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Abstract: A photovoltaic shading device (PVSD) is a promising technology that can both generate
electricity and provide shading to reduce indoor energy consumption. This paper aims to evaluate
the performance of three PVSD design strategies in five Chinese cities by using a proposed all-in-one
simulation program, according to the parametric performance design method. The program can
be used to predict the energy consumption, power generation, and economic feasibility of different
PVSD strategies. It was, firstly, calibrated through an actual experiment which was carried out in
Qingdao and, secondly, used to simulate the energy consumption and generation of the three PVSD
strategies in relation to the optimal angles and heights. Finally, the program was used to calculate
the energy efficiency and economic feasibility of the three strategies. The findings indicated that
the move-shade strategy of PVSD can provide the best energy-saving performance, followed by
rotate-shade and fixed-shade strategies. Compared to the no-shade strategy, the reduction of the net
energy use intensity by using the move-shade strategy was 31.80% in Shenzhen, 107.36% in Kunming,
48.37% in Wuhan, 61.79% in Qingdao, and 43.83% in Changchun. The payback periods of the three
strategies ranged from 5 to 16 years when using the PVSD in China.

Keywords: PVSD; parametric design; performance evaluation; net energy use intensity (EUI);
power generation

1. Introduction

Facing the pressure of increasing global environmental pollution, the application
of renewable energy technologies can effectively reduce the consumption of fossil fuels
and carbon emissions. China has pledged to reach carbon peaking by 2030, and carbon
neutrality by 2060 [1]. In 2021, China has further issued the Action Plan for Carbon
Peaking and aimed to achieve 20% and 25% of non-fossil energy consumption by 2025
and 2030, respectively [2]. With the implementation of various regional incentive policies,
photovoltaic technology has been upgrading urban energy structures through continuous
innovative development [3].

Photovoltaic (PV) technology can provide electricity for buildings, reduce their depen-
dence on conventional grid power, and decrease urban carbon emissions and environmental
pollution [4]. The integration of photovoltaic technology and architecture is developing
in two directions: building-integrated photovoltaic (BIPV) and photovoltaic-integrated
shading devices (PVSD) [5]. BIPV integrates photovoltaic components onto the facade and
roof of buildings [6]. The integration of power-generation components and building enve-
lope can create a simpler power-generation structure, higher photovoltaic efficiency, and a
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more visually pleasant facade [7]. BIPV is widely used in energy-saving building design
and green building reconstruction [8]. Photovoltaic-integrated shading devices (PVSD)
combine shading components with photovoltaic panels. Compared with BIPV, PVSD is
relatively simpler and cheaper. It is especially suitable for small-sized building renovation.

Due to the annual solar angle and radiation differences in various regions, the lo-
cations and modes of the optimal photovoltaic panel setting in each region are not the
same [9]. In order to make efficient use of solar energy in different regions, single-axis
tracking, dual-axis tracking [10], and concentrator photovoltaic (CPV) systems are being
developed to maximize electricity generation [11,12]. There are also some studies that
explored the possible ways to improve the energy efficiency of using PV panels. Agyekum
et al. [13] found about a 12% improvement in energy efficiency and a 30% increase in power
generation compared to the uncooled panels by using a cotton wick to cool the PV panels.
They also discovered that the electricity efficiency of the PV panels can be improved by
6.8% and 5.85%, respectively, when using a heat sink (made up of aluminum fins and
an ultrasonic humidifier) and a cooling system (made up of aluminum fins and paraffin
wax) [14,15]. Similarly, PraveenKumar et al. [16] experimented with the aluminum sheets
mounted PV panel module and found about a 4% increase in electricity efficiency and a
9.4% improvement in electricity generation, compared to conventional panels. However,
PVSD, as a part of a building’s external envelope structure, needs to consider its influence
on building energy consumption, light environment, and indoor and outdoor visual ef-
fects under the condition of maintaining its own high-efficiency power generation [17].
Therefore, appropriate PVSD design requires multi-faceted optimization studies [18]. This
should take the compatibility of PVSD with the local environment, the stability of PVSD
technology, and the comfortability of users into consideration [19]. In order to maximize
energy-use efficiency, it is necessary to consider the power-generation efficiency of PVSD,
and, further, to propose economic feasibility schemes [20,21].

There are two ways of developing a dynamic PVSD strategy for buildings: (1) buildings
adjusting themselves according to the changes of the external environment through rule-
making [22]; and (2) finding the optimized results through the genetic algorithms or
exhaustive simulation [23]. Svetozarevic et al. [24] developed a dynamic photovoltaic
module that can cover 115% of net electricity demand by comprehensively assessing local
power generation, shading, and daylighting. Optimization methods, such as genetic
algorithms and machine learning, can locate parameters that support better performance of
the dynamic systems [25]. Kirimtat et al. [26] used genetic algorithms to calculate the total
energy consumption and useful daylight illuminance (UDI) of the louver shading. They
can achieve 14% energy savings, maintaining 50% UDI level. Taveres-Cachat et al. [18]
employed a multi-objective optimization algorithm to explore the possible parameters
of the static PVSD, and found that an optimized PVSD can improve the exploitation of
solar energy.

Overall, existing studies on energy consumption of the dynamic PVSD strategy is
rather limited. Among them, Ridha et al. [27] indicated that PVSD optimization is balanced
by multiple objectives, which can further lead to different optimization results. For example,
the tilt angles that generate the maximum amount of electricity can be different from the
angles that produce the minimum amount of energy consumption. In the research of the
optimal position of PVSD, Fouad et al. [28] pointed out that the optimal shading angle is
close to the regional latitude value. Meysam [29] analyzed the impact of the suspended
length of PVSD on the heating load of the building, and the impact of the tilt angle of
PVSD on power generation. They selected a number of parameters to design a movable
PVSD which is suitable for local climate and saves 290% energy, compared to the condition
without the PVSD. Krarti [30] proposed a dynamic design strategy of PVSD according to
monthly energy consumption and production with PV inclination angles at 0°, 45°, and
90°. They found that the dynamic PVSD can achieve net-zero energy consumption in a
mild-climate region.
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It is important to point out that finding optimal PVSD parameters, which can provide
optimal energy performance in buildings, requires professional HVAC, computer science
knowledge, and well-trained simulation techniques. However, without proper training,
architects usually do not have the ability and knowledge to use energy performance simu-
lation software, such as EnergyPlus, DoE-2, and TRNsys [31]. This undoubtedly increases
the difficulties for architects to evaluate building performance through software simulation
and further cause the absence of performance assessment in the design process [32]. The
Ladybug and Honeybee plugins in the Grasshopper platform are developed from the
EnergyPlus engine to evaluate the energy performance of buildings from various aspects.
These plugins can simplify the simulation process and allow architects to evaluate building
performance by using simplified settings and parameters, and further export data as visual
graphics for analysis [33,34]. These plugins integrate parametric design and performance
evaluation, and allow architects to understand scientifically how local climate and condi-
tions can affect the performance of the architecture, and further propose flexible design
schemes in the early design stage [35,36].

The main objective of this paper is to evaluate the energy performance of the applica-
tion of three PVSD design strategies in five different Chinese cities by using a proposed
all-in-one simulation program. The novelty of this study is to investigate the energy perfor-
mance of the application of PVSD in student apartments in different climate zones in China
by using the proposed parametric performance-design approach. This method integrates
parametric design and performance evaluation, and it can assist architects to simply the
evaluation process and to optimize the various parameters to generate efficient PVSD
design. In this paper, three PVSD design strategies are proposed and simulated in the
application of a student apartment in five cities that are located in different climate zones.
These strategies are analyzed and compared to show their advantages and differences,
energy performances, and economic feasibilities. The findings indicate that the application
of the PVSD proves its positive working efficiency in student apartments in China.

2. Methodology
2.1. PVSD Design Strategy

The application of PVSD in buildings is mainly used for shading, electricity generation,
and insulation. Dynamic PVSD strategies are flexible to cope with the temperature changes
throughout the year. In this research, it is designed to (a) provide shading and generate
electricity when shading is needed; and (b) generate electricity at an optimal tilt angle and
height when shading is not required. Theoretically, if a building fagade has enough space
to allow PVSD to move freely, dynamic PVSD could maximize the results of shading and
electricity generation to improve energy efficiency. Based on the physical structure of the
student apartment, the tilt angle of PVSD can change from 0° (horizontal) to 90° (vertical)
at the interval of 3°. The moving distance of the dynamic PVSD is between —1.5m to 1.5 m
at the interval of 0.1 m.

There are three PVSD design strategies: (1) static PVSD strategy (fixed-shade): em-
ploying exhaustive or genetic algorithms to select the optimal angle of the PVSD in a year
according to net energy consumption (the difference between building energy consumption
and the power generated by the PV), see Figure 1a; (2) rotation PVSD strategy (rotate-
shade): employing exhaustive or genetic algorithms to select the optimal angle of the PVSD
in each month according to the lowest net energy use intensity, see Figure 1b; (3) move and
rotate PVSD strategy (move-shade): employing exhaustive or genetic algorithms to select
the optimal moving distance and tilt angle of the PVSD in each month according to the
lowest net energy use intensity, see Figure 1c.



Sustainability 2022, 14, 7808

40f18

summer.sun

winter sun

Fixed-shade

1 angle -
12 months L1

summer sun summer.sun
wintersun winter sun
[ 1|
n s
Rotate-shadl ﬂ Move-shade
12angles v 12 angles w4
12months L1 12 heights LUWA
12 months

(b)

(©

Figure 1. Three strategies for using PVSD in winter and summer: (a) fixed-shade; (b) rotate-shade;

and (c) move-shade.

2.2. Simulation Workflow

Figure 2 shows the parametric performance design methodology and the flowchart
of PVSD performance evaluation. As indicated in Figure 2a, given certain objectives,
designers can input various parameters and rules to allow the computer to generate and
assess a number of design possibilities through genetic or exhaustive algorithms. Designers
can choose the optimal design solutions from computer calculated and filtered outcomes.
Figure 2b is a flowchart that illustrates the design generation process in more detail. The
fixed parameters (including building geometry, building construction, HVAC system, loads
and schedules, and meteorological data) and dynamic parameters (including the moving
height and tilt angle of PVSD) are, firstly, set to create the zone geometry and assign
properties for the zone. Then the generated PVSD solutions are evaluated according to if
the targets (minimum annual net energy consumption and shortest payback period) can be
met. Finally, designers can select the optimal solutions from the output results.

| Idea | ]
Set fixed parameters
@ ,_g Building geometry
& (— Buildingconstructions
Create zone geometry ] HVAC systems
Parameters apd rulessetby | and assignzone < E ]\_/Ioads anld S_claxle(;hﬂes
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Figure 2. Research methodology and workflow. (a) Parametric performance design methodology;

(b) PVSD performance evaluation flowchart.

In order to simplify the simulation process of the performance of PVSD, Ladybug 0.0.69
and Honeybee 0.0.66 are used to build the simulation program in the Grasshopper platform
as indicated in Figure 3, which illustrates the overall workflow. The model script includes
three main sections: input parameters, performance evaluation, and objective optimization.
In this research, the HVAC system adopts the ideal air load to quantify buildings’ heating
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and cooling energy consumptions, which means the coefficient of performance (COP) of the
HVAC system is equal to 1 [37]. The room temperature should be maintained between 18 °C
and 26 °C, according to China’s regulations [38]. The photovoltaic battery is a TD7G66M132
half-cell with 485 w electric power and 20% photoelectric conversion efficiency [39]. The
transfer efficiency between DC and AC is 90%. In order to evaluate the impact of different
design strategies on PVSD, the following three criteria are adopted in this study: (1) energy
use intensity (EUI): assessing the overall energy consumption of a building; (2) photovoltaic
power generation (PPG): assessing the power generation of the photovoltaic shading
system; and (3) net energy use intensity (net EUI): net EUI = EUI — PPG, assessing the
energy saving performance of the photovoltaic shading system.

=

~ i Building gé‘ometr& \

Building constructions

' OUTPUT (Data)

r’éémulation N

\ ‘iScheduIes and loads
\_ land HVAC

N

PVSD parameters

Figure 3. Visualization of the simulation program workflow in the Grasshopper platform.

2.3. Experiment

The experiment room was selected in a student apartment in Qingdao, China. The
experimental room was located in the middle of the apartment, and the room size was:
3.6m x 6.3m x 3 m. The window size of the room was: 2.6 m x 1.5 m. The spacings on
the two sides of these windows were small, and the upper and lower spacings were large.
There was no obstruction to the facade of the building. The building wall construction is
300 mm concrete, with 1 mm plastering on both sides. Table 1 shows the related building
parameters. The TESTO 174 h meters were installed at the height of 0.75 m in the apartment
for measurement, and they were used to measure the room temperature with the range
between —20 and 70 °C and an accuracy of £0.5 °C. As shown in Figure 4, measurement
points A and B in the case study room are clearly indicated.

Table 1. Building parameters.

Parameter Name Quantity
Total floor area 22.68 m?
Window area 3.9 m?
Infiltration rate per area facade 0.0006 m3/s-m?
Number of people 2
Lighting load 3.17 W/m?
Equipment load 3.88 W/m?
Wall construction u-value 22w/m?.K

Window construction u-value

55 w/m?2-K
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Figure 4. The student apartment (left) and the experiment room (right). The temperature meters
were installed at measurement points A and B.

3. Results
3.1. Model Validation

In the simulation program, the student apartment was simplified into 18 rooms, as
shown in Figure 3. Figure 5 indicates the indoor and outdoor temperatures per hour in the
experiment and simulation in April 2022. The simulation result shows a similar trend as
the experimental result. By using the mean absolute error (MAE), as indicated in (1):

1 n
MAE = =} Ifi = vil (1)
i=1
where f; is the simulation value, and y; is the measurement value.

B-Measurement

A-Measurement

Outdoor temperature
A-Simulation B-Simulation

%18 S E—— e T
—
§~13
g
8

012 3 456 7 8 91011121314 1516 17 18 19 20 21 22 23
Hour

Figure 5. Hourly indoor and outdoor air temperature of the experimental and simulation.

The average absolute errors of the results of the measurement point A and B in the
experiment and the simulation were 0.2 °C and 0.3 °C, respectively. In the subsequent
studies, the simulation program for the PVSD evaluation as discussed in Section 2.2 was
used to analyze the energy performance of PVSD in the five case-study cities.

3.2. Power Generation in Five Cities

In order to compare the impact of the application of PVSD in different climate zones,
five cities in China were selected for analysis. Meteorological data were from the One
Building website [40]. In Figure 6a, the five case study cities are Shenzhen, Kunming,
Wuhan, Qingdao, and Changchun. They are located in the region with increasing latitude,
covering 21.3° geographically from north to south. The five cities are located in hot summer
and warm winter, moderate climate, hot summer and cold winter, cold, and severe cold
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climate zones, respectively [41]. Figure 6b shows the amount of electricity generated by
the PVSD, which was installed on the south-facing facade of the student apartment in the
five cities.

Changchun
i125° E, 43° N
:Severe cold
:zone

Qingdao
1120° E, 36° N
:Cold zone
Wuhan :
11148 E, 30° N ;
‘Hot summer and ; % ol 40°N
cold winter p
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Kunming
{102% k.. 25% N

iclimate zone i .

Shenzhen :;%?Z:;;,K f V) 100

114° E, 22° N ",,,/’~(,l>‘ﬂ<5’ ey 0 6 12 18 24 30 36 42 48 54 60 66 72 78 84 90
\

Changchun == - <« Qingdao Wuhan
Shenzhen Kunming

power generation

1 ‘Hot summer and |
‘warm winter
:zone

] PV rotation angle ot (°)
(a) (b)

Figure 6. The relationship between the tilt angle of the PVSD and power generation in the five

case-study cities. (a) city location and climate zone; (b) the amount of electricity generated by the
PVSD in a year.

With the increasing latitudes of the cities, the tilt angles of the PVSD also increased. The
optimal tilt angles to generate the maximum amount of electricity for Shenzhen, Kunming,
Wuhan, Qingdao, and Changchun were 27°, 33°, 33°, 39°, and 42°, respectively. This shows
that with the increasing urban latitude, photovoltaic technology requires greater inclination
to achieve greater power generation. The peak values of the power generation of the PVSD
in Wuhan, Changchun, Qingdao, Kunming, and Shenzhen are 233 kWh/ m?2, 211 kWh/m?,
207 kWh/m?2, 190 kWh/m?2, and 184 kWh/m?Z, respectively. The latitude of Wuhan is
in the middle of the five cities, showing the highest amount of power generation. Cities
with a latitude of 30° or more can generate a greater amount of power than the PVSD in
the equatorial area. A reason for this result is related to the solar movement trajectory in
different cities.

3.3. Results of the PVSD Strategies

This section analyzes the results of the three PVSD strategies in five selected cities.
It demonstrates the effect of the PVSD three strategies in a student apartment, as dis-
cussed in Section 2.1. The impact of the PVSD on buildings is explained from two
aspects: (1) the impact of PVSD on cooling and heating loads; and (2) ratio of power
generation to energy consumption.

3.3.1. In Shenzhen

Shenzhen is located in the hot summer and warm winter climate zone. The average
temperature in January is 16 °C, and the average temperature in July is 30 °C. Figure 7
shows the monthly energy consumption of the PVSD in Shenzhen by using different design
strategies. When no shading was applied, cooling was required throughout the year, but
heating is not needed for this city as indicated in Figure 7a. The energy consumption of
one year is about 147 kWh/m?. The cooling energy consumption accounts for 78.54% of
the annual energy consumption, and the cooling energy consumption from May to October
accounts for 90% of the annual cooling energy consumption. The cooling load was the
highest (20 kWh/m?) in August.
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Figure 7. The energy consumption intensity (EUI) and photovoltaic power generation (PPG) by
using different PVSD strategies in Shenzhen: (a) no-shade; (b) fixed-shade; (c) rotate-shade; and
(d) move-shade.

By using the fixed-shade strategy, the optimal tilt angle for the PVSD was 42° as
shown in Figure 7b. At this angle, the annual energy consumption is 132.12 kWh/m?. The
highest cooling load reduction was 4.3 kWh/m? in October, and the total cooling load of
the year was reduced by 12.6%, compared to the condition as shown in Figure 7a. The
highest cooling load was about 18.6 kWh/m? in August. The total amount of electricity
generated by the PVSD was 30.84 kWh/m?, which can occupy about 23.34% of the total
energy consumption of a year. The lowest amount of power generation was in June
(1.67 kWh/m?), while the highest was found in October (3.35 kWh/m?).

By using the rotate-shade strategy, the optimal angles of the PVSD from January to
December were 51°, 39°, 27°,27°,42°,27°,24°, 42°, 42°, 60°, 60°, and 54°, respectively, as
indicated in Figure 7c. The annual energy consumption is 132.13 kWh/m?. The cooling
load was reduced by 12.6%, compared to the condition as shown in Figure 7a. The highest
reduction of cooling load (4.8 kWh/m?) was in October. The annual PV generated electricity
was 31.62 kWh/m?, which took up about 23.93% of the total energy consumption. The
lowest amount of PV generated electricity was found in June (1.93 kWh/m?), and the
highest was in October (3.15 kWh/ m?).

By using the move-shade strategy, the PVSD was set to find the lowest net energy
consumption by changing the tilt angle and height of PVSD. The optimal angles from
January to December were 51°, 39°, 27°,12°,9°, 6°, 6°, 42°,42°, 60°, 60°, and 54°, and the
optimal heights were 0.1, —0.2, 0, 1.4, 1.5, —0.4, —0.4, 0, 0, 0, 0, and 0 m, respectively, as
shown in Figure 7d. This means that the height of the PVSD should not be changed from
August to December, when the PVSD was set to the optimal angle of those months. The
annual energy consumption is 132.39 kWh/m?. The cooling load was reduced by 12.37%,
compared to the condition as shown in Figure 7a. The total amount of electricity generated
by the PVSD was 32.39 kWh/m?, which took 24.46% of the total energy consumption in a
year. Again, the lowest amount of electricity was produced in June (2.05 kWh/ m?), while
the highest was in October (3.15 kWh/m?).
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3.3.2. In Kunming

Kunming is located in the moderate climate zone. The average temperature in January
is 10 °C, and the average temperature in July is 20 °C. Figure 8 shows the monthly energy
consumption in Kunming by using different PVSD design strategies. The demand for
heating and cooling throughout the year was weak as shown in Figure 8a. When there
was no shading, the heating load was only found in January. The cooling load appeared
from April to October and took 67% of the total cooling load of the year. The total energy
consumption was 32.62 kWh/m?. The heating and cooling load were only accounted
for 3.53% of the total energy consumption. Most energy was used to support lighting
and equipment.
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Figure 8. The energy consumption intensity (EUI) and photovoltaic power generation (PPG) by
using different PVSD strategies in Kunming: (a) no-shade; (b) fixed-shade; (c) rotate-shade; and
(d) move-shade.

When the fixed-shade strategy was applied as indicated in Figure 8b, 33° was found to
be the optimal angle of the year for using the PVSD. At this optimal angle, the annual energy
consumption is 32.26 kWh/m?. The total energy consumption was reduced, although the
cooling load decreased, and the heating load increased. The total amount of electricity
produced by the PVSD was 32.64 kWh/m?, which accounted for 101.18% of the total
energy consumption of the year. The lowest amount of power generation was in June
(1.94 kWh/m?), while the highest was found in March (3.71 kWh/ m?).

By using the rotate-shade strategy, the optimal angles of the PVSD from January to
December were 54°, 42°, 24°, 18°, 9°, 9°, 9°, 12°, 21°, 39°, 51°, and 57°, respectively, as
indicated in Figure 8c. The annual energy consumption is 32.39 kWh/m?. The cooling
load decreased, and the heating load increased. The annual PV generated electricity was
33.96 kWh/m?, which took up to 104.86% of the total energy consumption. The lowest
amount of electricity produced by the PVSD was found in June (2.12 kWh/m?), and the
highest was in March (3.75 kWh/ m?).
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When applying the move-shade strategy, the optimal angle of each month was the
same as the one in Figure 8c. The optimal heights from January to December were —1.5,
-15,1.1,0.3,-0.8,1.5,15,0,1.5,1.4,1.1, and —0.5 m, respectively, and the height of the
PVSD should not be changed in August. This is because the heating and cooling loads were
extremely low in Kunming. The net energy consumption was mainly reduced through
photovoltaic power generation. The annual PV generated electricity was 34.67 kWh/m?,
which took up to 107.46% of the total energy consumption. Again, the total amount of
electricity generated by the PVSD was the lowest in June (2.24 kWh/m?) and highest in
March (3.88 kWh/m?). This phenomenon implies that due to the local climate of Kunming,
it can achieve nearly zero energy consumption through installing the PVSD.

3.3.3. In Wuhan

Wubhan is located in the hot summer and cold winter climate zone. The average
temperature in January is 4 °C, and the average temperature in July is 30 °C. Figure 9
illus trates the monthly energy consumption in Wuhan by using different PVSD design
strategies. With no shading system applied, the cooling load mainly occurred between
April and October as shown in Figure 9a. The cooling load was the highest in July, reaching
23 kWh/m?. The heating load mainly occurred between December and March, and the
highest heating load was 0.60 kWh/m? in January. The total energy consumption through-
out the year was 103.53 kWh/m?. It is important to point out that the simulation room was
located in the middle of eight rooms with only one side facing south and contacting the
outdoor environment. Thus, the energy exchange between the surrounding rooms and the
simulated room was less than the energy exchange between the surrounding rooms and
the outdoor environment. As a result, there was less heat loss in the simulated room than
the other rooms, so the heating load was relatively low.
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Figure 9. The energy consumption intensity (EUI) and photovoltaic power generation (PPG) by
using different PVSD strategies in Wuhan: (a) no-shade; (b) fixed-shade; (c) rotate-shade; and
(d) move-shade.

When applying fixed-shade strategy, the optimal tilt angle of the PVSD was 42°, as
indicated in Figure 9b. At this angle, the total energy consumption throughout the year
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was 95.19 kWh/m?2. The total energy consumption was reduced, the total cooling load was
decreased by 12 kWh/m? and the heating load was increased by 3 kWh/m?. The total
amount of electricity generated in a year was 37.99 kWh/m?, which accounted for 39.90%
of the total energy consumption. The lowest amount of electricity generated by the PVSD
was in June (2.94 kWh/m?), and the highest (3.44 kWh/ m?) was in April.

With the rotate-shade strategy, the optimal angles of the PVSD from January to Decem-
ber were 39°, 39°, 36°, 24°, 24°,27°,42°,42°,60°, 51°, 54°, and 54°, respectively, as indicated
in Figure 9c. Similar to the results in Kunming, the cooling load decreased, while the heat-
ing load increased. The total energy consumption throughout the year was 95.32 kWh/m?.
The annual PVSD generated electricity was 38.73 kWh/m?, which took up to 40.64% of the
total energy consumption. The lowest amount of electricity produced by the PVSD was
found in September (2.86 kWh/m?), and the highest was in April (3.60 kWh/m?).

By using the move-shade strategy, the optimal angles of the PVSD from January to
December were 57°, 57°, 39°, 24°, 24°,27°, 42°,42°, 60°, 51°, 54°, and 60°, and the optimal
heights were —1.5, —1.5, -1.5,0,0, 0,0, 0,0, 0, 0, and 1.5 m, respectively. While keeping
the optimal angle in each month, the height of the PVSD mostly remained unchanged
throughout the year. The results as shown in Figure 9d indicates that the total cooling load
of the year can be reduced by changing the height of the PVSD. The result was similar but
slightly lower in comparison to the fixed-shade and rotate-shade strategies. The heating
load increased, but the magnitude of the increase was low. The total energy consumption
throughout the year was 92.43 kWh/m?2. The total amount of PVSD generated electricity
was 40.23 kWh/m?, which took 42.17% of the total energy consumption of the year. The
lowest amount of electricity generated by the PVSD was in February (3.05 kWh/m?), and
the highest (3.60 kWh/m?) was in April.

3.3.4. In Qingdao

Qingdao is located in the cold climate zone. The average temperature in January
is 0 °C, and the average temperature in July is 26 °C. Figure 10 illustrates the monthly
energy consumption in Qingdao by using the different PVSD design strategies. With no
shading system applied, the cooling load was found between May and October as shown
in Figure 10a. The highest cooling load was 14 kWh/m? in August, and the cooling load in
July and August accounted for up to 75% of the total cooling load of the year. The heating
load mainly concentrated between November and February, and the highest heating load
was 69.73 kWh/m? in January. The total energy consumption throughout the year was
69.73 kWh/m?.

When applying the fixed-shade strategy, the optimal tilt angle of the PVSD throughout
the year was 36° as indicated in Figure 10b. At this angle, the total energy consumption
was increased, although the total cooling load was decreased by 6.45 kWh/m? and the
heating load was increased by 7.14 kWh/m?. The total energy consumption throughout
the year was 70.42 kWh/m?. The total amount of electricity generated by the PVSD in a
year was 35.73 kWh/m?, and it accounted for 50.74% of the total energy consumption. The
lowest amount of electricity generated by the PVSD was in November (2.35 kWh/m?), and
the highest (3.60 kWh/m?) was in March.

With the rotate-shade strategy, the optimal angles of the PVSD from January to Decem-
ber were 0°, 33°, 39°, 24°, 24°,12°, 42°, 42°, 60°, 54°, 54°, and 0°, respectively, as indicated
in Figure 10c. The tilt angles of the PVSD in December and January are both 0°, it means
that there was no need to provide shading, and the power generation cannot make up
for the energy consumed by the PVSD in the two months. The total cooling load of the
year was reduced by 6.95 kWh/m?, the heating load was increased by 3.57 kWh/m?. The
total energy consumption throughout the year was 70.42 kWh/m?. The total amount of
electricity generated by the PVSD was 33.71 kWh/m?, which took up to 50.81% of the
energy consumption of the year. The lowest amount of electricity generated by the PVSD
was in December (1.36 kWh/m?), and the highest (3.70 kWh/ m?) was in May.
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Figure 10. The energy consumption intensity (EUI) and photovoltaic power generation (PPG) by
using different PVSD strategies in Qingdao: (a) no-shade; (b) fixed-shade; (c) rotate-shade; and
(d) move-shade.

By using the move-shade strategy, the optimal angles of the PVSD from January to
December were 60°, 54°, 39°, 24°, 24°,12°, 42°,42°, 60°, 54°, 60°, and 60°, and the optimal
heights were 1.5, —1.5,1.5,1,0.6,0,0, 0,0, 0, —1.5, and 1.5 m, respectively. While keeping
the optimal angle, the height of the PVSD remained unchanged from June to October. The
results as shown in Figure 10d indicates that the total cooling load of the year can be reduced
by changing the height of the PVSD. The total cooling load can be reduced by 6.91 kWh/m?
despite the heating load being increased by 0.93 kWh/m?. The total energy consumption
throughout the year was 66.35 kWh/m?. The total amount of PV generated electricity was
37.11 kWh/m?, which took 58.21% of the total energy consumption of the year. The lowest
amount of electricity generated by the PVSD was in November (2.54 kWh/m?), and the
highest (3.80 kWh/m?) was in May.

3.3.5. In Changchun

Changchun is located in severe cold climate zone. The average temperature in January
is —14 °C, and the average temperature in July is 24 °C. Figure 11 illustrates the monthly
energy consumption in Changchun by using different PVSD design strategies. Without
any shading, cooling and heating were both needed, and the energy used for heating was
greater than the energy used for cooling. The total energy consumption was 86.20 kWh/m?.
The cooling load of the PVSD mainly occurred between May and September, accounting
for 17.20% of the annual energy consumption. The cooling load in July and August took up
to 82% of the total energy consumption of one year, as shown in Figure 11a. The heating
load was found between November and April, and the heating load was the highest
(12.73 kWh/m?) in January.
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Figure 11. The energy consumption intensity (EUI) and photovoltaic power generation (PPG) by
using different PVSD strategies in Changchun: (a) no-shade; (b) fixed-shade; (c) rotate-shade; and
(d) move-shade.

When applying the fixed-shade strategy, the optimal tilt angle of the PVSD was 3° as
indicated in Figure 11b. At this angle, the total cooling load was decreased by 3.20 kWh/m?,
but the heating load was increased by 12.58 kWh/m?, and the total energy consumption
was still increased. The total energy consumption was 95.57 kWh/m?. The total amount of
electricity generated by the PVSD in a year was 28.02 kWh/m?, and it accounted for 29.31%
of the total energy consumption. The lowest amount of electricity generated by the PVSD
was in December (1.13 kWh/m?), and the highest (3.24 kWh/ m?) was in May.

By using the rotate-shade strategy, the optimal tilt angles of the PVSD from January
to December were 0°, 0°, 21°, 33°, 24°, 27°, 36°, 42°, 42°, 54°, 0°, and 0°, respectively, as
indicated in Figure 11c. The tilt angles of the PVSD from November to February were all
0°, which means that there was no need to provide shading, and the power generation
cannot make up for the energy consumed by the PVSD system in the four months. The
total energy consumption of the year was increased, while the total cooling load of the year
was reduced by 4.13 kWh/ m?Z, and the heating load was increased by 12.39 kWh/ m?. The
total energy consumption was 94.46 kWh/m?. The total amount of electricity generated
by the PVSD was 31.08 kWh/m?, which accounted for 32.90% of the energy consumption
of the year. The lowest amount of electricity generated by the PVSD was in December
(1.01 kWh/m?), and the highest (3.53 kWh/m?) was in April.

With the move-shade strategy, the optimal tilt angles of the PVSD from January to
December were 69°, 60°, 51°, 33°, 24°,27°, 36°, 42°, 39°, 57°, 63°, and 75°, and the optimal
heights were 1.5, —1.5, -1.5, —=1.5,1, 0,0, 0, —0.4, 1.5, 1.5, and 1.5 m, respectively. The
height of the PVSD was not changed from June to August when it was kept at the optimal
tilt angle in each month. The results as shown in Figure 11d indicate that the total cooling
load of the year was even slightly increased by changing the height of the PVSD, while
the total cooling load was reduced by 4.07 kWh/m?, and the heating load was increased



Sustainability 2022, 14, 7808

14 0f 18

by 4.42 kWh/m?2. The total energy consumption was 86.54 kWh/m?. The total amount
of PV generated electricity was 38.12 kWh/m?, which took 44.05% of the total energy
consumption of the year. The lowest amount of electricity generated by the PVSD was in
December (2.62 kWh/m?), and the highest (3.80 kWh/m?) was in March.

3.4. Energy Efficiency and Economic Feasibility

Figure 12 shows the results of the net EUI by using the three PVSD strategies in
comparison to the no-shade condition in the five cities. In general, the move-shade strategy
performed the best in all the five cities in terms of energy saving, and it was followed by
rotate-shade and fixed-shade strategies. Among them, Kunming achieved net-zero energy
consumption. Comparing to the no-shade strategy, the reduction of the net EUI by using
the move-shade strategy was 31.80% in Shenzhen, 48.37% in Wuhan, 61.79% in Qingdao,
and 43.83% in Changchun. Comparing the fixed-shade strategy, the reduction of net EUI
by using the move-shade strategy was 1.26% in Shenzhen, 6.57% in Wuhan, 23.21% in
Qingdao, and 28.33% in Changchun. Comparing the rotate-shade strategy, the reduction of
net EUI by using the move-shade strategy was 0.51% in Shenzhen, 5.55% in Wuhan, 18.36%
in Qingdao, and 23.60% in Changchun. The difference between the net EUI values by using
the three PVSD strategies was the smallest in Shenzhen, and the largest in Changchun. The
results indicate that the effects of various strategies in different regions are disparate, and
different strategies should be applied case by case.
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Figure 12. The annual net EUI by using different PVSD Strategies in the five case-study cities.

In order to understand the economic feasibility of the three PVSD strategies in different
cities, the economic benefits of fixed-shade, rotate-shade, and move-shade strategies are
calculated in terms of the payback period, which refers to the amount of time that a certain
activity takes to recover the cost of an investment. The longer the payback period is, the
lower is the economic feasibility of the activity. The calculation formula for the payback
period of the PVSD is to divide the initial investment by the annual cash inflow, as shown
in the formula (2) [42]:

Initial Investment
Cash inflow per year

Payback Period(PP) = (2)
The initial investment was 3686 yuan, which included the costs of the battery (800 yuan),
electricity conversion and storage devices (2658 yuan), and external mechanical devices
(228 yuan). Many photovoltaic manufacturers provide 25 years of warranty, so this study
assumes that the service time of the PVSD was 25 years with no maintenance costs. Table 2
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shows the lowest electricity price of each city according to the national electricity price
list [43].

Table 2. The lowest electricity price in five case study cities.

Residential . )
Electricity Shenzhen Kunming Wuhan Qingdao Changchun
Price
(yuan)/kWh 0.68 0.42 0.56 0.55 0.53

The payback period of each city is indicated in Figure 13. The payback period was the
shortest in Shenzhen by using the three PVSD strategies. When adopting the fixed-shade
and rotate-shade strategies, the payback period was the longest in Changchun. However,
the payback period was the longest in Kunming when using the move-shade strategy.
Although Kunming can achieve net-zero energy consumption by using the three strategies,
the payback period can still be as long as six years. This is mainly because of the low
electricity price in Kunming. The payback period of using the fixed-shade strategy of the
PVSD in Changchun can be as long as 16.45 years, but the time can be shortened in half
when adopting the move-shade strategy. When using the fixed PVSD in Qingdao, the
payback period was 8.43 years, whereas the time can be shortened by 1.57 years if the
move-shade PVSD strategy was adopted. Therefore, assuming the electricity price was
stable and there was no maintenance cost, it was economically feasible to install PVSD on
student apartments in China.

18 M fixed-shade M rotate-shade move-shade
16
14
12
10
year 8
6
4
2
0
Shenzhen Kunming Wuhan Qingdao Changchun
M fixed-shade 5.27 11.73 6.26 8.43 16.45
M rotate-shade 5.18 11.32 6.18 7.97 13.44
move-shade 5.12 11.05 5.79 6.86 8.12

Figure 13. Payback period of different PVSD Strategies in the five case-study cities.

4. Discussion

In order to evaluate the performance of three different types of PVSD design strate-
gies (fixed-shade, rotate-shade, and move-shade), the optimal tilt angles and heights for
different strategies were calculated through the proposed simulation program, which was
created based on the parametric performance method. The electricity generation, energy
consumption, and the payback period of each PVSD strategy in five Chinese cities were
analyzed and compared. Existing studies indicate that there are many parameters that can
affect the results. The inclination angles could be rather different for each case study due
to the complexity and interrelationship between the various parameters [5]. For example,
Zhang et al. found that 30° was the optimal angle for electricity generation in an office
building in Hongkong, but the optimal angle could be changed to 20° if the cooling load
was taken into consideration [31]. Paydar [29] studied the PVSD in a flat in Tehran, and in-
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dicated that when the height was 0 m, the optimal angle was 40° to generate the maximum
amount of electricity; but when the height was 0.5 m, the angle was changed to 35°. In
this study, the optimal angles and heights were calculated according to the lowest amount
of net energy use intensity (the difference between energy consumption and production).
Each PVSD strategy and its related results were discussed in Section 3.3.

Due to the complexity of the application of PVSD on buildings, the major limitation
of the study is that these results which were generated from the simulation in student
apartments in China can only provide useful suggestions for the PVSD application in
student apartments in China. For office and residential buildings, similar studies using
the proposed simulation program will be further studied to understand the performance
of PVSD applications in the future. Moreover, actual experiments can be carried out in
different cities in China to see how different PVSD strategies perform in reality under
the influence of various factors. More PVSD strategies can be tested and evaluated when
multiple targets (for instance, daylight, energy consumption, and thermal comfort) need to
be met.

In summary, there are many parameters involved in the evaluation of the PVSD
energy performance. These parameters can influence the net energy consumption and
have rather complicated relationships with each other. Applying an appropriate strategy
to PVSD requires systematic simulation and analysis according to the specific condition
of the study subject. This study proposes a parametric performance design method to
simplify PVSD building simulation process to resolve complicated multiple objective
evaluations. It provides an all-in-one program for non-professionals to evaluate PVSD
energy consumption through simulation in just one click. It is found that adopting PVSD
on building facades can effectively reduce energy consumption. A more dynamic PVSD
system can generate a more energy-efficient solution. That is to say, dynamic PVSD should
be considered in the design and renovation of building facades in China.

5. Conclusions

This research simulated the application of three PVSD strategies (fixed-shade, rotate-
shade, and move-shade) in student apartments by using the proposed parametric per-
formance design method. These strategies were used in five Chinese cities located in
different climate zones. The influence of each strategy on the annual net energy use in-
tensity of a room in the middle of a student apartment was analyzed and discussed. The
optimization of the PVSD system in this study was built on the energy-consumption simu-
lation tools of Ladybug and Honeybee on the Grasshopper platform that can simplify the
simulation process.

Overall, the results indicated that applying the PVSD in building design and recon-
struction can effectively reduce the overall energy consumption, mainly reducing the
amount of energy used for cooling. The move-shade strategy can provide the best energy-
saving performance, followed by rotate-shade and fixed-shade strategies. In summer, it
was better to set the PVSD to a smaller angle and to not move it on the facade. For cities
with strong heating demand in winter, it was better to move the PVSD while keeping
them to larger tilt angles (more than 50°). Furthermore, the results indicated that Kunming
achieved net-zero energy consumption. Compared to the no-shade strategy, the reduction
of the net EUI by using the move-shade strategy was 31.80% in Shenzhen, 48.37% in Wuhan,
61.79% in Qingdao, and 43.83% in Changchun. In areas with huge heating demand, using
the PVSD may even cause an increase in energy consumption. Various types of climates
and electricity prices can affect the efficiency and economic payback period of the PVSD
application, but the PVSD can still provide a generally positive effect for all cities in China.
Under the premise that the maintenance cost was not considered, the payback period
ranged between 5 to 16 years when using PVSD in different climate zones. Among them,
the payback periods of rotate and move-shade strategies were shorter than that of the fixed-
shade strategies, and the payback can be achieved 1-8 years in advance. It is recommended
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to use fixed-shade strategy in Shenzhen and Kunming, and to adopt move-shade strategy
in Wuhan, Qingdao, and Changchun.
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