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In modern architecture, highly glazed commercial buildings account for considerable amount of energy, specifically in cold and
hot climates because of heating, cooling, and lighting energy load demand. Abatement of this high building energy is possible by
employing semitransparent photovoltaic (STPV) window which has triple point advantages as they control the admitted solar gain
and daylight and generates benign electricity. Integration of internal light shelves (ILS) to this STPV window assists in controlling
visual comfort. Thus, this study aims to evaluate the impact of a nonuniform layout of double-glazing (DG) low-e STPV and DG
low-E argon-filled clear glass integrated into a fully glazed open-office facade combined with ILS in cardinal orientations under
Riyadh, London, Kuala Lumpur, and Algiers climates. Comprehensive energetic and radiance simulations were conducted to
evaluate three groups of STPV configurations. The first group replaced the glazing area with amorphous silicon (a-Si) modules
with different transparencies; the second and third groups changed only 75% and 50% of the glazing area, respectively, with STPV's
integrated with the ILS. The results revealed that the integration of a-Si modules did not meet the visual comfort requirements but
obtained the maximum saving in the east-west axis. It was also found that the optimum design on the south-facing facade with the
nonuniform facade achieved 50% of STPV10 coverage in clear glazing windows combined with ILS; the energy saving ratios
comparing the reference models were 76%, 83%, 65%, and 70% in Riyadh, London, Kuala Lumpur, and Algiers, respectively. Thus,
the integration of STPVs with ILS is considered a more efficient way and effective solution to reduce the possibility of
glare discomfort.

1. Introduction

Currently, the overall energy consumption in the buildings
sector is responsible for almost one-third of the energy used
worldwide. Heating, cooling, and artificial lighting load
demands are the reason for this high consumption. Energy
loss and gain both incur in higher order through the
transparent building window envelopes [1, 2]. Traditional

buildings windows are highly transparent single- or double-
glazing type which allows excessive amount of solar heat and
daylight both into a building interior. In modern archi-
tecture, percentages of fully glazed facades are gaining
importance which can increase further the energy demand.
Controlling this entering light is of utmost importance to
reduce the building energy demand and enhance the oc-
cupants’ comfort [3]. However, daylight in a fully glazed
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building design provides tremendous psychological benefits
to building occupants and reduces electrical lighting energy
[4]. Hence, suitable light control mechanism is required
which will control the solar heat and by employing proper
daylighting overall energy cost can be reduced. Previously,
light shelves [5] were often employed to building to obtain
visual and thermal for occupants. Light shelves can be static
flat or curved reflective shaped and can easily be mounted on
the external or internal part of vertical opening. They can
offer shading, redirect incoming light flux towards the
ceiling, and improve uniform daylight penetration [6-8].
However, it has some limitations such as increase of solar
gain may offset the lighting energy saving potential, issues
created from glare, and maintenance requirement for dy-
namic light shelves [7].

Recent trend is to employ semitransparent window over
tully transparent window to control the entering solar light.
Semitransparent photovoltaic (STPV) windows are specially
gaining importance as they have ability to abate the energy
demand being energy efficient over conventional windows
[9]. They are considered a promising fenestration technology
that can preserve energy and provide thermal and visual
comfort [10]. Thin-film a-Si (amorphous silicon), cadmium
telluride (CdTe) [11], and copper indium gallium selenide
(CIGS) PVs have the ability to modulate the entering light
and produce benign power [12, 13]. Also third-generation
DSSC [14] and perovskites [15, 16] are able to tune the
transparency. Some of them are integrated in commer-
cialised products with module effectiveness of up to 10% and
cell efficiency of up to 13.6% [17] on the basis of the optical
(visible light transmittance) and thermal characteristics and
PV system used [18].

The most significant rating indices used for evaluating
the thermal performance of an STPV fenestration system are
the solar heat gain coefficient (SHGC) and thermal trans-
mission (U-value) [19]. In short, the U-value measures the
overall heat transfer from a material and is expressed be-
tween the values of 0.1 and 1, where lower U-value indicates
high thermal insulation. It is considered an important factor
in cold climate [11], but has less effect than the SHGC in
warmer climate due to direct solar radiation [20]. Fung and
Yang [21] found that the area of solar cells in the PV module
significantly affect the total heat gain, since nearly 70% of the
total heat gain was reduced when the solar cell area ratio,
defined as PV module area covered by solar cells, was set at
0.8. However, other parameters, such as solar cells’ efficiency
and the PV module thickness, had only limited influence. He
et al. [22] compared the performance of a-Si PV single- and
double-glazing windows in east China both numerically and
experimentally. The double-glazing solution was found to be
able to decrease indoor heat gains to 46%, enhancing indoor
thermal comfort. Didoné and Wagner [23] carried out a
numerical simulation to assess the potential energy savings
of STPVs in tropical climates. The results revealed that the
use of an appropriate control system and an energy pro-
duction could achieve 17% to 43% potential energy savings.
In the same climate, Ng and Mithraratne [24] evaluated the
overall energy performance of six commercially available
STPV modules by calculating net electrical benefits (NEB)
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for different WWR window designs in Singapore. They
found that the integration of all STPVs with appropriate
WWR performed better than conventional windows in
terms of energy saving. Elsewhere, the possible benefits of
integrating STPVs in Mediterranean climates was explored
by Olivieri et al. and Mesloub et al. who suggested that the
technology potential is high [25, 26]. While Huang et al. [27]
proved that double-glazing Low-e STPVs performed better
than conventional double-glazing windows on the west and
east orientation in cooling dominant climate. Kapsis and
Athienitis [28, 29] investigated the effect of optical pa-
rameters of STPV windows by using the first-generation
module on the energy performance of using the concept of a
three-section facade. The results revealed that STPVs with
10% transmittance could save up to 53.1% electricity and
daylight requirements achieved with an effective transmit-
tance of more than 30% and 40%. Li et al. [30] recommended
that the ratio of PV cells for double-skin STPV facades can
be less than 60% to achieve the requirements of indoor
daylighting in Tianjin, China. Chang et al. [1] developed a
novel dynamic daylighting metric to assess STPVs by
considering the effect of window sizes and orientations
within the same context. The results revealed that the op-
timal orientation is the south to achieve the lowest annual
net energy and daylighting quantity and quality.

However, power generation from STPV is strongly
correlated with the transmittance level of PV. Lower
transmittance generates higher power while stops viewing
from interior to exterior while higher transmittance gen-
erates lower power and allows viewing. The current practice
of STPVs is applied to uniform layouts for the whole window
area. Only a few studies have investigated the spatial dis-
tribution of glazing types [31], as well as the application of
STPV with different transparencies and window-to-wall
ratio (WWR), which is considered an effective daylighting
strategy to control the quantity of daylight and produce
energy [32]. However, for large STPV facades, the lower part
of the window can reduce the light transmission but the
upper part still allows higher light [33] which further needs
to be abated. To limit the light transmission from the upper
part of the window inclusion of light shelves can be an
option. For the first time, this study will evaluate the impact
of nonuniform layouts of DG low-e STPV and DG low-e
argon-filled clear glass integrated in fully glazed open-office
facades, combined with internal light shelves in cardinal
orientations in different climates. The outcome will propose
an optimum balance solution in terms of energy saving and
visual comfort in the application of future buildings.

2. Materials and Methods

A comprehensive numerical parametric simulation of in-
tegrated STPVs combined with ILS was conducted based on
EnergyPlus and Diva-for-Rhino simulation tools. All STPV
configurations were simulated in four diverse climates to
analyze the influence of different latitude and climatic
conditions on the optimal configuration of the combined
systems. The Meteonorm meteorological database corre-
sponding to Riyadh was used for the subtropical desert
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climate, while the Typical Meteorological Year (TMY) files
of London, Algiers, and Kuala Lumpur were used for the
marine west coast (temperate) and Mediterranean climates
and tropical rainforest, respectively. Among the most im-
portant reasons for selecting these cities are the differences
in external temperature (either too cold, too hot or average)
and the amount of solar radiation that affect the solar panel
performance and external illuminance in each zone based on
the sky condition. Table 1 shows the location and climatic
conditions of each zone based on Koppen Climate
Classification.

2.1. Perimeter Zone Configuration. An open-plan perimeter
office zone was modelled using the Diva-for-Rhino simu-
lation software in cardinal orientations as shown in Figure 1.
The area of the open-office is based on the US Department of
Energy (DOE) large commercial building prototype [34],
which is a 180 m” furnished area that is 20 m wide by 9m
deep with a 3 m high ceiling. The height of the furniture was
taken into account to provide all occupants with access to
outdoor views and no exterior obstructions.

2.2.STPV Configurations. In this study, a total of nine STPV
configurations and reference models were examined refer-
ring to the level of transmittance (10%, 20%, and 30%) and
the height and length of flat internal light shelves. The spatial
combination of STPVs, glazing surfaces, and internal light
shelves is based on the principle of dividing the facade into
upper daylight and the lower part for viewing [31]. Mean-
while, the length of ILS is equal to the distance to the
clerestory [7]. The STPV configurations can be divided into
three main groups. The first group replaces the full clear
glazing (100% WWR) by STPV's with variant transparencies.
The second group considers the glazing divided into two
continuous stripes. The lower part of the glazing is integrated
with the STPVs with 75% of total area of glazing. The upper
daylight part utilises the clear glass as well as sets up flat ILS
0.75m in length and 2.25m in height. The third group
divides the glazing into two equal continuous stripes, with a
1.5m ILS length, while keeping STPVs on the bottom and
clear glass on top, as clearly shown in Figure 2.

The chosen STPVs were amorphous silicon (a-Si) types
that were obtained from Onyx in Spain and had a range of
visible light transmittance (10%, 20%, and 30%), suitable for
building residents with an excellent outdoor view. The
performance of ordinary a-Si PV thin-film modules becomes
distinctly low (less than 5%). As a result, a change between
the energy and daylighting performances ought to be af-
fected to maximise the benefits of energy. A better PV
module transmittance could result in a decline of energy
conversion efficiency as well as an upgrade of the solar heat
benefit coefficient. Table 2 describes the thermooptical
properties of various STPV models used in the analysis.

2.3. Energy and Radiance Simulation. The energy modelling
of EnergyPlus makes it possible to simulate the energy
production of the STPV system by means of an equivalent

one-diode model [35]. This model uses an empirical rela-
tionship to predict the operating performance of the PV
based on conditions such as PV cell temperature and esti-
mation of conversion efficiency for each time step. Never-
theless, a comprehensive validation was performed in
previous studies [25, 36]. The electrical properties of various
STPV transparencies applied in this study are summarised in
Table 3.

On the other hand, an ideal HVAC system is also as-
sumed to supply the required heating or cooling air to the
related zone to meet the set point indoor air temperature of
26°C in the summer and 20°C in the winter season based on
international standard (ASHRAE 55, ISO 7730), with a
heating and cooling coefficient performance of 1. Taking
into account that the simulated open-office components are
in cardinal orientation, the floor, the ceiling, and the internal
walls were adiabatic. The HVAC system was turned on only
during the occupancy schedule, which was from 8.00 AM to
5.00 PM.

A flat LED ceiling surface-mounted luminaire with an
input power of 17.4 W was installed in regular distances of
1.5m by 2m in columns and rows, respectively. This ar-
rangement is for illuminating the whole work plane with a
sufficient quantity of light in the case of an absence of
daylight based on the lumen method [37].

The quantitative results derived from the radiance
simulation (Diva-for-Rhino program) depend significantly
on the successful configuration of the input parameters
according to the specification of the STPV and ILS design.
The radiance parameters such as materials reflection as
depicted in Table 4 were specified to ensure the photometric
accuracy of the results, which can be categorised as a ray-
tracing algorithm, which tracks rays of light backwards from
the eye to the focus of the scene [38]. The simulation ra-
diance parameters used in the daylighting simulation is
depicted in Table 5.

In this context, the annual climate-based daylight
metrics were applied to evaluate the daylighting perfor-
mance and were compared with the reference model under
various sky and external illuminance conditions. The first
metric is daylight autonomy (DA), which was evaluated
based only on a minimum illuminance level of 300 lux, but
this metric alone failed to consider the effect of glare under
excessive daylighting [1, 39]. The second metric was the
useful daylight illuminance (UDI), which required upper
and lower thresholds from 100 lux to 2000 lux to provide an
effective mechanism to indicate high levels of illumination
linked with discomfort glare and heat gains [40]. Further-
more, the Daylight Glare Probability (DGP) is for glare
assessments [41]. The criteria of assessments for each metric
are summarised in Table 6.

3. Results and Discussion

3.1. Energy Performance Evaluation. The impacts of spatial
distribution transparencies and integrated ILS on the STPV
performance set up in open-office buildings in different
climates were numerically investigated in terms of annual
net energy consumption. Hereafter, the net energy consists
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TasLE 1: Climatic conditions of different cities used in this study.

- . . . Average air temperature in  Annual average solar Sky External
Cities (climate) Latitude Longitude winter and summer (°C) irradiance (kWh/m?) condition  illuminance (klx)
Riyadh (subtropical 2443°N  46.43°E 14.4-36.1 2200 Clear 19 to 35
desert climate)

London (marine west ;) (oo 11y 43-17.3 1000 Overcast 03 to 20
coast climate) “Cfb

Kuala Lumpur (tropical 3 (oen 1) 358 27.2-283 1600 Intermediate 18 to 23
rainforest) “Af

Algiers Mediterranean 5 430y 315 11.1-25.6 1900 Clear- 10 to 36
Csa overcast

FIGURE 1: 3D model of perimeter open-office zone and furniture arrangements in cardinal orientation.
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FiGure 2: STPV configurations applied in each part of the simulation. (a) Reference model. (b) First Group. (c) Second Group. (d) Third

Group.

TaBLE 2: Thermooptical properties of various STPV (10%, 20%, and 30% VLT) and reference glazing models.

Glazing configurations SHGC (%) (%_Zilzulg) External 11(%2; reflection Tra\l;il,}n(t;:)n ce Peak power (Wp/mz)

Double-glazing low-E argon- 0.65 11 13 79 .

filled

STPV DG low-E 10% 0.09 1.6 7.3 10 40

STPV DG low-E 20% 0.12 1.6 7.3 20 34

STPV DG low-E 30% 0.17 1.6 7.3 30 28

TaBLe 3: Input electrical parameters of various STPV TaBLE 4: Material reflection coefficient percentage.

transparencies. - - -
Material Reflection coefficient (%)

Parameters of PV STPV 10% STPV 20% STPV 30% Ceiling 80

Efficiency of module (1) 4% 3.4% 2.8% Floor 40

Max power (Pmax) 123 watts 104 watts 86 watts Wall 70

Max power voltage (Vpm) 132V 132V 132V Furniture 50

Max power current (Ipm) 0.93A 0.79A 0.65A Light shelve 90

Open circuit voltage 191V 191V 191V

Short circuit current 1.15A 0.97 A 0.77 A

Temperature coefficient of 019%/C°  0.19%/C°  0.19%/C" Although the lighting energy consumption recorded the

Prpp highest values, it can reach up to 2600 kWh in overcast sky

Temperature coefficient of )00 /o (5000 (2gecc conditions in London. The trend of PV modules with various

¥°C fici ¢ transparencies from 10% to 30% slightly reduced the heating

Iemp erature coeflicient OF 1 0996/C" +0.09%/C" +0.09%/C" and lighting energy; meanwhile, they increased the cooling

SC

of cooling, heating, and lighting energy minus the energy
produced with a-Si solar cells. It is expressed with kWh per
year, as presented in Tables 7 and 8.

On an annual basis, the results revealed that the net
energy consumption of all STPV configurations compared
to the reference model has a significant reduction, in par-
ticular, the cooling load energy, except for the first group of
STPV configurations with all transparencies in the south-
north axis of London due to the counterproductive effect on
the heating load, which almost doubled from 6568 kWh to
7435 kWh for STPV 30% and STPV 10%, respectively. In-
versely, the net energy used by the first group was less than
other configurations in the east-west axis because of the
sharp decline of cooling energy, as depicted in Table 8.

energy due to the entrance of more solar radiance. Also,
there was a remarkable decrease of energy production be-
cause of the low conversion energy efficiency.

As expected, the integration of STPVs in the southern
facade acquired the maximum annual yield, while the
eastern facade had the least lighting energy consumption.
Nevertheless, the more transmittance glazing integrated into
the upper part of the window with ILS obtained a lower
lighting energy in the southern facade, as depicted in the
third group. The south-north axis consumes more energy
than the east-west axis within all climate contexts.

The integration of ILS and STPV (second and third
groups) leads to a significant improvement in terms of
energy in the south-north axis rather than the east-west axis
because of the substantial impact of ILS with high trans-
mittance of clear glass in the upper part of window, which


















