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Abstract

When integrating photovoltaics into building windows, the photovoltaic glazing modules inhibit the
function that glass performs, with the additional function of energy production. Semi-transparent Photovoltaic
(STPV) glazing will absorb part of the solar radiation incident on the window surface to generate electrical
power. In turn, this affects the overall solar energy and natural daylight penetrating the indoor space. Various
factors determine the building energy performance and indoor comfort level as a result of adopting STPV
glazing. The factors regarding window design alone (window size, PV glazing coverage ratio and PV glazing
placing position) require rigorous study. In this paper, an innovate model (combined optical, electrical and
energy model) was developed to comprehensively evaluate the performance of an office equipped with STPV
window and firstly analyse the effect of window design on overall energy efficiency. A double-glazing unit
integrated with thin film CdTe solar cells with 10% transparency was electrically characterised by Sandia
Array Performance Model (SAPM). The annual energy performance of a typical office served by window
integrated STPV glazing was investigated through EnergyPlus simulation for various window designs under
five typical climatic conditions in China (using weather files of Harbin, Beijing, Shanghai, Guangzhou and
Kunming for representation). The optical performance (defined by a Bidirectional Scattering Distribution
Function) of this STPV glazing was also obtained using a ray-tracing technique. Then, the annual daylight
performance of the porotype office was assessed using RADIANCE. We found that when compared to a
conventional double-glazed system, the application of PV window can result in considerable energy saving if
the office has a relatively large window-to-wall ratio (i.e. >45%), while the position of placing STPV glazing
has significant influence on the lighting energy consumption. In the specific climates under test, the optimal
design scenario of applying window integrated PV can result in a reduction in energy consumption of up to
73%. The simulation results also show that this PV window offers better daylight performance than

conventional double glazing and effectively reduces the possibility of glare.
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1. Introduction

Building-integrated photovoltaic (BIPV) is a concept of integrating photovoltaic elements into the
building envelope, establishing a relationship between the architectural design, structure and multi-functional
properties of building materials and renewable energy generation [1]. For glazing application, photovoltaic
modules replace conventional glass, taking over the function that glass performs, such as weather proofing,
thermal control and sound protection, while also including the additional function of on-site electricity
production. Although this idea is not a new concept, it has not been widely adopted due to the challenges of
extensive planning, relative high cost as well as the challenges of optimizing their performance that affected

by environmental variables.

For window and glazing facade PV application, prototypes have been made by crystalline silicon solar
cells (e.g. Mono-crystalline(mono c-si), Poly-crystalline (poly c-si)), thin film solar cells (e.g. Amorphous
Silicon (a-si), Multi-junction thin film silicon (a-Si/ pc-Si), Cadmium telluride (CdTe), Copper-Indium-
Diselenide (CIS), Copper-Indium-Dieseline (CIGS)), organic solar cells (e.g. Organic PV (OPV) and Dye-
sensitized solar cells (DSSC)) [2] as shown in Fig. 1. Crystalline silicon solar cells have the highest cell and
module efficiency out of these, but they are opaque, which means the light transmission through the modules
can be achieved only by altering the spacing between the cells. Windows and glazing fagades integrated with
thin-film solar cells and organic solar cells can achieve a uniform appearance and semi-transmittance for
daylight without cast shadow inside the room. This provides a better architectural acceptance when compared
with crystalline silicon-based STPV facades/ windows [3], [4], [5]. Thin film modules, such as CdTe, consist
of thin liner cells of only a few micrometres thickness. Despite the cell efficiency of thin film cells increasing
dramatically in only a short number of years ( (e.g. the highest reported cell efficiency for CdTe is 22.1% [6]),
the overall module efficiencies for semi-transparent PV windows are reported in a range of only 4.1%-12%
[9] [10], [11], [12], [13], [14]. This is due to the requirement of attaining a certain degree of transparency [7]
and the inclusion of cover glass [8] for the integrated thin film window versions of the technology. A new
generation of photovoltaic— Organic PV, which has emerged on the market in recent years, is more economic
and flexible but with lower electrical efficiency (e.g. module efficiencies for DSSC devices are in the range of
3%-7.6%) [7], [15]. The long-term durability is however the more serious issue that obstructs their

commercial usage [7].
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Fig. 1: Window integrated with different types of PV cell materials. Sources: [16] [17] [18]

When integrating different types of PV modules into a building window or glazing facade, the
variation of thermo-optical (e.g. emissivity, solar and visible) transmittance of the glazing material will affect
the fraction of absorbed, transmitted and re-radiated solar radiation, as well as the amount of penetrating
daylight. This will in turn affect the temperature of the PV module and thus influence their electrical power
generation. The interaction between the thermal, optical and electrical performance of a PV window would
eventually affect the indoor environment and the overall building energy consumption. To improve the
thermo-optical features of window integrated PV systems, some advanced glazing technologies (e.g. vacuum
glazing [19], [20] and compound parabolic concentrator (CPC) [21]) have been seen added into PV windows
to improve their overall performance. With the help of building simulation tools, a number of previous
simulation studies sought to explore the coupled electrical, thermal, daylight and energy performance of
applying solar cells into windows [22]. Peng et al [3], [12], [23], [24] used EnergyPlus to investigate the
integrated thermal, power, and daylighting performances of applying a semi-transparent amorphous silicon PV
module under the climate of Hong Kong. Pre-simulation measurements of optical characteristics, heat
conductivity and infrared emissivity of the PV module, as well as the coefficients for Sandia Array
Performance Model (SAPM) were used for optically, thermally and electrically characterising these PV
modules when modelling. To validate the EnergyPlus model, outdoor experimental measurements in terms of
surface temperature, daylight illuminance, heat gains and hourly power generation have been conducted and
these results were compared with that obtained from EnergyPlus simulations under nearly the same physical

environment. The measurement results match well with the simulation results with differences less than 4%.

Other than the thermo-optical properties of STPV glazing, the architectural design of a window in a

building envelope can also dramatically affect the energy efficiency of the building. Generally, windows are



the pathway for an indoor space to receive daylight and passive solar radiation, as well as providing, outdoor
views. Replacing the clear glazing of a window with STPV glazing will undoubtedly provide on-site solar
electricity generation. It will however also result in: a reduction of passive solar heat gain; an increase of
lighting energy consumption; and an obstruction of the occupants’ view. The balance between the generated
electricity and the variation of heating, cooling and lighting energy consumption, which might be increased or
decreased, may not always provide positive effects on the overall building energy efficiency. It is highly
dependent on the window size (represented by Window-to-Wall Ratio (WWR), which is the ratio of the area
of window to the area of wall), solar cells coverage, STPV glazing position and the transmittance of the STPV
glazing, as well as the climate conditions that the building located. The influences of WWR and STPV glazing
transmittance on the overall energy performance of a building have been investigated by previous researchers.
Chow et al [25] used a simple power output equation in conjunction with a 2D heat-transfer model and
daylight simulation module in EnergyPlus to investigate the performance of a semi-transparent a-Si window’s
performance on an office building in Hong Kong. Their results showed that a visible transmittance in the
range of 0.45-0.55 achieves the best energy-saving performance when the WWR is 0.33. Olivieri et al. [26],
[27] used a package of specific software tools (DesignBuilder, EnergyPlus, PVsyst, and COMFEN) to
investigated the thermal, power and daylighting effects of applying Semi-Transparent PV facades with
different transmittances under different window-to-wall ratios. Their results indicate that, a) for small
openings (WWR < 33%), various transmittances of STPV glazing provide negligible difference on the overall
energy efficiency; b) for intermediate openings (33%<WWR<66%), STPV glazing with a transmittance of
16% gives rise to the greatest energy saving potential; and c) for large openings (WWR > 66%), STPV glazing
with a transmittance of 10% yield the lowest energy consumption. Miyazaki et al. [22] used EnergyPlus to
investigate the effect of the PV window transmittance and window to wall ratio (WWR) on office buildings’
heating and cooling loads, daylighting, and electricity production. Their results revealed that a solar cell
transmittance of 40% and WWR of 50% achieved the minimum electricity consumption under Tokyo’s
climate. Kapsis [28] investigated the annual daylight performance of various STPV window configurations
using DAYSIM under cooling dominated continental climate. The impact of WWR, orientation and lighting
design (load density and lighting control) on the selection of ideal optical properties of semi-transparent
photovoltaics (poly-Si, a-Si, OPV) was studied. Semi-transparent photovoltaic module with 10% visible
effective transmittance resulted in the lowest annual end-use electricity consumption. Skandalos et al [10]
used TRNsys to study the optical and thermal properties, as well as the thermal performance of windows
integrated with a-Si and c-Si solar cells under a typical warm Mediterranean climate. Their results show that
the adoption of window integrated STPV glazing significantly reduced cooling loads and increased the heating
load, while the overall energy efficiency depends on solar cell coverage ratio and the electrical load

connection.

However, nearly all of the current studies focused on applying STPV glazing all over the whole

window area. There is little in the literature that investigates the performance of different window designs



combing clear glazing with STPV glazing, which is regarded as a more applicable strategy for designers and
occupants. It is considered a more applicable strategy because of the following reasons: 1) combinations of
clear glazing and STPV glazing can provide a contrast of colour, variation of texture and an aesthetic pattern;

and 2) the sections of clear glazing provide unobstructeds view into and out of a building.

This research assesses, for the first time, the impact of design factors of window integrated semi-
transparent PV glazing on building energy performance and luminous environment quality when subjected to
varying climate conditions. A typical office with varying Window-to-Wall ratio, different PV glazing covering
rates and different PV glazing’s placing position within the window were modelled and simulated. The
modelling approach is distinguished through using Sanida model to represent electrical behaviour and its
combination with using BSDF for representing optical performance within existing building energy
performance software. The findings will suggest ways in which window integrated STPV glazing might be

used in future building applications, providing a criteria for architects, designers and engineers.

In this research, an innovative model (combined optical, electrical and energy model) was developed
to comprehensively evaluate performance of an office served by STPV windows. Glazing with integrated thin
film CdTe solar cells with 10% transparency was selected due to its better compatibility with windows and
also high electrical conversion efficiency. EnergyPlus (v8.1) and RADIANCE (v5.1) were used for energy and
daylight performance simulations to demonstrate how the integrated thin film CdTe window system influences

as office environment with different window architecture under five distinctive climates in China.



2. Research Methodology

In this research, commercially available semi-transparent thin film CdTe glazing with 10%
transparency (i.e. 90% area of the glazing is covered by solar cells) was chosen as the example technology.
Different architectural designs of applying the window integrated semi-transparent CdTe PV glazing were
then compared for their effect on the daylight and energy performance of the indoor spaces under different
climates. EnergyPlus (v 8.1) was used to explore the influence of CdTe glazing on building heating, cooling
and lighting energy demand as well as the power generation rate of implementing window integrated PV. The
daylight performance predictions in terms of daylight availability and daylight comfort can be performed

using annual hourly simulation results obtained from RADIANCE (v 5.1).

2.1 CdTe window unit

The commercial semi-transparent thin film CdTe window is shown in Fig. 2 (a). As can be seen, solar
cells are spaced evenly to attain daylight penetration and outdoor views. To rigorously characterise its optical
properties, a ray-tracing program, genBSDF in RADIANCE was used to generate a Bidirectional Scattering
Distribution Function (BSDF) of the CdTe window. This BSDF file defines coefficients to allocate light from
each exterior direction (i.e. incident solar radiation) to each interior direction. This calculation is based on
accurate definitions of geometry and material properties of the CdTe window. The BSDF file was then input to
WINDOW (v7.6) to obtain the CdTe window’s thermal properties. The test rig climate chamber in the Energy
Technology Building, University of Nottingham has also been used to measure the thermal resistance of this
CdTe window under standard conditions and the test results validated the calculated thermal properties. The
U-value of the CdTe window is 2.54 W/m?K. The electrical characteristics of the CdTe window used in this
study was extracted and calculated from a series of indoor and outdoor tests that were conducted by a third
party. Key features at standard test conditions are listed as follows: Voc 90 V, Isc 1A, Vmpp 65 V and Impp
0.77 A. Details of the thermal and electrical tests will be published in separate papers as these are beyond the

scopes of this paper.

2.2  Prototype office geometry and modelling

A single office room, which is considered as part of a large south-facing facade building, was used in
the simulation study. The prototype office has dimensions of 2.9 m (width) x 4.4 m (depth) % 3.3 m (height) as
shown in Fig. 2 (b). The floor, ceiling and walls were treated as perfectly diffuse with visible reflectances of
30%, 80% and 80% respectively. Influences from surrounding buildings, vegetation or other obstructions were
ignored in the simulation. The windows under test were assumed to be mounted on the south wall, which is
also the only surface of the room that was exposed to external conditions while the other surfaces of the room
were assumed to be buffered by mechanically conditioned spaces and therefore experienced no interzonal heat

flow.
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Fig. 2: (a) CdTe PV window unit and (b) schematic diagram of prototype office

2.3 Scenarios of fagade design

Window-to-wall ratio is the ratio between the area of window and the area of the whole fagade [29],
which is an important facade design factor that decides the energy efficient of a building [30]. The rule-of-
thumb in architecture design is that a small to middle-sized window-to-wall ratio is regarded as the most
energy efficient facade design [31], [32]. For example, the optimal WWR that lead to the lowest energy
consumption was found to be 35%-45% under a central Europe representative climate [33]. A larger window-
to-wall ratio will maximize the daylight availability and views of adjacent environments, which is becoming
increasingly welcome in moderate architecture design. However, due to the low thermal insulation property
and the direct transmittance of solar energy and natural daylight of glazing units, a larger glazing area will
increase the exposure and sensitivity of the indoor space to the outdoor weather conditions. Hence, this will
increase the potential for the indoor space being influenced by, for example, over-illumination, overheating or
underheating, the latter two possibly leading to increased energy consumption for AC or room heating to

compensate [34].

STPV glazing will absorb a fraction of the solar radiation incident on thewindow surface (to generate
electrical power) and thus obstruct the overall solar energy and natural daylight that would otherwise penetrate
the inside space. Enlarging the covering area of STPV glazing will lead to more power generation but
consequently result in less available daylight and increased lighting energy consumption. Meanwhile, the
presence of PV solar cells on the window glazing will also reduce the transmitted solar heat gain, which may
lead to less cooling load in summer and more heating load in winter. Thus, exploring the optimized proportion
of STPV glazing under different window-to-wall ratio plays crucial roles in determining the overall net energy

consumption.

In this research, four different window-to-wall ratios (WWRs) are considered to represent small,

medium, large or extra-large window. In the purpose of exploring to which extent the window surfaces



covered by STPV glazing can give rise to the lowest energy demands and provide best daylight performance,
a variety of STPV glazing covering ratios were considered (bare, 0% - fully covered, 100%) under each
window-to-wall ratio group. Both normal clear double-glazing pane and STPV glazing pane have a fixed
dimension, which is 1200mm by 600mm, to provide modularity variation of facade design scenarios. To
investigate the optimum position for placing STPV glazing on a window, different window layout designs for
the same covering rate of each window-to-wall ratio are considered. Thus, totally 38 architecture design

scenarios were tested in this research as shown in Fig. 3.
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Fig. 3: Facade design scenarios

2.4 Weather data in building simulation

When conducting building related practice and research, the whole country of China can be divided
into five climate zones according to their distinct meteorological characteristics (Fig. 4 (a)). In this research,
Five cities: Harbin, Beijing, Shanghai, Guangzhou and Kunming (i.e. one in each climate zones) have been
selected to represent different climate and solar radiation conditions (Table 1). The building performance
simulations were performed in one-hour time steps for an entire year using the IWEC (International Weather

for Energy Calculation) weather data of these five cities.
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Fig. 4: (a) China climate zones [35] (b) China global horizontal irradiation map [36]

Table 1: Latitude, longitude, summer and winter average temperatures and solar irradiance of 5 cities

Summer avg. Winter avg. Annual average solar

temp. (°C) temp. (°C) irradiance (kWh/m?)

Latitude Longitude

Harbin 45.7°N 126.7° E 21.5 -16.5 1250-1350
Beijing 39.9°N 116°E 254 -1.1 1400-1500
Shanghai 31.2°N 121.4°E 27 53 1300-1400
Guangzhou 23.1°N 113.3°E 28.3 14.7 1350-1450
Kunming 25°N 102.3°E 8-18 1600-1700

2.5 Simulation methods and conditions

2.5.1 EnergyPlus settings for energy simulation

EnergyPlus is a validated and widely accepted simulation tool for exploring a building’s thermal,
daylight and energy performance [37]. Its capabilities for modelling complex window systems with 2D or 3D
thermal or optical entities and its allowance of source code accessment and modification make EnergyPlus a

competent software for this research.

The Sandia Array Performance Model (SAPM), which uses empirically determined coefficients of a
PV panel to predict its electrical performance, was used to electrically characterise the window integrated
semi-transparent CdTe PV glazing. SAPM is tightly coupled to the surface heat balance and uses the result of
surface temperature as the solar cell’s operating temperature [3]. Using SAPM to characterise semi-transparent
thin film PV module in building performance simulation has been validated by Peng et al [23]. The BSDF file
that was derived from a ray-tracing technique was also input to EnergyPlus (bridged by WINDOW) for

optically characterising the CdTe window system. The loads for equipment and lighting were assumed to be



13W/m? and 16W/m? to represent normal office electric appliance and typical fluorescent lighting,

respectively. The thermostat action-points were hence 21°C for heating and 25°C for cooling.

The room is assumed to be used as a private office for two people from 8:00 to 17:00 on weekdays,
with one position near the window and the second at the back of the room. Thus, as shown in Fig. 2, the room
was divided into two daylighting zones with two control sensors located at the centre of each daylighting zone
at a height of 0.75 m (representing the height of the working place). An illuminance level threshold of 500 Ix
at each sensor, which is the lower limit for task lighting [38], was used to determine the switching profile of

the lighting system with the appropriate sensor individually controlling its own luminaire.
2.5.2 RADIANCE settings for daylight simulation

RAIDANCE is a software tool based on a backward ray-tracing algorithm [39]. The accuracy of this
research grade simulation tool has been validated by several studies [40], [41], [42], [43]. ‘Three-phase
method’ [44], [45], which represents flux transfer using corresponding matrices between daylight, fenestration
system and points of interest, was used to conduct the dynamic annual daylight simulation of applying
window integrated CdTe glazing in the office. The daylight matrix and view matrix were obtained based on
the orientation, surrounding environment, geometry and surface properties of the modelled office in

RADIANCE. The transmission matrix for window integrated CdTe glazing was expressed using BSDF.

In this research, 9 points along the central line with 0.5 m intervals were used to estimate the
illuminance distribution on a working plane positioned at a height of 0.75 m above floor level. The room was
assumed to be used as a private office for two people, with one positioned near the window and the second at
the back of the room. As glare caused by daylight is less likely to be an issue at the back of the room, the glare
evaluation was based on a viewpoint representing the occupant near the window. This was located at a

distance of 1.2 m from the window and at a height of 1.2 m above the floor on the centre axis of the room.

Useful Daylight Illuminance (UDI) [46] is used as a metric when exploring the daylight availability of
the office served by windows with integrated CdTe glazing. This metric adopts lower and upper thresholds to
divide the illuminance level during the working hours of a year into three bins: an undersupply bin where
illuminance value is below 100lux (UDI < 100 ix), which suggests that the daylight illuminances are insufficient
as a sole source of light; an oversupply bin where illuminance value is above 2000lux (UDI > 2000 1ux), Which
indicates that the daylight illuminances are very likely to lead to visual and/or thermal discomfort; and a
useful bin where illuminance value is in the range of 100 and 2000lux (UDI00-2000 1ux), Which is considered to
provide useful levels of illuminance. The useful bin is further split into two ranges by 500 lux, which is the
lower threshold that no artificial lighting is required [46]. In this study, UDI s00-2000 1x, Was chosen as the most
desirable illuminance range. This is the illuminance requirement for a typical office satisfied by only natural
daylight which does not exceed the point where glare is highly likely [47]. In order to evaluate the daylight
comfort level of the indoor space, Daylight Glare Probability (DGP), which was introduced and validated by
Wienold and Christofferen [48], [49], [50], is selected for assessing discomfort glare. A simplified annual

10



method of obtaining DGP, which is based on the vertical illuminance at the view point (see Fig. 2) during each
time-step, provides hourly DGP values over a period of a year [48], [49]. Similar to UDI, thresholds of 0.35,
0.40 and 0.45 can be used to divide the DGP results calculated for occupied hours of a year into four bins:
lower than 0.35 is ‘imperceptible’ glare sensation, between 0.35 and 0.40 is ‘perceptible’ between 0.40 and

0.45 is “‘disturbing’, while higher than 0.45 is deemed ‘intolerable’ [48].
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3 Result and discussion:

3.1 Energy performance after applying window integrated CdTe glazing

This section presents the annual energy consumption of the office for the different window designs,
with and without the integrated CdTe glazing. The energy consumption is expressed in terms of kWh per year
and they are further divided into heating, cooling, lighting energy consumption and power generation by CdTe

solar cells.
3.1.1. Energy consumption for different PV covering rate under different WWR

The first question in this study sought to determine the effect of applying window integrated CdTe
glazing on the overall energy consumption with different WWRs under different climates. The predicted
energy consumption, electrical power generation and the net energy consumption of the office can be found in
Fig. 5. To have an overall understanding of the WWR and PV covering rate on building performance, for each
PV covering rate, if there is more than one design scenario occurring, such as 50% PV _1 and 50% PV _2
under 30% WWR, an average value is presented in Fig. 5. As can been seen, when the window-to-wall ratio is
30%, fully applying CdTe glazing (100% PV) leads to a higher energy consumption compared with normal
double glazing under all climates tested. This is because there is a significant increase of lighting energy
consumption due to the low visible transmittance of CdTe glazing, as well as an increased heating energy
consumption due to less solar heat gain that is transmitted through the window for winter passive heating.
Replacing 50% of the window area (50% PV coverage rate) by CdTe glazing for 30% WWR results in a
minimal to negligible difference of overall energy consumption when compared with ordinary double glazing.
The 0.9% increase of the overall energy consumption for the Beijing scenario is the most prominent evidence
of this. 2.2%, 1.6%, 7.0%, and 8.2% reductions were found for Harbin, Shanghai, Guangzhou and Kunming,
respectively. This is a consequence of the electrical power generated by the solar cells being offset by the
increased lighting and heating energy consumptions. Thus, considering the investment of solar cells, it is not

recommended to apply the selected STPV glazing to small window-to-wall ratios (i.e. WWR=30%).

With the increase of WWR from 45% to 75%, the energy saving potential of using the selected CdTe
glazing increases. Covering 67%, 75% and 80% of the window area by STPV glazing gave rise to the lowest
overall energy consumption for 45%, 60% and 75% WWRs, respectively. This can be explained by the fact
that, although the presence of CdTe glazing increases the heating and lighting load, it simultaneously reduces
the cooling demands significantly. The balance between the generated electrical powers, reduced cooling loads
and increased heating and lighting loads yields a significant energy conservation potential. The largest energy
saving exists when coving 80% of the window area by STPV glazing for 75% WWR, as reductions in net
energy consumption of 71.5%, 67.9%, 50.8%, 36.9% and 72.0% can be achieved for Harbin, Beijing,

Shanghai, Guangzhou and Kunming, respectively.

As mentioned in previous sections, small WWR is regarded as the most energy efficient fagade design

strategy as it will limit the undesired heat loss and heat gain through the window element. However, larger

12



window is more preferable for moderate architecture design. The results of this study give evidence that, if
large WWR is the necessary choice from the architects’ point of view, adoption of window integrated CdTe
glazing at large WWR may deliver competitive energy efficient when compared with applying ordinary
double glazing at small WWR. For example, in Beijing climates, the net energy consumption of applying
ordinary double glazing at 30% WWR is 1087.2 kWh/year. Tested cases of: 33% and 67%window area
coverage by CdTe glazing for 45% WWR; 50% and 75% window area coverage by CdTe glazing for 60%
WWR; and 60-100% of window area coverage by CdTe glazing for 75% WWR, lead to less energy
consumption. Thus, the adoption of window integration with the selected CdTe glazing is recommended for

middle-size to extra-large window-to-wall ratios (i.e. WWR>45%).
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Fig. 5: Energy performance after applying window integrated CdTe glazing for (a) 30% WWR, (b) 45% WWR, (¢) 60% WWR
and (d) 75% WWR

To compare the performances of applying the same size of CdTe glazing but at different positions in a
window, the energy consumptions and power generations of different designs are predicted in Fig. 6. In the
purpose of reducing work load, other than repeating simulations for 5 cities, only Harbin and Guangzhou have
been selected in the following discussions, representing the coldest climate with a high latitude and the hottest
climate with a low latitude, respectively. These figures that show the performance of different window design

are grouped by the number of STPV glazing pane(s). For example, Fig. 6 (a) and (b) shows applying only 1



PV glazing pane for 30% WWR, 45% WWR, 60% WWR and 75% WWR, while each WWR has 2 designs
named as Design 1 and Design 2. In all cases shown in Fig. 6 (a) and (b), and in the case of 2 PV glazing
panes for 75%WWR in Fig. 6 (c) and (d), the CdTe glazing placement within the windows doe not
significantly affect the energy consumption under both climates. This suggests that when only covering a
small proportion of the window area by CdTe glazing (i.e. area of CdTe glazing is significantly smaller than
area of clear glazing) the CdTe glazing placement is overall an unimportant window design factor. On the
opposite hand, when only a small proportion of a large window area is covered by clear glazing, as shown in
case of 3 PV glazing panes for 60%WWR in Fig. 6 (¢) and (f) and case of 4 PV glazing panes for 75%WWR
in Fig. 6 (g) and (h), the position of placing clear glazing has an influence on the overall energy consumption
under both climates. Placing the clear glazing at an upper-middle level position yields the lowest net energy
consumption. In Guangzhou, the differences of net energy consumption between the best and worst designs
are approximate 20.0% and 30.8% for 3 PV glazing panes of 60%WWR and 4 PV glazing panes of
75%WWR, respectively. Simultaneously, in Harbin, those are 25% and 45% for 3 PV glazing panes of
60%WWR and 4 PV glazing panes of 75%WWR, respectively. Lighting load is the dominant mechanism
through which the difference between each design is evident. Another observation is that when the area of
CdTe glazing is slightly larger or equal to the area of clear glazing, such as 2 PV glazing panes of 60%WWR
in Fig. 6 (c) and (d) and 3 PV glazing panes of 75%WWR in Fig. 6 (e) and (f), the position of placing clear
glazing has a larger influence on the net energy consumption in Guangzhou than that in Harbin. For example,
for 3 PV glazing panes of 75%WWR, when compared with the least energy efficient design (Design 1), which
has clear glazing placed on the bottom, the optimum design (Design 2) leads to 18.9% less energy
consumption in Guangzhou while only 9% in Harbin. This is because, Guangzhou lies nearer the equator,
which means the noon solar altitude is high. As a consequence, the sunlight with relatively high solar altitude
is difficult to penetrate deeper into rooms. Thus, properly placing the clear glazing at upper-middle level

locations will significantly amplify the natural daylight that passes through the window and hence reduce

lighting energy load.
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Fig. 6: Energy consumption for different designs under (a) (c) (e) and (g) for Harbin’s climate; (b) (d) (f) and (h) for

Guangzhou’s climate

3.2 Daylight performance

The analysis of daylight performances of adopting different window design scenarios of window
integrated semi-transparent CdTe PV glazing was based on attaining a balance between daylight availability

(represented by UDI) and daylight comfort level (represented by DGP).
3.21 UDI for different PV covering rate under different WWR

Fig. 7 (a)~(d) shows the distribution of data across the standard UDI bins used to quantify
performance of window system with and without integrated semi-transparent CdTe PV glazing under different
WWRs under the climate of Harbin. Fig. 7 (1)—(iv) shows data for the modified bin size (UDIs00-2000 1ux), Which
captures only data that meet the design illuminance of at least 500 Ix. Similarly, Fig. 8 represents standard
UDI bins and UDIsg0-2000 ux for Guangzhou’s climate. This provides greater detail than using the UDI100-2000 1ux

bin alone.

The ordinary double glazed system shows similar daylight performance for each WWR. In the region
close to the window, a significant proportion of the working hours show over illumination (i.e. appearing in
the UDL 2000 bin). As a consequence, only a small number of hours fall into the desirable levels of illumination
(i.e. appearing in the UDIs00-2000 ix bin). With the increase of window area (i.e. WWR increasing from 30% to
75%), over-illuminated conditions become more severe for the zone near to the window. For the same WWR,
the over-illuminated conditions in Harbin are worse than that in Guangzhou. Partly covering the window area
by STPV glazing can effectively improve the luminous environment in the entire room by reducing the hours
of over illumination, while fully applying STPV glazing over the window area leads to under-illuminated
conditions in the deeper area of the room. The optimum covering rate for each WWR in terms of daylight
performance optimization is in accordance with that in terms of maximum energy efficiency. Taking
‘80%PV_WWR 75%’ under Guangzhou’s climate as an example, in the near window half part of the office,
the percentage of hours where the UDI is in the useful range (i.e. UDI s00-2000 1ux) increases from 13~ 32% for
the conventional DG and from 30~52% for the window with integrated STPV glazing. For the rear area in the
office; UDI 1002000 1ux increases from 32~ 40% for the conventional DG and approximately 52~57% for the

window with the integrated STPV glazing.
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end wall with different designs for window integrated CdTe glazing under Harbin’s climate condition.
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end wall with different designs for window integrated CdTe glazing under Guangzhou’s climate condition.
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3.2.2 Glare Comfort

When the luminance level within the view field exceeds the brightness that the human eyes can adapt
to, glare caused by daylight occurs [41]. Daylight Glare Probability (DGP) technique was used to evaluate
daylight glare within the office space and the annual predictions of the DGP for different window designs
under Harbin and Guangzhou’s climate at the view point (illustrated in Fig. 4) are shown in Fig. 9.
Comparing all these scenarios in Harbin with those in Guangzhou, it can be seen that a low latitude
(Guangzhou) result in more hours of imperceptible glare and thus a better glare ratings overall. This can be
explained by the mid-day solar altitude being higher for lower latitudes which results in a reduction of direct
solar radiation penetrating through the south-facing window system and thus impacting less on the occupant’s

in the room. For each climate, increasing the WWR increases the hours for intolerable glare.

According to the Wienold’s criteria threshold relating to the effectiveness of the daylit environment
[41]; the ‘Best’ classification is a scenario whereover 95% of office hours have imperceptible glare (DGP <
0.35). At no point did the double-glazed unit come close to meeting the ‘Best’ classification. When integrated
STPV glazing windows were applied, significant improvements in the percentage of imperceptible glare (DGP
< 0.35) was achieved. For example, for 30%WWR under Harbin’s climate, the figure increases from 61% of
working hours for DG to 79% and 96.5% with the application of 50%PV and 100%PYV, respectively. For
Guangzhou’s climate, 50% and 100% PV covering ratios under 30% WWR and 100% PV covering ratio
under 45% WWR can meet the requirement of the ‘Best’ classification. The 100%PV under 45% WWR for
Harbin, and 100%PV for 60% WWR for Guangzhou offers a ‘Good’ classification as for over 95% of office
working hours. The 100% PV for 75% WWR for Guangzhou have a ‘Reasonable’ classification as less than

5% of office working hours have intolerable glare.
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Fig. 9 Daylight Glare Probability (DGP) for the view point under different designs for window integrated CdTe glazing under

(a) Harbin’s climate and (b) Guangzhou’s climate
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4. Conclusions

The design factors of window integrated semi-transparent photovoltaic (STPV) glazing were
evaluated using an innovative approach (combined optical, electrical and energy model) for their effects on
building energy performance and luminous environment quality when subjected to varying climate conditions.
EnergyPlus has been used to predict the impact of semi-transparent CdTe glazing on building heating, lighting
and cooling energy consumption. While, RADIANCE has been used as a complimentary approach to predict
the detailed luminous environment of the spaces served by CdTe PV windows. The following conclusions can

be drawn:

1)  the adoption of the selected CdTe PV window can result in energy savings at large WWR while it is

not recommended for using window integrated STPV glazing for WWR<<30% ;

2)  when WWR is larger than 45%, window designs with a large portion of the area covered by STPV
glazing while keeping sufficient daylighting area (clear glazing) (e.g. 80% of the window area is
covered by STPV glazing when WWR is 75%) give rise to the lowest net energy consumption under

all those tested climates;

3)  when applying STPV glazing to a large portion of window area, the energy efficiency of the system is
higher under serve cold, cold and temperate climates (represented by Harbin, Beijing Kunming) while

the lowest energy saving potential exists for hot climate (represented by Guangzhou);

4)  for windows with integrated STPV glazing, if the area of clear glazing is significantly larger than that
of STPV glazing, the position of placing STPV glazing has inadequate influence on the overall energy
efficiency. Placing the clear glazing at a upper-middle level location would provide best energy

efficiency if only a small proportion of the window is covered by clear glazing;

5)  the most energy efficient design (designs with a large portion of the window area covered by STPV
glazing while keeping sufficient daylighting area) also provides the optimum daylight availability
under the climate of Guangzhou, while covering the whole window area by STPV glazing provides the
optimum daylight availability under the climate of Harbin, especially for regions near the window;
however, if considering the overall energy consumption, designs with large portion of STPV glazing

and small portion of clear glazing can provide more advantages;

6)  the undesired glare that caused by applying conventional double-glazing window can be essentially

eliminated through applying window integrated STPV glazing.

In conclusion, the adoption of window integrated semi-tranparent CdTe PV glazing over conventional
double-glazed windows offers a range of benefits for the carbon footprint of, and occupants’ comfort within,
the buildings. Our study provides a first step in developing design strategies that seek to balance implement of
window integrated STPV glazing with the improvements in energy efficiency and luminous environment of

spaces served by it.
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This study has restricted itself to exploring the performance of semi-transparent CdTe PV glazing with
10% transparency. The influence of the transparency of the STPV glazing on the energy consumption, power
generation and indoor luminous environment will be presented in further research papers. The effects that
semi-transparent CdTe PV glazing has on the view into and out of a building are also not considered in this

study, and this represents a limitation that requires further study.
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