0.6 1.4 0.3 

Test cell  39.9 43.2 24.6 2.6 3.2 1 

External 

surface 
32.8 38.2 24.8 1.2 1.9 0.5 

Internal 

surface 
35.6 29.8 25.4 1.6 2.2 0.6 
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Table 4-5. The solar irradiance measurements for different sky conditions when 

the PDLC glazing was in the opaque state. 

Sky 

condition 

Global solar irradiance 

(W/m2) 

Diffuse solar irradiance 

(W/m2) 

Max Min Average Max Min Average 

Sunny  785 316 644 176 101 116 

Intermittent  766 136 641 757 335 609 

Cloudy  610 112 236 426 109 210 

 
Figure 4-4 reports the time variation of the temperature difference between the 

internal test cell temperature and the ambient temperature for the PDLC glazing 

in the transparent and opaque state. The PDLC glazing shows positive 

performance in all different sky conditions. In other words, the internal test cell 

temperature was always hotter than the ambient temperature. The graph shows 

that the temperature difference is lower for the PDLC glazing in the opaque state 

in almost the entire measurements in all different sky conditions. The highest 

temperature difference was found in a sunny sky condition in the amount of 22.5 

°C in the case of the PDLC glazing in the transparent state and 20.4 °C in the 

opaque state. However, the highest temperature difference in cloudy sky 

conditions was 15.8 °C and 6.5 °C for the transparent and the opaque states, 

respectively. This indicates low energy transfer in the opaque state due to the 

random alignment of PDLC particles which decreases the amount of light passing 

through the glass. The mean value of the temperature differences of the test cell 

representing all sky conditions was 12.9 °C and 10 °C for the transparent and 

opaque state of the PDLC glazing, respectively. 
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Figure 4-4. The time variation of the temperature difference between the internal 

test cell temperature and the ambient temperature for the PDLC glazing in the 

transparent and the opaque states for different sky conditions.  

 
Figure 4-5 presents the time variation of the temperature difference between the 

external glass and the internal glass temperature of the PDLC glazing in 

transparent and opaque state. When the PDLC glazing was in the transparent 

state, the highest temperature difference was 4.6 °C and the internal test cell 

temperature was 45.1 °C in a sunny sky condition. In the opaque state, the 

highest temperature difference was 3.6 °C and the test cell temperature was 39.8 

°C in sunny sky conditions. In the cloudy condition, the highest temperature 

difference in the PDLC transparent state was 3.4 °C, while the internal test cell 

temperature was 32.8 °C. In the opaque state, the highest temperature difference 



   
 

 

115 

was 1.5 °C and the internal test cell temperature was 24.6 °C. The mean value 

of the temperature difference between the surfaces representing all sky 

conditions is 2.5 °C and 1.8 for the transparent and opaque states, respectively. 

 
Figure 4-5. The time variation of the temperature difference between the external 

glass and the internal glass temperature of the PDLC glazing in the transparent 

and the opaque states for different sky conditions. 

4.7.2 Visual comfort analysis of the PDLC glazing prototype 

Figure 4-6 reports the readings of glare level (SR) and internal illuminance for the 

PDLC glazing prototype in the transparent state for sunny, intermittent, and 

cloudy days. Most of the readings were below 2.5, which means glare level is 

“just intolerable” for all sky conditions except for the mid-day for intermittent sky 
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conditions. The PDLC glazing could not provide visual comfort for sunny and 

intermittent days as the glare level ranged between (2.5 and 1.5). On a cloudy 

day, the glare discomfort level decreased below 1.5, “just noticeable” as the sun 

position changed after the hour 16:00.  

 

Figure 4-6. The time variation of the discomfort glare (SR) level for the PDLC 

glazing prototype in the transparent state for different sky conditions. 

 
Figure 4-7 presents the glare (SR) level and indoor illuminance measurements 

for the PDLC glazing prototype in the opaque state for different sky conditions. 

For sunny and intermittent days, the glare level exceeded the “just intolerable” 

level between 10:00 and 14:00. It was observed that the glare level decreased 

from above “just intolerable” to “just disturbing” between 14:00 and 17:00. On a 

cloudy day, the PDLC glazing was able to reduce the glare level below the “just 

disturbing” level from 10:30 to 13:00 and from 15:00 to 16:00. PDLC films scatter 

incident light in the opaque state resulting in high diffuse transmission. PDLC 

films allow incident light to pass through in the transparent state as the haze 

coefficient is at its lowest. However, the PDLC films have significant scattering 

(opacity) for incident light in the opaque state because the haze factor is at its 
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highest. The haze coefficient for this PDLC film is 4 in the transparent (ON) state 

and 96 in the opaque (OFF) state. 

 
Figure 4-7. The time variation of the discomfort glare (SR) level for the PDLC 

glazing prototype in the opaque state for different sky conditions.  

 

Figure 4-8 shows the external (𝐸𝑉
𝑜𝑢𝑡), internal illuminance (𝐸𝑉

𝑖𝑛) and working plane 

illuminance (𝐸𝐻
𝑖𝑛) for the PDLC glazing prototype for the transparent and opaque 

states for different sky conditions. The results show that the mean value of the 

internal illuminance in the transparent state during mid-day was higher than the 

mean value of the internal illuminance in the opaque state. However, the glare 

level was higher in the opaque state, indicating higher diffuse transmission, 

particularly in the sunny and intermittent sky conditions. The working plane 

illuminance range between 2322 lux to 42 lux for transparent and opaque states 

for all sky condition. It was observed that between 16:00 to 17:00, the working 

plane illuminance decreased to approximately 290 to 42, which indicates that the 

illuminance was not suitable for office tasks. 
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Figure 4-8. The time variation of the external (red lines), internal illuminance 

(green lines) and working plane illuminance (purple lines) of the PDLC glazing 

prototype in the transparent and opaque states for different sky conditions. 

Graphs from a to c show sunny, intermittent, and cloudy sky conditions when 

PDLC in transparent state. Graphs from e to f show sky condition when PDLC in 

opaque state. 

 
4.7.3 Thermal analysis of the PDLCF glazing prototype combined with the 

solar control film 

Figure 4-9 presents the temperature variation as a function of time for the PDLCF 

glazing in the transparent state for sunny, intermittent, and cloudy sky conditions. 
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It is clear from the graph that the solar film contributed to rejecting solar heat and 

maintaining the test cell temperature lower than the internal surface of the glazing 

in all sky conditions. On a sunny day, the highest recorded temperature of the 

test cell was 39.9 °C and the ambient temperature was 25 °C. The test cell and 

ambient temperature increased by 2.7 °C/h and 0.8 °C/h, respectively. The test 

cell maximum temperature was recorded between 9:00 and 14:00. The external 

and internal surfaces of the PDLCF glazing reached the highest temperature of 

42 °C. For an intermittent day, the test cell temperature increased 1.6 °C/h to 

reach the maximum temperature of 35.4 °C. The highest ambient temperature 

was 23 °C and increased by 0.6 °C/h. The external surface increased by 1.7 °C/h 

and the maximum temperature reached 38.5 °C. In addition, the maximum 

internal surface temperature was 38 °C and increased by 2.3°C/h. For a cloudy 

day, the maximum test cell recorded was 28 °C and the ambient temperature was 

20°C. The test cell and ambient temperature increased by 2.4 °C/h and 0.6 °C/h 

between 9:00 and 13:00, respectively. Both the external and internal surface 

temperatures were 29.3 °C and increased by 1 °C/h. It was observed that the test 

cell temperature was lower than the internal and external surface of the PDLCF 

glazing before it reached the maximum temperature in all sky conditions. 

However, after the test cell reached the maximum temperature, it maintained a 

higher temperature than both surfaces. This indicates that the solar film was able 

to reject the solar heat and maintain a lower temperature than the glazing 

surfaces inside the test cell. On the contrary, the test cell temperature was always 

higher than the PDLC glazing surfaces without the solar film as shown in Figure 

4-2. Table 4-6 presents the temperature of the PDLCF glazing prototype 

combined with the solar control film. Table 4-7 reports the solar irradiance 

readings for all sky conditions.  



   
 

 

120 

 

Figure 4-9. Temperature variation as a function of time for the PDLCF glazing 

prototype combined with the solar control film in the transparent state for different 

sky conditions. a) Shows sunny condition. b) Shows intermittent sky condition. c) 

Shows cloudy condition.  

 
Table 4-6. The temperature readings for the PDLCF glazing prototype combined 

with the solar control film in the transparent state. 

 
Maximum temperature (°C) Rate of increment (°C/h) 

Sunny  Intermittent  Cloudy  Sunny  Intermittent  Cloudy  

Ambient  25 23 20 0.8 0.6 0.6 

Test cell  39.9 35.4 28 2.7 1.6 2.4 

External 
surface 

42 38.5 29.3 1.3 1.7 1.2 

Internal 
surface 

42 38 29.3 1.7 2.3 1 
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Table 4-7. The solar irradiance measurements for different sky conditions when 

the PDLCF glazing was in the transparent state. 

Sky 
condition 

Global solar irradiance 
(W/m2) 

Diffuse solar irradiance 
(W/m2) 

Max Min Average Max Min Average 

Sunny  738 158 530 241 57 115 

Intermittent  782 175 442 338 76 179 

Cloudy 797 121 399 542 120 345 

 
Figure 4-10 shows the temperature variation as a function of time PDLCF glazing 

in the opaque state for different sky conditions. In general, between 9:00 and 

15:25, the test cell temperature was lower than the internal surface of the PDLCF 

glazing in all sky conditions except for the intermittent day. On a sunny day, the 

test cell reached a maximum temperature of 33.3 °C, while the ambient was 

22°C. The test cell increased 1.7 °C/h and the ambient increased 0.3 °C/h. The 

external and internal surfaces temperatures of the PDLCF glazing were higher 

than the test cell and the maximum temperatures were 35 °C and 34 °C, 

respectively. For an intermittent day, the maximum test cell temperature was 

34.7°C and increased by 1.9 °C/h. The highest ambient temperature recorded 

was 24 and increased by 1 °C/h. Between 9:00 and 12:00, the external and 

internal surfaces of the glazing reached the maximum of 42.4 °C and 40.4 °C, 

respectively. The test cell temperature was lower than the internal surface 

between 9:00 and 12:30; however, the internal surface temperature increased 

between 15:00 and 16:00 due to an increase in the ambient temperature and 

solar irradiance. On a cloudy day, the test cell temperature reached a maximum 

of 28 °C and the ambient temperature was 19 °C. The external and internal 

surfaces temperature reached the maximum of 30 °C and 29 °C, respectively. It 

was found that the internal surface temperature was always higher than the test 

cell between the morning and afternoon in all different sky conditions. This 

indicates that the solar control film rejected a portion of the solar energy from 

entering the test cell. In addition, when the PDLCF glazing was switched to the 

transparent state, the test cell reached the maximum temperature faster than 

when the PDLCF glazing was switched to the opaque state. Therefore, the PDLCF 

glazing in the opaque state reduced the heat transfer into the test cell. Table 4-8 
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reports a list of the temperature of the PDLCF glazing prototype. Table 4-9 shows 

the solar irradiance measurements for all sky conditions. 

 
Figure 4-10. Temperature variation as a function of time for the PDLCF glazing 

prototype combined with the solar control film in the opaque state for different sky 

conditions. a) Shows sunny condition. b) Shows intermittent sky condition. c) 

Shows cloudy condition. 

 
Table 4-8. The temperature readings for the PDLCF glazing prototype combined 

with the solar control film in the opaque state. 

 
Maximum temperature (°C) Rate of increment (°C/h) 

Sunny  Intermittent  Cloudy  Sunny  Intermittent  Cloudy  

Ambient  22 24 19 0.3 1 0.7 

Test cell  33.3 34.7 28 1.7 1.9 2.2 

External 
surface 

35 42.4 30 1.3 1.3 2 

Internal 
surface 

34 40.4 29 1.6 1.7 1.2 
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Table 4-9. The solar irradiance measurements for different sky conditions when 

the PDLCF glazing was in the opaque state. 

Sky 
condition 

Global solar irradiance 
(W/m2) 

Diffuse solar irradiance 
(W/m2) 

Max Min Average Max Min Average 

Sunny 980 107 572 535 80 219 

Intermittent  712 159 396 309 62 172 

Cloudy 823 96 363 527 96 251 

 
Figure 4-11 reports the time variation of the temperature difference between the 

internal test cell temperature and the ambient temperature for the PDLCF glazing 

in the transparent and opaque state. The measurements illustrate a positive 

performance of the PDLCF glazing as about 7 hours of the measurements show 

that the temperature difference was lower in the case of the PDLCF glazing in the 

opaque state. The internal test temperature difference was always hotter than the 

ambient temperature difference. Data analysis showed that the maximum 

temperature difference was found in the transparent state 16.5 °C in a sunny sky 

condition and the internal test temperature was recorded as 39.8 °C. In the 

opaque state the temperature difference was lower by 3 °C and the internal 

temperature was recorded as 32.3 °C. In cloudy sky conditions, the maximum 

temperature difference in the transparent state was 9.5 °C and the registered test 

cell temperature was 27.9 °C. The mean value of the temperature difference for 

all sky conditions was 8.4 °C in the transparent state and 7.4 °C in the opaque 

state. The solar control film reduced the test cell temperature in all sky conditions 

compared to the PDLC glazing without the solar control film. 
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Figure 4-11. The time variation of the temperature difference between the internal 

test cell temperature and the ambient temperature for the PDLCF (with solar 

control film) glazing in transparent and opaque states for different sky conditions. 

 
Figure 4-12 shows the time variation of the temperature difference between the 

external glass temperature and the internal glass temperature for the PDLCF 

glazing in the transparent and opaque state. It was found that the internal glass 

temperature was lower than the external glass in all sky conditions for the 

transparent and opaque states. The peak value of internal and external glass 

temperatures was 42 °C for both and the test cell temperature was 39.9 °C for 

the transparent state in a sunny sky condition. In the opaque state, the peak value 

was 35 °C for the external glass and 34 °C for the internal one, while the test cell 
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temperature was 33.3 °C. Data analysis showed that the temperature difference 

was lower for the PDLCF in the opaque state. 

 
Figure 4-12. The time variation of the temperature difference between the 

external glass and the internal glass temperature of the PDLCF glazing in 

transparent and opaque states for different sky conditions. 

 
4.7.4 Visual comfort analysis of the PDLCF glazing prototype combined with 

the solar control film 

Figure 4-13 presents the glare level (SR) measurements and internal illuminance 

for the PDLCF glazing in the transparent state for a sunny, intermittent, and cloudy 

day. The solar control film reduced the glare level below 2 for all sky conditions. 

On a sunny day, the glare level varied between 1.5 to 1.9 from 9:00 to 14:55. 
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Between 15:00 to 17:00, as the sun changed its position, the internal illuminance 

decreased inside the test cell and the glare level decreased below 1.5. The level 

of visual comfort the PDLCF glazing provided was between “just intolerable” and 

“just disturbing” from the morning until the late afternoon. However, between 

15:00 to 17:00, the PDLCF glazing was able to offer visual comfort below “just 

disturbing”. For an intermittent day, the level of glare was below “just disturbing” 

between 13:45 to 17:00. For a cloudy day, the PDLCF glazing offered glare level 

below “Just disturbing” in the range of 1.13 to 1.5 from 9:00 to 10:30 and 14:00 

to 17:00. Approximately, the PDLCF glazing provided 56% of the time glare level 

below “just disturbing”, while 44% of the time were above “just disturbing”. In 

general, the PDLCF glazing provided discomfort glare level above “just disturbing” 

during the mid-day, when the internal illuminance was at the maximum level for 

all sky conditions. 

 
Figure 4-13. The time variation of the discomfort glare (SR) level for the PDLCF 

glazing prototype combined with solar control film in the transparent state for 

sunny, intermittent, and cloudy sky conditions. 
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Figure 4-14 shows the time variation of the glare level and internal illuminance 

for the PDLCF glazing in the opaque state for different sky conditions. The 

discomfort glare level exceeded 1.5, above “just disturbing” when the internal 

illuminance was at the highest level for all sky conditions. However, the glare 

level decreased to below 1.5 during the late afternoon hours. On a sunny day, 

the PDLCF glazing decreased the glare level to reach between 1.49 to 0.95 from 

15:00 to 17:00. According to the glare rating index, the glare level was between 

“just noticeable” and “just disturbing”. On an intermittent day, the level of glare 

above “just noticeable” was reached after 13:30, which ranges between 1.13 to 

1.46. On a cloudy day, the glare level decreased to the lowest level, ranging 

between 0.79 to 1.45 during 9:00 to 13:00 and 15:30 to 17:00. The PDLCF glazing 

was able to achieve a glare level above “just noticeable” in a cloudy sky condition. 

It was found that the solar control film improved the visual comfort compared to 

the PDLC glazing without the film in the opaque state. In comparison, the glare 

level of the PDLC glazing for sunny and intermittent sky conditions was between 

“just disturbing” and “just intolerable”, while the glare level for the PDLCF was 

between “just noticeable” and “just disturbing” for all sky conditions. The solar 

control film achieved to reduce discomfort glare level by 29% for the opaque 

state. 
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Figure 4-14. The time variation of the discomfort glare (SR) level for the PDLCF 

glazing prototype combined with solar control film in the opaque state for sunny, 

intermittent, and cloudy sky conditions. 

 

Figure 4-15 shows the external (𝐸𝑉
𝑜𝑢𝑡), internal illuminance (𝐸𝑉

𝑖𝑛) and working 

plane illuminance (𝐸𝐻
𝑖𝑛) for the PDLCF glazing prototype for the transparent and 

opaque states for different sky conditions. The internal illuminance of the PDLCF 

glazing range between 19705 lux to 1146 lux, while without the solar control film 

the range was from 49858 lux to 2086 lux. The result showed that there was a 

reduction in the internal illuminance; however, the working plane illuminance 

mean value was approximately 609 lux for the transparent state and 483 lux for 

the opaque state, which are suitable for office tasks. It was found that after 15:00, 

the working plane illuminance decreased below 300 lux, which is not compatible 

with office tasks.  
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Figure 4-15. The time variation of the external (red lines), internal (green lines) 

and working plane illuminance (purple lines) of the PDLCF glazing with solar 

control film in the transparent and opaque states for different sky conditions. 

Graphs from a to c show sunny, intermittent, and cloudy sky conditions when 

combined PDLCF in transparent state. Graphs from e to f show sky condition 

when combined PDLCF in opaque state.  

 

4.8 Conclusion 

A PDLC glazing prototype and a combined PDLCF with a solar control film were 

characterised under real weather conditions to assess the thermal performance 

and evaluate glare. A small test cell was utilised to characterise the PDLC glazing 



   
 

 

130 

prototype for different sky conditions. The results of the investigation can be 

summarised as follow: 

1. The results of the study showed that the internal temperature of the test 

cell remained higher than the ambient temperature for the transparent and 

opaque state for all sky conditions. The PDLC glazing internal surface 

temperature was always higher than the external surface temperature for 

all sky conditions. The test cell temperature of the PDLC in the opaque 

state was lower than the test cell temperature when the glazing was 

switched to the transparent state for a sunny sky condition. The PDLC 

glazing could positively impact reducing the heat load in the winter due to 

low heat loss.  

2. The data analysis showed that the PDLC glazing prototype was not able 

to reduce the glare discomfort in the transparent state for all sky 

conditions. However, visual comfort was achieved between 10:00 to 12:40 

and 15:00 to 17:00 when the PDLC glazing was switched to the opaque 

state for a cloudy sky condition.  

3. The solar control film because of its NIR limiting ability, achieved to reduce 

the solar heat gain as the PDLCF glazing’s surfaces temperature was 

higher than the test cell temperature in the transparent and opaque states 

for all sky conditions. When the test cell reached the maximum 

temperature, it remained higher than the glazing’s surfaces in both states 

for all-sky conditions.  

4. Visual comfort was improved when the solar film was added to the PDLC 

glazing for both states in all sky conditions. The PDLCF glazing was able 

to reduce the glare level during the late afternoon hours to below 1.5 “just 

disturbing” in the transparent and opaque states for all sky conditions. 
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Chapter 5. Simulation energy modelling study for a smart 

switchable adaptive polymer dispersed liquid crystal for two 

climate zones 

5.1 Introduction 

In this chapter, the PDLC switchable window was investigated to evaluate the 

energy and daylight performance for an office building in two contrasting climatic 

zones (Riyadh, Saudi Arabia and London, United Kingdom) using an energy 

modelling tool. A building model was developed in order to assess the impact of 

the PDLC switchable window on cooling, heating, and lighting loads. Moreover, 

the daylight performance was evaluated for three daylight zones (a low daylight 

zone, an intermediate daylight zoned, and high daylight zone).  

5.2 Simulation modelling 

The PDLC switchable window was investigated for an office building to evaluate 

the cooling, heating, and lighting loads and glare discomfort for two climate 

zones; and the results were compared against a double pane reference window. 

Rhinoceros© modelling tool was used to construct a two-story office building 

according to the American Society of Heating, Refrigerating and Air-conditioning 

Engineers ASHRAE standards. Further details of the building envelope 

properties are available in section 2.8.1. The PDLC switchable glazing was 

controlled using two shading control strategies. Firstly, various solar radiation 

thresholds (100 W/m2, 250 W/m2, 500 W/m2, 750 W/m2, and 1000 W/m2) were 

employed to control the transmittance of the PDLC glazing. The PDLC glazing 

will only change to opaque state when the vertical solar radiation on the PDLC 

glazing’s surface exceeds the thresholds. Secondly, outdoor temperature control 

was employed to change the PDLC glazing transmittance form transparent to 

opaque. The PDLC glazing transmittance will change to opaque when the 

outdoor temperature becomes higher than the thresholds. The outdoor 

temperatures for Riyadh, Saudi Arabia were 4 ºC, 20 ºC, and 46 ºC and for 

London, United Kingdom were -5.9 ºC. 20 ºC, and 31.3 ºC. The shading control 

strategies and weather data are explained in detail in section 2.8.2. 
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5.3 Building energy simulation 

Windows are an important building component that can help to achieve energy 

balance and provide visual comfort. To evaluate windows performance for 

buildings, the required windows parameters are U-value, SHGC, and visible 

transmittance. In the summer months heat passes through windows into the 

building and in the winter months heat escapes. The new technology of windows 

for example, multilayer glazing, low emissivity (low-e) glazing, and vacuum 

glazing could provide energy balance as they have competitive U-value. 

However, these window technologies do not have variable U-value and SHGC. 

Double glazing windows are commonly used in existing buildings due to low cost 

but they cannot control daylight and glare. However, switchable windows can 

have variable U-value and SHGC and have the potential to offer visual comfort. 

Therefore, in the current research the reference window was chosen to represent 

the standard double-glazing window that commonly used in the old existing 

buildings. EnergyPlus 8.9 component was utilised to assess the energy saving 

for an office building for arid climate zone; Riyadh, Saudi Arabia, and temperate 

oceanic climate zone; London, United Kingdom. EnergyPlus was developed by 

the Department of Energy of the US government and has been made available 

for the public to perform annual building energy simulation. The software 

combines the best feature of BLAST and DOE-2 programs [148] and utilises the 

heat balance energy method, recommended by ASHRAE as the proper method 

for building energy modelling [149]. The capability of EnergyPlus has been 

extensively tested and validated for performing building energy analysis [150]. 

EnergyPlus is an excellent tool that allows users to investigate the switchable 

window and provides comprehensive data for annual analysis of heating, cooling, 

and lighting loads on an hourly basis [151,152]. The construction of the model 

used in this study is characterised by building geometry, envelop properties, 

mechanical system properties, lighting system properties, occupancy schedule, 

and HVAC system setpoint. More details of the building model and envelop 

properties are provided in Table 2-6. 

The PDLC switchable window and reference window were defined in the 

simulation algorithm by three parameters: solar heat gain coefficient (SHGC), 
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thermal transmittance (U-value), and visible transmittance (τvis). Data analysis 

was carried out to evaluate the heating, cooling, and lighting loads for the office 

building on an annual basis. Two control shading strategies were utilised to 

control the PDLC window in two different climate zones. 

5.4 Daylight simulation 

OpenStudio 2.9 component was utilised to evaluate the interior illuminance 

performance and daylight glare index (DGI) of the investigated PDLC window. 

OpenStudio is an open-source tool that allows advanced thermal and daylight 

analysis for building modelling. It is a strong tool used to perform energy 

performance analysis for both residential and commercial buildings [153]. To 

investigate the potential of the PDLC switchable window, which could improve 

indoor visual comfort, an analysis of glare metrics should be considered.  

Grasshopper© was used to evaluate glare discomfort for an office building. The 

software allows to evaluate glare discomfort using Daylight Glare Index (DGI) or 

Daylight Glare Probability (DGP) methods. The objective of this work is to 

evaluate glare discomfort on an annual basis for every hour of the operation 

schedule. DGP is an image-based metric and would not be appropriate for annual 

based analysis. Therefore, DGI was more suitable to evaluate the visual 

discomfort for this study.  

The OpenStudio component was used to evaluate the DGI and interior 

illuminance for the south orientation of the first floor, and natural daylight only 

was considered for the analysis. The evaluation of DGI was based on the 

percentage of time in which the DGI value was 22 or below for the total annual 

operation schedule hours. The maximum recommended value for office buildings 

is 22 which defines the borderline between comfortable and uncomfortable glare 

level (see Table 5-1) [88]. The discomfort glare at a reference point results from 

luminance difference between a window and an interior surface surrounding the 

window. 
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Table 5-1. Levels of discomfort glare indexes.  

DGI level DGI index 

Just perceptible 16 

Perceptible 18 

Just acceptable 20 

Acceptable 22 

Just uncomfortable 24 

Uncomfortable 26 

Just intolerable 28 

 

The interior illuminance was calculated as percentage of time for the total annual 

schedule hours and the illuminance setpoint was set to 300 lx. The analysis of 

the interior illuminance considered natural daylight only. Artificial lighting was 

controlled to dim when there was enough natural daylight. All sensors were facing 

the window view and the data of DGI and interior illuminance were calculated as 

a percentage of the total annual time according to the operation schedule. The 

DGI was calculated by Eq 5-1: 

𝐺 =
𝐿𝜔

1.6
𝛺

0.8

𝐿𝑏 + 0.07𝜔0.5𝐿𝜔
  Eq 5-1 

Where 

G = discomfort glare constant. 

L =average luminance of the window as seen from the reference point. 

 = solid angle subtended by window, modified to take into account the direction 

of occupant view. 

Lb =luminance of window into Nx by Ny rectangular elements, as is done for 

calculating the direct component of interior illuminance.  
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5.5  Simulation results 

5.5.1 Evaluation of heating, cooling, and lighting energies in relation to 

solar radiation in Riyadh 

Figure 5-1 reports the total annual cooling, heating, and lighting energy 

consumption in Riyadh compared to the reference window. The figure clearly 

shows that the PDLC window reduced the total annual cooling, heating, and 

lighting loads compared to the reference window for all the control variables. The 

highest total annual cooling, heating, and lighting reduction in Riyadh climate 

were achieved at 100 W/m2 with a primary energy reduction of 8.1%. However, 

in Riyadh energy reduction amount decreased as the setpoint of solar radiation 

variables increased, which indicated more energy required for cooling during the 

summer months. Additionally, the PDLC was able to control the solar radiation 

transmission and reduce the annual energy consumption at the highest solar 

radiation setpoint 1000 W/m2 by 5.2%. Table 5-2 presents the results of the 

annual energy usage in Riyadh. The results show the cooling load increased over 

all solar radiation thresholds reflecting the importance of air conditioning in the 

summer months when electricity usage is double of that in the winter months [14]. 

The heating load increased when the solar radiation was set to 100 W/m2 and 

250 W/m2 due to low solar radiation level in Riyadh. However, when PDLC 

window was controlled at 500 W/m2 and higher solar radiation level the heating 

demand decreased, which indicated less need for heating system. 

Figure 5-2 shows the total monthly cooling, heating, and lighting energy 

consumption in Riyadh. The PDLC window was able to control the solar radiation 

at various thresholds and had an excellent impact on reducing the cooling load 

during the summer months. When the PDLC was controlled to change its 

transparency from transparent to translucent at 100 W/m2, it achieved 12.7% of 

cooling load reduction during the summer. However, there was no heating load 

reduction due to Riyadh’s weather pattern, which is cooling dominated. Table 5-3 

reports the monthly energy consumption in Riyadh in relation to solar radiation 

against the reference window. 
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Figure 5-1 Total annual cooling, heating, and lighting energy consumption in 

relation to solar radiation in Riyadh. The graph illustrates the performance of 

PDLC glazing at various solar radiation intensities (green bars) compared to the 

reference window (blue bar). 

 

Table 5-2. The total annual energy consumption in Riyadh in relation to solar 

radiation. 

Energy 
(kWh) 

100 
W/m2 

250 
W/m2 

500 
W/m2 

750 
W/m2 

1000 
W/m2 

Reference 

Cooling 368222 372854 376198 383293 384216 415019 

Heating 4374 4508 4261 4396 4385 4128 

Total 
Energy  

576344 949456 584208 591437 592350 622896 
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Figure 5-2. Total monthly cooling, heating, and lighting energy consumption in 

relation to solar radiation in Riyadh. The graph shows the performance of the 

PDLC window at various solar radiation intensities (light blue, green, grey, dark 

blue, and yellow bars) compared to the reference window (orange bar). 

 
Table 5-3. Total monthly cooling, heating, and lighting loads in relation to solar 

radiation in Riyadh 

Month 
100 

W/m² 

250 

W/m² 

500 

W/m² 

750 

W/m² 

1000 

W/m² 
Reference 

Jan 21,756  21,742  21,745  21,872  21,970  22,375  

Feb 20,690  20,700  20,880  21,125  21,176  22,081  

Mar 28,044  27,899  28,492  28,543  28,613  30,461  

Apr 40,609  41,039  41,441  41,741  41,913  44,528  

May 64,933  65,879  65,913  66,767  66,880  70,178  

Jun 73,195  74,243  74,181  75,303  75,339  78,903  

Jul 76,131  77,103  77,235  78,172  78,177  81,983  

Aug 78,972  79,818  79,980  80,956  81,032  84,975  

Sep 65,904  66,510  66,979  68,116  68,141  72,005  

Oct 51,790  51,947  52,510  53,665  53,670  57,210  

Nov 33,836  33,685  34,297  34,498  34,663  36,991  

Dec 20,485  20,546  20,555  20,678  20,775  21,205  
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5.5.2 Evaluation of heating, cooling, and lighting energies in relation to 

solar radiation in London 

Figure 5-3 presents the data analysis of the PDLC window against the reference 

window for the total annual cooling, heating, and lighting loads in London. From 

the total annual energy consumption results, the PDLC window performed better 

in saving energy than the reference window through all the solar radiation 

variables. It was found that in London the highest annual energy saving was 1.2% 

at 500 W/m2. The annual energy amount decreased at 100 W/m2, and 250 W/m2, 

was lower than 500 W/m2 due to more heating required at lower solar radiation 

level. Figure 5-4 shows the monthly energy consumption in London in relation to 

solar radiation as well as the monthly energy saving compared to the reference 

window. As cold is a dominant weather condition in London, the PDLC window 

decreased the monthly heating loads during the winter months under all solar 

radiation thresholds. When the solar radiation variables were set to 500 W/m2 

and 1000 W/m2, the PDLC window decreased the heating loads by 4.9% and 

4.2%, respectively. Table 5-4 reports the results of the annual energy 

consumption in London. Table 5-5 reports the monthly energy consumption in 

London in relation to solar radiation for the PDLC window and reference window. 

Analysis showed that the PDLC window controlled by various solar radiation 

variables, was found that the highest energy saving was at 100 W/m2 and 500 

W/m2 in Riyadh and London, respectively. In comparison, Riyadh had a reduction 

in the annual cooling load by 12.7% at 100 W/m2, which was the most significant 

effect, unlike London had a 4.9 % heating load decrease at 500 W/m2. Therefore, 

the PDLC window demonstrated better performance in cooling-based weather 

condition than heating-based weather condition. The results suggest that 

controlling the PDLC window at 100 W/m2 for Riyadh (arid climate zone) would 

improve energy efficiency. 
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Figure 5-3. Total annual cooling, heating, and lighting energy consumption in 

relation to solar radiation in London. The graph illustrates the performance of the 

PDLC glazing at various solar radiation intensities (green bars) compared to the 

reference window (blue bar). 

 
Table 5-4. The total annual energy consumption in London in relation to solar 

radiation. 

Energy 

(kWh) 

100 

W/m2 

250 

W/m2 

500 

W/m2 

750 

W/m2 

1000 

W/m2 
Reference 

Cooling 10962 10999 11768 11710 11656 10830 

Heating 99872 100117 98709 99406 99360 103528 

Total 

Energy 
314583 314865 314225 314864 314763 318106 
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Figure 5-4. Total monthly cooling, heating, and lighting energy consumption in 

relation to solar radiation in London. The graph shows the performance of the 

PDLC window at various solar radiation intensities (light blue, green, grey, dark 

blue, and yellow bars) compared to the reference window (orange bar). 

 
Table 5-5. Total monthly cooling, heating, and lighting energies in relation to solar 

radiation in London 

Month 
100 
W/m² 

250 
W/m² 

500 
W/m² 

750 
W/m² 

1000 
W/m² 

Reference 

Jan 35,745  35,748  35,654  35,667  35,654  36,453  

Feb 32,183  32,150  32,047  32,040  32,029  32,796  

Mar 27,717  27,704  27,553  27,605  27,598  28,111  

Apr 24,751  24,768  24,563  24,673  24,671  25,046  

May 21,997  22,050  21,962  22,052  22,039  22,124  

Jun 22,334  22,308  22,454  22,496  22,485  22,357  

Jul 20,146  20,222  20,448  20,409  20,382  20,125  
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Oct 24,630  24,727  24,514  24,638  24,635  24,896  

Nov 27,626  27,688  27,529  27,610  27,604  27,972  

Dec 37,115  37,073  37,038  37,027  37,027  37,810  
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5.5.3 Evaluation of heating, cooling, and lighting energies in relation to 

outdoor temperature in Riyadh 

Figure 5-5 shows that the total annual energy saving for the PLDC window 

compared to the reference window. The energy decrease was the highest at the 

minimum temperature 4 °C with an 8.1% energy reduction in the total annual 

cooling, heating, and lighting loads. As Riyadh reached the maximum air 

temperature 46 °C, the total annual energy reduction dropped to 5.2%, indicating 

that outdoor temperature influences the indoor climate and more cooling energy 

is required. Even though the energy saving at maximum temperature 46 °C 

decreased, the PDLC window reduced the cooling load compared to the 

reference window as shown in Table 5-6. 

 
Figure 5-5. Total annual cooling, heating, and lighting energy consumption in 

relation to outdoor temperature in Riyadh. The graph illustrates the performance 

of the PDLC glazing at various outdoor temperatures (green bars) compared to 

the reference window (blue bar). 
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Table 5-6. The total annual energy consumption in Riyadh in relation to outdoor 

temperature. 

Energy (kWh) 4 °C 20 °C 46 °C Reference 

Cooling 367979 368991 384216 415019 

Heating 4609 4404 4385 4128 

Total Energy 576336 577143 592350 622896 

 
Figure 5-6 shows that the amount of monthly energy saving during the summer 

months for the PDLC window is higher than the reference window. From the 

graph, during the summer months, the PDLC window reduced the cooling loads 

due to the switching behaviour of the PDLC. The most significant annual cooling 

loads reduction for the PDLC window was achieved at the minimum temperature 

4 °C, and the cooling reduction was 12.8%. In comparison, the PDLC window 

had a slightly better performance using the outdoor temperature control variables 

than the solar radiation. Table 5-7 shows the values of the monthly energy 

consumption in Riyadh in relation to outdoor temperature.  

 
Figure 5-6. Total monthly cooling, heating, and lighting energy consumption in 

relation to outdoor temperature in Riyadh. The graph shows the performance of 

the PDLC window at various outdoor temperatures (yellow, light blue, and green 

bars) compared to the reference window (orange bar). 
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Table 5-7. Total monthly cooling, heating, and lighting energy consumption in 

relation to outdoor temperature in Riyadh 

Month 4 °C 20 °C 46 °C Reference 

Jan 21,790  21,911  21,970  22,375  

Feb 20,657  20,838  21,176  22,081  

Mar 27,714  27,887  28,613  30,461  

Apr 40,558  40,614  41,913  44,528  

May 65,124  65,124  66,880  70,178  

Jun 73,446  73,446  75,339  78,903  

Jul 76,275  76,275  78,177  81,983  

Aug 79,155  79,155  81,032  84,975  

Sep 66,011  66,011  68,141  72,005  

Oct 51,587  51,625  53,670  57,210  

Nov 33,482  33,625  34,663  36,991  

Dec 20,538  20,632  20,775  21,205  

 

5.5.4 Evaluation of heating, cooling, and lighting energies in relation to 

outdoor temperature in London 

Figure 5-7 shows an annual energy decrease for the PDLC window in comparison 

to the reference window under all control condition variables. Unlike Riyadh, the 

PDLC window best performance in London was not at the minimum temperature, 

but rather at 20 °C. The results show that the PDLC window achieved a 1.3% 

reduction in the total annual cooling, heating, and lighting loads at 20 °C. This 

performance was attributed to the decreased in heating loads at 20 °C, and 

contrastingly higher demand for heating energy was required at the minimum 

temperature can be seen in Table 5-8. 

 Figure 5-8 shows that the reduction of the heating loads of the PDLC window 

from January to April was higher compared to the reference window. Controlling 

the PDLC window with outdoor temperature yielded 4.2% of heating loads 

reduction at 20 °C. During the summer months, the PDLC window had slightly 

better performance than the reference window, particularly when the PDLC 

window was controlled to switch to translucent state at 20 °C. The cooling and 
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heating loads during the summer months are minimal due to the moderate 

weather conditions in London. Table 5-9 shows the values of the monthly energy 

consumption in London in relation to outdoor temperature.  

The results demonstrate that Riyadh and London had the lowest annual energy 

reduction at 4 °C and 20 °C, respectively. Specifically, Riyadh’s best performance 

was seen with a reduction of 12.8% in its annual cooling loads, whilst London 

decreased the annual heating loads by 4.2%. The highest energy reduction was 

achieved in Riyadh when the PDLC window was controlled by outdoor 

temperature. On the contrary, the highest energy decrease in London was when 

solar radiation was used as a control condition variable. Therefore, it can be 

deduced that outdoor temperature control for the PDLC window is more effective 

in Riyadh (arid climate) in regard to the cooling, heating, and lighting energy, than 

in London (temperate climate). 

  
Figure 5-7. Total annual cooling, heating, and lighting energy consumption in 

relation to outdoor temperature in London. The graph illustrates the performance 

of the PDLC glazing at various outdoor temperatures (green bars) compared to 

the reference window (blue bar). 
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Table 5-8. The total annual energy consumption in London in relation to outdoor 

temperature. 

Energy (kWh) –5.9 °C 20 °C 31.3 °C Reference 

Cooling 10927 10920 11650 10830 

Heating 100123 99385 99360 103528 

Total Energy 314798 314053 314758 318106 

 

   

Figure 5-8. Total monthly cooling, heating, and lighting energy consumption in 

relation to outdoor temperature in London. The graph shows the performance of 

the PDLC window at various outdoor temperatures (yellow, light blue, and green 

bars) compared to the reference window (orange bar). 
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Table 5-9. Total monthly cooling, heating, and lighting energies in relation to 

outdoor temperature in London 

Month –5.9 °C 20 °C 31.3 °C Reference 

Jan 35,726  35,654  35,654  36,453  

Feb 32,155  32,029  32,029  32,796  

Mar 27,730  27,598  27,598  28,111  

Apr 24,825  24,671  24,671  25,046  

May 22,026  21,976  22,039  22,124  

Jun 22,374  22,275  22,480  22,357  

Jul 20,141  20,112  20,382  20,125  

Aug 21,128  21,140  21,353  21,131  

Sep 19,235  19,323  19,286  19,285  

Oct 24,686  24,644  24,635  24,896  

Nov 27,648  27,604  27,604  27,972  

Dec 37,123  37,027  37,027  37,810  

 
5.5.5 Daylight performance of PDLC window in Riyadh in relation to solar 

radiation 

One of the objectives of the smart windows is to control solar radiation in order to 

provide visual comfort. Therefore, OpenStudio component was utilised to 

evaluate the daylight performance using the same shading control strategy used 

for energy evaluation. The daylight glare index value (DGI) for an office building 

is suggested as 22 for acceptable DGI [154]. The DGI values were recorded 

hourly for an entire year, and the interior illuminance was set to dim to 300 lux 

when there is enough daylight. The interior illuminance and DGI were evaluated 

for three daylight zones, high, intermediate, and low daylight zone. 

Figure 5-9 reports the results of the percentage of annual DGI of the PDLC 

window in Riyadh. In general, The PDLC window performance in all three daylight 

zones and solar radiation thresholds was higher than the reference window. In 

the low daylight zone, the PDLC window was able to control the glare at 100 

W/m2 only by 24.2% during the year, while 75.8% of the DGI value was above 

22. However, in the case of the reference window, the DGI value above 22 was 

89.28% during the year for the low daylight zone. It is clear from the graph that 
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the higher the solar radiation, the higher the DGI value was in the low daylight 

zones. For the intermediate and high daylight zones, the DGI value above 22 was 

90.14% and 90.67%, respectively for the PDLC window in all solar radiation 

thresholds. For the reference window, the DGI value above 22 was 90.39% and 

90.80% during the year for the intermediate and high daylight zones, respectively. 

Table 5-10 shows the results of the percentage of annual DGI above 22 in 

Riyadh. 

 
Figure 5-9. Percentage of annual daylight glare index above 22 in relation to solar 

radiation in Riyadh. 

 

Table 5-10. Percentage of annual daylight glare index (DGI) in Riyadh in relation 

to solar radiation. 
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Zone 

The percentage of annual DGI above 22 (%) 
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Reference 

Low 75.80 77.40 78.65 84.13 87.96 89.28 

Intermediate 90.14 90.14 90.14 90.14 90.14 90.39 

High 90.67 90.67 90.67 90.67 90.67 90.80 

74

76

78

80

82

84

86

88

90

92

100W/m² 250W/m² 500W/m² 750W/m² 1000W/m² ReferenceP
e

rc
e

n
ta

g
e

 o
f 
a

n
n

u
a

l 
D

G
I 
v
a

lu
e

 
a

b
o

v
e

 2
2

 (
%

)

Solar radiation

Low zone Intermediate zone High zone



   
 

 

148 

Figure 5-10 shows the results of the interior illuminance comfort in Riyadh in 

relation to solar radiation. The PDLC window offered the best interior illuminance 

in the low daylight zone at 750 W/m2 compared to the reference window, while 

the lowest performance was in the high daylight zone at 1000 W/m2. When solar 

radiation was set to 100 to 500 W/m2, the PDLC window performed better in the 

intermediate daylight zone than in the low daylight zone. In contrast, the 

performance of the PDLC window was higher in the low daylight zone when the 

solar radiation was between 750 to 1000 W/m2 indicating that the PDLC window 

offers high diffuse transmission at high solar radiation. The PDLC window 

provided low interior illuminance comfort in the high daylight zone in all solar 

radiation thresholds; however, the performance was better than the reference 

window with the exception at 1000 W/m2. Table 5-11 presents the percentage of 

annual illuminance at setpoint 300 lx. 

 
Figure 5-10. Percentage of annual daylight illuminance comfort in Riyadh in 

relation to solar radiation. 
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Table 5-11. Interior daylight illuminance in Riyadh in relation to solar radiation. 

Daylight 
Zone 

Percentage (%) of annual illuminance at setpoint 300 lx 

100 
W/m² 

250 
W/m² 

500 
W/m² 

750 
W/m² 

1000 
W/m² 

Reference 

Low 62.22 72.36 86.64 98.41 91.89 85.10 

Intermediate 92.12 92.12 90.66 78.23 73.63 88.61 

High 35.93 30.21 24.62 21.02 20.35 21.26 

 
5.5.6 Daylight performance of PDLC window in London relation to solar 

radiation 

Figure 5-11 illustrates the results of the percentage of annual DGI of the PDLC 

window in London in relation to solar radiation. The best performance of the 

PDLC window for controlling the glare during the year was in the low daylight 

zone at 100 W/m2. In addition, glare was reduced by the PDLC window by 

36.94% compared to the reference window which controlled the glare by 34.45% 

during the year in the low daylight zone. The performance of the PDLC window 

to control the glare was reducing as the solar radiation was increasing. The 

annual percentage of the DGI for the PDLC window was almost similar in the 

intermediate and high daylight zone and was higher than the reference window. 

The results of the annual percentage of DGI were the same in the intermediate 

and high daylight zone regardless of the amount of solar radiation. Daylight 

illuminance is a variable parameter and generally diminishes as the distance from 

the window increases. Thus, the data analysis showed that all high daylight zones 

exhibited high daylight illuminance due to the close distance between the window 

and the daylight reference point (see Table 5-12).  
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Figure 5-11. Percentage of annual daylight glare index in London in relation to 

solar radiation. 

 
Table 5-12. Exceeded hours of DGI above 22 in London in relation to solar 

radiation. 

Daylight 
Zone 

The percentage of annual DGI above 22 (%) 

100 
W/m² 

250 
W/m² 

500 
W/m² 

750 
W/m² 

1000 
W/m² 

Reference 

Low  63.06 63.28 63.28 64.19 64.55 65.46 

Intermediate  70.64 70.75 70.75 70.75 70.75 71.89 

High 72.34 72.34 72.34 72.34 72.34 73.23 

 
Figure 5-12 shows the results for the interior illuminance for the PDLC window in 

London. The PDLC window delivered an excellent performance for providing 

adequate interior illuminance in the intermediate daylight zone by 96.44 at 750 

W/m2. In general, the daylight performance of the PDLC window was acceptable 

in all daylight zones, except for the high daylight zone. The data analysis of the 

interior illuminance showed that the performance of the PDLC window was 

improving as the amount of solar radiation was getting higher. The daylight 

performance of the PDLC window was higher compared to the reference window 
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in both the intermediate and low daylight zones at 500 W/m2, 750 W/m2, and 1000 

W/m2. The lowest daylight performance of the PDLC window was in the high 

daylight zone due to the small distance between the daylight zone and the 

window. However, the PDLC window provided better interior illuminance in 

comparison to the reference window, particularly at 100 W/m2 as can be seen in 

Table 5-13. 

 
Figure 5-12. Percentage of annual daylight illuminance comfort in London in 

relation to solar radiation. 

 
Table 5-13. Percentage of annual daylight illuminance comfort in London in 

relation to solar radiation. 

Daylight 
Zone 

Percentage (%) of annual illuminance at setpoint 300 lx 

100 
W/m² 

250 
W/m² 

500 
W/m² 

750 
W/m² 

1000 
W/m² 

Reference 

Low  46.98 55.03 64.57 75.33 77.42 60.18 

Intermediate 64.73 76.46 90.02 96.44 94.20 89.71 

High 33.55 28.64 24.50 21.26 20.29 20.53 
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5.5.7 Daylight performance of PDLC window in Riyadh in relation to outdoor 

temperature 

Figure 5-13 reports the results of the annual DGI in Riyadh with respect to outdoor 

temperature. The graph shows that the performance of the PDLC window in 

controlling the annual DGI exceeded the reference window performance in all 

daylight zones. The percentage of annual DGI above 22 increased as the outdoor 

temperature was going higher when the PDLC window was employed due to the 

increase in the amount of solar radiation. The PDLC window achieved the best 

performance in the low daylight zone with 68.53% of the annual DGI above 22 at 

4 °C. Table 5-14 shows that the PDLC window performance reduced in the 

intermediate and high daylight zones due to the short distance to the window, 

indicating higher solar radiation transmission. In addition, the PDLC window 

demonstrated a higher performance compared to the reference window in the 

intermediate and high daylight zones, particularly at 4 °C.  

 
Figure 5-13. Percentage of annual daylight glare index in Riyadh in relation to 

outdoor temperature. 
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Table 5-14. Percentage of annual daylight glare index in Riyadh in relation to 

outdoor temperature. 

Daylight Zone 
The percentage of annual DGI above 22 (%) 

4 °C 20 °C 46 °C Reference 

Low  68.52 73.00 87.18 89.28 

Intermediate 83.06 84.27 90.14 90.39 

High  86.41 87.46 90.67 90.80 

 

Figure 5-14 illustrates the results of the interior illuminance of the PDLC window 

in Riyadh. The PDLC window achieved the best performance in the intermediate 

and low daylight zones by 93.09% at 20 °C and 91.89% at 46 °C by, respectively. 

When the PDLC window was utilised in the low light zone, the interior illuminance 

improved as the outdoor temperature increased. The quality of the interior 

illuminance of the PDLC window reduced in the intermediate daylight zone at 46 

°C, indicating that a high amount of solar radiation was transmitted. It is clear 

from the graph that the interior illuminance of the PDLC window in the high 

daylight zone decreased as the outdoor temperature increased. Table 5-15 

reports the results of the percentage of annual daylight illuminance comfort in 

Riyadh.  
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Figure 5-14. Percentage of annual daylight illuminance comfort in Riyadh in 

relation to outdoor temperature. 

 
Table 5-15. Percentage of annual daylight illuminance comfort in Riyadh in 

relation to outdoor temperature. 

Daylight Zone 
Percentage (%) of annual illuminance at 300 lx 

4 °C 20 °C 46 °C Reference 

Low  60.62 74.92 91.89 85.10 

Intermediate  75.66 93.09 73.63 88.61 

High  37.11 28.78 20.68 21.26 

 
5.5.8 Daylight performance of PDLC window in London in relation to 

outdoor temperature 

Figure 5-15 reports the results of the annual DGI in London. The performance of 

the PDLC window exceeded the reference window’s performance in all daylight 

zones and all outdoor temperature thresholds. The best performance achieved 

by the PDLC window was in the low daylight zone by 55.09% at -5.9 °C. The 

percentage of annual DGI decreased as the outdoor temperature increased when 

the PDLC window was employed in all daylight zones (see Table 5-16). The 

PDLC showed similar behaviour in Riyadh and London when the solar radiation 
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control was used. In the intermediate daylight zone, the PDLC window showed 

similar performance with the low daylight zone at -5.9 °C by 57.36%. The 

percentage of annual DGI decreased in the PDLC window after -5.9 °C for both 

intermediate and high daylight zones due to the high amount of solar radiation 

and close distance to the window. 

 
Figure 5-15. Percentage of annual daylight glare index in London in relation to 

outdoor temperature. 

 
Table 5-16. Percentage of annual daylight glare index in London in relation to 

outdoor temperature. 

Daylight Zone 
The percentage of annual DGI above 22 (%) 

-5.9 °C 20 °C 31.3 °C Reference 

Low  55.09 63.56 64.55 65.46 

Intermediate 57.36 69.96 70.75 71.89 

High 61.63 71.96 72.34 73.23 

 

Figure 5-16 shows the results of the annual interior illuminance in London. The 

PDLC window performance was higher than the reference window in all daylight 
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zones except at -5.9 °C in the low and intermediate daylight zones. The PDLC 

window achieved excellent performance by 97.77% and 94.2% in the 

intermediate daylight zone at 20 °C and 31.3 °C, respectively. The small distance 

between the window and the high daylight zone greatly affected the performance 

of the PDLC window. Table 5-17 illustrates that the low daylight zone had 

acceptable interior illuminance, precisely at 20 °C and 31.3 °C, indicating that the 

PDLC window exhibit high diffuse transmission.  

 
Figure 5-16. Percentage of annual daylight illuminance comfort in London in 

relation to outdoor temperature. 

 
Table 5-17. Percentage of annual daylight illuminance comfort in London in 

relation to outdoor temperature. 

Daylight Zone 
Percentage (%) of annual illuminance at setpoint 300 lx 

-5.9 °C 20 °C 31.3 °C Reference 

Low 43.12 70.79 77.42 60.18 

Intermediate 59.12 97.77 94.20 89.71 

High 36.43 21.40 20.29 20.53 
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5.6 Conclusion 

EnergyPlus simulation tool was employed to evaluate the impact of the PDLC 

window performance of an office building in regards to cooling, heating, and 

lighting loads in Riyadh, Saudi Arabia (arid climate), and London, United Kingdom 

(temperate oceanic climate). In addition, the annual glare percentage and interior 

daylight were evaluated. The control shading strategy variables used for the 

simulation study were solar radiation and outdoor temperature. The following 

conclusion can be drawn from the present study: 

1. The results of this study showed that the PDLC window was able to control 

the solar radiation and decrease the annual cooling and heating loads 

under all solar radiation control variables. The current findings enhance 

our understanding of the PDLC window performance as it can be utilised 

for smart façade for buildings envelope. The PDLC window has the 

potential to replace shading devices such as curtains and blinds which 

require extensive maintenance. The results showed that the investigated 

PDLC window had the best performance to decrease the annual energy 

consumption in relation to solar radiation at 100 W/m2 and 500 W/m2 in 

Riyadh and London, respectively. The highest cooling load reduction was 

12.7% in Riyadh, while the greatest heating load decrease was in London 

by 4.9%. Data analysis showed that the PDLC window is more effective in 

Riyadh (arid climate) than London (temperate climate). 

2. The results of controlling the PLDC window by outdoor temperature 

variables showed that the PDLC window reduced the annual cooling load 

by 12.8% at the minimum temperature of 4 ºC in Riyadh. In London, the 

annual heating load reduction was 4.2% when the PDLC window was 

controlled at 20 ºC. The results indicate that the outdoor temperature 

control strategy was more influential in Riyadh than in London. 

3. The daylight performance of the PDLC window was evaluated and 

compared against a reference window using solar radiation control. The 

results showed that the PDLC window performed best in Riyadh’s low 

daylight zone, while the intermediate daylight zone was the best 

performance for the PDLC window in London. The PDLC window achieved 
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75.8% and 63.06% of annual DGI during the year at 100 W/m2 in both 

cities when solar radiation control was used. In addition, the PDLC window 

offered the best interior illuminance performance in the low daylight zone 

at 750 W/m2 in Riyadh. In London, the best interior illuminance achieved 

in the intermediate daylight zone at 750 W/m2. 

4. Outdoor temperature was utilised to control the PDLC window and 

evaluate the daylight performance. The PDLC window achieved 68.52% 

of annual DGI above 22 during the year at 4 °C in the low daylight zone in 

Riyadh. While in London, the PDLC window achieved 55.09% of annual 

DGI in the same daylight zone. In terms of interior illuminance, the PDLC 

window showed the highest performance in two different daylight zones. 

In Riyadh, the highest interior illuminance achieved was in the low daylight 

zone at 46 °C while, in London was in the intermediate daylight zone at 20 

°C.  

This investigation was undertaken to assess the energy and daylight 

performance of the PDLC window in only two contrasting climate zones of 

Riyadh, Saudi Arabia, and London, United Kingdom. It developed an analysis 

model and limited its utilisation exclusively to office buildings. However, the 

optimal control results from the analysis are not to be standardised, as the 

investigated climate zones were limited only to arid and temperate oceanic 

weather conditions. In addition, the results do not indicate whether the optimal 

control conditions, as the research shows, can be applied to all type of buildings. 

Therefore, an investigation of PDLC window control would benefit from analysis 

in more diverse climate zones. 
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Chapter 6. Evaluation of artificial lighting saving for a smart 

switchable adaptive polymer dispersed liquid crystal glazing 

PDLC for two climate zones 

6.1 Introduction 

Artificial lighting load evaluation was carried out to assess the effect of the PDLC 

glazing on lighting energy savings for an office building and compared the results 

against a reference double window. Building energy modelling tool was utilised 

to conduct the assessments in two climate zones, Riyadh (arid climate) and 

London (temperate climate). In the following sections, a discussion of artificial 

lighting load reduction is provided for three daylighting zones (a high daylighting 

zone, an intermediate daylighting zone, and a low daylighting zone). 

6.2 Artificial lighting energy savings 

Enhancing energy efficiency in buildings will potentially lead to energy reduction 

and, therefore, CO2 emissions into the environment [155]. According to Lancashir 

et al., one kWh of reduced energy, decreases carbon dioxide emissions by 

680.39 g, sulfur dioxide by 5.67 g, and nitrogen dioxide by 2.27 g [156]. Artificial 

lighting energy accounts for 20% to 45% of the total energy consumption in office 

buildings [157]. Natural daylight is an excellent light source because it has good 

colour rendering and matches human visual response. The significance of natural 

daylight in buildings was extensively investigated. Natural daylight has a positive 

influence on energy in buildings and human physical activities, which provides 

comfort and health benefits for occupants [158–161]. It is essential to control 

natural daylight in order to use it as a source of indoor lighting. Otherwise, it would 

have a negative impact. Excessive natural daylight could lead to high solar gains 

and a high cooling load. Moreover, natural daylight decreases as one moves 

away from the window.  

Despite the positive benefits of natural daylight, electrical lighting is an excellent 

alternative for engineers as it can control interior illuminance levels. However, 

electrical lighting could increase the total annual primary energy. Adequate 
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integration of natural daylight with artificial lighting could improve indoor visual 

and thermal comfort for occupants in buildings. Exploiting natural daylight may 

not only reduce the artificial lighting load but would have an impact on cooling 

energy as well [41]. Many studies have investigated the impact of natural daylight 

on artificial lighting load reduction.  

A study investigated the impact of artificial lighting load on global energy savings 

in office buildings by utilising natural daylight [162]. The results showed that 

natural daylight could reduce artificial lighting load from 50% to 80%. In addition, 

the global primary energy savings could reach 40% for glazing that is commonly 

used in office buildings in Belgium. Another study suggested a methodology to 

evaluate the artificial lighting load reduction by integrating natural daylight with 

the artificial lighting system [163]. The study utilised the Visual DOE software for 

the climate zone of Leeds, in the United Kingdom and Florianopolis, in Brazil. It 

was found that the potential of the artificial lighting load reduction was between 

10.8% to 44% in Leeds and 20.6% to 86.2% in Florianopolis. In the US, a 

researcher studied the impact of natural daylight on electrical energy savings 

taking into account the building geometry, window size, and glazing type [164]. 

The potential of electrical energy savings was found to be about 70%. Field 

measurements of indoor illuminance levels and daylighting availability for a fully 

air-conditioned plan office were performed to evaluate artificial lighting savings 

[165]. The study suggested that the artificial lighting reduction was over 30%. 

Therefore, smart windows such as PDLC glazing, which could control solar 

radiation due to changing its optical properties, could potentially reduce the 

artificial lighting load. A recent study was performed in Egypt amid to evaluate 

the energy performance for an office building [166]. Six different types of glazing 

were utilised including (electrochromic, gas-chromic, thermochromic, tinted blue, 

tinted green, and tinted brown glazing) with a window to floor ratio of 8%, 16%, 

24%, and 32%. The results showed that the electrochromic glazing achieved the 

best performance as it was able to reduce artificial lighting for the south 

orientation by 43% at 8% WFR and 61% at 32% WFR. Therefore, this work 

presents the results of the analysis of the PDLC glazing performance in an office 

building in Riyadh and London climate zones taking into account solar radiation 

and outdoor temperature. 
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6.3 Simulation modelling 

This work was performed using a building energy modelling simulation software, 

described in detail in section 2.8. The simulation parameters and building 

properties in addition to the climate zone data are provided in sections 2.8.1 and 

2.8.3. The detail of the lighting control system used for evaluating the artificial 

lighting load is discussed in section 2.8.6. 

6.4  Simulation results 

6.4.1 Evaluation of artificial lighting load in relation to solar radiation in 

Riyadh 

The analysis is focused solely on artificial lighting load; therefore, the heating and 

cooling loads were not considered. Artificial lighting load reduction is primarily 

dependent on the office area, the window area, and the window transmittance. 

As the window area is larger, the more sunlight is allowed in a room, which 

potentially leads to artificial lighting energy reduction. However, windows 

transmittance has a crucial impact on reducing the artificial lighting load. The 

office room was divided into three daylighting zones, where each zone had one 

light sensor. The light sensors were controlled by the illuminance level of a 

setpoint. When the illuminance level decreases below 500 lux, the artificial 

lighting will switch on to compensate for the required illuminance. 

Figure 6-1 reports the total annual artificial lighting energy consumption in relation 

to solar radiation compared to a reference window in Riyadh. In high daylighting 

zone, the PDLC glazing performed similarly to the reference window for all solar 

radiation thresholds. This means that the light sensor received more daylight 

illuminance than the illuminance setpoint of 500 lux for all solar radiation 

thresholds. The high amount of daylight illuminance was due to the small distance 

between the window and the light sensor. In intermediate daylighting zone, the 

artificial lighting load decreased as the solar radiation thresholds increased to 500 

W/m2, 750 W/m2 and 1000 W/m2. When the solar radiation thresholds were set 

to 100 W/m2 and 250 W/m2 there was no artificial lighting energy reduction. 

However, the PDLC glazing achieved to reduce the artificial lighting energy in the 

intermediate daylighting zone by 2%, 25%, and 27% when the solar radiation 
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thresholds were set to 500 W/m2, 750 W/m2, and 1000 W/m2, respectively. In low 

daylighting zone, the PDLC glazing could not reduce the artificial daylighting load 

when the solar radiations thresholds were set to 100 W/m2, 250 W/m2, and 500 

W/m2. This is due to the large distance between the window and the low 

daylighting zone, which means the light sensor received less daylight illuminance. 

However, when the solar radiation threshold was set to 750 W/m2 and 1000 

W/m2, the PDLC glazing was able to achieve artificial lighting savings by 4% for 

both solar radiation thresholds. The PDLC glazing performed well in Riyadh's 

intermediate and low daylighting zones (arid climate).  In addition, the total annual 

artificial lighting load reduction was found when the solar radiation threshold was 

set to 500 W/m2, 750 W/m2, and 1000 W/m2 by 1%, 9%, and 10%, respectively. 

Table 6-1 presents the annual artificial lighting loads in relation to solar radiation 

for the PDLC and reference window in all daylighting zones. 

 
Figure 6-1. Total annual artificial lighting load in relation to solar radiation for the 

PDLC compared to a reference window for high, intermediate, and low 

daylighting zones in Riyadh. 
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Table 6-1. Total annual artificial lighting loads (kW) for the PDLC and reference 

window in Riyadh. 

Energy (kW) High zone (Unit) Intermediate zone Low zone 

Reference 71 181 345 

100 W/m² 71 256 382 

250 W/m² 71 205 358 

500 W/m² 71 177 346 

750 W/m² 71 145 332 

1000 W/m² 71 143 331 

 
Figure 6-2 presents the monthly artificial lighting energy consumption for the 

PDLC and reference window for all daylighting zones in Riyadh. The PDLC 

glazing was able to reduce the artificial lighting load compared to the reference 

window for all months when the solar radiation thresholds were set to 750 W/m2 

and 1000 W/m2. The PDLC glazing achieved the lowest monthly artificial lighting 

load reduction in November. The artificial lighting load for the PDLC glazing was 

39 kW and the reference window was 47 kW. Data analysis showed that the light 

sensors received a high amount of daylight illuminance in November. 

Consequently, the PDLC was able to reduce the monthly artificial lighting in both 

intermediate and low daylighting zones compared to the reference window. When 

the solar radiation thresholds were set to 100 W/m2 and 250 W/m2, the PDLC 

glazing could not reduce the artificial lighting load in all daylighting zones due to 

low solar radiation. On the contrary, at 750 W/m2 and 1000 W/m2 thresholds, the 

PDLC glazing switched to the opaque state and reduced the artificial lighting load, 

particularly in the intermediate daylighting zone. This shows that the PDLC 

glazing was able to offer illuminance that was either above or approximately near 

the illuminance setpoint for the whole year. The highest and lowest monthly 

illuminance values for the PDLC were 540 lux and 313 lux when the solar 

radiation threshold 1000 W/m2 in the intermediate zone. The highest monthly 

illuminance value for the reference window in the intermediate zone was 495 lux 

and the lowest was 291 lux. Table 6-2 provides the monthly artificial lighting 

energy consumption in relation to solar radiation for the PDLC and reference 

window in Riyadh. 
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Figure 6-2. Monthly artificial lighting energy consumption in relation to solar 

radiation for the PDLC glazing compared to a reference window in Riyadh. 

 
Table 6-2. Monthly artificial lighting load (kW) for the PDLC glazing and reference 

window in Riyadh. 

Energy 
(kW) 

Solar radiation thresholds for the PDLC glazing  

100 
W/m² 

250 
W/m² 

500 
W/m² 

750 
W/m² 

1000 
W/m² 

Reference 

Jan 50  46  41  39  39  44  

Feb 50  45  41  38  38  42  

Mar 63  56  52  49  48  52  

Apr 64  55  51  49  49  52  

May 63  55  52  49  48  51  

Jun 66  60  57  53  53  55  

Jul 66  59  56  52  52  54  

Aug 64  58  55  50  50  53  

Sep 61  54  51  46  46  50  

Oct 53  48  45  39  39  46  

Nov 53  48  43  39  39  47  

Dec 56  52  48  45  45  51  
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Figure 6-3 shows the average annual interior illuminance readings of the PDLC 

glazing compared to the reference window for all daylighting zones in Riyadh. 

The interior illuminance results strongly agree with the artificial lighting load 

results. The average interior illuminance in the high daylighting zone was high for 

both the reference window and the PDLC glazing across all solar radiation 

thresholds. In the high daylighting zone, the light sensor received an average 

high daylight illuminance above the setpoint. Therefore, the artificial lighting load 

was similar for both the PDLC glazing and the reference window. The interior 

illuminance diminished rapidly as the distance increased from the window. 

However, the PDLC glazing offered higher interior illuminance in the intermediate 

and low daylighting zones compared to the reference windows. Consequently, 

the PDLC glazing required less energy to compensate for the needed illuminance 

in the intermediate and low daylighting zones, particularly in 750 W/m2 and 1000 

W/m2 thresholds. In addition, the PDLC glazing was able to offer an average 

illuminance value that was approximately near to the needed illuminance of 500 

lux in the intermediate zone. Table 6-3 presents the average annual interior 

illuminance values for the PDLC glazing and reference window. In the 

intermediate zone, the highest average annual interior illuminance offered by the 

PDLC glazing was 412 lux and the reference window was 371 lux. 
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Figure 6-3. The average annual interior illuminance reading in relation to solar 

radiation for the PDLC glazing compared to a reference window for all daylighting 

zones in Riyadh. 

 
Table 6-3. Average annual interior illuminance in (lux) for the PDLC and reference 

window in Riyadh. 

 
Interior illuminance (lux) for all daylighting zones 

High zone Intermediate zone Low zone 

Reference 3,796  371  148  

100 W/m² 2,205  258  105  

250 W/m² 2,656  329  133  

500 W/m² 3,021  369  148  

750 W/m² 3,476  409  164  

1000 W/m² 3,488  412  166  
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6.4.2 Evaluation of artificial lighting load in relation to solar radiation in 

London 

Figure 6-4 shows the total annual artificial lighting energy consumption in relation 

to solar radiation compared to a reference window in London. When the solar 

radiation thresholds were set to 100 W/m2 and 250 W/m2, the PDLC glazing 

performed similarly to the reference window in the high daylighting zone. In 

addition, the PDLC glazing could not reduce artificial lighting load in the 

intermediate and low daylighting zones due to the increased distance from the 

window and low solar radiation. When the control strategy was activated, the 

PDLC glazing changed to the opaque state and the particles randomly aligned 

resulting in higher diffuse transmittance. Therefore, as the solar radiation 

thresholds increased, the PDLC glazing reduced the artificial lighting load 

compared to the reference window. The PDLC achieved to reduce artificial 

lighting load in the intermediate daylighting zone when the solar radiation 

thresholds were 500 W/m2, 750 W/m2, and 1000 W/m2 by 2%, 5% and 5%, 

respectively. In the low daylighting zone, the performance of the PDLC glazing 

was approximately similar to the reference window. The total annual artificial 

lighting load reduction for the PDLC glazing was achieved at solar radiation 

thresholds 750 W/m2 and 1000 W/m2 by 2% for both. In comparison, the PDLC 

glazing performance in London (temperate climate) was lower than the 

performance in Riyadh (arid climate). This is attributed to lower global illuminance 

in London compared to Riyadh. Table 6-4 presents the annual artificial lighting 

load results in relation to solar radiation for the PDLC glazing and the reference 

window in London climate. 
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Figure 6-4. Total annual artificial lighting energy consumption in relation to solar 

radiation for the PDLC glazing compared to a reference window in London. 

 
Table 6-4. Total annual artificial lighting loads (kW) for the PDLC and reference 

window in London. 

Energy (kW) High zone Intermediate zone Low zone 

Reference 105  229  366  

100 W/m² 105  280  397  

250 W/m² 105  237  376  

500 W/m² 105  224  369  

750 W/m² 105  218  366  

1000 W/m² 105  217  366  

 

Figure 6-5 presents the monthly artificial lighting energy consumption for the 

PDLC and reference window for all daylighting zones in London. During the year 

75% of the measurements, the PDLC glazing was able to reduce the annual 

artificial lighting load in the case of 750 W/m2 and 1000 W/m2 thresholds 

compared to the reference window. The highest monthly artificial lighting load 

reduction was achieved in October. When the solar radiation threshold was set 

to 750 W/m2, and 1000 W/m2, the PDLC glazing artificial lighting loads were 54 
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kW for both. For the same period, the artificial lighting load for the reference 

window was 57 kW. The results showed that the illuminance was high in the case 

of the PDLC glazing in 750 W/m2 and 1000 W/m2 solar radiation thresholds 

resulting in artificial lighting load reduction. The PDLC glazing could not reduce 

artificial lighting load in all solar radiation thresholds in the low daylighting zone 

for all months due to the increased distance from the window. In addition, the 

global illuminance in London (temperate climate) is generally low. In October, the 

monthly daylight illuminance in the intermediate zone for the PDLC glazing was 

399 lux, while the reference window was 379 lux. In comparison, the PDLC 

glazing performed better in Riyadh (arid climate) than in London (temperate 

climate). In Riyadh, the PDLC glazing was able to reduce the artificial lighting 

load during the whole year when the solar radiation thresholds were set to 750 

W/m2 and 1000 W/m2. On the contrary, the PDLC glazing reduced the annual 

artificial lighting load 75% of the time during the year in London. This indicates 

that the PDLC glazing performs better in a country where the global illuminance 

is usually high. Table 6-5 provides the monthly artificial lighting energy 

consumption in relation to solar radiation for the PDLC and reference window in 

London. 

 
Figure 6-5. Monthly artificial lighting energy consumption in relation to solar 

radiation for the PDLC glazing compared to a reference window in London. 
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Table 6-5. Monthly artificial lighting load (kW) for the PDLC glazing and reference 

window in London. 

Energy 
(kW) 

Solar radiation thresholds for the PDLC glazing  

100 
W/m² 

250 
W/m² 

500 
W/m² 

750 
W/m² 

1000 
W/m² 

Reference 

Jan 69  68  67  67  67  68  

Feb 65  64  63  63  63  64  

Mar 65  59  57  57  57  58  

Apr 63  57  54  53  53  54  

May 59  50  48  46  46  46  

Jun 64  54  52  50  50  50  

Jul 62  52  49  47  47  47  

Aug 61  51  49  47  47  48  

Sep 60  54  52  50  50  53  

Oct 58  56  54  54  54  57  

Nov 69  68  67  67  67  68  

Dec 88  87  87  87  87  87  

 

Figure 6-6 shows the average annual interior illuminance readings of the PDLC 

glazing compared to the reference window for all daylighting zones in London. 

The interior illuminance results reflect the artificial lighting energy needed for the 

PDLC glazing and the reference window in all daylighting zones. As the interior 

illuminance decreased, more artificial lighting energy was required. In the high 

daylighting zone, the average annual interior illuminance was higher than the 

illuminance setpoint, which did not result in artificial lighting energy reduction. The 

PDLC glazing offered higher interior illuminance in the intermediate and low 

daylighting zones when the thresholds were 750 W/m2 and 1000 W/m2 compared 

to the reference window. Therefore, the artificial lighting energy needed to reach 

the illuminance setpoint was less. The highest average annual interior 

illuminance for the PDLC glazing was 385 lux and for the reference window was 

382 lux in the intermediate daylighting zone. Table 6-6 shows the average annual 

interior illuminance values for the PDLC glazing and reference window in London. 
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Figure 6-6. The average annual interior illuminance readings in relation to solar 

radiation of the PDLC glazing compared to a reference window for all daylighting 

zones in London. 

 
Table 6-6. Average annual interior illuminance in (lux) for the PDLC and reference 

window in London. 

 
Interior illuminance (lux) for all daylighting zones 

High zone Intermediate zone Low zone 

Reference 4,053  382  124  

100 W/m² 2,670  268  87  

250 W/m² 3,386  346  112  

500 W/m² 3,673  376  120  

750 W/m² 3,738  385  124  

1000 W/m² 3,739  385  124  

 
6.4.3 Evaluation of artificial lighting load in relation to outdoor temperature 

in Riyadh 

Figure 6-7 reports the total annual artificial lighting energy consumption in relation 

to outdoor temperature compared to a reference window in Riyadh. In high 
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daylighting zone, the PDLC glazing performed similarly in all outdoor temperature 

thresholds as to when the solar radiation control strategy was utilised. In 

intermediate daylighting zone, there was no artificial lighting reduction as the 

interior illuminance was generally low when the outdoor temperature thresholds 

were 4 ºC and 20 ºC. However, when the outdoor temperature threshold was set 

to a maximum temperature 46 ºC, the PDLC glazing achieved to reduce the 

artificial lighting load by 26% compared to the reference window. Additionally, at 

the maximum temperature 46 ºC, the artificial lighting energy reduction was 4% 

in the low daylighting zone. Moreover, the PDLC glazing was able to achieve 9% 

of annual artificial lighting savings compared to the reference window. The PDLC 

performed approximately similarly in both solar radiation and outdoor 

temperature control strategies in Riyadh (arid climate). Table 6-7 presents the 

annual artificial lighting load results in relation to outdoor temperature for the 

PDLC glazing and reference window in Riyadh climate. 

 
Figure 6-7. The total annual artificial lighting energy consumption in relation to 

outdoor temperature compared to a reference window in Riyadh. 
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Table 6-7. Total annual artificial lighting loads (kW) for the PDLC and reference 

window in Riyadh. 

Energy (kW) High zone Intermediate zone Low zone 

Reference 71  181  345  

4 °C 71  287  395  

20 °C 71  252  379  

46 °C 71  144  331  

 
Figure 6-8 presents the monthly artificial lighting energy consumption for the 

PDLC and reference window for all daylighting zones in Riyadh. The artificial 

lighting load was higher during the whole year in the case of the PDLC glazing 

when the threshold was 4 ºC compared to the reference window. When the 

threshold was set to 20 ºC, there was artificial lighting load reduction only in 

January and December. In this case, the artificial lighting load was high due to 

the low monthly daylight illuminance received by the light sensors compared to 

the reference window. Consequently, more energy was required to achieve the 

illuminance setpoint. When the threshold was set to the maximum temperature 

46 ºC, the PDLC glazing was able to reduce the artificial lighting load for the 

whole year compared to the reference window. The highest artificial lighting load 

reduction was achieved in November. The artificial lighting consumption in the 

case of the PDLC glazing was 39 kW and in the case of the reference window 

was 47 kW. This indicates that the PDLC glazing offered higher interior 

illuminance compared to the reference window. The average monthly interior 

illuminance in the case of the PDLC glazing in the intermediate daylighting zone 

was 541 lux and in the case of the reference window was 455 lux. This means 

that the PDLC glazing required less energy to achieve the illuminance setpoint 

compared to the reference window. Table 6-8 provides the monthly artificial 

lighting energy consumption in relation to outdoor temperature for the PDLC and 

reference window in Riyadh. 
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Figure 6-8. Monthly artificial lighting energy consumption in relation to outdoor 

temperature for the PDLC glazing compared to a reference window in Riyadh. 

 
Table 6-8. Monthly artificial lighting load (kW) for the PDLC glazing and reference 

window in Riyadh. 

Energy 
(kW) 

Outdoor temperature thresholds for the PDLC glazing 

4 °C 20 °C 46 °C Reference 

Jan 57  41  39  44  

Feb 55  44  38  42  

Mar 67  59  48  52  

Apr 66  65  49  52  

May 64  64  48  51  

Jun 68  68  53  55  

Jul 67  67  52  54  

Aug 67  67  50  53  

Sep 64  64  46  50  

Oct 59  59  39  46  

Nov 57  54  39  47  

Dec 63  49  45  51  
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Figure 6-9 shows the average annual interior illuminance readings of the PDLC 

glazing compared to the reference window for all daylighting zones in Riyadh. 

The interior illuminance readings show an agreement with the artificial lighting 

load results. In high daylighting zone, the interior illuminance readings were 

extremity higher than the illuminance setpoint for the reference window and the 

PDLC glazing in all outdoor temperature thresholds. Thus, the artificial lighting 

load was expected to be lower than the intermediate and low daylighting zones 

due to the artificial lighting would be switched off most of the time. In intermediate 

daylighting zone, when the thresholds were set to 4 °C and 20 °C, the interior 

illuminance readings for the PDLC were relatively low. In the case of the 

reference window, the interior illuminance was higher than the PDLC glazing. 

Therefore, the energy consumption when the PDLC glazing was utilised was 

higher compared to the reference window. However, When the threshold was set 

to the maximum temperature 46 °C, the interior illuminance for the PDLC glazing 

was higher than the reference window. As a result, in the case of the PDLC 

glazing, the artificial lighting load was lower compared to the reference window. 

In low daylighting zone, the PDLC glazing had higher interior illuminance reading 

than the reference window. Therefore, the PDLC glazing required less energy to 

compensate for the needed illuminance compared to the reference window. The 

highest interior illuminance reading for the PDLC was 411 lux when the threshold 

was set to 46 °C in the immediate zone. In the case of the reference window, the 

highest interior illuminance window was 371 lux in the intermediate zone. Table 

6-9 shows the average annual interior illuminance values for the PDLC glazing 

and reference window in Riyadh. 
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Figure 6-9. The average annual interior illuminance readings in relation to outdoor 

temperature for the PDLC glazing compared to the reference window for all 

daylighting zones in Riyadh. 

 
Table 6-9. Average annual interior illuminance in (lux) for the PDLC and reference 

window in Riyadh. 

 
Interior illuminance (lux) for all daylighting zones 

High zone Intermediate zone Low zone 

Reference 3,796  371  148  

4 °C 1,783  218  89  

20 °C 2,474  271  108  

46 °C 3,489  411  165  
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6.4.4 Evaluation of artificial lighting load in relation to outdoor temperature 

in London 

Figure 6-10 shows the total annual artificial lighting energy consumption in 

relation to outdoor temperature compared to a reference window in London. In 

high daylighting zone, the artificial lighting load was approximately equal for the 

PDLC glazing and reference window with the exception of when the threshold 

was set to the minimum temperature -5.9 °C. Due to the low temperature below 

zero degrees, the sunlight is expected to be low, resulting in low interior 

illuminance transmitted through the PDLC glazing. In this case, the energy 

required for artificial lighting to compensate for the needed illuminance was 

higher compared to the reference window. In intermediate daylighting zone, the 

PDLC glazing was able to reduce the artificial lighting load when the shading 

control was set to the maximum outdoor temperature 31.3 °C. The artificial 

lighting load reduction for the PDLC glazing was 5% compared to the reference 

window. As the light sensor was further away from the window in the low 

daylighting zone, the interior illuminance extremely diminished, resulting in a high 

artificial lighting load for all outdoor temperature thresholds. The primary annual 

savings of the artificial lighting load was 2% for the PDLC glazing when the 

outdoor temperature was 31.3 °C. It was observed that the PDLC glazing 

performance was approximately similar to solar radiation and outdoor 

temperature control strategies. In addition, the annual artificial lighting load 

savings were higher in Riyadh (arid climate) than in London (temperate climate) 

when the outdoor temperature control strategy control was used. Table 6-10 

presents the annual artificial lighting load results in relation to outdoor 

temperature for the PDLC glazing and reference window in London climate. 
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Figure 6-10. Total annual artificial lighting energy consumption in relation to 

outdoor temperature for the PDLC glazing compared to a reference window in 

London. 

 
Table 6-10. Total annual artificial lighting loads (kW) for the PDLC and reference 

window in London. 

Energy (kW) High zone Intermediate zone Low zone 

Reference 105  229  366  

- 5.9 °C 126  313  414  

20 °C 105  237  375  

31.3 °C 105  217  366  

 
Figure 6-11 presents the monthly artificial lighting energy consumption for the 

PDLC and reference window for all daylighting zones in London. The graph 

shows that the PDLC glazing was able to reduce the monthly artificial lighting 

load when the outdoor temperature thresholds were 20 ºC and 31.3 ºC. When 

the outdoor temperature was set to 20 ºC, the artificial lighting reduction occurred 

from January to April and September to November. However, the artificial lighting 

load was significantly higher from May to August and December. Thus, the 

artificial lighting reduction did not reflect on the annual energy consumption. 
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When the outdoor temperature was set to 31.1 ºC, the PDLC glazing reduced the 

artificial lighting load except in June, July, and December. The highest artificial 

lighting load reduction occurred in October and was 54 kW, while the reference 

window was 57 kW. In October, the average monthly interior illuminance for the 

PDLC glazing was 398 lux in the intermediate daylighting zone. In the case of the 

reference window, the interior illuminance was 379 lux in the same zone. Table 

6-11 provides the monthly artificial lighting energy consumption in relation to 

outdoor temperature for the PDLC and reference window in London. 

 

 
Figure 6-11. Monthly artificial lighting energy consumption in relation to outdoor 

temperature for the PDLC and reference window for all daylighting zones in 

London. 
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Table 6-11. Monthly artificial lighting load (kW) for the PDLC glazing and 

reference window in London. 

Energy (kW) 
Outdoor temperature thresholds for the PDLC glazing 

-5.9 °C 20 °C 31.3 °C Reference 

Jan 77  67  67  68  

Feb 73  63  63  64  

Mar 71  57  57  58  

Apr 68  53  53  54  

May 62  48  46  46  

Jun 67  55  51  50  

Jul 65  59  47  47  

Aug 65  54  47  48  

Sep 66  52  50  53  

Oct 66  54  54  57  

Nov 78  67  67  68  

Dec 95  87  87  87  

 
Figure 6-12 shows the average annual interior illuminance readings of the PDLC 

glazing compared to the reference window for all daylighting zones in London. In 

high daylighting zone, when the outdoor temperature threshold was set to the 

minimum -5.9 °C, the interior illuminance was significantly low compared to the 

reference window. Therefore, the artificial lighting load was the highest in this 

case. In intermediate daylighting zone, the highest illuminance was when the 

PDLC was controlled at the maximum outdoor temperature 31.3 °C. Thus, the 

artificial lighting load was the lowest of all the cases. On the contrary, when the 

PDLC was controlled at outdoor temperature -5.9 °C and 20 °C, the interior 

illuminance readings were lower than the reference window. In this case, the 

artificial lighting load was higher compared to the reference window. In low 

daylighting zone, when the outdoor temperature was set to the maximum 

temperature 31.3 °C, the PDLC glazing and reference window had the same 

interior illuminance readings. Therefore, the artificial lighting load was the same 

for the PDLC glazing and reference window. The highest interior illuminance in 

the intermediate daylighting zone for the PDLC glazing was 585 lux and for the 
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reference window was 582 lux. Table 6-12 shows the average annual interior 

illuminance values for the PDLC glazing and reference window in London. 

 
Figure 6-12. The average annual interior illuminance readings in relation to 

outdoor temperature for the PDLC glazing compared to the reference window for 

all daylighting zones in London. 

 
Table 6-12. Average annual interior illuminance in (lux) for the PDLC and 

reference window in London. 

 
Interior illuminance (lux) for all daylighting zones 

High zone Intermediate zone Low zone 

Reference 4,053  382  124  

-5.9 °C 19,60  205  66  

20 °C 3,564  360  114  

31.3 °C 3,738  385  124  
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6.5 Conclusion 

EnergyPlus simulation work was carried out to evaluate the PDLC glazing effect 

on artificial lighting load for an office building in two contrasting climate zones, 

Riyadh (arid climate) and London (temperate climate). Solar radiation and 

outdoor temperature were utilised as shading control strategies. The results can 

be summarised as follow: 

1- The PDLC glazing was able to control solar radiation and reduce the 

annual artificial lighting load. The results suggest that the PDLC glazing 

has the potential to be utilised as smart façade for building envelopes. In 

addition, The PDLC glazing is an excellent candidate to replace shading 

devices, which eliminates regular maintenance. The best performance of 

the PDLC glazing was when the solar radiation threshold was set to 1000 

W/m2 and reduced 10% of the annual artificial lighting energy in Riyadh 

(arid climate). In London, the PDLC glazing achieved a 2% annual artificial 

lighting energy reduction when solar radiation thresholds were set to 1000 

W/m2 and 750 W/m2. Moreover, it was found that the PDLC glazing 

performed better in Riyadh weather (arid climate) than in London weather 

(temperate climate).  

2-  Outdoor temperature was utilised to evaluate the effect of the PDLC 

glazing on the annual artificial lighting load. The PDLC glazing achieved 

to reduce the annual artificial lighting load when the outdoor temperature 

was set to the maximum temperature 46 °C by 9% in Riyadh. The artificial 

lighting load savings in London was 2% when the PDLC glazing was 

controlled on the maximum outdoor temperature 31.3 °C. It was found that 

the results of the PDLC glazing performance in Riyadh and London were 

approximately the same when the solar radiation and outdoor temperature 

control strategies were utilised. In addition, the PDLC glazing performed 

significantly better in a hot arid climate (Riyadh), where the global 

illuminance was higher.  
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Chapter 7. Conclusions and recommendations 

7.1 Conclusions 

The energy demand for the building sector has significantly increased in the last 

few years in Saudi Arabia and the United Kingdom due to rapid economic and 

population growth. Stringent environmental regulations have been put in place to 

reduce carbon emissions and energy demand for the building sector in both 

countries. Electrically actuated switchable PDLC glazing modulates solar 

radiation by changing transparency from opaque to transparent using electrical 

power, which may potentially reduce energy demand. Therefore, this research 

aims to investigate the thermal and daylight performance of electrically 

switchable PDLC glazing for Net-Zero buildings in Saudi Arabia and the United 

Kingdom. This study provides a comprehensive analysis of the thermal, daylight, 

and energy performance of the PDLC glazing through an outdoor investigation 

and simulation study, which has not been conducted before this research. The 

findings from this research are summarised as follows: 

1- The results of the indoor investigation showed that the PDLC glazing 

modulates solar radiation by 62% and 42% in the transparent and opaque 

state, respectively when a potential of 20 V AC is applied. In the opaque 

state, the PDLC glazing provides privacy due to the random alignment of 

the particles. The results suggest that the switchable PDLC glazing can 

be considered for building applications as it provides privacy, which is a 

key factor in building design in Saudi Arabia. The calculation of SHGC for 

this PDLC glazing was 0.63 and 0.68 for the transparent and opaque 

states, respectively. This indicates that the PDLC glazing could effectively 

reduce the heating load in a cold climate.  

2- In the outdoor investigation, the aim was to evaluate the thermal behaviour 

and daylight characteristics of the PDLC glazing with and without a solar 

control film. One of the more significant findings to emerge from the 

investigation is that the PDLC glazing was able to reduce the temperature 

inside the test cell when it was switched to the opaque state. The results 

showed that the PDLC glazing reduced the test cell temperature from 46.9 

ºC in the transparent state to 39.9 ºC in the opaque state. In terms of 
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daylight analysis, the PDLC glazing successfully controlled glare in the 

opaque state in a cloudy sky condition. It offered acceptable visual comfort 

below “just noticeable” in the morning and late afternoon hours. 

Furthermore, the solar control film had a positive effect on the thermal and 

daylight performance of the PDLCF glazing. The PDLCF glazing with the 

solar control film achieved to reduce solar heat gain inside the test in both 

states due to its NIR limiting ability. Thus, the temperature inside the test 

cell was lower than the temperature of the test cell when the PDLC glazing 

had no solar control film attached. The daylight investigation result 

suggests that the PDLCF with the solar control film achieved to improve 

the visual comfort level. The PDLCF glazing offered acceptable visual 

comfort below “just disturbing” in the late afternoon hours in transparent 

and opaque states in all sky conditions.  

3- The outcome of the building energy modelling analysis showed that the 

PDLC glazing was a promising candidate for autonomous electrically 

switchable glazing. The most significant heating and cooling load 

reduction were achieved when the PDLC glazing was controlled by solar 

radiation control strategy. The PDLC glazing achieved to decrease the 

annual cooling load by 12.7% in Riyadh (arid climate) and the annual 

heating load by 4.9% in London (temperate climate) compared to the 

conventional reference window. Furthermore, the PDLC glazing reduced 

the annual artificial lighting load by 10% and 2% for Riyadh and London, 

respectively. The daylight analysis revealed that the PDLC glazing offered 

68.52% of discomfort glare (DGI) above 22 in Riyadh and 55.05% of DGI 

in London when the temperature control strategy was used.  

In summary, the PDLC glazing was investigated to characterise its thermal and 

daylight performance by theoretical and experimental methods. The outcome of 

this research suggests that the PDLC glazing has a promising performance and 

the technology could be a potential candidate for building applications. The 

current findings add substantially to our understanding of switchable PDLC 

glazing technology to assess its utilisation for Net-Zero buildings. In addition, a 

comprehensive analysis of building energy savings of the PDLC glazing can be 

useful for architect engineers to design green buildings. 
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7.2 Recommendations and future research 

Based on the outcomes and the findings from literature review conducted in this 

research, the following future works are suggested: 

• Long term outdoor study and comprehensive switching characterisation 

are required to evaluate PDLC device structure and assess the 

mechanical and electrical stresses in different climate conditions.  

• Further experimental investigation is required to evaluate the effect of 

applying low-e coatings on PDLC glazing surface. In particular, the effect 

of temperature and soiling need to be characterised for longer term effect 

on its glazing performance to determine dynamic U-value and solar gain 

from the samples and durability of the devices. 

• Life cycle carbon and coast analysis of energy efficiency simulation study 

for commercial buildings.  

• Evaluating PDLC switchable glazing performance using renewable 

sources of power.  

• A comprehensive simulation study for commercial buildings to evaluate 

PDLC glazing performance including energy efficiency, thermal and visual 

comfort for occupants in different climate conditions such as cold and 

Mediterranean climates.  
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