Sheffield
Hallam _
University

Thermal performance evaluation and energy saving
potential of semi-transparent CdTe in Facade BIPV

ALRASHIDI, Hameed, ISSA, Walid <http://orcid.org/0000-0001-9450-5197>,
SELLAMI, Nazmi, SUNDARAM, Senthilarasu and MALLICK, Tapas

Available from Sheffield Hallam University Research Archive (SHURA) at:
https://shura.shu.ac.uk/29499/

This document is the Accepted Version [AM]
Citation:

ALRASHIDI, Hameed, ISSA, Walid, SELLAMI, Nazmi, SUNDARAM, Senthilarasu
and MALLICK, Tapas (2022). Thermal performance evaluation and energy saving
potential of semi-transparent CdTe in Facade BIPV. Solar Energy, 232, 84-91.
[Article]

Copyright and re-use policy

See http://shura.shu.ac.uk/information.html

Sheffield Hallam University Research Archive
http://shura.shu.ac.uk


http://shura.shu.ac.uk/
http://shura.shu.ac.uk/information.html

Thermal Performance Evaluation and Energy Saving Potential of Semi-transparent
CdTe in Fagade BIPV

Abstract

Semi-transparent PV glazing are promising in Building Integrated Photovoltaic (BIPV)
applications. They provide daylight control, energy saving and power generation. The selection of
optimal Photovoltaic (PV) glazing requires the accounting for various factors such as location,
orientation and glazing transparency. In this work, thermal performance of Cadmium telluride
(CdTe) based semi-transparent PV glazing of different transparencies was evaluated in UK for
South and South-West orientations. Thermal performance was analysed in terms of U-value, SHGC
and cooling load. Results revealed that least transparency CdTe PV glazing can have U-values as
low as 1.52 W/m?K. The use of least transparency PV glazing can reduce 96% of solar heat gains
and 23.2% of cooling energy compared to conventional clear glazing when used in South-West
orientation. The selection of optimum glazing was discussed taking into consideration occupants’
optical comfort and health.

Nomenclature

A; Anisotropy index
Ipeamn | Incident beam solar radiation on the horizontal surface
laiffn Incident diffuse solar radiation on the horizontal surface

Lyiopai Incident global solar radiation

M, Mass of the air inside the test cell

Qin Total power incident on gazing

Qross Heat loss through the walls of the test cell
Q¢c Total power stored inside the test cell
SHGC Solar Heat Gain Coefficient

T temperature

t time

Ticin Temperature inside the test cell

Tecout Ambient temperature
TSE Transmitted Solar Energy

Uy overall heat transfer coefficient of glazing
B Glazing tilt angle

T transmittance

T, Vertical global transmittance

Tair direct transmittance

Tdif Diffuse transmittance

1. Introduction

The use of glazing as exterior building facades provide daylight, good ambience to the occupants,
more interaction with outdoor environment and an enhanced aesthetic view for the building.
However, the heat gains or losses through the glazing facades play a key role in determining cooling
and heating loads. Glazing allows the transmission of a high amount of heat because of their high
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overall heat transfer coefficients “U-values” (Fenestration of Today and Tomorrow: A State-of-
the-Art Review and Future Research Opportunities, 2012). This encourages new glazing
technologies with low U-values to be developed to allow for more energy savings and boost the
efficiency of the future buildings.

In order to control the heat gains or losses, switchable transparency glazing and constant
transparency glazing were developed as presented. Switchable transparency glazing can alter their
optical transmission (a) electrically through an external source or (b) non-electrically (Ghosh et al.,
2016) (Allen et al., 2017)(Rezaei et al., 2017). As for constant transparency glazing, they are of
different types including aerogel vacuum (Schultz & Jensen, 2008), low e-coating (Somasundaram
et al., 2020) , and semi-transparent PV glazing. Fixed shading devices can be added to constant
transparency glazing in order to reduce the solar radiation subjected to windows (Favoino et al.,
2016)(Alzoubi & Al-Zoubi, 2010). However, these devices block the beneficial winter solar
radiation and reduce the daylight availability which leads to an increasing need of artificial lighting
(Bellia et al., 2013)(Mandalaki et al., 2012).

PV glazing can be of different transparencies and it is the only glazing technology that generates
electricity (Samir & Ali, 2017)(N. Skandalos & Karamanis, 2016)(Liao & Xu, 2015). A promising
application of constant transparency glazing is the semi-transparent PV glazing as BIPV (Khalifeeh
et al., 2021). Among the different types of PV glazing, thin-film PV; that includes amorphous
silicon (Wang et al., 2017) (Song et al., 2008), CIGS (Sidali et al., 2018) (Alaaeddin et al., 2019),
CdTe (Alrashidi, Issa, et al., 2020); are favored in BIPV applications as they are advantageous in
terms of availability of raw materials, having light weight, having aesthetic appearance and having
high transparency levels while keeping acceptable efficiencies (Nikolaos Skandalos & Karamanis,
2015)(Biyik et al., 2017)(Meillaud et al., 2015). The performance of a thin-film based PV glazing
is affected by various factors. In Madrid, Olivieri et al. (Olivieri et al., 2014) investigated four
amorphous silicon semi-transparent thin-film PV modules of different transmittances. The study
found that the solar protection and insulating properties of amorphous-silicon PV modules are
lower than those achieved by a reference glazing. Fung et al. (Fung & Yang, 2008) developed a
semi-transparent PV heat gain model. Their experiment was conducted on poly-crystalline Edge-
defined Film-fed Growth (EFG) silicon semi-transparent module. Their results emphasized the
effect of solar cell area on the total heat gain passing through the glazing. Evaluation of optical and
thermal properties of semi-transparent amorphous silicon (a-Si: H) solar cells in various conditions
revealed that a significant effect on energy saving was noticed by changing the thermo-optical
characteristics of the glazing (Chae et al., 2014). Another study by Peng et al. showed that the use
of correct ventilation mode enhances the energy saving and PV power generation of double-skin
amorphous silicon (a-Si) PV (Peng et al., 2015). In another work, the effect of location on PV cell
performance was investigated by comparing the optimum performance of PV window when
applied in London and Madrid. The authors illustrated the difference in performance by the amount
of daylight that reaches the glazing in each city (Yun et al., 2007). A study in tropical Singapore
climate revealed that the solar heat gain of a semi-transparent PV glazing is dependent on the
orientation of the module (Chen et al., 2012). Altering the orientation of PV module, represented
by azimuth angle, and shading factors provided a significant improvement for PV energy
generation by 47% in Korea (Yoon et al., 2011).



CdTe is a promising type of thin-film PV, due to its cost-effectiveness, high efficiency (Noufi &
Zweibel, 2006)(Romeo et al., 2014) and direct optical bandgap (1.45 eV) that matches with solar
spectrum for PV energy conversion (McCandless & Sites, 2011). In India’s composite climate, a
numerical investigation on energy saving potential of semi-transparent CdTe PV prevailed that
maximum energy saving can be achieved by deploying lowest transparency module in South
direction. The authors emphasized the effect of orientation and PV transparency on energy
performance and encouraged focus on these variables (Barman et al., 2018). The energy and optical
performance of 10% transparent double-skin CdTe PV glazing was studied numerically (Sun et al.,
2018). They pointed out that for high window-to-wall ratio (>45%) a 73% energy saving can be
achieved compared to conventional double glazing. Also, the CdTe PV glazing was advantageous
over conventional double glazing by reducing the interior daylight glare. Thermal performance of
CdTe PV window in temperate climate was studied by (Alrashidi, Ghosh, et al., 2020). The use of
25% visible transmission and 12% solar transmission CdTe glazing could provide 37% lower heat
loss than conventional single glazing.

Based on the above discussion, different variables affect the performance of a PV glazing including
the type and transparency of PV module as well as the location and orientation of deployment. This
paper presents the first outdoor experimental thermal performance characterization of CdTe PV
non-ventilated glazing as BIPV fagade in the UK while taking into consideration the effect of
facade orientation and optical parameters. Thermal performance was evaluated through U-values,
solar heat gains and cooling load. Results are compared to conventional single glazing for clear
assessment of energy saving potential. The selection of optimum PV transparency was discussed
in light of different factors.

2. Experimental Setup
2.1 Outdoor Experiment

Eight test cells were installed in two different orientations, namely South and South-West, at
Penryn, UK where latitude and longitude coordinates are 50.169174 and -5.107088 respectively.
The South and South West orientations were particularly taken into consideration since they are
the most favorable for PV applications (Somasundaram et al., 2020). Each test cell was fitted with
one glazing in such a way that the performance of three different CdTe PV glazing (Si1, Sz and Ss)
can be tested in both orientations in comparison to single glazing (So), considering the window-to-
wall ratio as 100%. The samples So to S; parameters are shown in table 1. Test cells sizes are (0.22
m x 0.2 m x 0.18 m), and are made of polyisocyanurate insulation board (thickness 2.5cm, thermal
conductivity 0.02 W/mK) to provide good insulation so that one dimensional heat transfer through
the glazing can be assumed. Peltier-based air conditioning (AC) units were fitted to each test cell
to be used as cooling unit run by a temperature regulator. However, it might be turned off
completely in selected days for thermal performance evaluation.

Table 1 Glazing specifications

Parameter SO S1 S2 S3
Transparency 90% 24.83% 18.66% 0.46%
Output power @ 0.815 Wp 0.996 Wp 1.414 Wp




K-type thermocouples were used to monitor the temperatures inside the test cells and at the inner
and outer surfaces of each glazing. Data acquisition and logging was implemented using Arduino
microcontroller for South-West oriented test cells and Omega microcontroller for South oriented
test cells. Pyranometer and pyrheliometer were used to measure direct, global and diffuse solar
irradiances. Figures 1land 2 show a photograph and a sketch of the experimental setup respectively.

Weather Station

Test Cells,

Facing South i
West . ‘ F ="/ | South

T T

Figure 1. A labelled photograph of the outdoor experimental setup showing the eight test cells

Test Enclosure

CdTe Glazing

Paltier Unit —\

Figure 2. Sketch of the outdoor experimental setup showing the eight test cells — The outer shield
box was omitted for clarity

Throughout data gathering, cloudy days, intermittent cloudy days and sunny days were observed.
Thermal parameters are affected by solar irradiance, ambient temperature and wind speed. Cloudy
and intermittent cloudy days would result in higher ambient conditions fluctuation. Therefore, a
sunny day, on 25" of September, was selected for thermal performance analysis to get the highest
possible rate of heat transfer and steadiest ambient conditions so that an average value of a lengthy
experiment can give the closest figure of a steady state condition. Figure 3 exhibits the direct
vertical solar irradiance and power generated by each PV glazing in South and South-West
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orientation. S3 was found to benefit the most from solar irradiance generating more maximum
power than S2 and S1 by 146% and 133% respectively in South-West direction and 153% and
137% in South orientation. Both orientations show close values, the difference in PV power
generation can be due to difference in direct solar irradiance, PV cells operating temperature
(Amelia et al., 2016) and soiling factors (Smestad et al., 2020). However, during the test period,
the test cells were cleaned, and the soiling impact has been mitigated.
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Figure 3. Diurnal variation of power and solar irradiance in South and South-West orientations on
25" of September

2.2 Indoor Experiment

Indoors, a constant irradiance solar simulator (Class AAA+, AM 1.5) and a 1.5 m/s constant speed
fan were used to emulate the outdoor solar irradiance and wind speed respectively. The solar
simulator provided 300 W/m? constant irradiance that is equivalent to the average solar irradiance
outdoor. The experiment was conducted for eight continuous hours for each test cell so that steady
state heat transfer can be achieved and then a proper thermal assessment can be obtained. Figure 4
shows a photograph of the indoor experiment.



" Solar Simulator

CdTe Glazing

Thermocouple

Data logger

Figure 4. Photograph of the indoor experiment

Indoor spectral measurements were performed to obtain the optical transmittances of the glazing
under study using Perkin Elmer Lambda 1050 spectrometer. Figure 5 shows that the visible
transmittance of S1, S2 and S3 are 24.83%, 18.66% and 0.46% respectively, less than that of clear
single glazing whose transmittance was found to be 90%.
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Figure 5. Spectral irradiance and solar transmittance of Semi-Transparent (STPV) glazing and
single glazing in visible transmittance range (380-780nm) and NIR transmittance range (780-
2500nm)



3. Thermo-optical Performance

Figures 6 shows the diurnal variation of test cell and inner surface temperatures obtained from
outdoor experiment in both South and South-West orientations. Results show that single glazing So
recorded the highest interior temperature. Whereas for PV cells S1, S; and Ss, higher transparency
glazing record higher test cell temperature. This behaviour was noticed in both orientations with
South orientation having higher temperatures prior to midday and South West orientation having
higher temperature post midday due to sun trajectory. A reverse behaviour was registered for inner
surface temperatures as lower transparency glazing recorded higher Temperatures. This can be
referred to the fact that semi-transparent PV glazing absorbs solar radiation in order to generate
electric power. The surface temperature of PV glazing in South orientation was found to be lower
than that of South-West orientation at peak temperature time, this justifies the higher power
generation that was registered for South orientation in figure 2, as lower PV operating temperatures
result in higher PV cell efficiency. Very similar variations in test cell and inner surface temperatures
were achieved in the indoor experiment as shown in figure 7. It was observed that the temperatures
of the solar cells’ surfaces and the indoor temperatures of the test cells reached steady-state values
after 8 hours of continuous testing in indoor conditions.
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Figure 6. Diurnal variation of all test cells inside temperatures (a) and (b) and inner surface temperatures (c)
and (d) on 25™ of September
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Figure 7. Diurnal variation of test cell indoor temperature and inner surface temperature in indoor
experiment

Figure 7 shows how each transparency impacts the indoor temperature of the Test cell. Clearly, it
is illustrated that the opaquer solar cell maintains lower indoor temperature than more transparent
ones. However, the inner surface of the opaquer solar cell is the highest. The reverse behavior
between the interior and inner surface temperatures can be illustrated by the absorption response of
all samples. Figure 8 shows the absorbance curves over the wavelength range. The lower
transparency glazing, S3, resulted in a higher overall absorbance in the visible and NIR ranges,
which is converted to heat relatively higher than other samples. Another factor is how the active
material is sandwiched between two panes, as there is no distances or insulation gas to reduce the
outer to inner surfaces conduction. The accumulation of absorbed solar radiation causes an increase
in the surface temperature of the glazing.

For the most transparent cell, it will trap more heat inside the room relatively higher than other
samples and due to the capacity of the room, it impacts the inner surface to keep it within its
vicinity.
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Figure 8. Spectral irradiance and absorbance of STPV glazing and single glazing in visible
transmittance range (380-780nm) and NIR transmittance range (780-2500nm)

4. Thermal Performance
4.1 Solar heat gain coefficient

Solar heat gain coefficient (SHGC) measures the fraction of global irradiance that is transmitted

through the glazing. SHGC of each glazing was calculated using equation (1) (Alrashidi, Ghosh, et
al., 2020)

TSE
SHGC = 0
ver,global
Where; TSE is the transmitted solar energy and it can be evaluated as in equation (2).
(1+cos ) (1-cos )
TSE :(Ibeam'h * Idif'hA)Tdirrb + Idif,h(l"'pﬁ)fdif,hT-l_ ot P57 2 )

SHGC is associated with direct, diffused and reflected solar radiation, therefore it is dependent on
the incident angle (Waide & Norton, 2003). Figure 9 shows the variation of outdoor solar heat gain
coefficients with incident angle for South and South-West orientations. Results reveal that the
maximum reduction in solar gain for Semi-Transparent (STPV) glazing Si1, S; and S; are 72.3%,
80%, and 96% respectively compared to single glazing S as a reference. Results of SHGC signify
that for hot climates, the use of semi-transparent PV glazing is favourable for limiting solar heat
gains and reducing cooling loads. The maximum SHGC of single glazing was found to be 71.3%,
this agrees with the values of NFRC (Efficientwindows, 2018). Close SHGCs were found in both
tested orientations with slightly higher values registered for South orientation.



Also, it was observed that the variation of the angles of incidence from 0 degrees to 50 degrees
doesn’t affect the variation of the SHGC values. They remain constant from 0 degrees to 55 degrees
where they started dropping to reach zero value for an angle of incidence equal to 90 degrees.
(Sunrays parallel to the tested glazing cells)
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Figure 9. Variation of SHGC with incident angle in South and South West Directions
4.2 Overall heat transfer coefficient

The overall heat transfer coefficient (U-value) measures how well a glazing conducts heat through
radiation, conduction and convection. Equation (3) was used to calculate the U-value under the
assumptions of one dimensional steady state heat transfer and zero ground solar radiation reflection.
(Alrashidi, Ghosh, et al., 2020)

_ Qin _th _Qloss - Pg

©)
° Ag (th,in _th,out)
Where
Aperture area of glazing (A,) is 0.0225 m?
Q, = 1(OA7,(O)a 4)
dT
=M_C_— 5
th tc ~tc dt ( )

Where mass of air inside the test cell (M;.) and its heat capacity (C;.) are 0.08 kg and 1.006
kJ/kgK respectively.
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Qloss = Qwall = (UA)WaII (th,in _th,out) (6)

Figure 10 exhibits the diurnal variation of U-values of So, S1, Sz and Sz in South and South West
orientations. U-values show a fluctuating behavior throughout the day, this is due to the dynamic
ambient conditions of solar irradiance, wind speed and ambient temperature. However, an average
value can be considered since the experiment is carried out for a long period of time. In South
orientation, the average calculated U-values were 5.6, 2.64, 2.35 and 1.54, while in South West,
average U-values were 5.67, 2.7, 2.33 and 1.52 for SO, S1, S2 and S3 respectively. Similar results
were obtained from the indoor experiment in figure 11, as the U-values of Sg, Si1, Sz and Ss were
found to be 5.7, 2.7, 2.3 and 1.52 respectively. Indoor experiment has shown steadier results than
outdoor because of the constant irradiance from the solar simulator, constant indoor ambient
temperature and constant wind speed from the constant speed fan.

Low U-value of glazing is always required to maintain the achieved temperature difference between
the interior of the room and the ambient thus saving energy required for heating and cooling. Cold
climates favors glazing with high SHGC to benefit from maximum solar heat gains and minimize
the energy consumption for heating loads, whereas low SHGC glazing are required for hot and
warm climates to reduce cooling load requirements. The quantification of thermal properties
emphasizes the use of the studied PV glazing in hot climates.
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Figure 10. Diurnal variation of U-values and ambient temperature in outdoor experiment for South
and South-West orientations
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Figure 11.U-values from indoor experiment
4.3 Cooling Load

The measurement of cooling loads provides clear comparison figures of the thermal performance.
AC energy consumption gives a clear representation of the cooling load inside the test cell.
Cumulative energy consumption to maintain a set-point temperature of 23 °C was measured for the
eight test cells in both outdoor orientations and results were represented in figure 12. For both
orientations, the most consumption corresponds to the test cells at which clear glazing is fitted. The
use of S1, Sz and S3 glazing could induce reduction in cooling energy consumption of 7.7%, 14.7%
and 23.2% in South-West direction and 4.4%, 8.2% and 11.9% in South direction compared to
clear glazing.
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Figure 12. Cumulative Energy Consumption of AC unit

Cooling load results indicate that the use of Sz PV glazing at South-West orientation is the best
alternative of conventional single glazing as it leads to the most energy saving as well as most
power generation among other glazing. However, Ss glazing prohibits the transmission of visible
solar radiation that represents the “daylight” leading to excessive use of artificial lighting. In
addition, Among different indoor environment factors, daylight stands out to be of the most
significance on occupants’ health as it affects their mood, sleep quality and mental alertness
(Shishegar & Boubekri, 2016) (Jamrozik et al., 2019). Thus, an optimum selection can be the use
of S; or S, glazing that creates a compromise providing better optical conditions than S; and better
tolerance to healthy environment while keeping the advantages of power generation and energy
saving compared. Larger non-ventilated PV facades would provide more power generation and
total energy saving for buildings. The U values of the different PV glazing studied and determined
in this study are important parameters required for the calculation and estimation of the reduction
of cooling load for buildings with these technologies. The design of energy-efficient buildings
integrated with semi-transparent CdTe PV glazing necessities the knowledge of the results
presented in this article to calculate the cooling load using the SHGC and U values illustrated in
Figure 9 and Figure 10 respectively. The results of this paper fill a knowledge gap in the literature
by these experimental results that help to quantify the energy savings for a building if this
technology is used by the properties mentioned in the study. Other researchers can use this data to
scall up their simulations to a big building and accurately estimate the total energy saving. Also,
the thermal characterization of these samples can feed into industry and other researchers’
databases to support other assessments for other types of buildings.

5. Conclusion

Thermal performance of three semi-transparent thin-film based CdTe glazing facades (S1, Sz, Ss)
was investigated by indoor and outdoor experimental tests for South and South West orientations
under the conditions of the UK climate. The cells have visible transmissions of 24.83% for S;,
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18.66% for S, and 0.46% for Ss. The orientation was found to affect the diurnal variation of test
cell temperatures and consequently the cooling energy. The U-values and SHGC for both
orientations in outdoor experiment and indoor experiment showed very close values indicating
constant thermal properties of the studied PV glazing regardless of the selected orientation. The
indoor experiment showed steadier results of U-values due to variable outdoor ambient conditions.
The lowest transparency PV glazing admitted an ability to reduce the solar heat gain by 96% while
the higher transparency glazing S; and S, showed reduction of 72.3%, 80% respectively compared
to the reference glazing. The measurement of cumulative cooling energy required by an AC unit
prevailed the ability of S;, S; and Ss CdTe PV glazing to induce cooling reduction of 8%, 14.4%
and 23.2% in South-West direction and 4.8%, 8.6% and 11.6% in South direction compared to
single glazing. These results emphasized the advantages of CdTe PV glazing in hot and warm
climates. For the sake of office-based non-ventilated Facade buildings, a compromise was targeted
between power and daylight requirements for healthy indoor requirements and energy saving. The
results can be utilized as reference for large scale buildings simulations to provide accurate
estimates for the energy savings when this technology is used.
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