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Abstract

Semi-transparent photovoltaic (PV) technology is attractive for building-integrated photovoltaics (BIPV)
due to its ability to lower the admitted solar heat gain, to control the penetrating daylight and to generate
onsite benevolent direct current power. In this work, semi-transparent cadmium telluride (CdTe) based
BIPV as window was experimentally characterized using outdoor test cell in temperate UK climate.
Spectral measurement confirmed its 25% visible transmission and 12% solar transmission. Thermal
transmission and solar heat gain coefficient were calculated from measured thermal data. Overall heat
transfer coefficient (U-value) of 2.7 W/m’K was found for outdoor and indoor characterization of CdTe
BIPV window. A comparison with single glazed window has been produced emphasis its feasibility for
Facade buildings.

Highlights:
e  Test cell characterization was performed to evaluate thermal performance of CdTe BIPV glazing.
e  Visible transmission of this CdTe BIPV window is 25%
e Overall heat transfer coefficient of 2.7 W/m’K was found for CdTe BIPV glazing.

Nomenclature

A, Aperture area of glazing (m”)

A Anisotropy index

Avall Interior wall surface area (mz)

Ce Heat capacity of air (kJ/kgK)

C, Heat capacity of water (kJ/kgK)

hy Heat transfer coefficient from test cell external surface to ambient
(W/m’K)

h; Heat transfer coefficient from test cell internal surface to interior
of test cell (W/m’K)

1 Incident solar radiation on the vertical surface of glazing (W/m?)

Tpeam.n Incident beam solar radiation on the horizontal surface (W/mz)

Lairn Incident diffuse solar radiation on the horizontal surface (W/mz)

Texira Incident extra-terrestrial solar radiation (W/mz)

I Solar constant (W/m?)

kg Diffuse factor

k, Extinction coefficient

kt Clearness index

Ky Thermal conductivity of polystyrene (W/mK)

Ky Thermal conductivity of wood (W/mK)

L, Thickness of polystyrene (m)

Ly Thickness of wood (m)




M. Mass of the air inside test cell (kg)

N, Number of glass pane

n Refractive index

P Power output from PV (W)

Qi Total energy incident on the glazing (W)

Qe Total energy available inside the test cell (W)

Q. Heat through the glazing Incident solar radiation (W)
Qloss Heat loss through the surfaces of test cell (W)

I Radius of heat exchanger pipe (m)

TSE Transmitted solar energy through glazing (W/m’)
Ticin Interior temperature (OC)

T, Ambient temperature (°C)

U, Overall heat transfer coefficient of glazing (W/m’K)
Greek symbols

o Absorptance

T Transmittance

T, Vertical global transmittance

Tir Direct transmittance

Tifr Diffuse transmittance

J2] Incidence angle

1. Introduction

Residential and commercial buildings consume close to 40% energy globally which comes from fossil fuels
(International Energy Agency, 2018), which have an adverse environmental impact. Buildings consume
energy primarily due to heating, cooling and lighting energy demand (Ghosh et al., 2019a; Ghosh and
Norton, 2019) . Traditional single or double glazing are not highly thermally insulated which allow the
transmission of a high amount of heat and allow external solar heat to indoor (Li et al., 2015). Presently
new glazing material has been investigated to improve the heating and cooling loads in buildings (Ghosh et
al., 2020, 2018a, 2017; Selvaraj et al., 2019). This will allow for more energy savings and boosting the
efficiency of the future buildings. Figure 1 shows the detailed classification of advanced glazing

technologies.
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Fig 1. The different types of glazing technologies.

Glazing technologies can primarily be divided into switchable transparency glazing and static transparency
glazing. Switchable transparency glazing can change their optical transmission from transparent to an
opaque state by electrical or non-electrical actuation (Ghosh and Norton, 2018). For electrically powered
switchable glazing, external stimulation is required to control the transparency (Ghosh et al., 2016a). Static
transparent glazing includes aerogel (Zinzi et al., 2019), vacuum (Ghosh et al., 2016b), low-e coating, and
photovoltaic (Saifullah et al., 2016; Skandalos and Karamanis, 2015) types.

Constant or static semi-transparent PV (BIPV) for buildings glazing integration is promising because they
provide control over solar heat gain and daylight and generate benign electricity concomitantly (Saifullah et
al., 2016). PV system in a BIPV glazing includes crystalline silicon (Ghosh et al., 2018b), thin film
amorphous (Lu et al., 2017), cadmium telluride (CdTe) (Alrashidi et al., 2019) (Sun et al., 2018), copper
indium gallium selenide (CIGS), DSSC (Selvaraj et al., 2019), perovskite (Ghosh et al., 2020), and organic
(Chemisana et al., 2019) type. Crystalline silicone-based BIPV dominates the market because they have
higher durability and efficiency (Green et al., 2019) . However, opaque nature crystalline silicon limits its
own application for BIPV window. Thus, thin-film PV devices can be a suitable option.

Using space between crystalline PV cells, semi-transparent PV glazing was investigated where only PV
performance was the primary investigating parameters (Park et al., 2010). Glazing factors were not
included in that work. In another work spaced type, semi-transparent PV glazing was characterised for
skylight application at Kovilpatti (9°10”0N, 77°52”0E), Tamil Nadu, for rooftop window and south facing
wall application. Maximum daylight factor of 4% and indoor illuminance of 850 lux was obtained while
0.62 was (Karthick et al., 2018a) the PV coverage ratio. Solar factor was improved by 75% when coverage
ratio was 0.69 (Karthick et al., 2018b).Using amorphous silicon (a-Si) based 40% transparent PV glazing
was able to reduce electricity consumption by 55% (Miyazaki et al., 2005). Temperature can be reduced by
using an optimized air gap for ventilated semi-transparent a-Si based BIPV window. At Berkeley climate,
the air gap depth between 400 and 600 mm was beneficial to save 15% net electricity compared to 200 mm
thick air gap which saved about 35% of electricity use per year than non-ventilated BIPV window (Lu et
al., 2016). In Hong Kong climate, 23% and 28% reduction in the annual electricity consumption for cooling
was possible when single- glazed and ventilated double-glazed PV windows were used (Chow et al., 2009).

Thin film CdTe is potential for PV application because of its direct energy band gap of 1.45 eV closely
matches with solar spectrum, absorption coefficient in the visible part of the solar spectrum in the range of
(10* -10%) em™'. CdTe for BIPV roof (Kumar et al., 2019), grid integration (Ozden et al., 2017), light-
soaking effect (Virtuani et al., 2011) has already been investigated. However, one of the holistic application
of CdTe can be in the field of BIPV glazing for building’s window because of its semi-transparent nature.

Recently Sun et.al. (Sun et al., 2018) investigated application using combined optical (defined by a
Bidirectional Scattering Distribution Function), electrical (Sandia Array Performance Model) and annual
energy (EnergyPlus) model to evaluate the performance of an office equipped with 10% transparent CdTe
BIPV window. Higher window to wall ratio (i.e.>45%) was recommended for CdTe based BIPV window
compared to a conventional double-glazed system and for specific case this CdTe BIPV window reduced
up to 73% energy consumption. Glare was highly controlled due to low transmission value than that of a
double glazing. Barman et.al. (Barman et al., 2018) investigated five different transparent CdTe BIPV
system by optical and electrical measurement and employed them in simulation using climatic data to
understand the impact of energy saving for buildings. It was prevailed that the lowest transmittent CdTe
offered highest annual yield. In Brazil, rooftop and fagade integrated CdTe PV system was applied to meet
four floor office building. Both of PV roof and facade have increased cost compared to the traditional
Balance-of-System (BoS) components however they are economically positive. Surplus energy was
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suggested to explore for electric vehicles (Sorgato et al., 2018). Colour comfort analysis of CdTe BIPV
window showed that they can allow correlated colour temperature in the range of 3000-3500K when the
daylight source is between 4000K to 6500K and maintain colour rendering index higher than 90 (Liu et al.,
2019).

In this work for the first-time thermal performance of CdTe based BIPV window is investigated using
indoor and outdoor characterization. Results were compared with another similar dimension of single
glazing. Overall heat transfer coefficient and solar heat gain will be investigated for CdTe BIPV

2. Experimental Set-up

2.1. Indoor characterization
One semitransparent CdTe BIPV window, as shown in Figure 2, was employed for the indoor
characterization. Spectral measurement was performed using UV-Vis —-NIR (Ghosh et al., 2019b) to find
out the average transmission of this BIPV window for fenestration integration as shown in Figure 3.
Average solar and visible transmission of this CdTe BIPV had 12% and 25% respectively. Transmission
nature of CdTe closely matches with previously published related work (Sebastian and Sivaramakrishnan,
1992, 1991). One 86% transparent (solar transmission) single glazing was investigated for comparison.

Fig 2. A photograph of single glazing and CdTe based semitransparent BIPV window
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Figure 3: Total hemispherical transmission of CdTe based BIPV window
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Figure 4: Photograph of indoor experimental setup

To perform thermal performance in an indoor controlled environment, experimental setup was fabricated as
shown in Figure 4. A solar simulator (Class AAA+, AM 1.5) was employed as a source. Omega data
logging system was used to record the temperatures of the inner and outer surfaces beside the inner room
point. NI logging system was employed to measure power. The characterization was conducted under 1000



W/m” constant solar exposure for eight hours. Wind speed was represented by a fan delivering air at a
speed of 1.5 m/s.

2.2. Outdoor characterization
To obtain thermal performance and glazing thermal factor (U-value and SHGC), outdoor characterisation
was performed. Two test cells were designed, built, and installed at ESI building, Exeter University,
Penryn, UK (50.16 N; -5.107 W). Each test cell had a dimension of 0.2 m x 0.2 m x 0.18 m and made of
0.025 m thick polystyrene sheets to provide improved insulation. Figure 5 and 6 show the schematic and
photographic view of outdoor experimental setup.
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Figure 6. Full view of the experimental setup of two identical test cell with single-glazing and STPV
glazing (a) Test cell with STPV and single-glazing (b.1) global and diffuse pyranometer (b.2)
pyrheliometer (c.3) I-V tracer (c.4) NI data acquisition device (d) weather station



Six K-type thermocouple sensors were employed to monitor the temperatures of each test cell. The
thermocouples were distributed as follows: one for the air temperature inside the insulated enclosure, one
for the inside surface of the glass, and one for the outer surface of the single glazing or CdTe BIPV (based
on the tested cell). Direct, diffuse, and global solar irradiances were recorded using Pyrheliometer and
Pyranometer. The weather station was used to record ambient temperature and wind speed. Data
acquisition and logging were achieved using N19131 National instrument cDAQ.

3. Thermal performance

3.1. Solar heat gain coefficient

Solar heat gain coefficient (SHGC) measures the fraction of solar radiation that passes through the glazing
as a fraction from vertical global solar radiation. Considering that the beam component of radiation being
transmitted is at an incident angle (6), the dynamic solar heat gain coefficient was calculated by equation 1
(Ghosh et al., 2016c¢):

SHGC:TS—E (1)

ver,global

Transmitted solar energy (TSE) through glazing (Waide and Norton, 2003) can be obtained as equation 2

1+ cos 1-cos
(—2ﬁ) + Iglobal IOg z-g M (2)

ISE = (Ibeam,h + [dif,hAi ) Tyl T Idif,h (1 +4 ) Tiif >

where A; is anisotropy index that indicates atmospheric transmittance due to beam solar radiation given by

P =T )

The global solar transmittance through glazing 7, was calculated (Waide and Norton, 2003) as given in

equation 4.
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r= 7’-dir when 0 = edir
T =T, when 0= t9dlf =59.68—0.13883+0.001497 5
T=T, when 0= t9g =90-0.57884+0.002693 3

The diffuse factor (ky) and clearness index (kr) can be calculated by using equations 6 and 7.

Idz' h
kd — _dif-h (6)
Iglobal
k. = Iglobal (7)
=
Iextra
where

L =1 [140.033c0s 22"
~ 365

j(cos¢cos5cosa)+sin¢sin5) (®)

and /. is the solar constant , n is the day of year ,¢ is the latitude angle, O is the declination angle and

@ is the hour angle.

3.2, Overall heat transfer coefficient
To calculate overall heat transfer coefficient, following assumptions were made:

e  Measurements were made while the glazing systems were in thermal steady state;
e  Ground reflected solar radiation was assumed to be zero;
e  The test cell was made of homogeneous highly insulating materials.

Energy balance equation using heat exchanger can be written as in equation 9

0, = Qg +0,+0,,tP 9)
where

0, =1(t)4,7,(0)x (10)

The heat loss through the glazing is given by

Qg - AgUg (T;c,in - th,out) (1 1)



0, is the heat stored in the test cell that is related to mass of air inside the test cell, heat capacity of air and

variation of temperature with time and given by

dT
th :MtcthZ (12)
The heat losses through the wall is represented by
Qloss = Qwall = (UA)wall (]—;c,in - T;c,oul) (13)
I -1
1 L 1
UAd) = —+2 42— | x4 (14)
wall h K h wall
0 pl wd i

The convective heat transfer coefficient between ambient air and outer glazing surface is calculated with

the local wind speed J_ as (Duffie and Beckman, 2013)(American society of heating refrigerating and

air conditioning engineers, 1997)

hi =20+ 3Vwir1d (15)
ho :5'7+8°8Vwind (16)

Overall heat transfer coefficient U, for glazing with heat removal was calculated from

U — Qin _th _Qloss _P
¢ Ag (]—tvc,in - T )

te,out

(17

Table 1 shows the Physical properties of materials used in the experiment for semitransparent CdTe BIPV

Table 1. Physical properties of materials used in the experiment for semitransparent CdTe BIPV

Parameters Value

Temperature inside test cell (Tiy ) Measured by T type thermocouple (K)
Temperature outside test cell (Toyc) Measured by T type thermocouple (K)
Aperture area of glazing (Agiazing) 0.0225 m’

Internal volume of test cell ( V,;,. ) 0.008 m’

Mass of air inside test cell (M, =v_, X p.. ) 0.008 kg

Thickness of Polystyrene (L, ) 0.10 m

Thermal conductivity of polystyrene (K ;) 0.022 W/mK

Heat capacity of air (C,;,) 1.006 kJ/kgK




Density of air ( 0,;,.)

1.2250 kg/m®

4. Results and Discussion

4.1. Experimental results

Figure 7 exhibits the hourly clearness index and diurnal variation of CdTe surface, test cell and ambient
temperature results were compared to a single glazing. Hourly clearness index (Kr) is the ratio of global
horizontal solar radiation (Igob.) and extra-terrestrial solar radiation (Ieyy,). Temperature of CdTe-BIPV
internal surface was relatively higher than test cell temperature while reverse behavior was achieved for
single glazing. This can be explained by thermal diffusivity and effusivity of glass and CdTe material as

listed in Table 2.
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Figure 7: Diurnal variation of ambient temperature, test cell temperature, surface temperatures and
clearness index in three different days for semi-transparent CdTe BIPV and single glazing

Table 2: Details of thermal diffusivity and thermal effusivity of CdTe and glass

Materials Density (p) Thermal Heat capacity | Thermal Thermal
(kg/m) conductivity (Cp) diffusivity effusivity
(A) (W/mK) (J/Kg/K) (m?/s) e=[apC.
/1 P
a=—-
C,p
CdTe 5860 5 (Su, 0.209 0.004 29.14
2016)
Glass 2203 1.38 703 8.9x 10”7 1461.9
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Thermal effusivity is related to the ability of the material to absorb heat, while diffusivity is the speed to
reach thermal equilibrium. The CdTe BIPV had two glass panes and CdTe material was sandwiched
between them. Thus, enhanced heat flow and then reserved it in glass increased the internal glass
temperature for CdTe BIPV while for single glass heat was transferred into the internal test cell. Very
similar outcome was also found when experiment was performed in the indoor environment as shown in
Figure 8. As shown, the interior surface temperature for the STPV sample is higher than the single glazed
one. However, the test cell temperature was lower.

50+ Inner Surface Temperature Test Cell Temperature
(facing test cell interior)
CdTe BIPV
Single Glazing CdTe BIPV
7~~~
cU 40 =
~ _—
o —
= L
~N—
<
S
)
A ,
s 30 _—
o

Ambient Temperature —

20

0 1 2 3 4 5 6 7 8

Time (Hours)

Figure 8: Variation of the internal glazing surface temperature and test cell internal temperature for CdTe
BIPV and Single Glazing during indoor characterization.

4.2. Solar Heat Gain Coefficient

Figure 9 shows the variation of SHGC of CdTe BIPV for different incident angle. This CdTe BIPV had
20% SHGC mostly in the winter time. Change of SHGC in winter and summer was 70%. SHGC is the
fraction of entering solar gain which is associated with direct, diffuse and reflected part of incident solar
radiation on CdTe BIPV window. Direct solar radiation has strong correlation with incident angle which
influenced to vary SHGC with incident angle. Maximum solar heat gain was possible to 20% while single
glazing exhibited 72.8% maximum SHGC. Thus, for warm and hot climate this CdTe BIPV can save 73%
solar gain and generate power concomitantly.
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Figure 9: Variation of solar heat gain coefficient (SHGC) of CdTe BIPV window with different incident
angle

4.3. Overall Heat Transfer Coefficient

Overall heat transfer coefficient was obtained for CdTe BIPV in outdoor and indoor conditions using
equation 17 and shown in Figure 10 and 11 respectively. For indoor condition, single glazing’s steady state
was achieved after a short period rapidly compared with that of CdTe BIPV window.
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Figure 10: Calculated overall heat transfer coefficient (U-value), measured ambient temperature, test cell
internal temperature and the temperature difference between ambient and test cell internal for (a) CdTe
BIPV window (b) single glazing
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Figure 11. Diurnal Variation Solar irradiation and Temperature Difference for 25% Transparency STPV
and single glazing test cells.

Table 3 summarizes the average U-values of the CdTe BIPV window and single glazing for indoor and
outdoor conditions. The U-value of the CdTe BIPV was found to be identical with 2.7 W/m’K for outdoor
and indoor condition. Variation of indoor and outdoor condition was due to the fluctuating outdoor
ambient. Variable wind speed and diurnal nature of external ambient made such variation. Results were
compared to a single glazing and CdTe BIPV offered 37% lower heat loss than that of single glazing.

Table 3. Measured average U-values from indoor and outdoor experiments

Testing CdTe BIPV Glazing Single Glazing
Indoor Experiment 2.7 W/m’K 5.7 W/m’K
Outdoor Experiment 2.7 W/m’K 5.6 W/m’K
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5. Conclusion

Thermal performance analysis of a CdTe BIPV window having dimension of 0.15 m x 0.15 m was
investigated using indoor and outdoor test cell at temperate UK climate. Solar and visible transmission of
this system was 12% and 25% respectively. Maximum solar heat gain from this CdTe BIPV window was
found as 20% which was 73% lower than a 72.8% transparent single glazing. CdTe BIPV had an average
U-value of 2.7 W/m’K in the indoor and outdoor experiments. This average is lower than that of the single
glazing that showed 5.7 W/m’K in the indoor experiment and 5.6 W/m’K in the outdoor experiment.
Variations of the indoor and outdoor results are due to higher influence of uncontrolled external factors and
disturbances in the outdoor condition. This study emphasis the usage of STPV in BIPV application to
optimize the cooling or heating loads and to provide more electrical power.
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