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Abstract

A comprehensive simulation model has been developed in this paper to simulate the overall
energy performance of an amorphous silicon (a-Si) based photovoltaic double-skin facade
(PV-DSF). The methodology and the model simulation procedure are presented in detail.
To simulate the overall energy performance, the airflow network model, daylighting model
and the Sandia Array Performance Model (SAPM) in the EnergyPlus software were
adopted to simultaneously simulate the thermal, daylighting and the dynamic power output
performances of the PV-DSF. The interaction effects between thermal, daylighting and the
power output performances of the PV-DSF were reasonably well modelled by coupling the
energy generation, heat transfer and optical models. Simulation results were compared to
measured data from an outdoor test facility in Hong Kong in which the PV-DSF
performance was measured. The model validation work showed that most of the simulated
results agreed very well with the measured data except for a modest overestimation of heat
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gains in the afternoons. In particular, the root-mean-square-error (RMSE) between the
simulated monthly AC energy output and the measured quantity was only 2.47%. The
validation results indicate that the simulation model developed in this study can accurately
simulate the overall energy performance of the semi-transparent PV-DSF. This model can,
therefore, be an effective tool for carrying out optimum design and sensitivity analyses for
PV-DSFs in different climate zones. The methodology developed in this paper also
provides a useful reference and starting point for the modelling of other kinds of semi-

transparent thin-film PV (STPV) windows or facades.

Keywords: Thin-film PV, building integrated photovoltaics (BIPV), semi-transparent
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1. Introduction

Buildings consume about 60% of the total electricity used in Hong Kong and this
proportion has been increasing in recent years. Among the various types of building energy
use, space air-conditioning has accounted for more than 50% [1]. The high energy
consumption of air-conditioning can be partially attributed to the extensive use of the glass
curtain wall in modern buildings for reasons of aesthetics even though its poor thermal
insulation and solar control performance increases the heating/cooling loads significantly.
The need to develop energy efficient curtain walls or facades is urgent. While still
satisfying aesthetic needs for view and daylight, such energy efficient facades should
passively reduce building energy use as much as possible and it would be even better if
they can also actively generate electricity by themselves. These expectations of building

facades provide a good opportunity for optimized building integrated photovoltaic (BIPV)



facades or windows. BIPV facades/windows refer to the use of glass-substrate semi-
transparent PV (STPV) modules to substitute for conventional glazing to constitute the
building facades. STPV facades/windows can provide good overall energy performance
because they can not only generate electricity via their solar cells but also reduce the solar
heat gain considerably [2-5]. Due to these advantages, the energy performance of STPV
windows/facades has been extensively investigated, including the heat transfer mechanism
[6-7], surface temperature and solar heat gain coefficients [8-9], thermal comfort [10-11],
annual thermal and electrical performance [12-15] and lifetime performance [16].
Compared with crystalline silicon (C-Si) based STPV facades/windows, thin-film STPV
facades/windows have a better architectural acceptable appearance due to their uniform
appearance from both outside and inside, which are almost the same as dark window
glazing. In addition, the thin-film STPV facades would not cast shadow in indoor room.
Previous studies also showed that thin-film STPV windows/facades would be better than
crystalline silicon based STPV windows/facades for office buildings because of their
uniform and aesthetic appearance [3, 17]. In particular, with the development of thin-film
PV technologies in recent years, greater efficient semi-transparent PV modules with
customized sizes, patterns and colors are emerging, providing more choices for architects
to take into account in respect of both building energy efficiency and aesthetics when
choosing building glazing facades. Hanergy, as one of the biggest global thin-film PV
manufacturers, has produced a series of a-Si semi-transparent PV modules with different
colors (via changing the color of the encapsulating material), different sizes (cutting the
standard 1.3%<1.1 m PV module into small size or splicing a few modules into a big one),

different transmittances (theoretically any transmittance can be achieved) and different
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structures (laminate structure, sandwich structure with a 9 mm gap filled with air or argon,
and so on) [18-19]. Advanced Solar Power (ASP), a company specializes in CdTe thin-
film PV modules in China, has commercialized some kinds of semi-transparent CdTe
modules with high efficiency and high transmittance recently [20]. PV modules with
different colors, different sizes and structures can also be customized according to the

clients’ requirements.

The overall energy performance of an amorphous silicon (a-Si) thin-film STPV
window installed on an office building in Hong Kong was evaluated [17]. A 2D heat
transfer model was developed to simulate the thermal performance, a simple power output
equation was used to calculate the electricity output of the PV module assuming the energy
conversion efficiency was constant, and the daylighting performance was simulated by
EnergyPlus. With these models and software, the effect of solar cell transmittance on the
overall energy performance was studied. It was found that a solar cell visible transmittance
in the range of 0.45-0.55 achieves the best energy saving performance [17]. However, it is
worth noting that the optimum transmittance is dependent on the PV module’s efficiency,
the higher the module efficiency, the lower the optimum transmittance. When the PV
module’s efficiency is very low, the overall energy saving performance of the PV module
is mainly determined by the daylighting performance because the PV generated power is
very limited. However, with the efficiency improvement of a-Si PV modules in recent years,
the PV generated power increases significantly, thus the optimum transmittance for
achieving the best energy saving should be declining. Li et al. [21] conducted case studies
to investigate the energy performance of a semi-transparent a-Si PV facade based on a

generic reference office building in Hong Kong. In this study, the indoor daylighting



illuminance was calculated using the visible transmittance of the PV module, and the solar
heat gain was estimated using a shading coefficient. However, the method of calculating
the annual electricity generation of the PV system was not reported. The energy saving
potential of STPV facades with different window-to-wall ratios and different
transmittances was simulated by Olivieri et al. [22]. In this study, the overall energy
performances, including thermal, power and daylighting performances, were simulated
separately using different software tools. For instance, the thermal analysis was conducted
by EnergyPlus, the electricity generation was estimated by PVsyst and the daylighting
performance was evaluated using the Optics, WINDOW and COMFEN programs. Didone
and Wagner [23] evaluated the energy saving potential of STPV windows in Brazilian
office buildings via simulation. The energy consumption of the building was simulated by
combining EnergyPlus and Daysim/Radiance programs. The power generation of PV

windows was calculated by a spreadsheet program.

The integral energy performances of STPV windows with different transmittances
were measured under real operational conditions in Spain [24]. The thermal, luminous and
electrical performances of STPV windows with visible transmittances ranging from 10%
to 40% were tested in an outdoor testing facility. The measured thermal performance
showed that all the STPV windows possessed substantially larger heat gain coefficients
than the normal reference glass. In addition, the heat losses were very large for these single
pane STPV windows at night in winter. Both the high heat gain coefficients and large heat
losses indicate that the overall thermal performance of single pane STPV windows is not

satisfactory. According to the calculation results in WINDOW 7.2 software, the heat gain



and the U-value of a typical single pane STPV module are 335 W/m? and 5.468 W / m? -k ,

respectively, under the NFRC 100-2010 simulation conditions.

In addition, during BIPV operations the PV module temperature was very high due to
its high sunlight absorptivity. Our own experimental data showed that the maximum
temperature of a semi-transparent a-Si PV module installed on the south-facing facade
could reach up to 60 <C. Such a high surface temperature would result in serious thermal
discomfort in the indoor room if single pane PV modules were to be directly used as
building facades. In addition, the heat losses through a single skin STPV window are very
serious in winter nights due to its high thermal emissivity and U-value. In fact, the surface
temperature of the STPV window was lower than the ambient temperature by about 2 <C
at night due to infrared radiation to the night sky. The high U-value of single skin STPV
windows would severely restrict their applications in cold climates. In order to reduce the
thermal discomfort experienced as well as the severe heat losses, an optimized prototype
should be developed which overcomes the overheating problem in summer and the severe
heat losses in winter. A conventional insulating glass unit would provide some
improvement year round but it is possible to provide even better performance. Thus, a
novel naturally ventilated photovoltaic double-skin facade (PVV-DSF) was developed by
the authors to improve the annual thermal performance [25-26]. The ventilation design of
the PV-DSF removes much of the waste heat generated during the PV module energy
conversion processes in summer and thus also bringing down the operating temperature of

the solar cells, further improving theirs energy conversion efficiency.

A literature research revealed that most of the research related to STPV

windows/facades focused on thermal performance, such as solar heat gain coefficients
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(SHGC), heat losses, the impact on the air-conditioning cooling load reduction and energy
saving potential. A few researchers paid attention to daylighting performance, such as
daylighting illuminance distribution and artificial lighting energy saving. It appears that no
research regarding dynamic power generation performance has been reported. However,
the power generation ability is surely one of the most important functions of STPV
windows, a research gap requiring attention so as to comprehensively evaluate the overall
energy performance. In addition, previous studies simulated the thermal effects,
daylighting and power performances of STPV windows separately. But these factors are
not independent of each other; since the performance of one affects the performance of the
others. The optical characteristics at each wavelength not only determine the daylighting
properties of STPV windows, but also significantly affect the thermal performance, the PV
module’s temperature as well as the power output performance. For example, if the
transmittance of the semi-transparent PV module increases, the daylighting illuminance
and the solar heat gain will go up, but the power output will decline. Similarly, if the
absorbtivity of the PV module increases, the module’s temperature and the power output
will go up, but the daylighting illuminance and solar heat gain may decline. Thus, a
comprehensive simulation model is called for which can simulate the performances of all
these factors simultaneously and hence calculate a more realistic overall energy

performance.

In this paper, a simulation model was developed based on EnergyPlus to simulate the
overall energy performance of a naturally ventilated PV-DSF. The interactions among
thermal, power and daylighting performances were reasonably well modelled by coupling

the energy balance model, heat transfer model, PV power generation model and optical



characteristics in EnergyPlus. EnergyPlus, as one of the most popular building energy
simulation programs, can model the heat transfer, daylighting performance and PV systems
simultaneously and deal with the interaction effects of thermal, power and daylighting
based on fundamental energy balance principles. The optical characteristics (including
absorbtivity, reflectance and transmittance at each wavelength), heat conductivity and
infrared emissivity of the PV module were measured and then inputted into the heat transfer
model, WINDOW module and daylighting model for calculating the coupled thermal
behavior and daylighting properties. The Sandia PV power model, also known as SAPM
model, which takes into account the impacts of several power performance factors, was
adopted to predict the dynamic power output of PV-DSF under different weather
conditions. Based on the simulation work, a methodology for modelling the overall energy
performance of semi-transparent PV-DSFs was derived as reported below. These simulated
values were then compared to measured data taken in a test bed that incorporated a near

exact physical replica of the PV-DSF system that was modeled in EnergyPlus.

2. Methodology of the Simulation Work

The ventilated PV-DSF reported in our previous publications consisted of an outside
layer of semi-transparent a-Si PV modules, an inner layer of an inward opening window
and an air ventilation cavity between these two layers. For more information on this PV-
DSF, refer to [25-26]. It is, in fact, challenging to study the overall energy performance of
a PV-DSF because of the interacting effects between the different performances as outlined
above. The first step in simulating the overall energy performance was to find or develop
an appropriate tool, able to not only simulate the thermal and daylighting performances of

glazing double-skin facades but also predict the dynamic power output performance of



solar PV systems under different climate conditions. Given these required functions,

EnergyPlus is a good choice [27].

In this study, in order to comprehensively investigate the overall energy performance
of a PV-DSF, the PV power module, airflow network module, daylighting module as well
as the WINDOW glass module in EnergyPlus were all utilized to simulate the power,
thermal and daylighting performances, respectively. The schematic diagram of the
simulation methodology is shown in Figure 1. The methodology and procedure are as

follows:

(1) The simulation work started by measuring the physical characteristics of the semi-
transparent a-Si PV module, including its optical characteristics, infrared thermal
emissivity and thermal conductivity.

(2) The measured physical characteristics were input to Optics® for the creation of a
physical characteristics file (with .mdb suffix) for the PV laminate.

(3) The created .mdb file was then imported into WINDOW to add the PV laminate
physical characteristics data to the International glazing database (IGDB).

(4) A file with .IDF suffix was created by WINDOW and then imported into
EnergyPlus together with the geometric dimensions of the PV-DSF and a
customized weather data file to create the complete PV-DSF model. The
customized weather data file was created using the measured weather data
recorded by the team’s own weather station which was located close to the

outdoor PV-DSF test bed.

! Optics is a specific software for analyzing optical properties of multilayer glazing systems.



(5) The EnergyPlus simulation manager employed modules and sub-models, such as
the airflow network module, daylighting control model, sky model module, heat
transfer model, Sandia PV power model, and others, to simulate the hourly overall
energy performance of the PV-DSF, including power, thermal and daylighting
performances.

(6) The solar radiation model in EnergyPlus firstly converted the hourly horizontal
solar radiations into plane of incidence irradiance; then the heat transfer model
together with the airflow network model calculated the hourly temperatures and
heat fluxes at each zone based on the ambient temperature, wind speed, incident
solar radiation, building materials’ physical characteristics and so on; lastly the
daylighting model and the Sandia PV model were used to simulated the hourly
daylighting illuminance and power output, respectively, based on the calculated
plane of incidence irradiance. As the weather data is hourly basis in EnergyPlus,
all the simulation results above are hourly values.

(7) Many coefficients determined from indoor and outdoor tests were input to the
Sandia PV power model to predict the PV-DSF dynamic power output under

different weather conditions.

(8) The accuracy of the comprehensive model developed was validated by comparing
the simulated results with experimental data. Modifications were then made based

on the comparison results to calibrate and improve this model.
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Figure 1. Schematic diagram of the simulation methodology for the PV-DSF

3. Measuring the Physical Characteristics
3.1 Optical Characteristics

The optical characteristics of the semi-transparent a-Si PV sample were measured

using a spectrometer in the Optical Lab of Lawrence Berkeley National Laboratory
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(LBNL). A Lambda 950 UV/VIS Spectrometer made by PerkinElmer was employed in the
test. This machine can directly measure the diffuse transmittance (Taiffuse), total
transmittance (Ttwtal), diffuse reflectance (Ruiffuse) and total reflectance (Riotar) Of the PV
sample at each wavelengths from 300 nm to 2500 nm. The absorption of the PV sample

can easily be calculated using Eq. (1):
ptr+a=1 1)

where, p is the reflectance, t is the transmittance, and ais the absorption .

Figure 2 presents the photo of the semi-transparent a-Si sample used for measuring.
This PV module was fabricated by Bosch Solar Energy. It was a sandwich structure, consisting
of a 3 mm transparent conducting oxide (TCO) glass on which the a-Si layers (P-1-N) were
deposited, a polyvinyl butyral (PVB) layer and a 3 mm rear glass. Lastly, the sandwich-type
PV module was formed in a hot press molding machine. Figure 3 presents the optical
characteristics of the semi-transparent a-Si PV sample. The average values of Ruyiffuse, Rrotal,
Ttotat and Taitfuse Were 0.035, 0.115, 0.213 and 0.006, respectively integrated across the total
solar spectrum. The average transmittance in the visible light range was about 7%, which
is relatively low for building occupants having a good outside view. However, four years
ago, when the PV-DSF was built, the efficiency of normal a-Si PV modules was relatively
low, less than 7%, thus a tradeoff between the power and daylighting performances must
be effected at that time to maximize the energy benefits for this kind of PVV-DSF. Obviously,
a higher PV module transmittance would result in a decline of energy conversion efficiency
as well as an increase of solar heat gain coefficient (SHGC). With this in mind, the semi-
transparent PV modules with 7% transmittance rather than 20% transmittance were chosen

for the PV-DSF because of its better power performance, solar control performances
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together with an acceptable daylighting performance since the fagade was fully glazed. Its
energy conversion efficiency was 6.2% under the standard testing conditions (STC). From
the view point of daylighting, 7% transmittance is relatively low, but it does not affect the
study on daylighting performance. The model developed based on the 7% transmittance
PV module in this study should be also suitable for PV modules with different

transmittances.

Figure 2. Photo of the semi-transparent a-Si sample used in this study
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Figure 3. Optical characteristics of the semi-transparent PV Sample

Nowadays, with the efficiency of a-Si PV modules increasing, a series of semi-
transparent PV modules with high transmittance (20% or larger) are emerging, whose
efficiency are not less than 6.5%. As shown in Figure 4, when the transmittance increases
to 20%, the visual effect of the PV module is improved significantly. Even though it is
impossible to compare with normal glazing windows in terms of view, it is acceptable
considering its energy benefits for occupants, its energy conversion efficiency was 6.7%

under STC.
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Figure 4. Visual effect of a a-Si PV module with 20% transmittance

(from inside to outside)

3.2  The Infrared Emittance and Thermal Conductivity

Infrared emittance is an important parameter related to the thermal insulation
performance of PV modules as it affects the heat loss and U-value considerably. The larger
the infrared emittance, the larger the heat loss and U-value, such that the thermal insulation
performance of the PV module is worse. As shown in Figure 5, the front and rear emittances
of the PV sample were measured by an emissometer made by Devices and Services Co.
This emissometer, combining with a scaling digital voltmeter, is a special purpose

instrument for measuring emittance [28]. Its accuracy and repeatability is £0.01. The test

results showed that the front and rear emittances of the PV sample were 0.85 and 0.83,
respectively, which are consistent with the exposed glass surfaces of the laminate

construction where the amorphous PV layers is protected within the laminated glazing.
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Figure 5. Measurement of infrared emittances for the PV sample

The other important thermal performance parameter is thermal conductivity. The
thermal conductivity of the PV sample was measured by an instrument made by the
LaserComp Co., as shown in Figure 6. This instrument can precisely measure the thermal
conductivity of objects subjecting to different temperature differences by combining with

a refrigerating unit. The absolute thermal conductivity accuracy is +2% in the temperature
range -20°C~75°C, and the reproducibility is =0.5%. In this test, the front of the PV module

was heated to 55 <C while the rear was cooled to 30 <C, and the temperature difference
between the two sides was kept at 25 <C, which is representative of the real temperature
difference of such a PV module if operational on a real building. The measured thermal

conductivity under this temperature difference condition was 0.48240.01 W/(m K).
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Figure 6. Measurement of the thermal conductivity of the PV sample

3.3 Inputting Physical Characteristics

Using the measured physical parameters of the PV module the next step was to input
these measured data into Optics to create a physical parameter file (with suffix .mdb),
which can be recognized and compiled by WINDOW. WINDOW is a professional
software program which can be used to calculate the overall thermal and solar optical
properties of glazing and window systems based on their components [29]. Optics is a
specific software program for analyzing and processing the optical properties of multilayer
glazing systems. It can generate an accurate full spectral data set for various glazing
systems. The .mdb file exported from Optics was then imported into WINDOW for

creating a spectral data file for the PV module (with suffix .IDF).
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4. Modeling in EnergyPlus
4.1 Creating a PV-DSF Test Bed Model

Besides the PV module spectral data (.IDF file), the geometric dimensions of the PV-
DSF and a customized weather data file also need to be imported into EnergyPlus. Table 1
gives the key dimensions of the PV-DSF test bed. Figure 7 compares the real PV-DSF test

bed with the PV-DSF model in EnergyPlus.

Table 1 Key dimension parameters of the PV-DSF model

Parameters Value
Width of the office room 2.32m
Depth of the office room 2.3m
Height of the office room 25m
Width of PV module 1.1m
Height of PV module 1.3m
Thickness of PV module 0.008 m
Width of louver 1.1m
Height of louver 0.45m
Depth of air flow cavity 0.4m
Window wall ratio 0.6
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Figure 7. Comparison of the real PV-DSF and the PV-DSF model in EnergyPlus

With respect to the geometric dimensions and wall materials, the simulation model
was identical to the real PV-DSF. The glass IDs of the openable windows and the internal
windows of the PV-DSF chosen in the simulation were NFRC (National Fenestration
Rating Council) 411 and NFRC 412, respectively, which were coincided with the real
glasses adopted in the PV-DSF test bed. Table 2 presents the key physical properties of
these two kinds of glasses. The wall chosen in the simulation model were also similar with
that of the real PV-DSF test bed. It was a sandwich structure wall, and its thermal properties

are presented in Table 3.

Table 2 Key physical properties of the glasses used

Glass ID NFRC 411 NFRC 412
Glass type Clear float glass  Clear float glass
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Thickness (mm) 2.24 3.0

Transmittance of visible 0.9 0.9
Transmittance of solar light 0.856 0.838
Emissivity 0.84 0.84
Thermal conductivity 1 1

Table 3 Thermal properties of the wall

Items Wall

Materials Steel sheet (1.59 mm)+ Expanded Polystyrene
(48.3 mm)+ Steel sheet (1.59 mm)

Thickness (mm) 51

U-factor (W/m?/K) 0.62

R-value (m?/k/W) 1.60

The only difference between the real PVV-DSF and the simulation model was that four
openable windows with interior venetian blinds were adopted for the simulation model to
replace the inlet and outlet louvers of the real PV-DSF because EnergyPlus cannot model
louver components. The four openable windows were kept fully open during the whole
simulation process and the interior venetian blinds which are not shown in Figure 7(b) were
assumed similar in effect to the louvers of the real PV-DSF. Although no direct
experimental data can be used to support the assumption for the louver component, its
reasonability has been indirectly validated later through comparing the simulation results

of PV module temperatures, daylighting illuminance and heat gains with the measured data.

As the simulation results needed to be validated against experimental data, a customized
weather data file was created based on measured weather data in the winter of 2012 -2013
(from October to March), recorded at the weather station located in the campus of the Hong

Kong Polytechnic University, nearby to the PV-DSF test bed location. The gathering time
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of weather data was coincide with the period of outdoor experimental campaign, such that
the simulation results can be validated with the experimental data with the same weather
boundary conditions. This weather station, every minute, can measure and record air
temperature, relative humidity, precipitation, horizontal global solar radiation, horizontal
diffuse solar radiation, direct normal irradiance, wind speed and direction. The customized
weather data file was imported into EnergyPlus as boundary conditions to validate the

simulation results.

EnergyPlus includes and integrates many modules and models to simulate heat and
mass transfer, daylighting performance, on-site renewable energy power output as well as
building systems [27]. In order to simulate the ventilation effect of PV-DSF, the airflow
network model and heat transfer model were made use of in this study. The daylighting
model in EnergyPlus was chosen to simulate the daylighting performance under different
weather conditions as well as the corresponding saving in artificial lighting energy. For the
PV power output, the Sandia PV power model was chosen to simulate the hourly dynamic

power output under arbitrary weather conditions.

4.2  Airflow Network Model

One of the important advantages of the ventilated PV-DSF is that the airflow in the
ventilation cavity between the external PV modules and the internal normal windows can
not only bring down PV module operating temperatures but also reduce heat transfer
between the indoor room and the outside. This ventilation cavity was represented by an
independent zone named “Double-skin facade zone” in the simulation model in EnergyPlus,
as shown in Figure 8. In order to accurately simulate the impacts of ventilation on the

power performance improvement and on the cooling load reduction, the Airflow Network
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model was used to simulate the heat transfer and air flow in the ventilation cavity. The
Airflow Network model is able to simulate multi-zone airflows driven by outdoor wind,
buoyancy and forced air [27]. Two nodes were defined in the simulation, as shown in
Figure 8, they were located in the middle of the inlet and the out let louvers, respectively.
The calculation flowchart of the Airflow Network model is given in Figure 9. Firstly, the
pressure at each node and the airflow through each linkage are determined by the pressure
and airflow calculations taking into account of the wind pressures and forced airflows. To
take account of the opening louvers in this study, the “Airflow Network: Multizone:
Component: Detailed Opening” was chosen to simulate the relationship between airflow
and pressure in the ventilation cavity. Using the calculated airflow for each linkage in the
previous step, the Airflow Network model then calculated the node temperatures and
humidity ratios with the given zone air temperatures and zone humidity ratios. Based on
the node temperatures and humidity ratios calculated in the second step, the sensible and
latent loads were summed for the cavity. Finally, the final zone air temperatures, pressures
and humidity ratios were determined. Thus, as mentioned above, the Airflow Network
model successfully simulated the airflow rate and temperature distribution in the PV-DSF
cavity. These data were then used to calculate the resultant impacts on the room cooling
loads from solar heat gain and conduction through the inner glazing. The room cooling
loads mainly derived from the heat flux through the PV-DSF and the sandwich-structure

walls as well as the heat-producing of the data acquisition system.
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Figure 9. Calculation flowchart of the Airflow Network model
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4.3  Daylighting Model

The PV modules adopted in the PV-DSF were semi-transparent, and the transmittance
was about 7% in the visible light range. Thus, some daylight could penetrate the PV-DSF
and enter the indoor room. In addition, natural lighting was able to pass through the slat
gaps of the upper louver and enter the workspace, improving the daylighting performance
significantly. The upper louver’s dimensions were 1.1>0.45 m (W>H). It had 5 slats which
were fixed with 20 degree to the vertical. According to the simulation results, the lighting
energy use of the room equipped with the PV-DSF could be reduced by about 11% if

combined with an automatic dimmable lighting system,

In this section, the Daylighting model in EnergyPlus was used to simulate the PV-
DSF daylighting performance as well as the impact on light energy usage for different
weather and sky conditions. Figure 10 presents the flowchart of the simulation of
daylighting performance. Firstly, the user specifies the lighting reference point coordinates
in the daylighting zone. In this study, a reference point was specified with X, Y, Z
coordinates of (1.3 m, 1.1 m, 1 m). As shown in Figure 7 (b), the origin of the coordinates
was located at the left bottom of the model, and X axis is in reference to the width along
the PV-DSF, Y is in reference to the distance from the inner glazing window, Z is the
height from the floor. Then, the exterior horizontal illuminances due to sky-related light
and sun-related light under standard sky conditions, such as clear sky, clear turbid sky,
intermediate sky and overcast sky, were calculated and stored. The exterior horizontal
illuminance due to diffuse radiation from the sky was calculated for each of the above four
sky conditions by integrating over the appropriate sky luminance distribution. The actual

exterior horizontal illuminance due to beam solar irradiance was determined by combining
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the direct normal solar irradiance from the weather data file and the empirically determined
luminous efficacy in the time-step calculation [27]. The interior daylighting illuminance
consists of the two components, viz. direct component from a particular window and
internally-reflected component from the interior ceiling, floor and wall surfaces. The direct
component of daylight illuminance at a reference point due to a particular window was
determined by dividing the window into an x-y grid and then finding the flux reaching the
reference point from each grid element. The internally-reflected daylighting illuminance
component reaching a reference point can be calculated by using the split-flux method [30-

31].

After calculating the corresponding interior daylighting illuminance, the daylight
factors of the PV-DSF under standard sky conditions and representative sun positions were
deduced by dividing the interior illuminance by the exterior horizontal illuminance. The
representative sun positions refer to hourly sun positions on the local sun-paths of
representative days for a given geographical location. Based on the Sun position of the
current time step and sky conditions, the current daylight factor was found by interpolating
between the representative daylight factors calculated in the previous step. At the same
time, the current exterior horizontal illuminance was calculated from the current solar
irradiances and solar zenith angle. The daylighting illuminance level at the reference points
were then obtained by multiplying the current daylight factors with the current exterior
horizontal illuminance. Comparing with the design illuminance level, if the daylighting
illuminance did not meet the design requirements, the artificial lighting would make up the
gap and the corresponding required amount of electricity for lighting was also calculated.

As the required amount of lighting electricity reduced, so the cooling load due to that
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artificial lighting would also reduce. Thus, the better the daylighting utilization the more

the reduction in lighting electricity and the more the reduction in cooling loads, because

natural light has a higher luminous efficacy (Im/W) than artificial lighting [32-33].

Calculating exterior
horizontal illuminance in
standard skies

Calculating interior illuminance,
window luminance and window
background luminance

Customized weather file,
geometric parameters,
spectrum data of PV module

Figure 10. Flowchart of simulating the daylighting performance of PV-DSF
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4.4 PV Power Model

The main reason for choosing EnergyPlus to simulate the overall energy performance
of the PV-DSF is that not only it can simulate the thermal performance and daylighting
performance of glazing facades but also predict the on-site power generation of renewable
energy installations, especially for building-integrated photovoltaic systems (BIPV).
EnergyPlus integrates three different PV power simulation models, “Simple model”,
“equivalent one-diode model” and “Sandia model” [27]. All the three models share the
same solar simulation model for calculating the incident solar irradiation. The differences
lie in the processes of simulating the PV power output at the same solar irradiation. The
Sandia model, also known as the Sandia Array Performance Model (SAPM), is empirically
based, and achieve versatility and accuracy for almost all PV technologies, especially for
thin-film solar cells, because the coefficients used in this model are derived from special
tests with the same kind of solar cell [34]. Before using this model, users have to carry out
many special tests to obtain a series of coefficients for their PV module to be simulated.
However, once the coefficients required by the model are obtained, it can accurately
simulate the power output of the PV module for all arbitrary weather conditions because
this model considers the impacts of many factors on the power performance, such as solar
incident angle, operating temperature, solar spectrum distribution and so on [35-36]. Thus,
the SAPM was chosen in this study for prediction of hourly dynamic power output

performance of the a-Si PV-DSF.

The fundamental equations of the SAPM can be found in [34]. To solve these
fundamental equations, values of 39 parameters in total have to be input into the SAPM in

EnergyPlus for predicting PV module power output performance. Except for 3 parameters
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which can be obtained easily, 36 parameters had to be specially measured or fitted from
curves. In previous studies, almost all the parameters, including the electrical
characteristics under standard test conditions (STC) and the temperature coefficients, were
measured outdoors [34, 37]. However, as the outdoor weather conditions are uncontrollable
and rarely close to the STC conditions (1000 W/m? solar radiation, 25 <, AM 1.5), the
outdoor testing process is complicated and time-consuming. Thus, based on the previous
studies, a set of simple indoor and outdoor measurement methods was developed to
determine the empirical coefficients of the SAPM for semi-transparent a-Si PV modules
[38]. Actually, about half of the SAPM coefficients were extracted from indoor
measurements using a solar simulator in this study, while the other coefficients, such as the
coefficients of the solar spectral correction function, were derived from outdoor
measurements. To correct the impact of angle of incidence (AOI) on the power
performance, a polynomial function developed in [34] was used in this study to modify the
hourly short circuit current under different incident angles. When all 39 parameters of the
SAPM were determined, the PV module’s dynamic power output could be predicted,
knowing also the instantaneous incident solar irradiance, operating temperature and air
mass. Five key points on the I-V curve were determined based on the fundamental
equations and the I-V curve itself was then fitted according to these five points. Figure 11
presents the five key points and the I-V curve for the a-Si PV module studied under
standard testing conditions (STC). Point A is the maximum power point of the PV module

under STC.

28


javascript:void(0);

1.2
.
10 | ——-———-______*_
i __-___------'“"h.. A
Zos i !
— | |
= | |
= I
5 12V, i \
C 06 = i
< ! : \
— | V.
= mpl [
| \
'g L | I | '\\
g 04 i i Y
> , | P\
A i i [
i i I \
02 i I —
[ 1 "'2‘(‘"0:0—"- mpﬂ} "'\
I )
: ' ! Y| Ve
0.0 L 1 1 1 L L .
0 20 40 60 80 100 120 140 160

PV module's Voltage (V)

Figure 11. I-V curve and its five key points of the a-Si PV module under STC

The last step was to consider the impact of power generation on the heat transfer
balance of the PV module. Unlike a normal glass window, as some part of the solar energy
is converted into electricity, the heat transfer balance as well as PV module temperature
distribution was changed for the PV-DSF. EnergyPlus provides different heat transfer
modes enabling the SAPM to achieve coupling between energy generation and heat
transfer. The “Integrated Surface Outside Face” mode was used in this study, whence, the
solar cell temperature refers to the outside face temperature of the PV module. When
calculating the heat transfer and temperature distribution, the energy generated by the PV
module was removed from the heat transfer balance equations. Thus, the interaction effects
between the power performance and thermal performance were reasonably well

represented.
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5. Model Validation

The PV-DSF model developed was then validated against experimental data to verify
its accuracy. The outdoor experimental campaign was carried out in the winter of 2012-
2013, from October 1 to March 10. Much of the data gathered during the outdoor testing
of the real PV-DSF were available for model validation, such as the PV module

temperature, inside window heat gain, indoor daylighting illuminance and the power output.

5.1 Introduce to the PV-DSF Test Bed

A real PV-DSF test bed was built in the campus of the Hong Kong Polytechnic
University to test its overall energy performance under real outdoor environment. Figures
12 and 13 present the schematic diagram and a real picture of the PV-DSF test bed,
respectively. The weather station, made by Thies Clima, measured and recorded the local
wind speed and direction, the ambient air temperature and humidity, as well as the
horizontal global and diffuse solar irradiances. The solar irradiances were measured by two
pyranometers installed on a sun tracker, as shown in Figure 13, which can track the sun
from sunrise to sunset. As for the power generation, the DC power generated by the PV-
DSF was firstly converted into AC power by micro-inverters, and then the AC power was
transferred into the main distribution box. The DC and AC power output of the PV-DSF
was measured by the micro-inverters and then transported to the computer via the
communications gateway. The micro-inverter adopted is Involar MAC250B, which was a

special inverter designed for thin-film PV modules with high open circuit voltage.
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Figure 13. Picture of the PV-DSF used for outdoor experimental campaign

For the thermal performance, sensors, including thermocouples and heat flux meters,
were installed on the ventilated PV-DSF to measure the temperatures in the air cavity and
various surfaces, as well as the heat flux through the inside window. These sensors’ signals
were recorded by a GL820 Midi DatalLogger, which can accept voltage (from 20mV to
50V), temperature, humidity, pulse and logic signals. During the experimental campaign,
the indoor room temperature was conditioned by a split air conditioning and the design

temperature was set to be 22 ‘C, which was the same as the setting temperature in the

simulation model. To evaluate the daylighting performance of the PV-DSF, a light meter
was placed horizontally in the middle of the room (coordinates: X, Y, Z: 1.3m, 1.1m, 1m),

where had the same coordinates as the lighting reference point in the simulation.

All the above data or signals were recorded by the corresponding data loggers or
professional software programs at a time interval of 1 minute during the testing campaign.
The specifications and measurement uncertainty of the key instruments adopted are listed

in Table 4. It is seen that the measurement uncertainties of most of instruments are less

than 3%.
Table 4 The key experimental instruments and their specifications
Experimental ~ Manufacturer Sensitivity and/or Measurement
Equipment and model technical data uncertainty
Weather station  Thies Clima Wind speed: 0.1m/s; Wind  Nil

direction: 1° ;
Temperature: 0.1<C;
Humidity:0.1%;
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Pyranometers EKO Sensitivity: about 7 Non-
instruments nV/(W/m?); linearity<0.2 % (at
(MS-802) 1000W/m=;
Thermocouples RS Temperature range: -40C<t<120<T
components 2200 ~ 350C: =+ 15C;
(T type
thermocouple)
Conductive heat Captec Sensitivity: <3%;
flux meters Enterprise 2.5uV/(W/mP);
(HS-30) Response time: 0.3
seconds;
Data logger Graphtec Accepts Voltage (20mv to  The minimum
L 50V), temperature, resolutions are 1
(GL820 Midi a : o,
DataLogger) h_umldl.ty, pulse and logic  uV and 0.1 °C;
signals;
Light meter TES (1336A) Resolution: 0.01 Lux; +(3%rdg +
Sensor: Silicon photo Sdgts )
diode (calibrated to
standard

Micro-inverter

Involar
(MAC250B)

Recommended Input
Power (STC):
250W/200W~260W;

DC voltage operating
range: 60V~150V;

MPPT Voltage Range:
72V~120V;

Maximum DC Current;
3.47A

incandescent lamp,
2856 K);

Power Factor>0.99;

Peak Inverter
Efficiency: 94.5%;

CEC Weighted
Efficiency: 93.2%.

5.2

Validation of PV Module Temperatures

A comparison of the simulated solar cell temperature and the measured PV module
back-surface temperature is presented in Figure 14. The measured PV module back-surface

temperature is a little higher than the simulated solar cell temperature, and the back-surface
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temperature at noon on sunny days, the maximum temperature difference was about 3 <C.
On overcast days, the simulated temperatures coincided with the measured temperatures
very well. The possible reasons causing the above cases were also analyzed. Firstly,
although the environmental wind speed used in the simulation model was derived from the
measured weather data, the airflow network model may overestimate the airflow velocity
in the ventilation cavity and thus overestimate the convection heat transfer coefficient.
Secondly, in the experiment, the thermocouple was attached at the middle-upper part of the
PV module to measure the temperature there, however in the simulation model the PV
module temperature was the average temperature of the whole PV module. On sunny days,
under the effect of thermal buoyancy, the measured temperature at the upper part can be
higher than the average temperature by 1-1.5 “C. Lastly, on sunny days, the reflected solar
radiation from the concrete ground floor also resulted in the temperature rise of the PV
module, but this impact was not effectively handled in the simulation model. The above
reasons together may result in the case that the measured PV module temperature was

higher than the simulated one at noon of sunny days.
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Figure 14. Comparison of the simulated solar cell temperatures and the measured PV

module temperature

To quantify the errors between the simulated results and the experimental data, the
mean absolute percentage error (MAPE) [39] was adopted in this paper. The MAPEs
between the simulated PV module back-surface temperatures and the measured results on
sunny days (from Dec. 22-24 and Dec.28) and overcast days (Dec.25-27) were 6% and

1.7%, respectively.

5.3 Validation of Daylighting IHluminance

A comparison of the simulated and measured indoor daylighting illuminances was
also made. Figure 15 presents both sets of the simulated and measured daylighting
illuminances at the lighting reference point 1. It is found that the indoor daylighting
illuminance exceeded 300 lux and was close to 400 lux at noon on sunny days. This

illuminance level meets the lighting requirements for many indoor activities [40], and it is
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only lower than the design illuminance level for paper based work in Hong Kong by 100
lux [41]. Since the PV module’s full wavelength-based spectrum data was used, the
simulated daylighting illuminance at the reference point 1 (1.1 meters away from the inner
window) agreed well with the measured data on sunny days, as shown in Figures 15, but
the simulated daylighting illuminance deviated from the measured data on overcast days.
The main reason causing the deviation of daylighting on overcast days was the rapid and
strong fluctuation of solar radiation. In EnergyPlus, the daylighting illuminance was
calculated based on the hourly solar radiation values of the TMY3 weather data file,
however, the solar radiation fluctuates strongly and rapidly on overcast days, thus the
hourly average solar radiation used for daylighting calculation could not accurately reflect
the real sun and sky radiation conditions any more, thus the calculated daylighting
illuminance is certainly different from the measured one. In contrast, on sunny days, the
solar radiation increases/decreases gradually, the hourly average solar radiation can
represent the sun and sky radiation conditions in this period, thus the calculated daylighting
illuminance coincide with the measured data better. The MAPEs between the simulated
and the measured daylighting illuminance on sunny days (Oct. 20-25) and overcast day

(Oct. 26) were 8.3% and 14.4%, respectively.
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Figure 15. Comparison of the simulated daylighting illuminance and the measured one

To quantify the impact of daylighting on the power consumption of artificial lighting,

a term of lighting energy use was introduced, which was defined as the energy used by

artificial lighting to meet the design illuminance level. The lighting energy use under
different daylighting illuminance levels were also simulated in this study to demonstrate
the impact of daylighting on the energy use of artificial lighting. As shown in Figures 16
and 17, with the daylighting illuminance increasing, the lighting energy use dropped down
gradually from the rated power of 56 W to 5.6 W when the lighting power multiplier
reduced to 0.1. Compared with a normal glass window with the interior shading blind
always on, the PV-DSF can save 53% and 26% lighting energy use on January 5 and
December 9, respectively. Thus, making full use of the daylighting illuminance provided

by semi-transparent PV modules is an effective way to considerably reduce the use of

artificial lighting electricity.
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Figure 17. The hourly lighting power consumption on December 9 and January 5

5.4 Validation of Heat Gains through the PV-DSF

The simulated heat gain of the internal window of the PV- DSF was also validated
against the measured heat flux, which was recorded by a heat flux meter. As shown in
Figure 18, the simulated heat gain slightly overestimated the true heat gain at afternoons.
It looks like there is an ahead of time for the measured data because, as we know, the peak
heat gain through a south-facing window usually occurs at 1-2 PM (coincide with the peak
simulation result) rather than at 12-1 PM. The main reason resulting in the ahead of time
of the peak measured data and the overestimation of the simulated heat gain were probably
due to the interior wall and the asymmetric installation location of the heat flux sensor. In
order to conduct other comparative testing, an interior wall was set in the cavity that time.
As the heat flux meter was attached on the right side window, sunlight in the morning was
able to pass through the slat gaps of the upper louver and directly shine on the sensor, but
in the afternoon the sunlight was obstructed by the interior wall, resulting in the decrease
of heat flux at afternoon. Also due to the obstruction of the interior wall, the measured peak
heat gain occurred ahead of time than that of the simulated result. If there is no interior
wall, the daily peak of measured data would occur later, say at 2 PM. However, this interior
wall was not considered in the simulation model, and the sunlight was not obstructed at
afternoon in the model, thus the simulated heat gain was always higher than the measured
data at afternoons on sunny days. In addition, as the indoor air temperature was higher than
the ambient air temperature at night, the values of measured heat flux via the PV-DSF were

negative, while the simulated results were zero because reverse heat flow can’t be
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calculated in this model. In general, although there is a certain degree of error between the
simulated and measured heat fluxes, the heat transfer models in EnergyPlus are good

enough to represent and simulate the PV-DSF heat transfer. The MAPE between the

simulated and measured heat gains from March 6 to March 9 was 15%.
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Figure 18. Comparison of the simulated heat gain and the measured heat gain

5.5 Validation of Daily Energy Output

Finally we consider the validation of the accuracy of the Sandia Array Performance
Model (SAPM) using the measured daily energy output of the PV-DSF. In the PV-DSF
test bed, the DC power generated by the PV modules was converted into AC power, with
the same voltage and frequency as the utility grid electricity, by micro-inverters, whose

characteristics were given in Table 4. The daily AC energy output was measured and
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recorded by the micro-inverter. For the PV-DSF model in EnergyPlus, the PV module’s
energy output was simulated by the SAPM with a given performance ratio (PR) of the PV
system. The performance ratio (PR) is stated as percentage and describes the relationship
between the actual and theoretical energy outputs of a PV system. It shows the proportion
of the energy that is actually available for exporting to the grid after deduction of energy
loss (e.g. due to AC, DC losses and inverter loss). According to [42-43], the energy losses
in this study was assumed to be constituted by 4.44% DC losses (including 2% mismatch
loss, 0.5% connection loss and 2% DC wiring loss) and 7.732% AC losses (including 6.8%
inverter loss and 1% AC wiring loss), the total energy loss from DC to AC power output
was about 12%. Thus, the PR was determined to be 0.88, which is coinciding with a similar

a-Si PV system in previous study [44].

The measured and simulated monthly AC power generations during the experimental
campaign were compared in Table 5. To validate the SAPM model’s accuracy on
predicting annual power generation, the model estimates and measured data were
compared using mean-bias-error (MBE), mean-absolute-error (MAE) and root-mean-

square-error (RMSE) statistics, and the results are 0.14%, 2.13% and 2.47%, respectively.

Table 5 Comparison of measured and simulated monthly AC power generations

Months Measured AC power Simulated AC power
generation (kWh) generation (kWh)

October 11.46 11.19

November 7.38 7.4

December 9.12 9.27

January 13.56 13.96

February 8.66 8.43
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The SAPM model’s accuracy was also compared with other models in previous
studies. As shown in Table 6, except for the a-Si/x-Si HIT solar cell, the SAPM model
made the lowest estimation errors, few of PV simulation models, so far reported, can
achieve such high accuracy for a-Si PV modules. Although the Power Temperature
Coefficient Model, PVFORM Model and Bilinear Interpolation Model presented very
good prediction accuracy for the a-Si/x-Si HIT solar cell, these three models also made big

errors for predicting the tripe junction a-Si solar cell.

Table 6 Comparisons of modelling errors between the SAPM model and other models

Models Model estimation Solar cell types References
errors
Back Temperature +3.4% (MBE) a-Si (double-junction)  [45]
method
Site Specific Energy  +1.8% (MBE) a-Si (double-junction)
method
MOTHERPV +3.4% (MBE) a-Si (double-junction)
method
On-line Simulator +6.8% (MBE) a-Si (double-junction)
method
TRW Equation +6.0~+15.0% a-Si (tripe-junction)
(RMSE)
5-Parameter model +6% (RMSE) a-Si (tripe-junction) [46]
7-Parameter +5% (RMSE) a-Si (tripe-junction) [47]
model
Power Temperature  -2.6%/1.1% (MBE) a-Si (tripe-junction)
Coefficient model +3.2%/1.4% (MAE)  a-Si/x-Si HIT
+4.5%/1.7% (RMSE) [48]
PVFORM model -3.5%/0.1% (MBE) a-Si (tripe-junction)
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+3.9%/1.7% (MAE)  a-Si/x-Si HIT
+4.9%/2.1% (RMSE)

Bilinear -2.0%/0.2% (MBE) a-Si (tripe-junction)

Interpolation model  +3.3%/0.7% (MAE)  a-Si/x-Si HIT
+4.4%/1.0% (RMSE)

SAPM (this study) +0.14% (MBE) a-Si (double-junction)
+2.13% (MAE)
+2.47% (RMSE)

Two months with the highest monthly energy output, viz. October 2012 and January
2013, were chosen to compare the simulated and measured daily AC energy output. As
shown in Figures 19 and 20, the SAPM accurately simulated the daily energy output of the
PV-DSF with the 39 special pre-determined coefficients. The measured monthly AC
energy output was 11.46 kWh in October 2012, while the simulated value was 11.19 kWh.
The error is only 2.4%. Similarly, the measured monthly AC energy output was 13.56 kWh
in January 2013, while the simulated value was 13.96 kWh, an error of 3%. Such a high
level of accuracy for the monthly energy output prediction indicates that the SAPM fully

qualifies for use in simulating the annual energy output performance of the a-Si PV-DSF.
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Figure 19. Comparison of the simulated daily energy output and the measured one in

October 2012
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Figure 20. Comparison of the simulated daily energy output and the measured one in

January 2013

6. Conclusions

A comprehensive simulation model based on the EnergyPlus software has been
developed in this study to simulate the overall energy performance of a ventilated semi-
transparent PV-DSF, taking into account the thermal, daylighting and dynamic power
output performances of the full fagade system simultaneously. The physical characteristics
of the semi-transparent a-Si PV module were measured in the laboratory. The transmittance
of the semi-transparent PV module was about 7% in the visible light range, and its thermal
conductivity and infrared emittance were 0.48340.01 (W/(m K)) (with temperature

difference of 25 °C) and 0.853, respectively.

A PV-DSF model representative of the real PV-DSF was developed in EnergyPlus.

Four openable windows with interior venetian blinds were adopted in the PV-DSF model
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to represent the inlet and outlet louvers of the real PV-DSF. This approximate process for
the louvers was indirectly proved to be a reasonable solution. The interactions among
thermal, power and daylighting performances were reasonably well modelled by coupling
the heat transfer model, airflow network model, Sandia Array Performance Model (SAPM)

and daylighting model in EnergyPlus.

A long term outdoor experimental test was carried out to validate the various sub-
model. The hourly simulation results of PV module temperature, heat gain, daylighting
illuminance and power output were compared with the measured data. The MAPEs
between the simulation results and the measured data were also calculated to evaluate the
accuracy of the model. In general, the simulation results agreed well with the measured
data with small difference for heat gain that was analyzed in the text. In particular, the root
mean square error (RMSE) between the simulated monthly AC power output and the
measured data was as low as 2.47%. Such a high accuracy indicated that the SAPM is well
able to simulate the annual energy output performance of a PV-DSF. The validation results
indicated that the simulation model developed can accurately simulate the overall energy
performance of a semi-transparent PV-DSF considering both its energetic impacts on
building energy use for heating, cooling and lighting as well as its power generation

capability.

Although this model was developed based on a low transmittance PV module and was
only validated in Hong Kong in this study, it should be independent on climate conditions
and also suitable for other PV modules with different transmittances. Thus, this model can
be used in the future for carrying out optimum design and sensitivity analysis for PV-DSFs

in different climate zones and with different building characteristics. The methodology
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developed in this study provides a favorable reference for modelling other kinds of semi-

transparent thin-film PV (STPV) windows or facades.
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Table 1 Key dimension parameters of the PV-DSF model

Parameters Value
Width of the office room 2.32m
Depth of the office room 2.3m
Height of the office room 2.5m
Width of PV module 1.1m
Height of PV module 1.3m
Thickness of PV module 0.008 m
Width of louver 1.1m
Height of louver 0.45m
Depth of air flow cavity 0.4m
Window wall ratio 0.6

Table 2 Key physical properties of the glasses used

Glass ID NFRC 411 NFRC 412
Glass type Clear float glass ~ Clear float glass
Thickness (mm) 2.24 3.0
Transmittance of visible 0.9 0.9
Transmittance of solar light 0.856 0.838
Emissivity 0.84 0.84

Thermal conductivity 1 1

Table 3 Thermal properties of the wall

Items Wall

Materials Steel sheet (1.59 mm)+ Expanded Polystyrene
(48.3 mm)+ Steel sheet (1.59 mm)

Thickness (mm) 51

U-factor (W/m?/k) 0.62

R-value (m?/k/W) 1.60
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Table 4 The key experimental instruments and their specifications

Experimental Manufacturer Sensitivity and/or Measurement
Equipment and model technical data uncertainty
Weather station  Thies Clima Wind speed: 0.1m/s; Wind Nil
direction: 1° ;
Temperature: 0.1C;
Humidity:0.1%;
Pyranometers EKO Sensitivity: about 7 Non-
instruments wV/(W/m?); linearity<0.2 % (at
(MS-802) 1000W/m=;
Thermocouples RS Temperature range: - 40T <t<120C
components 2200 ~ 350C: =+ 15C;
(T type
thermocouple)
Conductive heat  Captec Sensitivity: <3%);
flux meters Enterprise 2.5uV/(W/m?);
(HS-30) Response time: 0.3
seconds;
Data logger Graphtec Accepts Voltage (20mv to  The minimum
- 50V), temperature, resolutions are 1
(GL820 Midi » , o
Datal ogger) h_umldlty, pulse and logic  pV and 0.1 °C;
signals;
Light meter TES (1336A) Resolution: 0.01 Lux; + (3% rdg +
Sensor: Silicon photo Sdgts)
diode (calibrated to
standard

Micro-inverter

Involar
(MAC250B)

Recommended Input
Power (STC):
250W/200W~260W;

DC voltage operating

range: 60V~150V;

MPPT Voltage Range:

72V~120V;,

Maximum DC Current;

3.47A

incandescent lamp,
2856 K);

Power Factor>0.99;

Peak Inverter
Efficiency: 94.5%;

CEC Weighted
Efficiency: 93.2%.
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Table 5 Comparison of measured and simulated monthly AC power generations

Months Measured AC power Simulated AC power
generation (kWh) generation (kWh)

October 11.46 11.19

November 7.38 7.4

December 9.12 9.27

January 13.56 13.96

February 8.66 8.43
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Table 6 Comparisons of modelling errors between the SAPM model and other models

Models Model estimation Solar cell types References
errors

Back Temperature +3.4% (MBE) a-Si (double-junction)  [45]

method

Site Specific Energy  +1.8% (MBE) a-Si (double-junction)

method

MOTHERPV +3.4% (MBE) a-Si (double-junction)

method

On-line Simulator +6.8% (MBE) a-Si (double-junction)

method
TRW Equation

5-Parameter model

7-Parameter
model
Power Temperature

Coefficient model

PVFORM model

Bilinear

Interpolation model

SAPM (this study)

+6.0~+15.0%
(RMSE)
+6% (RMSE)

+5% (RMSE)

-2.6%/1.1% (MBE)

+3.2%/1.4% (MAE)
+4.5%/1.7% (RMSE)

-3.5%/0.1% (MBE)

+3.99%/1.7% (MAE)
+4.9%/2.1% (RMSE)

-2.0%/0.2% (MBE)

+3.39%/0.7% (MAE)
+4.4%/1.0% (RMSE)

+0.14% (MBE)
+2.13% (MAE)
+2.47% (RMSE)

a-Si (tripe-junction)

a-Si (tripe-junction) [46]

a-Si (tripe-junction) [47]

a-Si (tripe-junction)
a-Si/x-Si HIT
[48]
a-Si (tripe-junction)
a-Si/x-Si HIT

a-Si (tripe-junction)
a-Si/x-Si HIT

a-Si (double-junction)
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