
 
1 

 

Development of a Comprehensive Method to Estimate the Optical, 1 

Thermal and Electrical Performance of a Complex PV Window for 2 

Building Integration  3 

Xue Lia *, Yanyi Suna, Xiao Liua, Yang Minga, Yupeng Wua, * 4 

a Department of Architecture and Built Environment, Faculty of Engineering, The University 5 

of Nottingham, University Park, Nottingham, NG7 2RD, United Kingdom 6 

*Corresponding Authors: E-mail addresses: Xue.Li@nottingham.ac.uk (X. Li), 7 

Yupeng.Wu@nottingham.ac.uk (Y. Wu). 8 

Abstract: 9 

Increasing concerns over energy consumptions and greenhouse gas emissions in buildings have 10 

contributed to the emerging of innovative PV glazing technologies to improve the building 11 

energy performance. However, some of these glazing systems have complex structures, making 12 

it challenging to investigate their optical, thermal and electrical performance for estimating 13 

their energy saving potential in buildings. In this research, a validated Computational Fluid 14 

Dynamics (CFD) combined with a ray-tracing model has been developed to accurately predict 15 

the solar-optical properties (light transmittance and light absorptance), thermal performance 16 

(PV temperature, window temperature, and secondary heat) and electrical performance (power 17 

output) of complex PV glazing systems under varying incident angles. A ray-tracing model is 18 

developed to calculate the light transmittance of the window as well as the solar energy 19 

absorbed by each solid-element and PV cells. To estimate the temperature profile (e.g., PV 20 

temperature and window temperature) and secondary heat of the window, ray-tracing results 21 

of solar flux absorbed by each layer are transferred into a validated CFD model as boundary 22 

conditions. Using the CFD combined ray-tracing calculation illustrated above, the Solar Heat 23 

Gain Coefficient (SHGC) of the complex PV window can be obtained. Furthermore, a PV 24 

modelling algorithm is developed to predict the power output based on the simulated PV 25 

temperature. This procedure is implemented to investigate a Crossed Compound Parabolic 26 

Concentrator Photovoltaic (CCPC-PV) window, which serves as an example of a complex PV 27 

glazing system in this study. The developed optical, thermal and electrical models have been 28 

validated through experimental tests. Additionally, new configurations have been designed to 29 

explore the impact of the pitch between adjacent optics on the SHGC and power output of the 30 

window. The results show that the original window (1.77 mm-pitch) possesses the maximum 31 
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PV temperature of 64.73℃ and the maximum window inside surface temperature of 61.58 ℃ 32 

under National Fenestration Rating Council (NFRC) standard. Meanwhile the PV efficiency is 33 

15.21% and the SHGC is 0.463. The SHGC value of this innovative PV window is notably 34 

lower than that of a conventional double-glazed window with a SHGC value of 0.813, which 35 

reduces the possibility of excessive daylight and solar heat especially during the summer. 36 

Keywords: building integrated PV; complex PV window; solar heat gain coefficient; power 37 

output; CFD; ray-tracing.     38 
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Nomenclature 40 

Symbols 

 absorptance - 

τ transmittance - 

 solar incident angle  

 solar azimuth angle  

λ wavelength  nm  

 also, thermal conductivity of air W/m·K 

 efficiency - 

 temperature coefficient /℃ 

cp specific heat capacity J/(kg·K) 

A area m2 

C concentration ratio - 

D distance M 

h thermal conductance W/m2·K 

I current A 

N fraction of external solar radiation that 

absorbed by the window then released 

inward 

- 

P electrical power W 

Q heat flux W 

q heat flux per unit area W/m2 

S volume heat source W/m3 

T air temperature ℃ 

t pv temperature ℃ 

Subscripts 

a air  

e electric  

 also, exterior  

i interior  

g glass  

 also, geometry  
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h heat  

in incident  

t transmitted  

r reflected  

op optical  

pv photovoltaic  

sc short current  

st standard  

x, y cartesian coordinates  

Dimensionless numbers 

Pr Prandtl number  

Gr Grashof number  

Abbreviation 

AM air mass  

PV photovoltaic  

CPV concentrating photovoltaic  

CCPC crossed compound parabolic concentrator 

CCPC-PV crossed compound parabolic concentrator photovoltaic 

CFD computational fluid dynamics  

PS-TIM parallel slat transparent insulation material 

STPV semi-transparent photovoltaic  

SHGC solar heat gain coefficient  

VT visible transmittance  

S2S surface to surface  

WWR window to wall ratio  

  41 
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1. Introduction 42 

In building energy and daylight simulations, glass windows are typically characterised by three 43 

key metrics: U-value, Solar Heat Gain Coefficient (SHGC) and Visible Transmittance (VT) [1-44 

4]. The U-value of a building window is used to indicate the heat loss/gain through it due to 45 

indoor and outdoor environmental temperature difference [5]. Therefore, it reflects a window's 46 

thermal insulation property, with lower values being preferable for energy efficiency [6]. The 47 

VT represents the portion of visible light that passes through a glazing system, which is crucial 48 

for indoor daylighting [2, 5]. Traditional window systems often have high U-values, making 49 

them the thermal weakest part compared to other building envelope components [7, 8]. 50 

Additionally, they can lead to glare issues, especially during the summer because of the high 51 

VTs [9]. To address these issues associated with traditional window systems, innovative glazing 52 

technologies have been widely developed and investigated in recent decades [10]. For example, 53 

Sun et al. [11] investigated the thermal (U-value) and optical (VT) performance of a double-54 

glazed window with Parallel Slat Transparent Insulation Material (PS-TIM). A two-55 

dimensional CFD model was developed to explore the heat transfer into the double-glazed air 56 

cavity, both with and without PS-TIM. Additionally, a ray-tracing model was used to analyse 57 

the optical transmittance of the systems under different solar incidence angles. The results 58 

showed that incorporating a PS-TIM structure between the glass panes can reduce thermal 59 

conductance by 35%–46% while maintaining high light transmittance. 60 

The SHGC represents a crucial indicator of window properties that influences the thermal and 61 

energy performance of buildings [12]. However, there is a limited body of literature dedicated 62 

to estimating it for innovative window designs [13]. This scarcity of studies can be attributed 63 

to the complexity and challenges associated with calculating SHGC, especially for windows 64 

with complex structures and PV cells. The SHGC is defined as the fraction of external solar 65 

radiation that is admitted through a window, both directly transmitted, and absorbed by the 66 

window then subsequently conducted, convected, and radiated to the interior of the building 67 

(secondary heat) [14-16]. This definition can be expressed as Eq. (1) [17]. Where 𝜏 68 

(transmittance) and 𝛼 (absorptance) are optical properties of layers and 𝑁 is the fraction of the 69 

solar energy absorbed by window layers flowing inwards. Optical properties are all angle (𝜃) 70 

and wavelength (𝜆 ) dependent. The SHGC of a window depends not only on the material 71 

properties, such as the light transmittance and absorptance, but also the indoor and outdoor 72 

environmental conditions, such as air temperature and wind speed [18, 19]. Typical SHGC 73 

values for building windows range from 0.2 to 0.7 [5]. The lower a window’s SHCG, the less 74 



 
6 

 

solar heat it transmits [20], and vice versa. A higher SHGC is important for reducing heating 75 

loads in winter but can lead to overheating issues in summer [21]. Therefore, determining the 76 

SHGC value of a glazing system is critical for predicting its effects on the annual energy 77 

performance of a building fitted with such a glazing system [22, 23]. 78 

𝑆𝐻𝐺𝐶 = 𝜏(𝜃, 𝜆) + 𝑁 × 𝛼(𝜃, 𝜆)                                                  (1) 79 

There are various mathematical models have been developed for simulating the SHGC of 80 

different kinds of window glazing systems, such as the traditional double-glazed system [24, 81 

25] and PV glazing system [26]. Standard calculation procedures for the SHGC simulation, 82 

such as ISO15099 [24], have been developed to calculate simple glazing systems like multi-83 

pane glazing. For some complex glazing systems which cannot be simulated by existing models 84 

or the detailed information (e.g., geometry and material properties) is not available for 85 

simulation, the experimental method tends to be used. There are two calorimetric methods used 86 

for SHGC measurement: indoor calorimeter with solar simulator [16, 27-29] and outdoor 87 

calorimeters with or without sun tracking capability [30, 31]. For indoor calorimeter method, 88 

Chen [27] measured the SHGC of a selected thin-film Semi-Transparent PV (STPV) glazing 89 

using SERIS’ indoor calorimetric hot box and solar simulator. Calibrations for the spectrum, 90 

irradiance uniformity and temporal stability of the solar simulator were conducted before the 91 

actual test. The results showed that when the STPV specimen was connected to a load, the 92 

SHGC value was reduced by around 0.01- 0.03. For outdoor calorimeter, Hans et al [30] 93 

measured the SHGC of a glazing with venetian blind shading system and the measurement 94 

results were also verified using the numerical modelling.  95 

The advantage of the experimental measurement is that the measured sample is treated as a 96 

‘black box’. In other words, the structure of the window glazing is not restricted, whether it is 97 

a simple traditional system or those with complex optics and PV cells. However, the 98 

complicated procedure, time-consuming test as well as the high expense limits its wide use. 99 

Recently, the Computational Fluid Dynamics (CFD) combined ray-tracing method to calculate 100 

the temperature field and heat loss through different solar systems has been widely used [32-101 

38]. The ray-tracing technique can be used to simulate the detailed light behaviours into the 102 

system with complex structures as well as calculate the optical properties, such as the light 103 

transmittance and absorption. Then the absorbed solar energy can be input into CFD as one of 104 

boundary conditions to simulate the temperature filed and heat flow through the system. For 105 

example, Craig [32, 33] investigated the heat loss from a tubular cavity receiver, which can 106 

absorb the concentrated solar energy from a parabolic dish at various inclination angles and 107 

wind speeds. The solar energy distributed into the receiver was modelled using the ray-tracing 108 
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software, SolTrace. And then it was transformed as a volumetric source and input into a heat 109 

transfer model in CFD. The heat transfer model was validated by an experimental heating test 110 

using a blower and burner at its inlet. In the end, heat losses due to the thermal radiation out of 111 

the cavity, natural convection and forced convection were presented.  112 

The CFD combined ray-tracing method has also been paid attention by those who investigated 113 

window glazing systems. For example, Demanega et al. [39] investigated the temperature field 114 

and SHGC value of a complex fenestration system (a triple-glazed window, composed by two 115 

sealed cavities and curved commercial blinds on the exterior side) using CFD combined ray-116 

tracing method, which shows the feasibility of using this method to calculate the SHGC of the 117 

glazing system with complex structures. However, the SHGC is more complicated for 118 

window glazing system containing solar optics and PV cells, such as the Crossed 119 

Compound Parabolic Concentrator Photovoltaic (CCPC-PV) Window. This is because 120 

the heat dissipation from PV power generation also participates in the window heat 121 

transfer and those inward to the indoor space should be included in the SHGC calculation 122 

as shown in Eq. (5.2). The amount of heat released by PV power generation is affected by 123 

both of the optical efficiency (ηop) and PV conversion efficiency (ηpv). The power 124 

conversion efficiency (ηpv) is affected by the PV temperature especially for those attached 125 

to concentrators (PV temperature can reach more than 75 ℃ [40]). Therefore, to accurately 126 

calculate the SHGC of the glazing system containing complex optics and PV cells, all the above 127 

issues need to be solved. 128 

𝑆𝐻𝐺𝐶 = 𝜏 + 𝑁 × 𝛼 + 𝑁′ × 𝜂𝑜𝑝 × (1 − 𝜂𝑝𝑣)                                        (2) 129 

Where, ηop is the optical efficiency of the CCPC-PV window. ηpv is the PV conversion 130 

efficiency. 𝑁′ is the inward-flowing fraction for heat released by PV. 131 

This study is going to develop a comprehensive model to characterise the optical (light 132 

transmittance and light absorptance), thermal (PV temperature, window temperature and 133 

secondary heat), and electrical (power output) performance of complex PV window systems at 134 

different environmental conditions e.g., due to sun’s altitude and azimuth. A Crossed 135 

Compound Parabolic Concentrating Photovoltaic (CCPC-PV) window has been selected as an 136 

example for this study. To do this, a framework for combining a ray-tracing model and 137 

Computational Fluid Dynamics (CFD) model was proposed and the model development as 138 

well as the validation of the ray-tracing model and CFD model were undertaken. Meanwhile 139 

the electrical characterisation of the Concentrating PV (CPV) system has been obtained 140 

through indoor tests. The validated models were then used to simulate temperature profile (e.g., 141 
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PV temperature and window temperature) and secondary inward heat of the CCPC-PV window. 142 

To accurately predict the system output, the PV conversion efficiency was updated based on 143 

the simulated PV temperature. Finally, the SHGC and power output (obtained in this study) as 144 

well as the U-value and light transmittance (obtained in our recent work by Li et al (2023) [41])  145 

of the CCPC-PV window and its various designs were presented and compared to a similar 146 

structured double-glazed system. 147 

2. Research methodology 148 

To accurately predict the optical (light transmittance and light absorptance), thermal (PV 149 

temperature, window temperature and secondary heat) and electrical (power output) 150 

performance of the glazing system containing complex structures and PV cells, such as the 151 

CCPC-PV window, this section provides a procedure based on the CFD combined ray-tracing 152 

method as described in Fig. 1. A ray-tracing model was developed and validated in Section 2.2 153 

to simulate the light transmittance of the CCPC-PV window as well as the solar energy 154 

absorbed by each solid-element and PV cells. To estimate the heat released by PV power 155 

generation for inputting into a CFD model for window thermal characterisation later, an 156 

electrical test was conducted in Section 2.3 to obtain the electrical characteristics of the PV 157 

cell within the CCPC-PV window, such as the PV conversion efficiency at standard test 158 

condition (1000 W/m2, AM 1.5, 25 ℃) and temperature coefficient. In the end, a CFD model 159 

was established and validated in Section 2.4. The results from the ray-tracing simulation and 160 

electrical tests, such as the solar energy absorbed by each element into the CCPC-PV window 161 

and the heat released from PV power generation were input into the validated CFD model as 162 

boundary conditions to obtain the temperature profile (e.g., PV temperature and window 163 

temperature) and secondary heat of the CCPC-PV window. The power output of the CCPC-PV 164 

window was calculated from the solar energy incident on the PV surfaces and the final updated 165 

PV efficiency based on the simulated cell temperature. Following National Fenestration Rating 166 

Council (NFRC) standard [42], the other boundary conditions for those simulations were 167 

determined to obtain the SHGC of fenestration products at normal incidence condition as listed 168 

in Table 1. 169 
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 170 

Fig. 1. CFD combined ray-tracing method to predict the optical, thermal and electrical performance of the 171 

CCPC-PV window. 172 

Table 1: Boundary conditions for CFD combined ray-tracing simulations. 173 

Standards NFRC 200 

Indoor air temperature 24 ℃ 

Inside surface heat transfer coefficient 7.7 W/m2 ∙K 

Outdoor air temperature 32 ℃ 

Outside surface heat transfer coefficient 25 W/m2 ∙K 

Outdoor solar radiation  783 W/m2 

2.1 CCPC-PV window 174 

The window sample with dimensions of 600 mm (height) × 600 mm (width) × 28.06 mm 175 

(glazing thickness) × 80 mm (aluminium frame thickness), as shown in Fig. 2 (a), was provided 176 

by the University of Exeter, UK [43, 44]. The Crossed Compound Parabolic Concentrator 177 

Photovoltaic (CCPC-PV) window consists of 81 33 CCPC-PV modules (Fig. 2 (b)) arranged 178 

in a matrix of 9×9 sandwiched between two 4mm-thick glass panes. The cross-sectional view 179 

of the CCPC-PV window is shown in Fig. 2 (c) with detailed configuration. From the outer 180 

layer to the inter layer, it consists of 4 mm-thick float glass pane top, 1.5 mm-thick silicone 181 

encapsulant (Sylgard 184), 18.16 mm CCPC optics (2 mm flat joining layer + 16.16 mm 182 

parabolic shaped optics), 0.2 mm-thick Sylgard 184, 0.2 mm-thick crystalline silicon solar cells 183 

(1 cm2 area for each cell) and 4 mm-thick float glass pane bottom. Fig. 2 (d) illustrates the 184 

geometry of a single CCPC optic with a geometric concentration ratio of 3.6.  185 
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 186 

                             (a)                                                                                (b)                                                   187 

 188 
                              (c)                                                                                            (d) 189 

Fig. 2. Pictures of the (a) CCPC-PV window, (b) 3×3 CCPC-PV unit, (c) cross sectional view of the CCPC-PV 190 

window with detailed configuration, and (d) schematic sketch of a single CCPC optic. 191 

For the original CCPC-PV window design, the horizontal and vertical pitches between two 192 

adjacent CCPC entry apertures are 1.77 mm. In addition to the original design, different 193 

horizontal pitches (Dx) and vertical pitches (Dy) were explored to study their effects on the 194 

overall window performance. 195 

 196 
Fig. 3. Different configurations. For left three models, Dx=5 mm & Dy= (a) 5 mm, (b) 15 mm and (c) 30 mm; for 197 

right three models, Dy=5 mm & Dx= (d) 15 mm, (e) 30 mm, and (f) reference double-glazed window. 198 

2.2 Ray-tracing model and validation 199 

In this section, a ray-tracing model for the CCPC-PV window was developed (Section 2.2.1) 200 

and the mode validation (Section 2.2.2) was conducted based on small CPV prototypes using 201 

spectrometer and solar simulator under indoor conditions. After the model validation, the 202 

developed CCPC-PV window model with dimensions of 600 mm (length) × 600 mm (height) 203 

× 28.06 mm (thickness) was used to simulate the detailed solar-optical properties including the 204 
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solar energy absorbed by each solid element and the solar energy incident on PV surfaces. Fig. 205 

4 shows the light flow through a 33 CCPC-PV window prototype. The radiation density (qin) 206 

was assumed as 783 W/m2 based on NFRC standard (Table 1). The solar energy absorbed by 207 

each element includes Age for external glass pane, As for flat sylgard layer, Aft for flat topas 208 

layer, Ac for CCPC optics, Agi for internal glass pane as well as those absorbed by PV cells 209 

(𝑄𝑝𝑣 = 𝑄𝑒 + 𝑄ℎ) (𝑄𝑒 represents the generated power while 𝑄ℎ represents the released heat). 210 

The ray-tracing simulation results for the CCPC-PV window and its various designs can be 211 

found in Section 3.1, which will be ultimately input into the CFD model in Section 2.4 for 212 

thermal characterisation. 213 

 214 

Fig. 4. Light flow through the CCPC-PV window. 215 

2.2.1 Ray-tracing model 216 

This section provides detailed information of the ray-tracing model established using 217 

commercial software, TracePro. In the simulation, the incident rays were considered as beam 218 

radiation, in other words, all the rays entering the CCPC-PV window contained the same 219 

amount of energy and were spaced evenly. Based on the ray independence test as demonstrated 220 

in Table 2, 119401 rays were applied on the entry surface of the CCPC-PV window. The solar 221 

irradiance was set as 783 W/m2 (Table 1) for the solar grid source and the spectrum was 222 

simplified to be with a single - wavelength of 0.5461μm. The optical properties of the materials 223 

used in the CCPC-PV window at single-wavelength spectrum can be found in Table 3.  224 

 225 

 226 

 227 

 228 

 229 
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 230 

Table 2. Independent test results of the light source for the ray-tracing simulation. 231 

The number of rays 
Total solar radiation incident on window outside surface (W/m2) 

0° incident angle 30° incident angle 60° incident angle 

29701 1000.3 864.54 501.13 

119401 999.72 865.92 499.80 

269101 999.12 865.17 499.57 

478801 999.79 865.74 499.95 

748501 999.49 865.56 499.61 

1078201 999.37 865.64 499.30 

Table 3. Optical properties of the materials used in the ray-tracing model [11, 44].  232 

Material properties Float glass Sylgard 184 
Topas (Polyolefin/Zeonex: 

COC Polymer) 

Refraction index 1.52 1.42 1.53 

Absorption coefficient (/mm) 0.01 0.01 0.002 

Fig. 5 illustrates the symmetry property of one CCPC optic, and it is also the same for the 233 

CCPC-PV window. There are four planes of symmetry including the East-West (E-W) plane, 234 

North-South (N-S) plane and two diagonal planes (NE-SW and NW-SE) and the angle between 235 

the diagonal plane and N-S plane or E-W plane is 45°. Rays from different planes can be 236 

transferred into a range from 0° (N-S) to 45° (NE-SW) as all of the incident rays are symmetric 237 

about these four planes, which have the same light behaviour into the CCPC optic and CCPC-238 

PV window. In this study, simulations were conducted at different incident angles from 0° to 239 

90° with 10° interval and different plane angles from 0° to 45° with 15° interval. 240 

 241 

Fig. 5. Incident angle and plane angle of the CCPC optic. 242 

2.2.2 Model validation 243 

In this section, three indoor tests were carried out to validate the ray-tracing model using small 244 

CPV prototypes with various devices such as solar simulator and spectrometer. The validated 245 

model was then transferred for a full-size CCPC-PV window model with dimensions of 600 246 
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mm (length) × 600 mm (height) × 28.06 mm (thickness) to investigate the solar-optical 247 

properties of the CCPC-PV window. 248 

2.2.2.1 Validation based on CPV attached with B270 covers 249 

In this section, CPV prototypes with CCPC optic made of glass and topas (Polyolefin/Zeonex: 250 

COC Polymer) materials as shown in Fig. 6 (a) and (b) were used to conduct the ray-tracing 251 

model validation, respectively. Fig. 6 (c) shows the detailed configuration of these two 252 

prototypes. From the outer layer to the inter layer, it is composed of 1.1 mm-thick B270 glass 253 

cover, 0.5 mm-thick encapsulant layer (sylgard 182), 16.16 mm-thick CCPC optic, 0.5 mm-254 

thick encapsulant layer, 0.2 mm-thick crystalline silicon solar cell (with area of 1 cm × 1 cm) 255 

[43], 1.0 mm-thick encapsulant layer and 1.1 mm-thick B270 glass cover. In addition, a T-type 256 

thermocouple was attached at the back of the PV cell to monitor the PV temperature. 257 

    258 
  (a)                                                                        (b) 259 

                                     260 
   (c) 261 

Fig. 6. Images of (a) glass CPV and (b) topas CPV attached with B270 covers as well as (c) its detailed 262 

configuration. 263 

Fig. 7 (a) demonstrates the indoor test setup for ray-tracing model validation. The solar 264 

simulator (Oriel Sol3A Model 94063A) from Newport Corporation, which was used to provide 265 

the solar radiation with intensity of 1000 W/m2 over a 152.4 mm × 152.4 mm area, is a class 266 

AAA category, and it is suitable for indoor test of PV modules and solar cells. The solar cell 267 

into the CPV was linked to a Keithley 2420 source meter unit via a four-wire connection 268 

method to measure its current-voltage (I-V) characteristics [45]. Besides, a fan was located 269 
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behind the CPV prototype to control the cell temperature at around 25 ℃, which was monitored 270 

by a T-type thermocouple connected to a datalogger DT85. The corresponding ray-tracing 271 

model used for the model validation was established as shown in Fig.7 (b). The optical 272 

properties of materials into CPV prototypes can be found in Table 4. 273 

 274 
                                                        (a)                                                                         (b) 275 

Fig. 7. (a) Schematic of the indoor test setup and (b) ray-tracing model. 276 

Table 4: Optical properties of the materials used in the ray-tracing model validation [44, 46] 277 

Material properties B270 glass 

Topas 

(Polyolefin/Zeonex: 

COC Polymer) 

Glass  

(Crown:  

CDGM –K) 

Sylgard 182 

Refraction index 1.523 1.53 1.523 1.41 

Absorption coefficient (/mm) 0.0008 0.002 0.00007 0.01 

The optical efficiency, which was defined as the ratio of the total solar energy incident on the 278 

solar cell to the total incident solar energy on the entry concentrator [47], can be calculated by 279 

Eq. (3) and (4). As the ratio of the entry area of the concentrator (𝐴𝑖𝑛) and the area of the solar 280 

cell (𝐴𝑝𝑣) was defined as a geometric concentration ratio (𝐶𝑔) [47], the optical efficiency can 281 

also be calculated using Eq. (5). Because of the linearity property of the PV cell between the 282 

short circuit current output and the incident irradiance [48], the optical efficiency can also be 283 

estimated based on  Eq. (6) [49, 50].  284 

𝜂 =
𝑄𝑝𝑣

𝑄𝑖𝑛
                                                                          (3) 285 

𝜂 =
𝑞𝑝𝑣𝐴𝑝𝑣

𝑞𝑖𝑛𝐴𝑖𝑛
                                                                     (4) 286 

𝜂 =
𝑞𝑝𝑣

𝑞𝑖𝑛𝐶𝑔
                                                                       (5) 287 

𝜂 =
𝐼𝑠𝑐,𝑐𝑜𝑛

𝐼𝑠𝑐,𝑛𝑜𝑐𝑜𝑛 × 𝐶𝑔
                                                             (6) 288 

Where, 𝑄𝑝𝑣 is the solar energy incident on the PV surface, W. 𝑞𝑝𝑣 is the solar energy incident 289 
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on the PV surface per PV area (W/m2). 𝑄𝑖𝑛 is the solar energy incident on the concentrator 290 

entry surface, W. 𝑞𝑖𝑛 is the solar energy incident on the concentrator entry surface per entry 291 

surface area (W/m2). 𝐶𝑔 is the geometric concentration ratio, 3.61 for the CCPC optic. 𝐼𝑠𝑐,𝑐𝑜𝑛 292 

is the short circuit current of the PV cell attached with a concentrator, A. And 𝐼𝑠𝑐,𝑛𝑜𝑐𝑜𝑛 is the 293 

short circuit current of a bare PV cell, A. 294 

The measurement results including the short circuit current of CPV prototypes and a bare PV 295 

cell (same electrical characteristics with those used in CPV prototypes) under the same cell 296 

temperature (25 ℃) are listed in Table 5. Using Eq. (6), the optical efficiency was calculated 297 

as 82.0% and 80.2% for those attached with glass- and topas-optic, respectively. The ray-298 

tracing results show that the incident energy on the PV surface is 3344.8 W/m2 and 3195.2 299 

W/m2 for those attached with glass- and topas-optic, respectively. Using Eq. (4), the 300 

corresponding optical efficiency was calculated as 92.5% and 88.6%. The optical efficiency 301 

calculated based on indoor test results is 10.5% and 8.4% lower than that from ray-tracing 302 

simulation results. This large deviation might result from the thick encapsulant 303 

connection/optical bond between individual components causing optical loss. To be more 304 

specific, the sylgard between the front cover and optics, and that at the front and rear of solar 305 

cell might cause rays near borders to escape from the system due to similar refractive index 306 

between the CCPC optic and encapsulant. Further investigation about the losses is going to be 307 

discussed in Section 2.2.2.2. 308 

Table 5: Optical efficiency of glass CPV and topas CPV (attached with B270 covers) calculated based on indoor 309 

test results and ray-tracing results. 310 

PV systems 

Indoor test Ray-tracing simulation 

Measured 

Isc(mA) 

Optical efficiency 

(%) 

Incident irradiance 

on PV(W/m2) 

Optical efficiency 

(%) 

Glass CPV with B270 cover 111.3 82.0 3344.8 92.5 

Topas CPV with B270 cover 108.0 80.2 3195.2 88.6 

Bare PV cell 37.3 - 1000 - 

2.2.2.2 Validation based on CPV 311 

To reduce errors leading to the above large deviation between the indoor test results and ray-312 

tracing results, two B270 glass covers as well as the encapsulant connections between the CPV 313 

unit and two covers were removed and only a glass CPV (optics bonded to the PV) and topas 314 

CPV as shown in Fig. 8 were used to conduct the validation, respectively. 315 
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     316 
                                        (a)                                                                                   (b) 317 

Fig. 8. Images of a (a) glass CPV and (b) topas CPV. 318 

The indoor test results show the short circuit current of 116.3 mA for glass CPV and 112.3 mA 319 

for topas CPV under 1000 W/m2 solar radiation and 25 ℃ PV temperature, respectively. Based 320 

on above indoor test results, the optical efficiency is 86.4% for glass CPV and 83.4% for topas 321 

CPV, respectively. From ray-tracing simulation for similar design, it was obtained that the solar 322 

energy incident on the PV surface is 3370.3 W/m2 for the glass CPV and 3216 W/m2 for the 323 

topas CPV. The optical efficiency is 93.4% and 89.2% for glass CPV and topas CPV, 324 

respectively. 325 

Table 6 summarises the optical efficiency obtained based on the indoor test results and ray-326 

tracing results. The optical efficiency calculated based on the indoor test results is 7.0% (glass 327 

CPV) and 5.8% (topas CPV) lower than that calculated based on the ray-tracing results. 328 

Compared with the results in the last section, the deviation between indoor test results and ray-329 

tracing results becomes smaller (from 10.5% to 7.0% for glass CPV and from 8.4% to 5.8% 330 

for topas CPV). For the ray-tracing simulation, the optical efficiency does not consider losses 331 

associated with the solar cell, such as the non-uniform energy distribution at the solar cell 332 

surface, series resistance losses, etc., which all contribute to a higher efficiency value. For the 333 

experimental test, the manufacture error, such as the bubble existing between the PV surface 334 

and CCPC optic and the inevitable spreading of the encapsulant to the border of the CCPC 335 

optic all result in a lower efficiency value. Therefore, further verification has been carried out 336 

based on a single CCPC optic discussed in Section 2.2.2.3. 337 

Table 6: Optical efficiency of the glass CPV and topas CPV (without B270 covers) calculated based on indoor 338 
test results and ray-tracing results. 339 

PV systems 

Indoor test Ray-tracing simulation 

Measured Isc 

(mA) 

Optical efficiency 

(%) 

Incident irradiance on PV 

(W/m2) 

Optical efficiency 

(%) 

Glass CPV 116.3 86.4 3370.3 93.4 

Topas CPV 112.3 83.4 3216 89.2 

Bare PV cell 37.3 - 1000 - 
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2.2.2.3 Validation based on CCPC 340 

Based on the above analysis, the encapsulant (Sylgard 182) connection between the CCPC 341 

optic and PV cell is inevitable to increase the optical loss. In this section, only the CCPC optic 342 

made of glass as shown in Fig. 9 was used to conduct the model validation. The optical flux 343 

transmitted through the CCPC optic was measured at various distances from the exit aperture 344 

of the CCPC optic and the measured results were then used to compare the data from the ray-345 

tracing simulation. 346 

  347 
Fig. 9. CCPC optic made of glass. 348 

Fig. 10 (a) shows the experimental setup for model validation based one glass CCPC optic. 349 

The solar simulator was also used to provide solar radiation (1000 W/m2 total intensity and 560 350 

W/m2 visible part). An irradiance probe comprised of an Ocean Optics 100-μm-core-diameter 351 

optical fibre and an Ocean Optics CC-3-UV cosine corrector was held against the rear of CCPC 352 

optic and connected to an Ocean Optics USB2000+ spectrometer (with a wavelength range of 353 

350–1000 nm and a resolution of 0.5 nm) to detect the light (only visible part) transmitted 354 

through the CCPC optic. Then this irradiance probe was located at different distances (4, 5, 7, 355 

10 and 15 mm) from the exit aperture of the CCPC optic to check its effect on the received 356 

optical flux. The measurement was repeated four times for each distance and the averaged 357 

value was then used to compare the ray-tracing simulation results. The corresponding ray-358 

tracing model was established as shown in Fig. 10 (b). A solar source was used to provide 560 359 

W/m2 solar radiation (only visible part) to the entry aperture of the CCPC optic. As the light 360 

rays emitted from the solar simulator possess a maximum angle of incident of 5 (half angle) 361 

during the indoor test, the ray-tracing simulation was also conducted at 0° and 5° incident 362 

angles to mimic the effect of this collimation angle on the validation results. A perfect absorber 363 

with 3.9 mm diameter was located at the rear of the CCPC optic to simulate the cosine corrector 364 

during the indoor test. 365 
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 366 
                                         (a)                                                                                           (b)  367 

Fig. 10. (a) Schematic for indoor test setup and (b) corresponding ray-tracing model. 368 

Fig. 11 compares the results of the indoor tests with the ray-tracing simulation for the optical 369 

flux received by the probe located at various distances. The ray-tracing simulation shows that 370 

the optical flux received by the perfect absorber increases first then decreases from 3.5 mm. It 371 

keeps unchanged from 15 mm distance under 0° incident angle. This is because only the 372 

directly transmitted solar radiation can be received by the absorber when the distance between 373 

the absorber and exit aperture of CCPC optic is larger than 15 mm. The optical flux received 374 

by the absorber continuously decreases after the 15 mm distance when the incident angle is 5°. 375 

Based on the above ray-tracing results, the irradiance probe was located within 15 mm, such 376 

as 4 mm, 5 mm, 7 mm, 10 mm and 15 mm from the exit aperture of the CCPC optic during the 377 

indoor test to minimise the effect of the collimation angle on the received optical flux. The 378 

validation results show that the deviations between indoor test results and simulation results 379 

are all within 4% across all distances. 380 

  381 

Fig. 11. Comparison between indoor test results and ray-tracing results. 382 
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2.2.2.4 Summary of the ray-tracing model validation 383 

This section summarises three validations for the ray-tracing model. For the first validation, 384 

the deviation of the optical efficiency calculated based on the indoor test results and ray-tracing 385 

results is large (10.5% for glass CPV and 8.4% for topas CPV). This is because the encapsulant 386 

connection between the CPV prototype and B270 covers results in large optical loss, which 387 

was not considered in the ray-tracing simulation. Through removing the B270 covers as well 388 

as the encapsulant connections between B270 covers and CPV units, this deviation can be 389 

reduced to 7.0% for glass CPV and 5.8% for topas CPV during the second validation. To further 390 

minimise the deviation between the indoor test and ray-tracing simulation, the PV cell as well 391 

as the encapsulant connection between the PV cell and CCPC optic were all removed and the 392 

(third) validation was conducted using a CCPC optic alone. The validation results showed that 393 

the deviations of the optical flux transmitted through the CCPC optic then received by the probe 394 

during the indoor test and simulation are all within 4% for all probe positions. 395 

The above prototypes used for the ray-tracing model validations were also chosen to conduct 396 

the electrical test for the CPV system as well as the CFD model validation in following sections. 397 

The glass CPV and topas CPV without B270 covers (Fig. 8) were used to conduct the electrical 398 

tests in the following Section 2.3 to minimise the effect of the optical loss on the electrical 399 

characteristic of the CPV system. Those attached with B270 covers (Fig. 6) were chosen to 400 

conduct the CFD model validation in Section 2.4.2 to ensure the same boundary conditions 401 

applied as those used for the CCPC-PV window. The heat released by the PV cell into the CPV 402 

prototypes need to be input into the CFD model for model validation. However, there is a large 403 

deviation for the solar energy incident on the PV surface obtained from the indoor test and ray-404 

tracing simulation for the CPV units attached with B270 covers. Therefore, both of the indoor 405 

test results and ray-tracing results of the solar energy incident on the PV surface were used to 406 

estimate the heat released by PV power generation and then input into the CFD model to 407 

conduct the model validation. 408 

2.3 Electrical characterisation of CPV 409 

The validated ray-tracing model as described in the last section can be used to simulate the 410 

amount of optical flux absorbed by each solid element as well as the PV cells into the CCPC-411 

PV window. However, to estimate the heat dissipation from the PV power generation for 412 

inputting into the CFD model (in the next section) for thermal characterisation, the electrical 413 

characteristics, such as the PV conversion efficiency at standard test condition (1000 W/m2, 414 

AM 1.5, 25 ℃) as well as the temperature coefficient need to be obtained before the CFD 415 
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simulation. In this section, the glass CPV and topas CPV (without B270 covers) as shown in 416 

Fig. 8 were used as samples and the indoor test setup as shown in Fig. 7 was used to conduct 417 

the electrical test. Temperature control was used to keep the PV temperature gradually growing 418 

up to more than 40 ℃. The whole test lasted around 10 minutes and I-V curves of the PV cells 419 

were retrieved every 20 seconds. 420 

The simulated I-V and P-V curves under different PV temperatures and 1000 W/m2 solar 421 

radiation are illustrated in Fig. 12 and Fig. 13 for the glass CPV, topas CPV and a bare PV cell. 422 

The short circuit current does not show variation in extent for different cell temperatures while 423 

the maximum power point and open circuit voltage point shift downwards as the operating 424 

temperature of the PV cell increases from the room temperature to more than 40 ℃. The open 425 

circuit voltage decreases from 0.659 V to 0.631V, from 0.649 V to 0.604 V, and from 0.610 V 426 

to 0.582 V for the glass CPV, topas CPV and a bare PV cell during the test. The corresponding 427 

maximum power output decreases from 0.059 W to 0.055 W, from 0.053 W to 0.048 W, and 428 

from 0.017 W to 0.016 W, respectively. 429 
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          (c) 435 

Fig. 12. I-V curve at 1000 W/m2 solar radiation with different cell temperatures for (a) glass CPV, (b) topas CPV 436 

and (c) PV with no concentrator. 437 
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               (c) 443 

Fig. 13. P-V curve at 1000 W/m2 solar radiation with different cell temperatures for (a) glass CPV, (b) topas 444 

CPV and (c) PV with no concentrator. 445 

Based on above I-V and P-V curves at different cell temperatures, the relations between PV 446 

temperature and short circuit current, open circuit voltage, fill factor and PV efficiency are 447 

depicted as shown in Fig. 14. It is obvious that the PV temperature only has a slight effect on 448 

the short circuit current for the PV cell with different optics/ no optic attached as mentioned 449 

before. The open circuit voltage, maximum power output, fill factor and PV efficiency all 450 

decrease linearly with the increase of the PV temperature. As expected, the glass CPV produces 451 

the highest maximum power output. Slightly drop of the maximum power output (around 0.005 452 

W) for the topas CPV results from the higher light absorption of the topas material as well as 453 

the lower quality optical finish of the PV concentrator. As the glass CPV possesses the higher 454 

optical efficiency than that of the topas CPV and the PV efficiency is larger for a higher incident 455 

irradiance on the PV surface (optical efficiency), the PV cell attached to a glass concentrator 456 

possesses a higher conversion efficiency (19.1%) than that of the PV cell attached to a topas 457 

concentrator  (18.1%) at 25 ℃ cell temperature. The corresponding data for a bare PV cell was 458 

calculated as 17.6%. The temperature coefficients (𝛿) were predicted as 0.0031/℃, 0.0039/℃ 459 

and 0.0034/℃ for the PV cell attached to a glass concentrator, topas concentrator and no 460 

concentrator, respectively. The PV conversion efficiency (𝜂𝑝𝑣) at specific PV temperature (𝑡𝑝𝑣) 461 

can be calculated based on the standard PV conversion efficiency at 25 ℃ (𝜂𝑠𝑡) and temperature 462 

coefficient (𝛿) according to Eq. (7). This relation was used to estimate the heat released by PV 463 

power generation for inputting into the CFD model to conduct the thermal characterisation in 464 

the next section. 465 

𝜂𝑝𝑣 = 𝜂𝑠𝑡 (1 + 𝛿 × (25 − 𝑡𝑝𝑣))                                                   (7)                                              466 
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(e) 472 

Fig. 14. Relations between PV temperature and (a) short circuit current, (b) open circuit voltage, (c) maximum 473 
power output, (d) fill factor, and (e) PV efficiency. 474 

2.4 Computational fluid dynamics model and validation 475 

Before introducing the CFD model development and validation, the procedure for inputting the 476 

simulation results from the ray-tracing model in Section 2.2 and the measured PV 477 
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characteristics from the electrical test in Section 2.3 into the CFD model for thermal 478 

characterisation is illustrated in Fig. 15. Based on the ray-tracing simulation, the light 479 

transmittance (τ), solar energy absorbed by the CCPC-PV window as well as the solar energy 480 

incident on the PV cells can be obtained. For the CCPC-PV window applied to a building, part 481 

of absorbed solar energy by each element of the CCPC-PV window and released heat by PV 482 

power generation will enter indoor space by convection and radiation, which all contribute to 483 

the secondary inward heat. To estimate this secondary heat, those absorbed and released heat 484 

were converted as volume heat sources and then input into a CFD model as boundary 485 

conditions. The PV conversion efficiency (𝜂𝑝𝑣 ) was assumed as the value at standard test 486 

condition (18%) at the beginning of the simulation to estimate the heat released by PV cells, 487 

then it was iterated according to the relation between the simulated PV temperature (𝑡𝑝𝑣) and 488 

the PV conversion efficiency (𝜂𝑝𝑣
′ ) obtained through the electrical test in Section 2.3. The final 489 

updated PV efficiency was used to estimate the system output. 490 

 491 

Fig. 15. Procedure for inputting the ray-tracing simulation results and electrical test results into the CFD 492 
simulation. 493 

2.4.1 Computational fluid dynamics model 494 

In this section, a numerical simulation model was established to calculate the temperature filed 495 

(such as the PV temperature and window temperature) and secondary heat of the CCPC-PV 496 

window. Three-dimensional finite volume model was developed in the commercial CFD 497 

package FLUENT 19.1. To simplify the CFD simulation process, the following assumptions 498 

were made: (1) The enclosure was filled with air with Pr = 0.71, all thermophysical properties 499 

(e.g., cp, λ) of the fluid were assumed to be constant, except for the fluid density and viscosity, 500 

which varied with temperature. (2) The flow inside the air cavity formed by CCPC optics keeps 501 
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laminar as the Grashof (Gr) Numbers never reach the related critical value [51, 52]. (3) The 502 

Surface to Surface (S2S) radiation model was used to solve the radiative transfer equation 503 

between the internal surfaces. (4) The window geometry with a CCPC-PV matrix of 1×27 504 

rather than 27×27 was used to establish the mesh. The left and right surfaces were set as 505 

symmetry while the top and bottom surfaces were set as adiabatic. 506 

The material properties for the developed window model are listed in Table 7, and Fig. 16 507 

shows its boundary conditions. The window indoor and outdoor air temperatures and surface 508 

heat transfer coefficients were set based on NFRC standard (Table 1). In addition, the absorbed 509 

solar energy (Age, As, Aft, Ac and Agi in Fig. 4) and heat dissipated by PV power generation (Qh 510 

in Fig. 4) were assigned as volume heat sources (Sge, Ss, Sft, Sc, Sgi, and Sh) to each solid element 511 

in the CCPC-PV window model. 512 

Table 7. Material properties of the CCPC-PV window [11, 43, 44]. 513 

Material Property Unit Value 

Air 

Specific heat capacity J/kg· K 1005 

Conductivity W/m· K 0.025 

Expansion coefficient 1/K 0.00353 

Topas 

(Polyolefin/Zeonex: COC 

Polymer) 

Conductivity W/m· K 0.11 

Emissivity - 0.84 

Thickness mm 2(f)+16.16(p) 

Glass pane 

Conductivity W/m· K 1.4 

Emissivity - 0.84 

Thickness mm 4 

PV cell 
Conductivity W/m· K 149 

Thickness m 0.0004 

Sylgard 184 
Conductivity W/m· K 0.16 

Thickness mm 1.5 

  514 

Fig. 16. Boundary conditions for CFD modelling (a 33 prototype for an example) 515 

As mentioned before, the SHGC value of the CCPC-PV window can be calculated using Eq. 516 

(2). In this equation, the light transmittance (τ) can be obtained through ray-tracing simulation 517 

as described in Section 2,2, while the remaining of the right side of this equation, which was 518 

defined as 𝜌 = 𝑁 × 𝛼 + 𝑁′ × 𝜂𝑜𝑝 × (1 − 𝜂𝑝𝑣), can be calculated using Eq. (8).  519 

𝜌 = 𝑄𝑤𝑖𝑡ℎ𝑟𝑎𝑑−𝑄𝑤𝑖𝑡ℎ𝑜𝑢𝑡𝑟𝑎𝑑
𝑄𝑖𝑛

                                                                                     (8)                                           520 
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Where, Qwithrad is the total heat flux inward to the indoor space through convective and radiative 521 

heat transfer for the case of solar radiation from outside, including the heat absorbed by each 522 

element, heat released by PV and heat flux driven by indoor and outdoor air temperature 523 

difference (thermal transmittance or U-value), W. Qwithoutrad is the value for the case of no 524 

radiation, the heat flow through the window only due to thermal transmittance (U-value), W. 525 

And Qin is the total solar radiation incident on the window outside surface, W. Qwithrad and 526 

Qwithoutrad can be obtained from the CFD simulation for the case of solar radiation from outside 527 

(volume heat sources were added into each solid element) and for the case of no radiation, 528 

respectively. 529 

2.4.2 Model validation and prediction of power output 530 

Before the model validation, a large number of simulations for iterative convergence and mesh 531 

independence were conducted. Iterative convergence was achieved when normalized residuals 532 

were less than 10-3 for the continuity, and 10-7 for momentum and energy equations. The 533 

estimated results of the temperature field and secondary heat were calculated from the 534 

converged temperature and velocity fields. Mesh independency was achieved when the 535 

calculated heat flux was constant as the number of nodes increased. There is total 457564 nodes 536 

in this numerical model and the maximum aspect ratio is around 10. 537 

2.4.2.1 Indoor test 538 

Indoor tests were conducted to further check the accuracy of the numerical simulation model. 539 

The small glass CPV and topas CPV attached with B270 covers as used for the ray-tracing 540 

model validation in Fig. 6 were also employed to conduct the CFD model validation. The 541 

validated model was then transferred for a full-size CCPC-PV window model with dimensions 542 

of 600 mm (length) ×600 mm (height) ×28.06 mm (thickness) to investigate the thermal 543 

performance of the CCPC-PV window. The setup for the model validation is similar to those 544 

used for the ray-tracing model validation. However, insulation panels were used to create the 545 

adiabatic boundary conditions for the top, bottom and two side surfaces of the CPV with B270 546 

glass covers as shown in Fig. 17. This setup ensures the same boundary condition as the CCPC-547 

PV window installed into building walls. Temperature sensors and hot-wire anemometers were 548 

used to monitor the air temperature and wind speed near the test prototype. A thermocouple 549 

attached behind the PV cell was used to monitor the PV surface temperature. The fan was not 550 

used for the CFD model validation, and the PV temperature was expected to increase 551 

continuously until a steady state period. The PV temperature and power output of the CPV 552 
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prototypes were retrieved during the steady state period, and the measured results were then 553 

used to compare with the CFD simulation results for model validation. 554 

 555 

                                                    (a)                                                                                 (b) 556 

Fig. 17. (a) Indoor test setup for CFD model validation and (b) boundary conditions for CFD model 557 

2.4.2.2 CFD simulation 558 

Fig. 17 (b) shows the boundary conditions obtained from the indoor test and used for the CFD 559 

simulation in a commercial CFD software package FLUENT 19.1 for model validation. Typical 560 

heat transfer boundary conditions (air temperature, tai, tae and surface heat transfer coefficient, 561 

hi and he) and transformed volume heat sources (Sgi, Ss, Sh, Sc, and Sge) were applied to the 562 

system. As mentioned in Section 2.2.2 for ray-tracing model validation, there is a large 563 

deviation between the indoor test results and ray-tracing results in terms of the optical flux 564 

incident on the PV cell. Therefore, the heat released by PV power generation (Sh) was estimated 565 

based on the solar energy incident on the PV surface obtained from both of the ray-tracing 566 

simulation (qpv1) and indoor test (qpv2). Fig. 18 shows the procedure for inputting these two PV 567 

released heat sources terms (Sh1 and Sh2) into the CFD model to conduct the model validation. 568 

The solar energy incident on the PV surface was simulated as 3344.8 W/m2 (glass CPV) and 569 

3195.2 W/m2 (topas CPV) based on the ray-tracing results (Section 2.2.2). The corresponding 570 

indoor test results showed that the short circuit current of a bare PV was measured as 0.0373A 571 

under standard test condition (1000 W/m2, AM 1.5, 25 ℃) while the short circuit current of the 572 

glass CPV and topas CPV was measured as 0.111A and 0.108A under 25 ℃ cell temperature. 573 

Based on PV cell’s linearity property between the short circuit current and incident energy on 574 

the PV surface, the incident energy on the PV surface was calculated as 2975.9 W/m2 and 575 

2895.4 W/m2 for the glass CPV and topas CPV, respectively. The PV efficiency was assumed 576 

as 18% at the beginning of the simulation. Therefore, the proportion of the PV released heat 577 
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(Sh1) on the total solar energy incident on the outside B270 cover was calculated as 30.56% 578 

(glass CPV) and 29.41% (topas CPV) and the corresponding proportions were calculated as 579 

27.19% (glass CPV) and 26.65% (topas CPV) for PV released heat, Sh2. After all these 580 

boundary conditions inputting into the CFD model, the PV efficiency was iterated based on the 581 

simulated PV temperature and the final obtained PV temperature (tpv1 and tpv2) was compared 582 

with the experimental results (tpv). Similar with the CFD model validation, the maximum power 583 

output was also calculated based on two groups data and the calculation results (P1 and P2) 584 

were also verified with the measurement result (P). The detailed information about the thermo-585 

physical properties of the used materials as well as the boundary conditions have been listed in 586 

Table 8 below. 587 

 588 

Fig. 18. Procedure for inputting the ray-tracing simulation results and electrical test results into the CFD model 589 

to conduct the model validation. 590 

Table 8. Material properties and boundary conditions of the CFD model for model validation. 591 

Air properties: referred in Table 7 

B270 glass properties: 

Density (kg/m3) Thermal conductivity (W/m· K) Heat capacity (J/kg· K) 

2550 1 860 

PV cell properties:  

Density (kg/m3) Thermal conductivity (W/m· K) Heat capacity (J/kg· K) 

2329 [43] 149 [43] 710.08 

Topas (Polyolefin/Zeonex: COC Polymer): referred in Table 7 

Glass (Crown: CDGM –K) properties: 

Density (kg/m3) Thermal conductivity (W/m· K) Heat capacity (J/kg· K) 

2520 1 [44] 820 

Boundary conditions: 

➢ Interior glazing ➢ Exterior glazing ➢ Top, bottom and two sides end 

tai = 302.35 K 

hi = 7.7 W/m2·K 

tei = 301.75 K 

he = 7.7 W/m2·K 
Adiabatic 

➢ Heat source terms 

Components Exterior B270 (Sge) Sylgard (Ss)  CCPC (Sc) PV cell (Sh1/ Sh2) Interior B270 (Sgi) 

Glass CPV 0.11%Qin 0.48%Qin 0.05%Qin 30.56%Qin/27.19%Qin 0.06%Qin 

Topas CPV 0.11%Qin 0.47%Qin 1.34%Qin 29.41%Qin/26.65%Qin 0.06%Qin 
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*Transmittance = 52.59%, reflectance = 9.43% for glass CPV prototype; Transmittance = 52.59%, 592 
reflectance = 9.56% for topas CPV prototype. 593 

2.4.2.3 Indoor test results 594 

As for the indoor test, the total testing time is around 4 hours to achieve the steady-state 595 

condition and the average measurements of variables (such as air temperature and PV 596 

temperature) from two successive measuring periods of 0.5 h after near stability, varied within 597 

1%. The air temperature and PV temperature were averaged based on the last 0.5 hours’ steady-598 

state data. Fig. 19 (a) shows that after around 3 hours, the PV temperature and ambient 599 

temperature become stable. The temperature of PV cells into the glass CPV and topas CPV 600 

were averaged as 54.4 ℃ and 56.0 ℃ based on the last 0.5h data as shown in Fig. 19 (b). The 601 

interior and exterior air temperatures were averaged as 29.2 ℃ and 28.6 ℃. In addition to the 602 

PV temperature, three I-V curves from CPV prototypes were retrieved every 5 minutes during 603 

the steady state period and the averaged data from these three curves is shown in Fig. 20. The 604 

maximum power output was found as 0.049W and 0.046W for the glass CPV and topas CPV, 605 

respectively. 606 
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       (a)                                                                                  (b)  608 

Fig. 19. Cell temperature and ambient temperature for (a) around four hours’ light exposure and (b) last half an 609 
hour’s light exposure. 610 
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                                              (a)                                                                                     (b) 612 

Fig. 20. I-V curves retrieved from the PV cell into the (a) glass CPV prototype and (b) topas CPV prototype 613 
during the steady state period. 614 

2.4.2.4 CFD simulation results 615 

Fig. 21 shows the temperature profile of the glass CPV and topas CPV when the PV released 616 

heat calculated from ray-tracing results (Sh1) was input into the CFD model. The averaged PV 617 

temperatures for glass CPV and topas CPV were simulated as 58.9 ℃ and 64.4 ℃. Fig. 22 618 

shows the temperature profile when the PV released heat obtained from experimental results 619 

(Sh2) was input into the CFD model. The averaged PV temperatures were calculated as 55.61 ℃ 620 

and 61.03 ℃ for glass CPV and topas CPV, respectively. 621 

      622 

   (a)                                                                                          (b)  623 

Fig. 21. Temperature profile of the (a) glass CPV and (b) topas CPV for the PV released heat (Sh1) inputting into 624 

the CFD model. 625 
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      626 

               (a)                                                                                       (b) 627 

Fig. 22. Temperature profile of the (a) glass CPV and (b) topas CPV for the PV released heat (Sh2) inputting into 628 

the CFD model. 629 

Table 9 compares the PV temperature obtained from indoor tests and CFD simulations. There 630 

is a large deviation (8.3% for glass CPV and 15% for topas CPV) when the PV released heat 631 

(Sh1) was input into the CFD model. This is because a large amount of optical loss into the CPV 632 

prototype was not considered during the ray-tracing simulation. When this energy term was 633 

estimated based on the short circuit current of a bare PV cell and the CPV under same cell 634 

temperature (Sh2), there is only 2.2% deviation between the indoor test and CFD simulation for 635 

the glass CPV. The corresponding deviation for the topas CPV is 8.9%. The PV temperature 636 

from the indoor test (56.0 ℃) is lower than that from the CFD simulation (61.0 ℃). This large 637 

deviation is mainly because of the bubble generated between the PV cell and interior B270 638 

cover, which pushes the thermocouple to the edge area of the PV cell. 639 

Table 9. PV temperature of the glass CPV and topas CPV (attached with B270 covers). 640 

CPV systems Indoor test 
CFD simulation  

tpv1 (δ) tpv2 (δ) 

Glass CPV 54.4 ℃ 58.9 ℃ (8.3%) 55.6 ℃ (2.2%) 

Topas CPV  56.0 ℃ 64.4 ℃ (15.0%) 61.0 ℃ (8.9%) 

‘δ’ is the deviation between CFD simulation results and indoor test results. 641 

Based on the solar energy incident on the PV surface (𝑄𝑝𝑣) obtained during the ray-tracing 642 

model validation in Section 2.2.2 and PV temperature (𝑡𝑝𝑣) obtained in this section as well as 643 

the electrical test results of the PV efficiency at standard test condition (𝜂𝑠𝑡) and temperature 644 

coefficient (𝛼) in Section 2.3, the maximum power output of the PV cell can be calculated 645 

using Eq. (9) and Eq. (10). Considering the large optical loss into the CPV prototypes, the 646 

maximum power output was also calculated based on two groups’ data. For the first group, the 647 
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solar energy incident on the PV surface (𝑞𝑝𝑣1 ) was estimated from ray-tracing simulation 648 

results while the PV temperature (𝑡𝑝𝑣1) was obtained based on the CFD modelling when the 649 

PV released heat, Sh1 was input into the CFD model. In the second group, the solar energy 650 

incident on the PV surface (𝑞𝑝𝑣2) was estimated from the measured short circuit current while 651 

the PV temperature (𝑡𝑝𝑣2) was obtained based on the CFD modelling when the PV released 652 

heat, Sh2, was input into the CFD model. Based on these two group’s data, the maximum power 653 

output can be calculated to verify the measured results in Figure 5.17. 654 

𝑃1 = 𝑞𝑝𝑣1 × 𝐴𝑝𝑣 × 𝜂𝑠𝑡 × (1 + 𝛼 × (25 − 𝑡𝑝𝑣1))                              (9) 655 

𝑃2 = 𝑞𝑝𝑣2 × 𝐴𝑝𝑣 × 𝜂𝑠𝑡 × (1 + 𝛼 × (25 − 𝑡𝑝𝑣2))                          (10) 656 

Where, 𝑃1 and 𝑃2 are the maximum power produced by the PV cell, W. 𝑞𝑝𝑣1 and 𝑞𝑝𝑣2 are the 657 

solar energy incident on the PV cell, W/m2. 𝐴𝑝𝑣 is the cell area, m2. 𝜂𝑠𝑡 is the PV conversion 658 

efficiency under standard test condition. 𝛼 is the temperature coefficient, /℃. 𝑡𝑝𝑣1 and 𝑡𝑝𝑣2 are 659 

the PV temperature, ℃.  660 

Based on Eq. (9), the maximum power output was calculated as 0.057W and 0.049W for glass 661 

CPV and topas CPV, respectively. It was calculated as 0.050W and 0.047W based on Eq. (10). 662 

Table 10 compares the power output of the CPV prototypes obtained from indoor tests and 663 

calculations. There is a large deviation (16.3% for glass CPV and 6.5% for topas CPV) between 664 

the indoor test result and calculation result based on Eq. (9). This is because a large amount of 665 

optical loss into the CPV prototypes (with B270 glass covers) was not considered during the 666 

ray-tracing simulation, which leads to much higher estimation of incident energy on the PV 667 

surface. When the power output was calculated based on Eq. (10), there is only 2.0 % (glass 668 

CPV) and 2.2% (topas CPV) deviation between the indoor test result and calculation result. 669 

Table 10. Power output of the glass CPV and topas CPV (attached with B270 covers). 670 

CPV systems Indoor test 
CFD simulation  

P1 (δ) P2 (δ) 

CPV (glass) 0.049W 0.057W (16.3%) 0.050W (2.0%) 

CPV (topas) 0.046W 0.049W (6.5%) 0.047W (2.2%) 

‘δ’ is the deviation between indoor test and calculation based on Eq. (9) and Eq. (10). 671 

2.4.2.5 Summary of the CFD model validation 672 

This section validates the CFD model for the thermal characterisation of the CCPC-PV window 673 

based on small CPV prototypes using indoor tests. The PV temperature and power output of 674 

the CPV prototypes were measured during the steady state period and the measured results 675 

were compared with the corresponding CFD combined ray-tracing results. The validation 676 



 
33 

 

results showed that there was a large deviation of PV temperature (more than 10%) when the 677 

PV released heat estimated through ray-tracing simulation results was input into the CFD 678 

model because of the optical loss into the CPV prototype not included in the ray-tracing 679 

simulation. When this energy term was estimated based on the experimental results, the 680 

deviation becomes smaller (less than 3%). Similar for the power output, there was a large 681 

deviation (more than 15%) between the indoor test result and calculation result based on CFD 682 

combined ray-tracing method when the solar energy incident on the PV surface was estimated 683 

through ray-tracing simulations. When this energy term was estimated through experimental 684 

data, this deviation was only 2.0 % for glass CPV and 2.2% topas CPV. 685 

Based on the above analysis, it can be seen that the main reason for causing the deviation of 686 

the PV temperature and power output between indoor test results and CFD combined ray-687 

tracing results is because of the optical loss existing into the thick encapsulant connection in 688 

the CPV prototypes. This thick encapsulant connection results from the presence of the 689 

thermocouple at the back of the PV cell as well as the inexperience of making CPV units. None 690 

of these issues exists for the professionally made CCPC-PV window. Therefore, the established 691 

numerical simulation model can be used for thermal characterisation of the CCPC-PV window 692 

with dimensions of 600 mm (length) × 600 mm (height) × 28.06 mm (thickness). 693 

3. Results and discussion 694 

In this section, the optical, thermal and electrical performance of the CCPC-PV window and 695 

its various designs are presented at different incident angles from various planes. The solar-696 

optical properties of the CCPC-PV window for inputting into the CFD model for thermal 697 

characterisation, such as the solar energy absorbed by each element and PV cells into the 698 

CCPC-PV window are presented first. Then the detailed thermal and energy performance of 699 

the CCPC-PV window, such as the PV temperature, window temperature, secondary heat, 700 

SHGC and system output are discussed and compared with a similar structured double-glazed 701 

system. 702 

3.1 Ray-tracing results 703 

In this section, the solar-optical properties are presented for the original CCPC-PV window 704 

first then the results are presented for the system with various designs. The presented data 705 

mainly includes the proportion of solar energy absorbed by each solid element and PV cells on 706 

the total solar energy incident on the window outside surface. Those absorbed energy terms 707 

were then transformed as volume heat sources and input into the CFD model as boundary 708 
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conditions for thermal characterisation (results can be found in Section 3.2). 709 

3.1.1 Solar energy absorbed by original CCPC-PV window 710 

Fig. 23 shows the incident angle of the CCPC-PV window (a 33 prototype) and a similar 711 

structured double-glazed system. Fig. 24 shows the proportion of each element absorbed solar 712 

energy on the total solar energy incident on the window outside surface at different incident 713 

angles from various planes. All proportions increase first then decrease as the incident angle 714 

increases from 0 to 90 and most of peak values occur between 60 and 80. A higher 715 

proportion occurs at a higher plane angle except for the inside glass layer. Fig. 24 (f) shows the 716 

proportion of solar energy incident on the PV surface gradually decreases as the incident angle 717 

increases from 0 to 90 and a higher plane angle produces a larger proportion value for incident 718 

angle between 40° and 80°. 719 

 720 
       (a)                                                                   (b) 721 

Fig. 23. Incident angle of the (a) CCPC-PV window and (b) a similar structured double-glazed system. 722 
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      (c)                                                                                      (d) 726 
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 727 
                                                    (e)                                                                                    (f) 728 

Fig. 24. Proportion of (a) outside glass layer, (b) sylgard layer, (c) flat topas layer, (d) CCPC optics, (e) indoor 729 

glass layer absorbed solar energy and (f) the solar radiation incident on PV surfaces on the total solar energy 730 

incident on the window outside surface. 731 

3.1.2 Solar energy absorbed by CCPC-PV window with various designs 732 

This section shows the data for the window with a CCPC-PV structure of various horizontal 733 

pitches (Dx) and vertical pitches (Dy) as shown in Fig. 25. Fig. 26 (a), (c), (e), (g), (i) and (k) 734 

show the proportions of solar energy absorbed by front three flat layers, CCPC optics, inside 735 

glass layer, and PV cells for solar rays from 0 plane while Fig. 26 (b), (d), (f), (h), (j) and (l) 736 

show the corresponding proportions for solar rays from 45 plane. With the increase of the 737 

pitch between adjacent CCPC optics, the number of PV cells into the window decreases, which 738 

results in the decrease of the proportion of incident rays absorbed by PV cells. 739 
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 740 

Fig. 25. Horizontal pitch (Dx, mm) and vertical pitch (Dy, mm) between adjacent CCPC optics into a 33 741 

CCPC-PV window prototype. 742 

0 10 20 30 40 50 60 70 80 90
0

2

4

6

8

10

12

P
ro

p
o
rt

io
n
 o

f 
o
u
ts

id
e
 g

la
s
s
 l
a
y
e
r 

a
b
s
o
rb

e
d
 s

o
la

r 
e
n
e
rg

y
 (

%
) 

Incident angle (°)

 Original (Dx=Dy=1.77)  Dx=Dy=5

 Dx=5 & Dy=15  Dx=15 & Dy=5

 Dx=5 & Dy=30  Dx=30 & Dy=5

 no CCPC-PV

0 10 20 30 40 50 60 70 80 90
0

4

8

12

16

20

P
ro

p
o
rt

io
n
 o

f 
o
u
ts

id
e
 g

la
s
s
 l
a
y
e
r 

a
b
s
o
rb

e
d
 s

o
la

r 
e
n
e
rg

y
 (

%
) 

Incident angle (°)

 Original (Dx=Dy=1.77)  Dx=Dy=5

 Dx=5 & Dy=15  Dx=15 & Dy=5

 Dx=5 & Dy=30  Dx=30 & Dy=5

 no CCPC-PV

 743 

                                         (a) 0° plane                                                                      (b) 45° plane 744 
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(c) 0° plane                                                                        (d) 45° plane 746 
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 (e) 0° plane                                                                        (f) 45° plane 748 
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(g) 0° plane                                                                        (h) 45° plane 750 
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(i) 0° plane                                                                        (j) 45° plane 752 
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(k) 0° plane                                                                        (l) 45° plane 754 

Fig. 26. Proportion of (a) outside glass layer, (c) sylgard layer, (e) flat topas layer, (g) CCPC optics, (i) indoor 755 

glass layer, and (k) PV cells absorbed solar energy on the total solar energy incident on the window outside 756 

surface for rays from 0 plane, and the corronsponding proportions (b), (d), (f), (h), (j), and (l) for rays from 45 757 

plane (Dx and Dy are horizontal and vertical pitches, mm). 758 

3.1.3 Summary 759 

Based on the ray-tracing simulation results for the original CCPC-PV window, it can be seen 760 

that the PV cells into the CCPC-PV window can absorb a large proportion (more than 70% at 761 

0 incident angle) of solar energy incident on the window outside sutrface. While the other 762 

solid elements, such as the outdoor glass layer, sylgard layer, flat topas layer, CCPC optics, and 763 

indoor glass layer all absorbed less than 15% of total solar energy incident on window outside 764 

surface at different incident angles. As the horizontal (Dx) /vertical pitch (Dy) between adjacent 765 

CCPC optics increased from 5 mm to 30 mm, the proportion of solar energy incident on the 766 

PV surfaces decreased from 55% to 26% (at 0° incident angle) because of the reduced number 767 

of CCPC-PV units into the window. The corronspoding proporions for the other solid elements 768 

also kept low for these new designed windows. A small portion (less than 18%) of solar energy 769 

absorbed by the PV cells into the window can generate power while most of it will be released 770 

in the form of heat then participate in the window heat transfer. Therefore, to thermal 771 

characterise the CCPC-PV window for the case of solar radiation from outside, all these 772 

absorbed solar heat terms need to be input into the CFD model to conduct the thermal modelling 773 

and the results can be found in the next section. 774 

3.2 CFD results for thermal characterisation of the CCPC-PV window 775 

Typical heat transfer boundary conditions (air temperature, tai, tae and surface heat transfer 776 

coefficient, hi and he) specified in NFRC standard [42] for SHGC simulation as well as the 777 
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solar energy absorbed by each element into the window were applied to the CFD model for 778 

thermal characterisation. This section presents the detailed thermal performance including the 779 

PV temperature, window inside surface temperature and the final updated PV efficiency for the 780 

original CCPC-PV window first, and then the performance data is presented for the CCPC-PV 781 

window with various designs. 782 

3.2.1 Temperature profile of original CCPC-PV window 783 

Fig. 27 shows the temperature profile of the original CCPC-PV window at 0 incident angle. 784 

Because the conduction dominates the heat transfer and the effect of the convection is small, 785 

there is no significant (air temperature, PV temperature and window inside surface temperature) 786 

temperature gradient over height. Fig. 28 shows the average PV surface temperature, average 787 

window inside surface temperature and the final updated PV efficiency at different incident 788 

angles from various planes. The average PV surface temperature gradually decreases with the 789 

increase of the incident angle and is higher at a larger plane angle for the incident angle between 790 

40° to 80° (Fig. 28 (a)). This is because more solar energy incident on the PV surface at a larger 791 

plane angle for the incident angle between 40° to 80° (Fig. 24 (f)). The average window inside 792 

surface temperature shows the same change as that of the PV temperature across all incident 793 

angles and planes (Fig. 28 (b)). Fig. 28 (c) shows the final updated PV efficiency gradually 794 

increases with the increase of the incident angle from 0 to 90. And it is larger for the lower 795 

plane angle when the incident angle between 40° to 80°. This tendency is opposite to the PV 796 

temperature as the PV efficiency is higher for a lower PV temperature. 797 
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(a)                            (b)                            (c) 799 

Fig. 27. (a) Temperature profile of the CCPC-PV window, (b) window inside surface temperature, and (c) PV 800 
surface temperature at 0° incident angle. 801 
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                                                                                (c) 805 

Fig. 28. (a) Average PV surface temperature, (b) average window inside surface temperature, and (c) finial 806 
updated PV efficiency. 807 

3.2.2 Temperature profile of CCPC-PV window with various designs 808 

Fig. 29 shows the temperature profile of the CCPC-PV window with various designs at 0 809 

incident angle. The average PV temperature, average window inside surface temperature and 810 

final updated PV efficiency of the CCPC-PV window at different incident angles from various 811 

planes can be found in Fig. 30. As the pitch between adjacent CCPC optics increases, the 812 

average PV temperature and window inside surface temperature all decrease due to less heat 813 

released by PV power generation (Fig. 30 (a) - (d)). The final updated PV efficiency is higher 814 

for a sparser configuration because of the lower PV temperature (Fig. 30 (e) and (f)). 815 
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 816 

(a)                    (b)                    (c)                   (d)                   (e)                    (f) 817 

Fig. 29. Temperature profile of the window with a CCPC-PV structure of (a) Dx=Dy=5, (b) Dx=5 & Dy=15, (c) 818 

Dx=15 & Dy=5, (d) Dx=5 & Dy=30, (e) Dx=30 & Dy=5, and (f) no CCPC-PV at 0 incident angle (Dx and Dy are 819 

horizontal and vertical pitches, mm). 820 

0 10 20 30 40 50 60 70 80 90
25

30

35

40

45

50

55

60

65

70

A
v
e
ra

g
e
 P

V
 t
e
m

p
e
ra

tu
re

 (
°C

)

Incident angle (°)

 Original (Dx=Dy=1.77)

 Dx=Dy=5

 Dx=5 & Dy=15

 Dx=15 & Dy=5

 Dx=5 & Dy=30

 Dx=30 & Dy=5

0 10 20 30 40 50 60 70 80 90
25

30

35

40

45

50

55

60

65

70

A
v
e
ra

g
e
 P

V
 t
e
m

p
e
ra

tu
re

 (
°C

)

Incident angle (°)

 Original (Dx=Dy=1.77)

 Dx=Dy=5

 Dx=5 & Dy=15

 Dx=15 & Dy=5

 Dx=5 & Dy=30

 Dx=30 & Dy=5

 821 
                                   (a) 0° plane                                                                      (b) 45° plane 822 



 
43 

 

0 10 20 30 40 50 60 70 80 90
25

30

35

40

45

50

55

60

65
A

v
e
ra

g
e
 w

in
d
o
w

 i
n
s
id

e
 s

u
rf

a
c
e
 

te
m

p
e
ra

tu
re

 (
°C

)

Incident angle (°)

 Original (Dx=Dy=1.77)

 Dx=Dy=5

 Dx=5 & Dy=15

 Dx=15 & Dy=5

 Dx=5 & Dy=30

 Dx=30 & Dy=5

 no CCPC-PV

0 10 20 30 40 50 60 70 80 90
25

30

35

40

45

50

55

60

65

A
v
e

ra
g

e
 w

in
d

o
w

 i
n

s
id

e
 s

u
rf

a
c
e
 

te
m

p
e
ra

tu
re

 (
°C

)

Incident angle (°)

 Original (Dx=Dy=1.77)

 Dx=Dy=5

 Dx=5 & Dy=15

 Dx=15 & Dy=5

 Dx=5 & Dy=30

 Dx=30 & Dy=5

 no CCPC-PV

 823 
                                   (c) 0° plane                                                                      (d) 45° plane 824 

0 10 20 30 40 50 60 70 80 90
15.0

15.5

16.0

16.5

17.0

17.5

18.0

18.5

F
in

a
l 
u
p
d
a
te

d
 P

V
 e

ff
ic

ie
n
c
y
 (

%
)

Incident angle (°)

 Original (Dx=Dy=1.77)

 Dx=Dy=5

 Dx=5 & Dy=15

 Dx=15 & Dy=5

 Dx=5 & Dy=30

 Dx=30 & Dy=5

0 10 20 30 40 50 60 70 80 90
15.0

15.5

16.0

16.5

17.0

17.5

18.0

18.5

F
in

a
l 
u
p

d
a

te
d

 P
V

 e
ff
ic

ie
n
c
y
 (

%
)

Incident angle (°)

 Original (Dx=Dy=1.77)

 Dx=Dy=5

 Dx=5 & Dy=15

 Dx=15 & Dy=5

 Dx=5 & Dy=30

 Dx=30 & Dy=5

 825 
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Fig.30. (a) Average PV temperature, (c) average window inside surface temperature and (e) finial updated PV 827 

efficiency for solar rays from 0 plane and the corresponding data (b), (d), and (f) for solar rays from 45 plane 828 

(Dx and Dy are horizontal and vertical pitches, mm). 829 

3.3 SHGC of the CCPC-PV window 830 

As mentioned before, the SHGC value consists of the directly transmittance part and secondary 831 

heat part. The light transmittance of the CCPC-PV window and its various designs (Fig. A1 to 832 

Fig. A3 in Appendix 1) was investigated in our recent work by Li et al (2023) [41]. This section 833 

presents the secondary heat and SHGC of the original CCPC-PV window first. Then the data 834 

for the CCPC-PV window with various designs is presented at different incident angles from 835 

various planes. 836 

3.3.1 SHGC of original CCPC-PV window 837 

Fig. 31 (a) shows the secondary inward heat fraction of the SHGC under different incident 838 

angles from various planes. The proportion of secondary heat decreases gradually from 0.33 to 839 

around 0.05 as the incident angle increases from 0° to 80°. And it is lager for the higher plane 840 
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angle when the incident angle is between 40° and 80°. Fig. 31 (b) shows the SHGC of the 841 

CCPC-PV window at different incident angles from various planes. The highest SHGC value 842 

(0.59) occurs at 60° incident angle from 0° plane because of the highest light transmittance 843 

(0.50). 844 
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        (a)                                                                                       (b)  846 

Fig. 31. (a) Secondary inward heat and (b) SHGC of the CCPC-PV window. 847 

3.3.2 SHGC of CCPC-PV window with various designs 848 

Fig. 32 shows the secondary heat and SHGC of the CCPC-PV window with various designs. 849 

Like those with original configuration, the fraction of secondary heat is higher for solar rays 850 

from 45 plane angle especially when the incident angle ranges from 40 to 80. As the pitch 851 

between adjacent CCPC optics increases, the fraction of secondary inward heat decreases 852 

because of the reduced amount of the PV released heat. In addition, the secondary heat of the 853 

double-glazed window is much lower than that of the CCPC-PV windows, only accounting for 854 

less than 5% of the total solar radiation incident on the exterior window surface. The SHGC 855 

value is more affected by the light transmittance (Fig. A1 to Fig. A3 in Appendix 1) rather than 856 

the secondary heat. For example, the SHGC value of the double-glazed window is larger than 857 

that of various CCPC-PV windows at most of incident angles from 0and 45 plane because of 858 

its high light transmittance. And the window with a sparser CCPC-PV structure (e.g., Dx=5 mm 859 

& Dy=30 mm and Dx=30 mm & Dy=5 mm) possesses a higher SHGC because of the larger 860 

light transmittance when the incident angle is smaller than 50. And it possesses a lower SHGC 861 

because of the lower light transmittance when the incident angle exceeds 50. 862 
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Fig. 32. (a) Secondary inward heat and (c) SHGC of CCPC-PV window for solar rays from 0 plane and the 867 

corresponding data (b) and (d) for solar rays from 45 plane (Dx and Dy are horizontal and vertical pitches, mm). 868 

3.4 Power output of the CCPC-PV window 869 

In this section, the power output of the original CCPC-PV window is presented first based on 870 

the above ray-tracing results of the solar energy incident on the PV surfaces and the CFD results 871 

of the PV temperature and the final updated PV efficiency. Then the results are presented for 872 

the CCPC-PV window with various designs. 873 

3.4.1 Power output of original CCPC-PV window 874 

Fig. 33 shows the power output of the CCPC-PV window continuously decreases from 75.91 875 

W/m2 to around 0.81 W/m2 as the incident angle increases from 0° to 80°. Because more solar 876 

energy incident on the PV surface at a higher plane angle, the system output is also larger for 877 

a higher plane angle when the incident angle ranges from 40 to 80. 878 
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Fig. 33. Power output of the CCPC-PV window. 880 

3.4.2 Power output of CCPC-PV window with various designs 881 

Fig. 34 shows the power output of the CCPC-PV window with various designs. As the pitch 882 

between adjacent CCPC optics increases, the system output decreases because of the reduced 883 

number of PV cells into the window. 884 
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                                        (a) 0° plane                                                                    (b) 45° plane 886 

Fig. 34. Power output of the CCPC-PV window with various designs (Dx and Dy are horizontal and vertical 887 

pitches, mm) for rays from (a) 0 plane angle and (b) 45 plane angle. 888 

4. Summary of the performance of CCPC-PV window 889 

This section summarises previous investigations of the thermal, optical, and electrical 890 

performance of the CCPC-PV window and its various designs. The overall assessment includes 891 

the U-value ( EN673 [53]), SHGC (NFRC [42]), light transmittance and power output. Among 892 

these parameters, the thermal insulation property (U-value) and light transmittance of the 893 
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CCPC-PV window and its various designs have been investigated in our recent work by Li et 894 

al (2023) [41] and the results are also listed in Table 11. For a clear traditional double-glazed 895 

window, it was reported that it has always incurred oversupplied daylight and solar heat in 896 

summer due to high transmittance when applying it to a south-facing façade [54]. From Table 897 

11, it can be seen that the integration of various CCPC-PV structures between two glass panes 898 

contributes to improved thermal, optical, and electrical performance. This includes reduced U-899 

value and SHGC, decreased light transmittance, and increased power generation. All of these 900 

factors demonstrate the potential benefits of using CCPC-PV windows for energy-efficient 901 

buildings. The windows with original CCPC-PV structure (Dx=Dy=1.77 mm) and structure of 902 

Dx=Dy=5 mm have lower U-values and higher electricity generations. However, the sunlight 903 

and solar heat that can transmit through the window system are limited. Therefore, it is more 904 

suitable for the building application with a large Window-to-Wall-Ratio (WWR). The low light 905 

transmittance and SHGC value can lead to a modest indoor luminous environment and 906 

sufficient solar heat gain in winter. For building with a small WWR application, the CCPC-PV 907 

window should be designed with a larger horizontal pitch, such as 15 and 30 mm, to satisfy the 908 

indoor illuminance requirement and ensure the sufficient solar heat meanwhile provide 909 

advanced thermal insulation performance and additional power output.  910 

Table 11. Overall assessment for the thermal, optical, and electrical performance of the double-glazed window 911 

containing various CCPC-PV structures (Dx and Dy are horizontal and vertical pitches, mm) based on EN673 912 

standard for calculating the U-value, and NFRC standard for calculating the SHGC, light transmittance and 913 

power output at normal incidence condition. 914 

CCPC-PV structure 
Original, 

Dx=Dy=1.77 

Dx=Dy 

=5 

Dx=5 & 

Dy=15 

Dx=5 & 

Dy=30 

Dx=15 

& Dy=5 

Dx=30 

& Dy=5 

No  

CCPC-PV 

U-value (W/m2∙K) 2.575 2.566 2.657 2.573 2.706 2.575 2.805 

Light transmittance (-) 0.133 0.284 0.421 0.536 0.420 0.535 0.782 

SHGC (-) 0.463 0.542 0.620 0.683 0.618 0.682 0.813 

Power output (W/m2 -

window area) 
75.914 67.556 49.644 33.650 49.769 33.708 - 

5. Conclusions 915 

This study has provided a detailed procedure for development of a comprehensive model to 916 

investigate the optical, thermal and electrical performance of a complex PV window system 917 

(e.g., CCPC-PV window) using a CFD combined ray-tracing method. The performance of the 918 

CCPC-PV window and its various designs were compared to those of a similar double-glazed 919 

system. Based on the findings, the following conclusions are drawn: 920 

1) The developed comprehensive model would be sufficient to predict the optical, thermal and 921 

electrical performance of a complex PV window system with an error of less than 4%.  922 
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2) For original CCPC-PV window (1.77 mm-pitch), the maximum PV temperature and window 923 

inside surface temperature can reach 64.73 ℃ and 61.58 ℃ under NFRC standard and the 924 

corresponding PV efficiency is 15.21%. 925 

3) Increasing the horizontal/vertical pitch between adjacent CCPC optics from 5 mm to 30 mm 926 

leads to a decrease in the average PV temperature from 58 ℃ to 48 ℃ at 0° incident angle, 927 

and a decrease in the average inside surface temperature from 54 ℃ to 43 ℃. At the same 928 

time, the updated PV efficiency increases from 15.7% to 16.4%. 929 

4) The SHGC of the CCPC-PV window is primarily influenced by the light transmittance rather 930 

than the secondary heat. Consequently, windows with higher light transmittance, such as 931 

those with sparser CCPC-PV structures of Dx=5 mm & Dy=30 mm and Dx=30 mm & Dy=5 932 

mm, have the maximum SHGC value (0.68) at 0° incident angle. 933 

5) The window with a CCPC-PV structure of Dx=15 mm, 30 mm & Dy=5 mm provides better 934 

thermal insulation (with a smaller U-value) than those with a structure of Dx=5 mm & 935 

Dy=15 mm, 30 mm. These windows exhibit similar optical transmittance, SHGC value, and 936 

power output. 937 

6) The CCPC-PV window and its various designs all exhibit advanced thermal properties 938 

(lower U-value and SHGC), optical properties (lower light transmittance) and additional 939 

power output compared to a similar structured double-glazed system. 940 

The individual parameters obtained in this study can provide an indication of the advanced 941 

optical, thermal and electrical performance of various CCPC-PV windows in comparison to a 942 

similarly structured double-glazed window. However, these parameters are insufficient to fully 943 

evaluate the impact of CCPC-PV windows on building energy and daylight performance. When 944 

this window is installed on a building, its optical transmittance, SHGC, and system output all 945 

change according to the varying solar positions throughout the year, significantly affecting 946 

building energy consumption. Therefore, a building simulation model that takes into account 947 

all these dynamic properties should be developed in the future to comprehensively evaluate the 948 

energy savings and daylighting benefits that can be achieved through the use of CCPC-PV 949 

windows in a building. 950 

  951 
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(a)                                                                                   (b) 960 

Fig. A1. (a) Incident angle () of the window and (b) light transmittance of the original CCPC-PV window and 961 

double-glazed window. 962 
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(d)                                                                                          (e) 968 

Fig. A2. (a) Horizontal pitch (Dx, mm) and vertical pitch (Dy, mm) between adjacent CCPC optics, light 969 

transmittance of the double-glazed window containing various CCPC-PV structures for rays from (b) 0, (c) 970 

15, (d) 30 and (e) 45 planes. 971 
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      (c)                                                                                         (d)  975 

Fig. A3. Comparison of the light transmittance of the double-glazed window containing a CCPC-PV structure of 976 

Dx=5 & Dy=15, 30 and Dx=15, 30 & Dy=5 for rays from (a) 0, (b) 15, (c) 30, and (d) 45 planes (Dx and Dy 977 

are horizontal and vertical pitches, mm). 978 
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