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Abstract  8 

Building-Integrated Semi-transparent Photovoltaics Window (PV window) has been 9 

considered as one of the potential candidates to replace conventional windows to improve 10 

buildings’ energy efficiency hence reducing their carbon emission. With the integration of PV 11 

windows, the indoor luminous-environment may be significantly affected. The presence of 12 

solar cells may cause undesirable shading, low illuminance level and affect colour quality of 13 

the transmitted daylight. Therefore, it is important to comprehensively assess daylight 14 

performance of PV windows to ensure a comfort luminous environment. In this study, the 15 

daylight performance of CdTe PV window with four different transparencies (i.e. 20%, 30%, 16 

40% and 50%) applied to a typical office have been assessed in terms of daylight quantity and 17 

daylight quality. RADIANCE was selected to predict the annual daylight performance through 18 

advanced dynamic metrics including Useful Daylight Illuminance (UDI), Daylight Glare 19 

Probability (DGPs) and Illuminance Uniformity (Uo).  Correlated Colour Temperature (CCT) 20 

and Colour Rendering Index (CRI), which are two attributes to characterise colour quality of 21 

transmitted daylight specified in CIE standard, were used to evaluate performance of the 22 

selected PV windows. CCT and CRI were calculated under three CIE standard daylight 23 

scenarios (CCT of 4000 K, 6500K and 25000K respectively). It is found that CdTe PV window 24 

can significantly improve the homogeneity of daylight distribution on the task area and reduce 25 

risks of daylight glare when compared to these of a conventional double glazing. Moreover, 26 

recommended CCT (i.e. 3300-5000K) can be achieved with the employment of CdTe PV 27 

window under the 4000 K and 6500 K daylight scenarios. All types of CdTe PV windows can 28 

maintain a CRI at a comfortable level i.e. above 90 under the three tested daylight scenarios. 29 
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Nomenclature    

𝜏𝑣 Visible light transmittance   

𝜏𝑣(𝜆) Spectral transmittance   

𝑆𝑃𝐷(𝜆) Relative spectral power distribution    

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

observer for photometry 

�̅��̅� 𝑧̅ CIE standard colour-matching functions for the CIE 1931 2º Standard 

Observer 

𝜆  Wavelength (nm)   

Δ𝜆 Wavelength interval   

𝛽𝑖(𝜆) 
Spectral reflectance of each test 

colour i 
  

𝑅𝑖 Special CRI of each test colour i    

𝑅𝑎 General CRI   

Subscripts  

r Reference illuminant   

t Transmitted illuminant   

i Enumeration of test colour 1 to 8   

 1 

1. Introduction 2 

Building-Integrated Semi-transparent Photovoltaic window (PV window) can be integrated in 3 

the building by replacing conventional glazing system. PV window, which is an innovative and 4 

emerging glazing technology for building application [1] [2] [3], can provide onsite energy 5 

generation and reduce building energy consumption to potentially regulate CO2 emission [4]. 6 

When integrating different types of solar cells (e.g. amorphous silicon (a-Si) solar cells, 7 

Cadmium telluride (CdTe) thin film solar cells, Dye-sensitized solar cells etc.) into glazing unit 8 

to compose a semi-transparent PV window, the presence of solar cells and the solar cell 9 

covering ratio may significantly affect PV window electricity generation rate, indoor thermal 10 

environment, luminous environment and building energy performance. When solar radiation 11 

incidents on the surface of a semi-transparent PV window, part of the solar radiation is captured 12 

by these solar cells to generate electrical power, while part of the solar radiation penetrates into 13 

the indoor space through gaps between solar cells, allowing for passive heating and satisfaction 14 

of daylight needs. Increasing transparency (i.e. reducing solar cell covering ratio) of a semi-15 

transparent PV window leads to a reduction of electrical generation, but more daylight is 16 

permitted to transmit through contributing to the indoor luminous environment. Zhang and Lu 17 

[5] have investigated the electrical and daylighting performance of three amorphous silicon (a-18 
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Si) based semi-transparent PV window with different transparency (i.e. 10%, 16% and 26%) 1 

through numerical simulation. Results indicated that with the transparency of PV window 2 

increasing from 10% to 26%, the daylighting performance was significantly improved, while 3 

the annual electrical generation of PV window gradually reduced from 173 kWh to 132 kWh 4 

in Shanghai, China. Barman et al. [6] explored the energy performance of a one-floor building 5 

integrated with five types of CdTe PV windows with different transparency (i.e. from 6% to 6 

27.5%) in Jaipur, India. Simulation results showed that the energy generation of CdTe PV 7 

window decreases with the increase of its transparency. Applying CdTe PV window with lowest 8 

and highest transparency (i.e. 6% and 27.5%) in the south orientation generated electricity of 9 

119.6 and 74.74 kWh/m2⸱year respectively. At the meantime, building energy consumption 10 

increases with the increasing of CdTe PV window transparency. The increment is mainly 11 

resulted by the dropping in energy generation and a slight increasing in cooling energy demand. 12 

Miyazaki et al. [7] have investigated the effect of a-Si PV windows with different transparency 13 

(i.e. from 10% to 80%) on building energy performance of an office located at Tokyo, Japan. It 14 

was found that although a-Si PV window with the lowest transparency (i.e. 10%) always 15 

generates the maximum amount of electricity. However, due to the energy consumption for 16 

artificial lighting is larger for the a-Si PV window with low transparency, the best building 17 

energy performance for the office is achieved when it is integrated with a-Si PV window with 18 

80% transparency for WWR of 30%. The presence of solar cells also significantly affect the 19 

optical properties (e.g. spectral transmittance, light-scattering characteristics, etc.) of the 20 

window unit, resulting a distinct daylighting environment in a space served by them when 21 

compared with that of a normal double glazing. Therefore, in seeking to ensure a comfort 22 

luminous environment, evaluation of the daylighting performance of applying PV windows to 23 

buildings is increasingly required. The daylighting performance can be explored through two 24 

aspects via daylight quantity and daylight quality. For daylight quantity assessment, the metric 25 

of Daylight Factor (DF) is frequently formalised within national standards and widely 26 

employed by architects and designers [8-10]. This metric describes the ratio of internal 27 

illumination at a given point to external horizontal illumination [11]. The traditional method of 28 

acquiring DF is restricted to calculations based on an unobstructed CIE overcast sky. The recent 29 

development of this approach enables it to become applicable for 15 CIE standard skies[12] 30 

and takes into account building directions, solar positions and the effect of direct and reflected 31 

sunlight [13]. Once annual climate data is available for a selected location, climate-based 32 

metrics, such as Useful Daylight Illuminance (UDI) [14] and Daylight Autonomy (DA) [15], 33 

are able to provide more comprehensive, accurate and dynamic predictions of daylight 34 
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availability while representing time varying daylight illuminance. It has seen an increasing 1 

number of studies that using this kind of climate-based dynamic metrics to investigate the 2 

daylight quantity of applying window integrated with PV modules in the literature [16-18]. 3 

Kapsis et al. [19] have investigated the potential impact of a semi-transparent photovoltaic 4 

module on the daylighting performance of an office building via dynamic simulation method. 5 

Annual spatial Daylight Autonomy, which was calculated based on simulation results, indicated 6 

that sufficient daylight for the office can be provided by the presence of semi-transparent 7 

photovoltaic module with 30% visible transmittance. Sun et al. [20] explored the dynamic 8 

daylighting performance of a cellular office of applying a CdTe PV window with the adoption 9 

of different window design scenarios under different climates (i.e. Harbin and Guangzhou) 10 

using RADIANCE. The UDI calculated based on simulation results indicated that designs with 11 

a large portion of the window area covered by PV window while keeping sufficient daylighting 12 

area provided the optimum daylight availability under the climate of Guangzhou, while 13 

covering the whole window area by PV window provided the optimum daylight availability 14 

under the climate of Harbin.  15 

Daylight quantity is not the only factor that affects luminous environment of an indoor space. 16 

Velasco [21] states that glare, incorrect distribution of light density, low light colour quality may 17 

also exist as potential risks that can negatively affect human visual comfort in terms of human 18 

health, mood, activity and work efficiency [22]. These factors (e.g. glare, daylight distribution 19 

and daylight colour quality) determine indoor daylight quality. Glare is a crucial criteria in the 20 

occupant visual comfort evaluation, which describes the situation where the luminance fall in 21 

the field of view is more than the brightness to which eyes are adapted. Glare shall be limited 22 

as the appearance of glare can result in errors, fatigue and accidents. The daylight glare metric 23 

named Daylight Glare Probability (DGP), which was introduced by Wienold and Christofferen 24 

[23] in 2006, has become the preferred metric for assessing glare for the luminous environment 25 

in many research [24-26]. Glare has been considered in a number of visual comfort evaluations 26 

for building integrated with PV window. Cannavale [27] carried out the daylight glare 27 

evaluation for a hypothetical test-room that equipped with PV window, commercial solar 28 

control glass and a clear glass through simulation. It was found that the occurrence of high DGP 29 

can be significantly reduced by PV window which was outperformed both solar control glass 30 

and clear glass. The daylight spatial distribution is another factor considered in the daylight 31 

quality evaluation. Uniform daylight spatial distributions will promise occupants to perceive 32 

the luminous environment continuously and without sudden breaks caused by illuminance level 33 

drops. Uniformity metrics include illuminance uniformity ratio (UR) defined by standard IBSE 34 
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guide A [28] and illuminance uniformity (UO) specified by BS EN 12464 [29]. They have been 1 

applied in the research of daylight uniformity exploration [30, 31]. Zomorodian [32] have 2 

carried out the dynamic simulation for the evaluation of daylight distribution for applying 3 

window with different configuration. The result was analysed by UO, which indicated that 4 

lighting uniformity would reduce with the increasing of window-head-height and decreasing of 5 

windowsill. Other than daylight glare and distribution uniformity, colour quality of the 6 

transmitted daylight is equally important when assessing the indoor luminous environment. 7 

This will affect the colour appearance of a space which will contribute to the psychological and 8 

physical well-being of the occupants. CIE BS EN 12464-1 [29] recommended two metrics to 9 

characterize the colour qualities of a light source (i.e. both artificial light source and daylight 10 

transmitted through windows). They are Correlated Colour Temperature (CCT) and Colour 11 

Rendering Index (CRI) [33]. These two metrics have a few implementations for evaluating the 12 

colour quality of daylight modified by different PV windows [34-36]. Nandar et al. [37] 13 

investigated the colour quality of the daylight passing through different types of semi-14 

transparent photovoltaic (i.e. with 20%, 30%, 40% and 50% transparency respectively) by 15 

analysing CCT and CRI based on measured spectral transmittance of the selected PVs. It is 16 

shown that the modules in neutral a-Si-colour presents excellent colour rendering, but the 17 

modules in red and blue colour shown a weak colour rendering capacity with CRI less than 90. 18 

Ghosh et al. [38] evaluated the colour quality of  the light transmitted through multi-crystalline 19 

based semi-transparent Photovoltaic-vacuum glazing. They found that the semi-transparent PV-20 

vacuum glazing with transparency 35% and 42% offered higher allowable CCT and CRI than 21 

those of 30% and 40% transparent states of suspended particle device glazing, respectively.  22 

Although, in the literature, efforts have been made to evaluate daylight performance of applying 23 

PV windows for each individual aspects (i.e. daylight availability, glare, daylight distribution 24 

and colour quality), to the best of the authors’ knowledge, systematic and holistic investigations 25 

accounting all the aspects that may affect the luminous environment has not been seen. In 26 

practice, this information can be used by construction professionals to ensure that PV windows 27 

are designed appropriately and applied correctly. Thus, a comprehensive daylight performance 28 

evaluation in terms of daylight quantity (i.e. daylight availability) and daylight quantity (i.e. 29 

glare, daylight distribution and colour quality) for the building integrated PV window is 30 

necessarily needed.  31 

This paper provides a comprehensive assessment on daylight performance when applying semi-32 

transparent PV windows to buildings through a holistic consideration of daylight quantity and 33 

daylight quality. Window integrated thin film CdTe solar cells with four transparency were 34 
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investigated to understand the influence of their transparency on the overall daylight 1 

performance. RADIANCE are used to predict the dynamic daylight availability, uniformity and 2 

glare probability of applying these four CdTe PV windows to an office with different window 3 

to wall ratio under a climate of Birmingham, UK. Useful Daylight illuminance (UDI) is used 4 

as the metric to evaluate daylight quantity while metrics of Illuminance Uniformity (UO) and 5 

Daylight Glare Possibility (DGP) are used to assess daylight quality in terms of homogeneity 6 

of daylight distribution and glare. The measured spectral properties of these four CdTe PV 7 

windows are used to calculate the colour quality of the transmitted light under three different 8 

daylight scenarios. Metrics of Correlated Colour Temperature (CCT) and Colour Rendering 9 

Index (CRI) are then used to quantify their colour quality.   10 

 11 

2. Daylight performance assessment metrics 12 

Daylight quantity metric, UDI, as well as daylight quality metrics, UO and DPGs, which are 13 

obtained based on dynamic annual simulation, are summarized as follow. CCT and CRI, which 14 

encompass the colour quality of transmitted light for daylight quality evaluation, are also 15 

specified as follow. 16 

 17 

 Useful Daylight illuminance (UDI) 18 

UDI, which is developed by Nabil and Mardaljevic [14], is widely used by a number of 19 

researchers for accounting climate-based analyses of daylight availability [39, 40]. It is different 20 

from conventional static metrics (e.g. daylight factor), which only result a single value under a 21 

specific condition. UDI describes the illuminance level on each point considered for each 22 

daylight hour through a course of a year. This is calculated by dividing hourly illuminance into 23 

three bins within a year. The three bins include the undersupply bin (UDI 100 lux, where 24 

illuminance <100 lux), useful illuminance bin (UDI 100-2000 lux, where 100 lux ≤ illuminance ≤ 25 

2000 lux) and oversupply bin (UDI 2000 lux, where illuminance > 2000 lux). Considering the 26 

most desirable illuminance range for a typical office is 500 lux-2000lux [41], the useful 27 

illuminance bin (UDI 100-2000 lux) can be further subdivided at a threshold of 500 lux. The most 28 

desirable bin (UDI500-2000 lux) means the daylight illuminance is sufficient as the sole source of 29 

illumination [42]. 30 

 31 

 Daylight illuminance uniformity (UO)  32 
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The homogeneity of indoor daylight distribution can be evaluated by UO, which is obtained 1 

using the minimum illuminance divided by the average illuminance. In this research, the 2 

minimum UO on the task area within a cellular office was investigated. According to BS EN 3 

12464 [29], if the office is used for filing, copying, etc., the minimum UO on the task area 4 

should be higher than 0.4. If it is used for writing, typing, reading or data processing, the 5 

recommended minimum UO on the task area is 0.6. If it is used for technical drawing, the 6 

required minimum UO on the task area is 0.7. According to the recommended minimum value, 7 

UO is divided into four acceptance bins which are UO ≥ 0.4, 0.4 < UO < 0.6, 0.6 > UO > 0.7 and 8 

UO ≥ 0.7. 9 

 Simplified Daylight Glare Probability (DGPs) 10 

DGP, which was proposed by Wienold and Christoffersen [23], is the most recent index used 11 

to evaluate glare from daylight. The prediction of annual dynamic DGP requires a significant 12 

computational overhead which may be highly time consuming. Therefore, a simplified DGP is 13 

obtained only based on vertical illuminance [43]. DGPs thresholds classify the glare probability 14 

caused by daylight into four levels: 1) DGPs ≤ 0.35 is considered as imperceptible glare; 2) 15 

DGPs between 0.35-0.4 is perceptible glare; 3) DGPs between 0.4-0.45 is disturbing glare; and 16 

4) DGPs ≥ 0.45 is intolerable glare. Wienold [43] defined 4 glare comfort classes for luminous 17 

environment. They are: 1) if the period for imperceptible glare (i.e. DPG ≤ 0.35) is over 95% 18 

of working hours in an office, the acceptance of glare has a ‘Best’ classification; 2) if the period 19 

for perceptible glare (i.e. DPG < 0.4) is over 95% of working hours, the classification for  20 

acceptance of glare is ‘Good’; 3) if the period for disturbing glare (i.e. DPG < 0.45) is over 95% 21 

of working hours, the classification for acceptance of glare is ‘Reasonable’; and 4) the 22 

‘Unreasonable’ classification of acceptance of glare is defined when the period for intolerable 23 

glare (DGPs ≥ 0.45) is over 5% of working hours. 24 

 25 

 Correlated Colour Temperature (CCT) 26 

Colour appearance of a light source can be quantified by correlated colour temperature (CCT). 27 

CCT, which is usually given in degrees Kelvin (K), is a one-dimensional description of the 28 

colour of near-white light sources. Defining the colour appearance of a light source using the 29 

temperature on the blackbody locus that most closely resembles the light source’s chromaticity 30 

coordinates in the CIE chromaticity diagram is named as Correlated Colour Temperature (CCT) 31 

[44]. A low CCT indicates the light is reddish, a high CCT is bluish-white and the light with 32 

the middle range of CCT will present neutral colour. It has been recommended that a preferred 33 
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transmitted daylight should have CCT within the range between 3000K-7500K [35]. It means 1 

if CCT of transmitted daylight falling in this range, colour appearance of the transmitted 2 

daylight is classified to the best. 3 

 4 

 Colour Rendering Index (CRI) 5 

CRI can be used to characterize colour rendering properties of the transmitted light. This 6 

describes how well the transmitted light renders a set of colour samples relative to their 7 

rendering under a reference illuminant. 14 test colour samples are specified by CIE 1995 [45] 8 

for colour rendering evaluation as shown in Table 1. The front eight test colour samples cover 9 

the hue circle, are moderate in saturation and have similar lightness [46]. The rest six test colour 10 

samples contain the saturated red, yellow, green and blue, and complexion and foliage colours. 11 

The colour rendering capacity of light source for each test colour sample can be evaluated by 12 

specific CRI (Ri). The average of the special CRIs for the front eight test colour samples is 13 

defined as general CRI (Ra). ). It has been recommended by BS EN 1246-1 [29] that the 14 

minimum acceptable Ra is 80. Ra higher than 90 is considered as a good indication of colour 15 

rendering for luminous environment [37], while Ra higher than 95 is considered as a best colour 16 

rendering indication [47]. Accordingly, colour rendering of light is classified into four ranks. 17 

They are ‘Best’ (where Ra ≥ 95), ‘Good’ (where 95 > Ra > 90), ‘Reasonable’ (where 90 > Ra > 18 

80) and ‘Unreasonable’ (where Ra ≤ 80). 19 

No. Colour appearance under 

daylight  

No. Colour appearance under daylight 

R1 Light greyish red R9 Strong red 

R2 Dark greyish yellow R10 Strong yellow 

R3 Strong yellow green  R11 Strong green 

R4 Moderate yellowish green R12 Strong blue 

R5 Light bluish green R13 Light yellowish pink (human complexion) 

R6 Light blue R14 Moderate olive green (leaf green) 

R7 Light violet   

R8 Light reddish purple   

Table 1 CIE test colour samples. 20 

 21 
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3. Research methodology 1 

The daylight quantity and daylight quality of CdTe PV window have been comprehensively 2 

investigated using an incorporative method including numerical simulation (RADIANCE) and 3 

experimental test to explore its implementation. The tested windows with integrated CdTe solar 4 

cell includes four types: CdTe-20%, CdTe-30%, CdTe-40% and CdTe-50%. Each percentage 5 

indicates the proportion of transparent area (i.e. area that not covered by solar cells) over the 6 

overall glazing area. The CdTe PV window sample is shown in Fig.1. (a) [20], it can be seen 7 

that CdTe solar cells are opaque and spaced properly in order to attain the required level of 8 

transparency and outdoor views. The configuration of a typical CdTe PV window is shown in 9 

Fig. 1 (b). The properly placed CdTe solar cells are encapsulated between ethylene vinyl acetate 10 

(EVA) films and sandwiched between two clear glazing panes (glazing 1 and glazing 2 in Fig. 11 

1 (b)).  The other layer is a low-e coated glazing pane (glazing 3 in Fig. 1 (b)). The cavity 12 

between glazing 2 and glazing 3 is 20mm and filled with Argon. A normal clear glazing was 13 

also tested as a reference window for comparison. 14 

 15 

                                    (a)                                                               (b) 16 

Fig.1. (a) CdTe PV window sample (b) Configuration of CdTe PV window. 17 

 18 

3.1. Overview of the analysis method 19 

The comprehensive evaluations of building daylight performance for CdTe PV windows were 20 

based on attaining a balance between daylight quantity and daylight quality. As shown in Fig. 21 

2, daylight quantity evaluation was analysed using dynamic metric, UDI. Daylight quality 22 

evaluation was carried out in terms of daylight glare, daylight spatial distribution and light 23 

colour quality. Daylight glare was assessed by DGPs and daylight spatial distribution was 24 

indicated by UO.  The dynamic metrics UDI, DGPs and UO were determined based on the hourly 25 

daylight illuminance predicted by RADIANCE simulation. The colour quality can be assessed 26 

by metrics of CCT and CRI. These can be acquired through CIE standard calculation which 27 
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was carried out based on the measured spectral transmittance of CdTe PV windows. Detailed 1 

information of the research methodologies can be found in next sections. 2 

 3 

  4 
Fig. 2 Flowchart of modelling and calculating daylighting performance for CdTe PV window.  5 

In this Fig., white rectangles indicate the daylight performance processing methods. Grey 6 

rectangles represent the expected daylight performance metrics’ values from the related 7 

processes.  8 

 9 

3.2. Simulation methods for UDI, DGPs and UO acquiring 10 

The three daylight performance metrics UDI, DGPs and UO were obtained based on annual 11 

hourly simulation results from RADIANCE which is a research-grade simulation tool and has 12 

been validated by several studies [48-50]. Due to the configuration of the CdTe PV window, 13 

multiple inter-reflection will occur when daylight passes through it. For describing such a 14 

window system in RADIANCE, the complex interactions within the CdTe PV window were 15 

substituted by a pre-calculated transmission matrix (T). The light passing from sky to the 16 

CdTe	PV	

window

Daylighting qualityDaylighting quantity

CCTDGPs UOUDI

Light colour qualityDaylight glare Daylight spatial distribution

CIE standard calculationSimulation method: RADIANCE

CRI

Daylight performance
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external surface of the window and the light passing from interior surface to the viewpoint were 1 

described by the daylight matrix (D) and view matrix (V) respectively. As the office 2 

information, including the surrounding environment, orientation, office geometry, furniture and 3 

all the surface properties, was input, the daylight matrix (D) and view matrix (V) can be 4 

generated. The combination of the three matrices (T, D and V) used to describe light path is 5 

called "Three-phase method", which was employed in this research to carry out the annual 6 

daylighting simulation for CdTe PV window. The corresponding equations are given as follow: 7 

i = VDT s                                                                                                                                (1) 8 

I = VDTS                                                                                                                                (2) 9 

Illuminance or luminance at any point of interest for a single time step (i) or for a time series 10 

(I) can be obtained from the simulation results. The sky condition for a single time step or a 11 

time series was represented by sky vector (s) or sky matrix (S) which was converted from 12 

IWEC (International Weather for Energy Calculation) weather data of Birmingham. 13 

Transmission matrix (T) for CdTe PV window was expressed with BSDFs which was generated 14 

from a ray-tracing program named genBSDF in RADIANCE. In the BSDF file, light from each 15 

exterior direction was allocated to each interior direction and the corresponding allocated light 16 

was defined by coefficients. Therefore, the optical properties of each CdTe PV window can be 17 

accurately described. 18 

The simulation model is a south-faced cellular office with dimensions of 2.9 m (width) × 4.4 19 

m (depth) × 3.3 m (height). In this research, 60% WWR and 30% WWR were selected to 20 

investigate the daylight performance of the CdTe PV window, while the corresponding window 21 

dimension is 1.3 m (height) × 2.65 m (width) and 2.6 m (height) × 2.65 m (width) respectively, 22 

as shown in the renderings Fig. 3 (a) and (b). Visible reflectance of the purely diffused office 23 

surfaces were 30% (floor), 80% (walls) and 80% (ceiling) respectively. It was assumed that 24 

there are no any obstructions outside the office, such as surrounding buildings and vegetation. 25 

For the daylight quantity evaluation, nine calculated points on office working plane (with 0.75 26 

m height) were set alone the central line of the office from window to the end wall. The distance 27 

between each calculated point is 0.5m, while the first point is 0.2 m away from the window 28 

position in the horizontal direction as shown in Fig. 3 (c) (indicated by red points). The surface 29 

of the desk with dimensions of 0.83 m (width) × 2.04 m (length) was determined as the task 30 

area for the uniformity evaluation. An illuminance grid on the task area was determined to 31 

indicate the points at which the illuminance value was calculated for UO evaluation as shown 32 

in Fig. 3 (c).  The dimension of grid cells, which is 0.166m × 0.17 m, satisfied the requirement 33 
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of BS EN 12464 [29] on the aspect ratio of the grid cell. The office is designed for the people 1 

who positioned near the window. Therefore, the glare evaluation is carried out with considering 2 

that the location of the view point is 1.2m away from the window and 1.2 m above the floor on 3 

the centre axis of the room while the observer facing the desk as indicated in Fig. 3 (d). A 4 

validated RADIANCE model has been used for this work [40]. 5 

 6 

(a)                                                                          (b) 7 

 8 

 (c)                                                                      (d) 9 

Fig. 3.  (a) Rendered image with 30% WWR (b) Rendered image with 60% WWR (c) Selected 10 

points (red) for UDI calculation and selected points for daylight distribution calculation (black) 11 

(d) The selected view point for DGPs calculation. 12 

3.3. Experimental measurement and calculation process for CCT and CRI acquiring 13 

Correlated colour temperature (CCT) and colour rendering index (CRI) are the two commonly 14 

used metrics to characterise the colour quality of the transmitted daylight for a window 15 

application. The CCT and CRI can be calculated based on measured spectral transmittance of 16 

CdTe PV window.  17 

30%WWR 60% WWR  
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 1 

3.3.1. Spectral transmittance measurement 2 
 3 

The spectral transmittances for CdTe windows and clear double glazing over the wavelength 4 

range of 380-780 nm were tested using the instrument demonstrated in Fig. 4. OceanOptics 5 

HL2000 light was used as the light source. The light source perpendicularly transmitted 6 

through the tested PV window, which is fixed closely on the port of a transmittance integrating 7 

sphere (FOIS-1). All the transmitted lighting in the forwards direction has been collected by 8 

the integrating sphere. The spectrometer (OceanOptics VIS-NIR-ES spectrometer) used to 9 

measure the spectral transmittance of the collected light, while the measurement results are 10 

shown in Fig.5. The clear double glazing has a low transmittance in wavelength range of 11 

600nm-700nm, while has a relative high transmittance in the wavelength range of 400nm-12 

500nm. Differ from clear double glazing, CdTe PV windows show relative high spectral 13 

transmittance in the wavelength range of 600nm-700nm.  14 

 15 

Fig.4. CdTe PV window spectral transmittance measurement.  16 
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 1 

Fig.5 Spectral transmittance of CdTe PV windows and clear double glazing 2 

 3 

3.3.2. Calculation process 4 
 5 

Three CIE standard daylight illuminants with CCT of 4000K, 6500 K and 25000K, 6 

representing three different daylight scenarios, are commonly used to embody weak daylight 7 

in the early morning, normal overcast daylight and extreme summer daylight respectively [51] 8 

[52]. They were selected in this study to evaluate the CCT and CRI for these CdTe PV windows. 9 

The acquirement process of CCT for daylight transmitted through each CdTe PV window is 10 

given in equation (3-9) [53]: 11 

  X𝑖 = ∑ 𝑆𝑃𝐷(𝜆)𝜏(𝜆)780𝑛𝑚
𝜆=380𝑛𝑚 �̅�(𝜆)∆𝜆                                        (3) 

    Y𝑖 = ∑ 𝑆𝑃𝐷(𝜆)780𝑛𝑚
𝜆=380𝑛𝑚 𝜏(𝜆)�̅�(𝜆)∆𝜆                                           (4) 

 Z𝑖 = ∑ 𝑆𝑃𝐷(𝜆)780𝑛𝑚
𝜆=380𝑛𝑚 𝜏(𝜆)𝑧̅(𝜆)     (5) 

                                                 x =
𝑋

𝑋 + 𝑌 + 𝑍
 

(6) 

                                                 y =
𝑌

𝑋 + 𝑌 + 𝑍
 

(7) 

                                                 n =
𝑥 − 0.3320

0.1858 − 𝑦
 

(8) 

                                      CCT = 449𝑛3 + 3525𝑛2 + 6823.3𝑛 + 5520.33 (9) 
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where, X, Y and Z are the tristimulus values that used to describe the colour of the transmitted 1 

light based on human visual reaction, which are defined in the CIE 1931 chromaticity diagram. 2 

𝑆𝑃𝐷(𝜆) is the spectral power distribution (SPD) of the three CIE standard daylight scenarios 3 

(i.e. daylight illuminants with CCT of 4000K, 6500K and 25000K). 𝜏(𝜆)  is the spectral 4 

transmittance of the four types of CdTe PV window. �̅��̅�𝑧̅  are the CIE standard colour-matching 5 

functions for the CIE 1931 2º Standard Observer. ∆𝜆 is the wavelength interval. 6 

For calculating CRI, CIE 1931 tristimulus values (XYZ) of reference illuminant and test 7 

illuminant that reflected by tested colour samples were determined firstly. XYZ of each group 8 

was transformed into 1964 colour space 𝑊∗, 𝑈∗, 𝑉∗by considering chromatically adaptation 9 

transform. The resultant colour shift (∆𝐸𝑖) is determined by calculating the colour difference 10 

between the eight-tested colour samples that illuminated under reference illuminant and that 11 

under test illuminant. Specific colour rendering index (Ri) is calculated for these tested colour 12 

samples based on the ∆𝐸𝑖 of each colour respectively. Ra is the arithmetical mean of the eight 13 

colour samples. Those are derived by equation (10-15): 14 

   X𝑖 = ∑ 𝑆𝑃𝐷(𝜆)𝜏(𝜆)780𝑛𝑚
𝜆=380𝑛𝑚 𝛽𝑖(𝜆)�̅�(𝜆)∆𝜆                                         (10) 

    Y𝑖 = ∑ 𝑆𝑃𝐷(𝜆)780𝑛𝑚
𝜆=380𝑛𝑚 𝜏(𝜆)𝛽𝑖(𝜆)�̅�(𝜆)∆𝜆                                            (11) 

 Z𝑖 = ∑ 𝑆𝑃𝐷(𝜆)780𝑛𝑚
𝜆=380𝑛𝑚 𝜏(𝜆)𝛽𝑖(𝜆)𝑧̅(𝜆)     (12) 

                                        ∆𝐸𝑖 = [(𝑈𝑟,𝑖
∗ − 𝑈𝑡,𝑖

∗ )
2

+ (𝑉𝑟,𝑖
∗ − 𝑉𝑡,𝑖

∗ )
2

+ (𝑊𝑟,𝑖
∗ − 𝑊𝑡,𝑖

∗ )
2

]1/2 (13) 

                                           𝑅𝑖 = 100 − 4.6∆𝐸𝑖 (14) 

                                     𝑅𝑎 = 1/8 ∑ 𝑅𝑖
8
𝑖=8   (15) 

where, 𝛽𝑖(𝜆) is the spectral reflectance of each test colour. U*, V*, W* are the coordinates in 15 

the CIE 1964 (U*, V*, W*) colour space, which can be transferred from the tristimulus values. 16 

∆𝐸  is the colour difference. 𝑅𝑖  is the specific colour rendering index. 𝑅𝑎  is general colour 17 

rendering index. 18 

 19 

4. Result and discussion 20 

4.1. Daylight quantity: Useful Daylight Illuminance (UDI) for CdTe PV window 21 

 22 

Two range of useful illuminance bin range from 100 to 2000lux (wide range) and 500 to 23 

2000lux (comfortable range) were studied. The obtained UDIs for working hours from 8:00 to 24 
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17:00 for the central line from the window to the end wall for the cellular office are illustrated 1 

in Figs. 6 and 7, respectively.   Fig 6 (a) and (b) shows UDI in a wider useful illuminance bin 2 

range from 100 to 2000lux with 60% and 30% WWR, respectively. From Fig 6 (a), it can be 3 

seen that when WWR is 60%, significant improvement over clear double glazing is achieved 4 

by the presence of semi-transparent CdTe PV windows. For example, useful illuminance is in 5 

the range from 15% to 52% for double glazed window and 20% to 75% for CdTe-50% along 6 

the central line from the window to the end wall. CdTe-20% delivers the best daylighting 7 

performance, it has a UDI100-2000lux in the range from approximately 43 to 78%. For CdTe-30% 8 

and CdTe-40%, percentage of working hours for illuminance falling in the range of 100-2000 9 

lux is 31%-81% and 25%-81% respectively. Both of them are better than that of CdTe-50%, 10 

but less than CdTe-20%. The UDI100-2000 lux for all window with 30% WWR are shown in Fig. 11 

6 (b). It can be seen that the CdTe PV windows can improve the UDI100-2000 lux when compared 12 

with that of the clear double glazing in the range from the window to a distance of 2.7m away 13 

from it. However, there is no significant improvement for the CdTe windows in a distance 14 

above 2.7m away from the window, especially for CdTe-20%, CdTe-30% and CdTe-40%. 15 

Considering the most desirable illuminance range for a typical office is 500 lux-2000 lux [41], 16 

the most desirable bin in the range from 500 to 2000 lux (UDI500-2000 lux) was further analyzed 17 

for CdTe PV window shown in Fig. 7. From Fig. 7(a) it can be seen that with a 60% WWR, 18 

CdTe PV windows other than CdTe-20% can provide an improved daylight performance when 19 

replacing the clear double glazing. However, when WWR is reduced from 60% to 30% as 20 

shown in Fig. 7 (b), the daylight performance of CdTe PV windows become undesirable, while 21 

significant reduction of desirable daylight in the region of the room close to the end wall can 22 

be observed. For example, the percentage of working hours in UDI500-2000 lux for CdTe-20% is 23 

over 10% to 50% lower than that of clear double glazing at the distance from 2.2 m to the end 24 

wall. It can also be seen that the UDI500 – 2000 lux is at least approximately 10% lower than the 25 

UDI100 to 2000 lux. This might be explained that there are more hours of the illuminance within 26 

the range from 100 to 500 lux. 27 

 28 
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 1 

(a) 2 

 3 

(b) 4 

Fig. 6. UDI100-2000lux bin at points along the central line from window to end wall with the four 5 

types of CdTe PV window and clear double glazing under two different WWR. (a) 60% WWR 6 

(b) 30% WWR. 7 
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 1 

(a)                                                                     2 

   3 

(b) 4 

Fig. 7. UDI500-2000lux bin at points along the central line from window to end wall with the four 5 

types of CdTe PV window and clear double glazing under two different WWR. (a) 60% WWR 6 

(b) 30% WWR. 7 

 8 

4.2. Daylight Quality 9 

4.2.1. Daylight glare:  simplified daylight glare probability (DGPs) for CdTe PV window 10 
 11 
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The obtained DGPs for the selected semi-transparent CdTe PV windows and the clear double 1 

glazing under WWR of 60% and 30% are shown in Fig. 8. DGPs is calculated by assuming the 2 

occupant position which is 1.2m away from the window at a 1.2 m height. When replacing the 3 

clear double glazing window with the CdTe PV window, the DPG can be significantly 4 

improved. For WWR of 60%, as shown in Fig. 8 (a), it can be seen that when CdTe-20% is 5 

applied, the acceptance of glare has ‘Best’ classification, as imperceptible glare (i.e. DPG ≤ 6 

0.35) is over 95% of working hours. CdTe-30% and CdTe-40% offer ‘Good’ classification, the 7 

period for perceptible glare (i.e. DPG < 0.4) is over 95% of working hours. CdTe-50% and 8 

clear double glazing however, are classified to be ‘Unreasonable’, as intolerable glare (DGPs 9 

≥ 0.45) is over 5% of working hours. Under the 30% WWR as shown in Fig. 8 (b), CdTe-20%, 10 

CdTe-30% and CdTe-40% PV windows provide the ‘Best’ classification and CdTe-50% offers 11 

the ‘Good’ classification for the acceptance of glare. When clear double glazing is applied, the 12 

acceptance of glare is classified to be ‘Unreasonable’.  13 
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(b) 2 

Fig. 8. DGPs of the four types of CdTe PV window and clear double glazing under two different 3 

WWR. (a) 60% WWR (b) 30% WWR 4 

 5 

4.2.2. Daylight distribution: Illuminance uniformity (UO) for CdTe PV window 6 
 7 

Annual predictions of the UO on the task area of the office for both the clear double glazing 8 

and CdTe PV windows were conducted under 60% and 30% WWR respectively (as illustrated 9 

in Fig. 9).  Under 60% WWR as shown in Fig. 9 (a), no significant improvement can be 10 

observed by replacing clear double glazing with CdTe PV windows. When WWR is changed 11 

from 60% to 30% as indicated in Fig. 9 (b), it can be seen that CdTe-50% and CdTe-40% show 12 

the best performance in daylight uniformity at 30% WWR. The clear double glazing is 13 

advanced than the CdTe-30% and CdTe-20% For example, the percentage of working hours 14 

for UO in the range ≥ 0.7 for CdTe-50% and CdTe-40% is approximately 10% and 11% higher 15 

than that of the clear double glazing, respectively. When using CdTe-30% and CdTe-20% to 16 

replace clear double glazing, UO in the range ≥ 0.7 is approximately 9% and 10% lower, 17 

respectively. Generally, CdTe PV windows under 60% WWR deliver better daylight 18 

performance in terms of illuminance uniformity than that under 30% WWR. 19 
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Fig.9 UO on the task area with the four types of CdTe PV window and clear double glazing 5 

under two different WWR. (a) 60% WWR (b) 30% WWR. 6 

 7 

 8 

4.2.3. Colour quality of transmitted daylight 9 

 Correlated Colour Temperature for CdTe PV window (CCT)  10 
 11 
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Fig. 10 shows the variation of CCT of the transmitted light through the four types of the CdTe 1 

PV windows and also the clear double glazing under three daylight scenarios. For the 4000K 2 

and 6500K daylight scenarios, clear double glazing has negligible influence on CCT. When the 3 

CdTe PV windows are applied, there is a reduction in CCT in the range between approximately 4 

10%-26% depending on the type used. It can be clearly seen that the colour appearance of 5 

daylight transmitted through CdTe PV window is classified to be the ’Best’ under both 4000K 6 

and 6500K daylight scenarios, due to CCT falling into the recommended comfortable range 7 

(i.e. within 3000K-7500K). In the scenario of extreme daylight in summer time where the CCT 8 

is 25000K, there is an approximately 20% reduction in the CCT for the clear double glazing, 9 

the CdTe PV windows offer a reduction from approximately 57% to 65% depending on the 10 

type applied. Although the CCT for the CdTe PV window is still high than 7500K, above the 11 

upper limit of the comfortable range, it provides a better potential to regulate the transmitted 12 

light to a better CCT than that of the clear double glazing.  13 

 14 

Fig. 10. CCT of transmitted light for CdTe PV window and clear double glazing under three 15 

daylight scenarios 16 

 17 

 Colour Rendering Index (CRI) for CdTe PV window 18 
 19 

To explore the colour rendering properties of the CdTe PV windows, Ri for the 14 standard test 20 

colour samples (R1 to R14) of CdTe PV window and clear double glazing are plotted into radar 21 

charts under three daylight scenarios as shown in Fig. 11. From Fig. 11, it can be seen that for 22 

all the three scenario, clear double glazing and CdTe PV windows can achieve a CRI higher 23 

than 95 for the front eight-test colour (R1 to R8). It is also found that under the 6500K daylight 24 
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scenario, CdTe PV window has relative poor ability to render R9 (strong red) as the CRI of 1 

CdTe PV windows for R9 are all below 85 under 6500K daylight. According to Lin et al. [54], 2 

the spectral power distortion of the test illuminant in the wavelength range between 520nm-3 

665nm has significant effect on the CRI value for R9. Fig. 12 shows the relative SPD of the test 4 

illuminant for CdTe-50% and the corresponding relative SPD of reference illumiant under three 5 

daylight scenarios. The largest deviation of relative SPD between test and reference illuminant 6 

within the 520 -665 nm (as highlighted with red block on the Fig. 12) can be observed in the 7 

6500K scenarios. It explains why under 6500K daylight, the colour rendering capacity of CdTe 8 

PV window on the R9 (strong red) is weaker than them under 4000K and 25000K daylight. Fig. 9 

13 shows the overall CRIs for all the CdTe PV windows and clear double glazing. It clearly 10 

illustrates that all the four types of CdTe PV window are able to achieve the best colour 11 

rendering as their Ra are all higher than 95.  This is because that the general CRI only accounts 12 

for the front eight-test colour samples which are all awarded a high CRI as shown in Fig. 11. 13 

The findings suggest that the CIE CRI might not be a comprehensive indication for the colour 14 

rendering evaluation as it only considering the colour rendering evaluation for unsaturated 15 

colour (i.e. the front eight test colour samples). For the light source such as the daylight 16 

transmitted through CdTe PV window, it may have a poor performance on the colour rendering 17 

of the saturation colour even though they can have a high performance on the colour rendering 18 

of the unsaturated colour. 19 

 20 

 21 

                  (a)                                                 (b)                                               (c) 22 

Fig. 11 Special CRI of CdTe PV window and clear double glazing (a) 4000K scenarios (b) 23 

6500K scenarios (c) 25000K scenarios. 24 

 25 

 26 

 27 
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 1 

(a)                                              (b)                                           (c) 2 

Fig. 12. Reference illuminant and test illuminant for CdTe-50% (a) 4000K scenarios (b) 6500K 3 

scenarios (c) 25000K scenarios. 4 

 5 

 6 

Fig. 13. General CRI of CdTe PV window and clear double glazing. 7 

 8 

5. Summary 9 

The overall assessments under all the criteria for CdTe PV windows with different transparency 10 

and the reference double-glazing window with 2 WWRs have been shown in Table 2 and 3. All 11 

the criteria are classified into four ranks, ‘Best’, ‘Good’, ‘Reasonable’ and ‘Unreasonable’. The 12 

four ranks for glare, colour appearance and colour rendering have been specified in the section 13 

2 respectively. It is well known that a higher percentage of working hours for UDI 100-2000 lux or 14 

Uo ≥ 0.7 is expected to offer better luminous comfort, however, there are no ranks of the 15 

percentage of working hours for these in comparison to other daylight metrics. To match the 16 
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ranks of glare, colour appearance and colour rendering, the percentages of working hours for 1 

UDI 100-2000 lux and Uo ≥ 0.7 also have also been classified into four ranks. According to Acosta 2 

et al. [55], a best design for daylight autonomy requires the percentage of working hours for 3 

UDI 100-2000 lux to be higher than 70%. Therefore, average UDI 100-2000 lux higher than 70% is 4 

classified to be the ‘Best’. If the percentage of working hours for average UDI 100-2000 lux is less 5 

than 50%, the period for occupant dissatisfaction with the luminous environment is longer than 6 

the period for occupant satisfaction. Therefore, when average UDI 100-2000 lux is less than 50%, 7 

daylight availability for the luminous environment is classified to be ‘Unreasonable’. 8 

Correspondingly, 60% of working hours are used as the threshold to classify ‘Good’ and 9 

‘Reasonable’. For daylight distribution, similarly, 70%, 60% and 50% of working hours are the 10 

thresholds for classifying the 4 ranks of Uo ≥ 0.7. In Tables 2 and 3, dark green block means 11 

that the window type in the left column meets the ‘Best’ rank for the criterion in the top row. 12 

Light green block means it meets the ‘Good’ rank for the criterion. Yellow and red blocks 13 

indicate the related window types meet ‘Reasonable’ or ‘Unreasonable’ ranks for the criteria 14 

respectively. As shown in Tables 2 and 3, all the window types are classified to be ‘Best’ for 15 

both colour appearance and colour rendering criteria. For WWR 60%, CdTe-20% and CdTe-16 

30% demonstrates the best performances as all of the criteria have reached ‘Best’ or ‘Good’ 17 

ranks, while clear double glazing performs the worst. Although CdTe-40% and CdTe-50% 18 

result in the most uniform daylight distribution on the task area, they only achieve ‘Reasonable’ 19 

rank for daylight availability. In addition, CdTe-50% provides ‘Unreasonable’ rank for glare 20 

due to over 16.4% of working hours suffer from intolerable glare with the integration of CdTe-21 

50%. For WWR 30%, as shown in Table 3, CdTe-40% and CdTe-50% have the best 22 

performance among all these window types, due to the ranks for all the criteria for CdTe-40% 23 

and CdTe-50% are better than or equivalent to ‘Reasonable’. Clear double glazing still presents 24 

the worst performance. For CdTe-20% and CdTe-30%, they can give rise to the highest daylight 25 

availability and also can significantly reduce the risk of glare caused by daylight. However, 26 

they result in less uniform daylight distribution on the task area, i.e. Uo> 0.7 reduced from 39% 27 

for clear double glazing to approximate 30% for CdTe-20% and CdTe-30%. 28 

  29 

 30 

 31 

 32 

 33 



26 

 

Table 2 Rankings of different types of window under all the criterial factors under 60% 1 

WWR. 2 
Under 

60% 

WWR 

Daylight 

Quantity 
Daylight Quality 

Overall 

ranking 
Window 

type 
daylight available Daylight glare 

Daylight 

distribution 

Colour quality 

(6500K scenarios) 

Colour 

appearance 

Colour 

rendering 

Clear 

double 

glazing 

Average 

UDI 100-2000 lux 

=34% 

DPG ≤ 0.45= 

63.1% 
Uo ≥ 0.7 = 69.4% CCT=6621K CRI=99.3 5 

CdTe-20% 

Average 

UDI 100-2000 lux 

=69% 

DPG ≤ 0.35= 

98.4% 
Uo ≥ 0.7 = 65.6% CCT=5295K CRI=96.7 1 

CdTe-30% 

Average 

UDI 100-2000 lux 

=64% 

DPG < 0.4= 93.6% Uo ≥ 0.7 = 66.9% CCT=4955K CRI=96.3 2 

CdTe-40% 

Average 

UDI 100-2000 lux 

=59% 

DPG < 0.4= 92.4% Uo ≥ 0.7 = 70.7% CCT=4847K CRI=96.8 3 

CdTe-50% 

Average 

UDI 100-2000 lux 

=50% 

DPG ≤ 0.45= 

83.6% 
Uo ≥ 0.7 = 72.6% CCT=5124K CRI=96.5 4 

* Indications of ranks in the table 

Best  Good  Reasonable  Unreasonable  

 3 

Table 3 Rankings of different types of window under all the criterial factors under 30% 4 

WWR. 5 

Under 30% 

WWR 
Daylight Quantity Daylight Quality 

Overall 

ranking Window 

type 
daylight available Glare distribution 

Colour quality 

(6500K scenarios) 

Colour 

appearance 

Colour 

rendering 

Clear 

double 

glazing 

Average 

UDI 100-2000 lux =56% 
DPG ≤ 0.45= 89% Uo ≥ 0.7 = 38.7% CCT=6621K CRI=99.3 5 

CdTe-20% 
Average 

UDI 100-2000 lux =71% 

DPG ≤ 0.35= 

99.5% 
Uo ≥ 0.7 = 28.9% CCT=5295K CRI=96.7 3 

CdTe-30% 
Average 

UDI 100-2000 lux =70% 

DPG ≤ 0.35= 

97.8% 
Uo ≥ 0.7 = 29.2% CCT=4955K CRI=96.3 4 

CdTe-40% 
Average 

UDI 100-2000 lux =68% 

DPG ≤ 0.35= 

96.9% 
Uo ≥ 0.7 = 50.1% CCT=4847K CRI=96.8 1 

CdTe-50% 
Average 

UDI 100-2000 lux =65% 
DPG < 0.4= 93.8% Uo ≥ 0.7 = 50.9% CCT=5124K CRI=96.5 2 

* Indications of ranks in the table 

Best  Good  Reasonable  Unreasonable  

 6 

 7 
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6. Conclusions 1 

PV windows can significantly improve buildings’ energy performance compared with the 2 

conventional window systems because of its additional power generation advantages. However, 3 

its daylighting performance, which can significantly affect occupants’ visual comfort, needs to 4 

be explored in details. In this study, the daylighting performance in terms of daylight quantity 5 

and daylight quality for four types of CdTe PV windows and clear double glazing were 6 

investigated. Annual dynamic simulation was used to obtain the indicated metrics (UDI, DGPs, 7 

Uo), which were used to evaluate daylight availability, daylight distribution uniformity and 8 

daylight glare of applying of CdTe PV windows. CIE standard calculation method was used to 9 

calculate CCT and CRI, which are used to quantify the colour quality of applying of CdTe PV 10 

windows. The following conclusions can be drawn: 11 

1. UDI indicates that applying CdTe PV window under large WWR (i.e. 60%) can 12 

significantly increase the percentage of working hours falling into the useful illuminance 13 

(UDI100-2000lux) and desirable illuminance (UDI500-2000 lux) bins.  14 

2. The presence of all types of CdTe PV windows can reduce the potential of daylight glare. 15 

3. For daylight uniformity evaluation, it was found that CdTe PV windows with high 16 

transparencies (i.e. CdTe-40% and CdTe-50%) are more approvable for small WWR.  17 

4. Daylight transmitted through CdTe PV windows has more potential to reduce its CCT to a 18 

lower level compared with a clear double glazing.  19 

5. Daylight transmitted through all these four types of CdTe PV windows can result a 20 

favourable colour rendering property under three tested daylight scenarios (general CRI of 21 

four CdTe PV windows are all higher than 95). 22 

The addressed conclusion in this research would be valuable for building designers and 23 

decision-makers to determine the appropriate application of semi-transparent CdTe PV window, 24 

and therefore ensure a comfort luminous built environment. 25 

More accurate and advance colour quality metrics such as Colour Quality Scale, Memory 26 

Colour Rendering Index, Feeling of Contrast Index, etc. can be applied in future work for light 27 

colour quality evaluation for PV windows. Furthermore, a more comprehensive analysis 28 

consisting of thermal, daylighting and electrical performance for PV windows needs to be 29 

further conducted to provide a better understanding of this application. 30 

 31 



28 

 

Acknowledgments 1 

This work is funded by the Innovate UK Research Project E-IPB-TS/P009263/1-102880. The 2 

authors acknowledge the funding agency for its support. 3 

References 4 

  5 

1. Skandalos, N. and D. Karamanis, PV glazing technologies. Renewable and Sustainable Energy Reviews, 6 
2015. 49: p. 306-322. 7 

2. Norton, B., et al., Enhancing the performance of building integrated photovoltaics. Solar Energy, 2011. 8 
85(8): p. 1629-1664. 9 

3. Chow, T.-t., C. Li, and Z. Lin, Innovative solar windows for cooling-demand climate. Solar Energy 10 
Materials and Solar Cells, 2010. 94(2): p. 212-220. 11 

4. Gustavsen, A., et al., Key elements of and material performance targets for highly insulating window 12 
frames. Energy and Buildings, 2011. 43(10): p. 2583-2594. 13 

5. Zhang, W. and L. Lu, Overall energy assessment of semi-transparent photovoltaic insulated glass units 14 
for building integration under different climate conditions. Renewable Energy, 2019. 134: p. 818-827. 15 

6. Barman, S., et al., Assessment of the efficiency of window integrated CdTe based semi-transparent 16 
photovoltaic module. Sustainable Cities and Society, 2018. 37: p. 250-262. 17 

7. Miyazaki, T., A. Akisawa, and T. Kashiwagi, Energy savings of office buildings by the use of semi-18 
transparent solar cells for windows. Renewable Energy, 2005. 30(3): p. 281-304. 19 

8. Acosta, I., et al., Analysis of daylight factors and energy saving allowed by windows under overcast sky 20 
conditions. Renewable Energy, 2015. 77: p. 194-207. 21 

9. Acosta, I., J. Navarro, and J.J. Sendra, Lighting design in courtyards: Predictive method of daylight 22 
factors under overcast sky conditions. Renewable Energy, 2014. 71: p. 243-254. 23 

10. Mavromatidis, L.E., X. Marsault, and H. Lequay, Daylight factor estimation at an early design stage to 24 
reduce buildings' energy consumption due to artificial lighting: A numerical approach based on Doehlert 25 
and Box–Behnken designs. Energy, 2014. 65: p. 488-502. 26 

11. Moon, P. and D. Spencer, Illumination from a nonuniform sky, Ilium. 1942, Eng. 27 
12. CIE, S., 011/E: 2003 Spatial distribution of daylight-CIE standard general sky. CIE Central Bureau, 28 

Vienna, 2004. 29 
13. H.W. Li, D., et al., A review of calculating procedures on daylight factor based metrics under various 30 

CIE Standard Skies and obstructed environments. Vol. 112. 2016. 31 
14. Nabil, A. and J. Mardaljevic, Useful daylight illuminances: A replacement for daylight factors. Energy 32 

and Buildings, 2006. 38(7): p. 905-913. 33 
15. Reinhart, C.F., J. Mardaljevic, and Z. Rogers, Dynamic Daylight Performance Metrics for Sustainable 34 

Building Design. LEUKOS, 2006. 3(1): p. 7-31. 35 
16. Mangkuto, R.A., M. Rohmah, and A.D. Asri, Design optimisation for window size, orientation, and wall 36 

reflectance with regard to various daylight metrics and lighting energy demand: A case study of buildings 37 
in the tropics. Applied Energy, 2016. 164: p. 211-219. 38 

17. Li, L., M. Qu, and S. Peng, Performance evaluation of building integrated solar thermal shading system: 39 
Building energy consumption and daylight provision. Energy and Buildings, 2016. 113: p. 189-201. 40 

18. Bellia, L., A. Pedace, and F. Fragliasso, The role of weather data files in Climate-based Daylight 41 
Modeling. Solar Energy, 2015. 112: p. 169-182. 42 

19. Kapsis, K., V. Dermardiros, and A.K. Athienitis, Daylight Performance of Perimeter Office Façades 43 
utilizing Semi-transparent Photovoltaic Windows: A Simulation Study. Energy Procedia, 2015. 78: p. 44 
334-339. 45 

20. Sun, Y., et al., Integrated semi-transparent cadmium telluride photovoltaic glazing into windows: Energy 46 
and daylight performance for different architecture designs. Applied Energy, 2018. 231: p. 972-984. 47 

21. RiosVelasco, C., Color and Visual Comfort. The University of Texas at Austin  48 
22. Pellegrino, A. Traditional and new metrics for effective daylighting design. in Advanced Builidng Skins, 49 

Energy Forum. 2013. 50 
23. Wienold, J. and J. Christoffersen, Evaluation methods and development of a new glare prediction model 51 

for daylight environments with the use of CCD cameras. Energy and Buildings, 2006. 38(7): p. 743-757. 52 



29 

 

24. Konstantzos, I., A. Tzempelikos, and Y.-C. Chan, Experimental and simulation analysis of daylight glare 1 
probability in offices with dynamic window shades. Building and Environment, 2015. 87: p. 244-254. 2 

25. Malekafzali Ardakan, A., E. Sok, and J. Niemasz, Electrochromic glass vs. fritted glass: an analysis of 3 
glare control performance. Energy Procedia, 2017. 122: p. 343-348. 4 

26. Hirning, M.B., G.L. Isoardi, and V.R. Garcia-Hansen, Prediction of discomfort glare from windows under 5 
tropical skies. Building and Environment, 2017. 113: p. 107-120. 6 

27. Cannavale, A., U. Ayr, and F. Martellotta, Energetic and visual comfort implications of using perovskite-7 
based building-integrated photovoltaic glazings. Energy Procedia, 2017. 126: p. 636-643. 8 

28. CIBSE, CIBSE. Guide A - Environmental Design. . 2006, CIBSE Publications: London. 9 
29. BSI, BS EN 12464-1:2011 Light and lighting — Lighting of work places Part 1: Indoor work places. 10 

2011: BSI Standards Publication. 11 
30. Ochoa, C.E., et al., Considerations on design optimization criteria for windows providing low energy 12 

consumption and high visual comfort. Applied Energy, 2012. 95: p. 238-245. 13 
31. Chraibi, S., et al., Influence of wall luminance and uniformity on preferred task illuminance. Building 14 

and Environment, 2017. 117: p. 24-35. 15 
32. Zomorodian, Z.S., S.S. Korsavi, and M. Tahsildoost, The Effect of Window Configuration on Daylight 16 

Performance in Classrooms: A Field and Simulation Study. International Journal of Architectural 17 
Engineering & Urban Planning, 2016. 26(1): p. 15-24. 18 

33. Ghosh, A. and T.K. Mallick, Evaluation of colour properties due to switching behaviour of a PDLC 19 
glazing for adaptive building integration. Renewable Energy, 2018. 120: p. 126-133. 20 

34. Platzer, M.K.e.G.U.a.O.K.o.W.J., Color rendering properties of interior lighting influenced by a 21 
switchable window. 2004. 22 

35. Ghosh, A. and B. Norton, Interior colour rendering of daylight transmitted through a suspended particle 23 
device switchable glazing. Solar Energy Materials and Solar Cells, 2017. 163: p. 218-223. 24 

36. Aste, N., et al., Integration of a luminescent solar concentrator: Effects on daylight, correlated color 25 
temperature, illuminance level and color rendering index. Solar Energy, 2015. 114: p. 174-182. 26 

37. Lynn, N., L. Mohanty, and S. Wittkopf, Color rendering properties of semi-transparent thin-film PV 27 
modules. Building and Environment, 2012. 54: p. 148-158. 28 

38. Ghosh, A., S. Sundaram, and T.K. Mallick, Colour properties and glazing factors evaluation of 29 
multicrystalline based semi-transparent Photovoltaic-vacuum glazing for BIPV application. Renewable 30 
Energy, 2019. 131: p. 730-736. 31 

39. Berardi, U. and H.K. Anaraki, Analysis of the Impacts of Light Shelves on the Useful Daylight 32 
Illuminance in Office Buildings in Toronto. Energy Procedia, 2015. 78: p. 1793-1798. 33 

40. Sun, Y., Y. Wu, and R. Wilson, Analysis of the daylight performance of a glazing system with Parallel 34 
Slat Transparent Insulation Material (PS-TIM). Energy and Buildings, 2017. 139: p. 616-633. 35 

41. Reinhart, C.F., Daylight performance predictions. 2011. 36 
42. Sun, Y., Y. Wu, and R. Wilson, A review of thermal and optical characterisation of complex window 37 

systems and their building performance prediction. Applied Energy, 2018. 222: p. 729-747. 38 
43. Wienold, J., Dynamic daylight glare evaluation. 2009. 39 
44. Boyce, P.R., Human Factors in Lighting, Third Edition. 2014. 40 
45. 13.3-1995, C., METHOD OF MEASURING AND SPECIFYING COLOUR RENDERING PROPERTIES 41 

OF LIGHT SOURCES 1995, COMMISSION INTERNATIONALE DE L'ECLAIRAGE. 42 
46. CIE, CIE 13.3-1995 Method of measuring and specifying color rendering properties of light sources. 43 

1995. 44 
47. Wilson, H.R. High-Performance Glazing. in ISES Summer Workshop. 2006. 45 
48. Reinhart, C.F. and S. Herkel, The simulation of annual daylight illuminance distributions — a state-of-46 

the-art comparison of six RADIANCE-based methods. Energy and Buildings, 2000. 32(2): p. 167-187. 47 
49. Saxena, M., et al., DYNAMIC RADIANCE – PREDICTING ANNUAL DAYLIGHTING WITH VARIABLE 48 

FENESTRATION OPTICS USING BSDFS. Proceedings of SimBuild, 2010: p. 8. 49 
50. Reinhart, C.F. and O. Walkenhorst, Validation of dynamic RADIANCE-based daylight simulations for a 50 

test office with external blinds. Energy and Buildings, 2001. 33(7): p. 683-697. 51 
51. C. Chain*, D.D., M. Fontoynont, Consideration of daylight's colour. 2001. 52 
52. Mardaljevic, J., How to Maintain Neutral Daylight Illumination with SageGlass ®Electrochromic 53 

Glazing (whitepaper). 2014. 54 
53. McCamy, C.S., Correlated color temperature as an explicit function of chromaticity coordinates. 1992. 55 
54. Li, H., et al., Wavelength dependence of colorimetric properties of lighting sources based on multi-color 56 

LEDs. Optics Express, 2013. 21(3): p. 3775-3783. 57 
55. Acosta, I., M. Campano Laborda, and J. Molina, Analysis of energy savings and visual comfort produced 58 

by the proper use of windows. 2015. 59 



30 

 

56. Alrubaih, M.S., et al., Research and development on aspects of daylighting fundamentals. Renewable 1 
and Sustainable Energy Reviews, 2013. 21: p. 494-505. 2 

 3 


