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Abstract: Building-integrated photovoltaic (BIPV) fagades are a promising technique for improv-
ing building energy performance. This study develops energy simulation models of different
photovoltaic-integrated shading devices (PVSDs) in single-story and multi-story office buildings.
A cross-region study in China is carried out to explore the energy performance of PVSDs in five
climate zones. The shading effect of the upper PVSDs is taken into account. The results show that
(1) PVSDs can be applicable in hot and cold climates; shading effects lead to a notable difference
in the optimal PVSDs style. The average comprehensive energy saving ratios of different PVSDs
ranged from 16.12% (fixed PV louvres in the vertical plane) to 51.95% (lower single panel). The most
rewarding PVSDs are for single-story buildings in Kunming and the least suitable are for multi-story
buildings in Guangzhou. (2) In climate zones with little air-conditioning energy consumption, avoid-
ing considerably increased lighting consumption by PVSDs is vital. (3) To reduce shading effects,
solar panels with smaller widths or vertical placements can be adopted. In addition, the distance of
the PV modules from the top edge of the windows is also critical. Building performance evaluation
in the early design stage enables maximum benefits for the same input (total area of PV panels). The
research methodology and data analysis presented can guide parameters design and the geographical
applicability of PVSDs, providing a reference for optimal building energy performance.

Keywords: building integrated photovoltaic (BIPV); photovoltaic integrated shading devices (PVSDs);
building performance simulation; comprehensive energy saving efficiency

1. Introduction

Greenhouse gases such as carbon dioxide originating from fossil fuels are causing
constant global warming and it has become a consensus in all fields to reduce energy
consumption [1]. According to the International Energy Agency (IEA), buildings account
for more than 30% of global energy consumption [2] and the building sector accounts
for 40% of total carbon dioxide emissions, which is constantly increasing [3]. With rapid
urbanization, many developing countries face the challenge of a low-carbon transition. In
China, for example, according to statistics in the China Building Energy Consumption Study
2020, the total life-cycle energy consumption of buildings nationwide was 2.147 billion tons
of standard coal in 2018 [4], which corresponds to a significant carbon footprint. Chinese
government departments have consistently encouraged the promotion and application of
building energy efficiency technologies, and have achieved considerable success [5]. China
has also published and executed the “General code for energy efficiency and renewable
energy application in buildings” (GB 55015-2021), which has led to more attention being
paid to renewable energy technologies for buildings; the code calls for new buildings
to be assembled with solar energy systems to meet the energy needs of the building [6].
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The integration of photovoltaics in the building envelope is a promising energy-saving
strategy (Figure 1). Especially for a country such as China with a huge building capacity,
promoting renewable energy technologies such as the building-integrated photovoltaic
(BIPV) is crucial [7].
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Figure 1. PV-integrated building envelope [8].

Building facades significantly shape the indoor physical environment for thermal
comfort and people health [9]. The introduction of BIPV products in the fagade will
also increase the energy-saving potential of the building through PV generation—this
also usually alters the daylighting and thermal performance of building facades [10].
Experimental and simulation studies have been carried out on the daylighting, thermal
performance, and the electricity generation of BIPV fagades.

PV glazing allows for the generation of electricity while providing a window view
(Figure 2). Liao et al. [11] compared the energy performance of a-Si windows with tradi-
tional windows, which confirmed that a-Si windows could effectively reduce cooling energy
consumption; the influence of room depth, room height, and the window-to-wall ratio on
the building energy performance was also investigated, which highlights the importance
of building design parameters. Lee et al. [12] conducted a two-year study by building a
full-scale mock-up to investigate the power generation performance of a semi-transparent
DSSC BIPV window and found that the efficiency of the DSSC PV was related to sky
cloudiness and radiation intensity. Jarimi et al. [13] proposed a semi-transparent thin-film
PV vacuum glazing with a low U-value, which effectively expanded the energy-saving
potential of PV glazing.
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Figure 2. Semi-transparent a-5i PV glazing [11].

To further improve the thermal insulation of the PV glazing, another layer of traditional
glazing can be installed on the inside part, which forms a photovoltaic double-skin fagade
(Figure 3). Wang et al. [14] proposed a photovoltaic double-skin fagade with CdTe cells
and evaluated its comprehensive energy performance, characterizing its advantages in
seasonal energy performance. Although lighting consumption increased, the benefits from
its PV generation and thermal performance were more significant. Peng et al. [15-17]
proposed a semi-transparent a-Si BIPV fagade. Further, the PV generation, thermal and
lighting performance of this facade were investigated to assess its comprehensive energy-
saving potential and optimal operation strategy. Yang et al. [18] evaluated the energy-
saving potential of BIPV /T double-skin facade in three Australian climate zones (Darwin,
Sydney, and Canberra as typical cities) using simulation studies. It was found that annual
comprehensive energy savings of over 100% could be achieved, even based on reasonable
facade design parameters. The study also investigated the impact of the facade’s different
ventilation patterns on the building energy performance.

i

Figure 3. A photovoltaic double skin-fagade in Beijing [10].

Solar panels can also be integrated into the building facade as shading devices, form-
ing PVSDs (Figure 4) that do not affect the coloration of the lightguide [19]. Yoo et al. [20]
explored the energy-saving potential of PVSDs on the south facade of a building in the Gihe-
ung area (37.27° N) using an over one-year measurement. The results show that the average
efficiency of PV panels varies between seasons, with PVSDs reaching a 15.5% power gener-
ation efficiency in winter. Sun et al. [21,22] investigated PV panels’ power-generation and
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thermal performance as shading devices at different tilt angles and orientations in Hong
Kong (22.3° N). At the same time, the study gave optimal design solutions for different
scenarios of PVSDs use. Additionally, in Hong Kong, Zhang et al. [23] explored the optimal
installation angles for PVSDs by EnergyPlus, taking into account lighting consumption,
air conditioning consumption, and PV generation. The results showed that tilt angles of
30° and 20° were suggested for the two scenarios with the most energy generation and the
highest comprehensive energy saving ratio, respectively. Mandalaki et al. [24] investigated
the energy-saving potential of applying different PVSDs in Athens (37.58° N) and Chania
(35.30° N) through a combination of measurement (1/10 scale physical model) and simula-
tion. The study explored multiple design parameters for PVSDs, with various total solar
panel areas used for PVSDs. Skandalos et al. [25] explored the energy performance of four
BIPV facades (of which there were two PVSDs) in Prague (33° N), Athens (27.2° N), and
Dubeai (21° N). The results show that BIPV technology can have passive energy savings of
up to 43% in addition to electricity production. Li et al. [26] investigated the comprehensive
energy efficiency of PVSDs in multi-story buildings. This study identified an optimal design
solution based on the tilt angle and width of the PV panels to reduce the loss of energy
efficiency to shading effects from upper PVSDs. Baghoolizadeh et al. [27] considered six
design parameters of PVSDs and built simulation models through EnergyPlus to simulate
the performance of five European cities (Berlin, 52.38° N; London, 51.33° N; Madrid, 40.7°
N; Milan, 45.67° N; and Paris, 49.02° N). In addition, this study explored the static payback
period of PVSDs in different cities. In another study by Baghoolizadeh et al. [28], the multi-
objective optimal design of PVSDs was carried out for cities such as Tehran, Iran (35.42° N),
and the results showed that PV shading devices could save up to 22% of electricity use in
the summer. Gindi et al. [29] explored the energy-saving potential of 14 types of PVSDs
for office buildings in Cairo, Egypt (30.1128° N) through DesignBuilder, while considering
the energy performance of different building orientations. Mesloub et al. [30] evaluated
the energy performance and visual comfort of five BIPV facades (four PVSDs and one PV
glazing) using EnergyPlus in the hot desert climate of Saudi Arabia (27° N); the results
show that PVSDs can effectively improve the comprehensive energy performance and
reduce glare.

Figure 4. Cases of different PVSDs [19,31,32].

Although many studies on the energy-saving potential of PVSDs have been reported,
few studies compare the difference in energy benefits of PVSDs applied in single-story
and multi-story buildings. Compared to single-story buildings, PVSDs on multi-story
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facades are affected by the shading of the upper PVSDs, and the extent of the shading
effect varies between different styles of PVSDs. Not only that, the cost of BIPV products is
mainly determined by the PV panels [33], and the comprehensive energy saving benefits of
different PVSDs are not compared under the same total PV panel areas. In addition, little
research has focused on the energy efficiency of PVSDs applied in cold regions. China is a
vast country and the energy-saving potential of PVSDs in different climate zones needs
to be compared—there are differences in meteorological parameters such as solar energy
resources and outdoor temperature in different climate zones [34]. Therefore, it is necessary
to conduct a comparative study of the energy-saving potential of PVSDs in single-story
and multi-story buildings with different parameter configurations; simultaneously, a cross-
region study is necessary. Research results can be made available to guide the selection and
design of PVSDs.

Based on the background described, this study was carried out from the following
perspectives. (1) What is the difference between the energy-saving potential of PVSDs
applied to single-story and multi-story buildings due to shading effects? (2) How does the
performance of PVSDs differ between five climate zones in terms of comprehensive energy
performance, particularly in the severe cold and cold zones? (3) Based on the same total
area of PV panels, what climate zones or single-story/multi-story buildings are different
PVSDs applicable to?

In general, this study investigates the energy performance of PVSDs in building facade
in five typical climate zones in China. The types of energy with gaming relationships
considered include three aspects—air conditioning energy consumption, lighting consump-
tion, and PV generation. The five climate zones (typical city) include the severe cold zone
(Harbin, 45.75° N), cold zone (Beijing, 39.93° N), hot-summer and cold-winter zone (Shang-
hai, 31.40° N), temperate zone (Kunming, 25.02° N), and hot-summer and warm-winter
zone (Guangzhou, 23.22° N). Nine PVSDs with different design parameters (PV panels
with the same total area) in single-story and multi-story buildings were modelled, for a
comparison study of the comprehensive energy-saving potential. The results of this study
can guide the performance-oriented shape design of PVSDs in different climate zones and
in single-story and multi-story buildings, improving the effective optimization of whole-life
building performance in the early design stage [35].

2. Materials and Methods
2.1. Workflow

DesignBuilder was used to simulate the building energy performance, for which
the calculation core is EnergyPlus [36]. The calculation core was developed by the US
Department of Energy (DOE) and is available to researchers in the building industry to
simulate building energy performance—the applicability of the simulation results has been
evaluated and analyzed in previous studies [37]. In this study, the following four aspects of
building energy performance are investigated: cooling consumption, heating consumption,
lighting consumption, and PV generation. In the performance evaluation part, the energy
efficiency of the building with PVSDs is discussed (compared to the base case). Research
framework is shown in Figure 5: (1) First, case study and model establishment are carried
out to establish models of single-story and multi-story buildings, and boundary conditions
such as meteorological data are introduced; (2) a performance simulation of established
models is carried out to calculate the energy consumption and PV system’s generation;
(3) data analysis is carried out, which includes the energy-performance comparison of
various PVSDs and different climate zones; (4) guidance on the parameter design of PVSDs
is summarized.
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Figure 5. Research framework.

The building energy performance Eq (kW-h/year) is characterized by comparing the
level of building energy consumption E (kW-h/m?-year) per unit of floor area S (m?):

E=Ey/S, 1)

The four types of energy consumption were recorded as Ec (cooling consumption),
Ey (heating consumption), Ep, (lighting consumption), and EPV (PV generation). The
corresponding calculations for total energy consumption (Etorar) and comprehensive
energy consumption (Econ, kW-h/m? year) are shown below:

Etorar = Ec + Ex + Er, )

Ecom = Ec + Ey + Ep + Epy, 3)

Energy-saving ratio (SRg) can be used to analyze and compare the impact of PVSDs
applied in building fagades to the energy consumption of base case (EBASE). The corre-
sponding calculation is shown below:

SRg = (E — Epask)/Epask, 4)

2.2. Model Description and Simulation Set Up

The room modelling parameters in this study are shown in Table 1. The building
is an office with a window in the south fagade, while the internal walls, ceilings, and
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floors are assumed to be insulated. To investigate the effect of different PVSDs on the
comprehensive energy consumption of the building, 9 PVSDs were constructed with the
design parameters shown in Table 2, and the PV panels were set to be fixed. In order to
avoid differences in energy efficiency due to variations in the total PV panel areas applied,
the PVSDs discussed all have a total PV panel area of 7.2 m2. Modeling of the single-story
and multi-story buildings is shown in Figure 6. The single-story building is an individual
room (Figure 6a); the energy performance simulation of the multi-story building was
represented by an individual room (Figure 6b, red block), along with two rooms each in
the east-west direction, plus another story above.

Table 1. Room modeling parameters.

Parameters Values
Room width (m) 6.00
Room depth (m) 8.00
Room height (m) 3.90

Window width (m) 5.00
Window height (m) 1.84
Sill height (m) 1.00

(a) (b)

Figure 6. (a) Single-story buildings with PVSDs; (b) multi-story buildings with PVSDs.

Table 2. Room modeling parameters.

Case Number Case 01 Case 02 Case 03
Name Single panel (higher) Single panel (lower) Double panels
Diagram
Number of PV panels 1 1 2
Distances between PV panels (m) - - 0.92
Area of single PVSD (m?) 7.2 7.2 3.6

Total area of PV panels (m?) 72




Energies 2022, 15, 9196

8 of 23

Table 2. Cont.

Case Number

Case 04

Case 05

Case 06

Name Multiple panels (3 pieces) Multiple panels (4 pieces) Multiple panels (5 pieces)
Diagram
Number of PVSDs 3 4 5
Distances between PV panels (m) 0.61 0.46 0.37
Area of single PVSD (m?) 24 1.8 1.44
Total area of PV panels (m?) 7.2
Case Number Case 07 Case 08 Case 09

Semi-eggcrate with louvers

Name Multiple panels (10 pieces) in the vertical plane Vertical panel
Diagram
Number of PVSDs 10 10 1
Distances between PV panels (m) 0.18 0.18 -
Area of single PVSD (m?) 0.72 0.72 7.2
Total area of PV panels (m?) 7.2

This study considered the application of a reversible heat pump for heating and

cooling the building, the heating coefficient of performance (COP) was set at 3.5 and the
cooling COP was set at 2.5 [38]. The properties of the building envelope and technical
systems in this study are listed in Table 3.

Table 3. Parameters of the energy-analysis model.

Parameter Value
U-value of external wall [W/(m? K)] 0.400
U-value of window [W/(m? K)] 1.978
SHGC of window 0.687
Air tightness (1/h) 0.700
Normalized power density of general lighting [W/(m? 100 lux)] 5.000
Occupancy of weekdays From 7 to 19
Workdays/week (day) 5
People density (people/m?) 0.111
Target illuminance (Ix) 400 [39]
Working plane height (m) 0.75[39]
Heating setpoint temperature (°C) 21
Heating set back temperature (°C) 12
Cooling setpoint temperature (°C) 26
Cooling set back temperature (°C) 28
PV efficiency 0.150
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3. Results and Discussion

In Section 3.1, the meteorological parameters of the five cities studied are presented,
such as solar radiation, which reflects the amount of solar energy available. In Section 3.2,
the energy performance (heating/cooling/lighting energy consumption, PV generation) of
different PVSDs in single-story and multi-story buildings is demonstrated. In Section 3.3,
the analysis of comprehensive energy-saving ratios in each climate zone is shown separately.
In Section 3.4, the energy-saving potential of different PVSDs is ranked, and a cross-region
discussion is presented.

3.1. Meteorological Data of Different Climate Zones in China

Table 4 provides geographical coordinates and meteorological information for the
cities represented in the five climate zones. The latitudes of the five climatic zones range
from 23.22° N to 45.75° N. In terms of the availability of solar energy, Beijing has a higher
accumulation of direct normal solar energy, corresponding to a value of 1325.34 kW-h/a,
while Guangzhou has the lowest. In terms of temperature, the lowest temperature in the
five climate zones reached —29.9 °C in Harbin; the highest temperature reached 38.0 °C in
Shanghai. The largest difference in the maximum and minimum temperatures throughout
the year was in Shanghai, which reached 60.0 °C. As shown in Figure 7, the general
distribution of daily direct normal solar (DNS) and diffuse horizontal solar (DHS) data
in the five cities—which to some extent reflects the available solar energy throughout the
year—significantly affects BIPV facade production.

Table 4. Meteorological data of typical cities in five climate zones.

Outside Dry-Bulb

. Geographical Location ; Diffuse
Climate Zone City ls)élec’t(ll(\l&r'ﬁ}zl) Horizontal Solar Temperature
Longitude (°) Latitude (°) (kW-h/a) Tmax (°O) Tmin CO)
Severe cold Harbin 126.77 45.75 1286.35 691.70 33.1 —-29.9
Cold Beijing 116.28 39.93 1325.34 531.79 37.2 —~14.2
Hot-summer and Shanghai 121.47 31.40 759.93 918.98 38.0 -7.0
cold-winter
Moderate Kunming 102.68 25.02 850.08 900.87 29.9 -2.0
Hot-summerand g 110700y 113.48 23.22 588.55 736.12 36.6 47
warm-winter
10
I 25%~75%
— | Range within 1.5IQR
T E g | o Median
S <
~= i
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Figure 7. Comparison of available solar in five cities.
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3.2. Energy Consumption Analysis of Building with Different PVSDs
(1) Harbin
Figure 8 shows the energy modeling analysis of different PVSDs applied to buildings

in Harbin, which are the coldest of the five climate zones and have low cooling energy
consumption throughout the year. The majority of the Erorar is for heating.

Base_S

Base_M
Casel_S [
Case1_M [
Case2_S [
Case2_M [

[ [ | [ ] Generation (kWh/m?)

I | | [ Cooling (KWh/m?)

| T [ ]Heating (kWh/m?)
] Lighting (kWh/m?)

I

I

Case3_S [ |
Case3_M [ [
[

[

[

Case4_S [

Case4_M [
Case5_S [
Case5_M [ [ \ I |
Case6_S [ [ [ |
Case6_M [ | [ |
Case7_S [ I [ ]
Case7_M [ [ [ |
Case8_S [ | I ]
Case8_M [ [ I |
Case9_S [ I I |

Case9_M [ [ ] ]
T T T T

Case number

Energy consumption (Harbin)

Figure 8. Energy consumption of single-story and multi-story buildings (in Harbin) with differ-
ent PVSDs.

Specifically, in terms of Erora1, the application of PVSDs to buildings in Case 1-Case 6
results in a reduction in Ergrar; Case 7—Case 9 result in an increase in Eyorar, as the
increase in E; and Eyy exceeds the reduction in Ec. The maximum Etgrar, is 60.88 kW-h/m?
(Case 8_M), and the minimum is 50.12 kW-h/m? (Case 1_M). The base case has an Ec of
14.62 kW-h/m?, and the different PVSDs range between 7.41 kW-h/m? (Case 9_M) and
9.51 kW-h/m? (Case 1_S). The lowest value of Ec can be reduced to one-half by integrating
PVSDs in buildings. The Ey of the base case is 22.29 kW-h/m?, and the building with
different PVSDs has a range of 23.46 kW-h/ m? (Case 1_S) to 30.34 kW-h/m? (Case 9_M).
The maximum increase in Ejy is about one-third. The E; of the base case is 17.32 kW-h/m?.
The building with different PVSDs has a lighting-consumption range of 17.41 kW-h/m?
(Case 1_S) to 23.34 kW-h/m? (Case 1_S)—Case 1_S has the most minimal impact on
the lighting energy consumption, with an increase of only 0.09 kW-h/m?. In terms of
energy production, different PVSDs yielded between 16.55 kW-h/ m? (Case 8_M) and
22.66 kW-h/m? (Case 1_S). As the PV panels in Case 9 are vertical, the energy production
is the same in both single-story and multi-story buildings.

(2) Beijing

Figure 9 shows the energy analysis of different PVSDs in a cold zone (a typical city
selected is Beijing). In general, energy consumption for lighting and cooling accounts for
most of the Etorar, of the building.

To be specific, the Erorar of the base case is 46.42 kW-h/ m?2. Case 1-Case 6 lead to
a reduction in total energy consumption, with the most significant energy-saving being
42.19 kW-h/m? (Case 1_S). Case 7-Case 9 lead to an increase in Etorar, with the largest
increase being 56.91 kW-h/m? (Case 8_M). The Ec of the base case is 21.98 kW-h/m?.
The Ec of a building with different PVSDs ranges from 15.26 kW-h/ m? (Case 2_M) to
17.39 kW-h/m?2 (Case 8_S). The Ey of the base case is 7.01 kW-h/m?. The Eg; of a building
with PVSDs ranges from 7.69 kW-h/ m? (Case 1_S) to 11.56 kW-h/m? (Case 9_M). The
minimum increase in Eyj is only 0.68 kW-h/ m2. The E; for the base case is 17.42 kW-h/m?.
The lighting consumption of a building with different PVSDs ranges from 17.77 kW-h/m?
(Case 1_S) to 28.26 kW-h/m? (Case 8_M). The PVSDs with the lowest impact on lighting
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energy consumption correspond to an increase of only 0.35 kW-h/m? compared to the
base case. In terms of PV output, the different PVSDs yielded between 14.55 kW-h/ m?2
(Case 7_M) and 22.45 kW-h/m? (Case 1_S).

Case number

Base_S
Base_M
Casel_S
Casel_M
Case2_S
Case2_M
Case3_S
Case3_M
Case4_S
Case4_M
Case5_S
Case5_M
Case6_S
Case6_M
Case7_S
Case7_M
Case8_S
Case8_M
Case9_S

Case9_M

| [ ]Generation (kWh/m?)

[ Cooling (kWh/m?)

[ ] Heating (kWh/m?)

[ ]Lighting (kWh/m?)

Energy consumption (Beijing)

Figure 9. Energy consumption of single-story and multi-story buildings (in Beijing) with differ-

ent PVSDs.

(3) Shanghai

The results of the energy analysis for the application of different PVSDs in buildings
in a hot summer and cold winter zone (Shanghai) are shown in Figure 10. In the Etorar,
cooling consumption is the largest, and few shares of heating consumption are found.

Base_S
Base_M
Casel_S
Casel1_M
Case2_S
Case2_M

| [ ] Generation (kWh/m?)

] ] Cooling (kWh/m?)

‘ [ ]Heating (kWh/m?)

[
[
[
[
[

\ Lighting (kWh/m?)

Case3_S [ [T

Case3_M [ [ 1 ]
[
[

Case4_S [ [
Case4_M [ [
Case5_S [ [T ]
Case5_M [ [ 1 |
Case6_S [ [T ]
Case6_M [ [T ]
Case7_S [ ] |
Case7_M [ [ |
Case8_S [ T ]
Case8_M [ [ ]
Case9_S [ [

Case9_M [ ] ]

Case number

Energy consumption (Shanghai)

Figure 10. Energy consumption of single-story and multi-story buildings (in Shanghai) with differ-
ent PVSDs.

Further on, compared to the base case, for Etoray,, only Case 8 leads to an increase.
The maximum Etgrar, is 56.36 kW-h/m? (Case 8_M), and the minimum is 47.96 kW-h/m?
(Case 2_M). The Ec of the base case is 35.90 kW-h/m?2. The Ec for different PVSDs ranges
from 27.12 kW-h/m? (Case 9_M) to 30.56 kW-h/m? (Case 1_S). The Ey of the base case
is 2.89 kW-h/m?. The heating consumption of buildings with different PVSDs ranges
from 3.62 kW-h/m? (Case 1_S) to 5.09 kW-h/m? (Case 9_M). The lighting consumption
for the base case is 15.27 kW-h/m?2. The Ey of buildings with different PVSDs ranges from
15.40 kW-h/m?2 (Case 1_S) to 23.22 kW-h/m? (Case 8_M). Casel_S has the most minimal
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impact on indoor lighting energy consumption, with an increase of only 0.13 kW-h/m?.
In terms of PV production, different PVSDs yielded between 13.05 kW-h/ m? (Case 7_M)
and 24.19 kW-h/m? (Case 1_S). The maximum PV production is approximately twice
the minimum.

(4) Kunming

The results of the energy analysis of the different PVSDs applied to the buildings in
the moderate zone (wWhere Kunming was chosen as an example) are shown in Figure 11. It
can be clearly seen that the proportion of energy consumption for lighting is the largest.

case® _ | | ] Generation (KWh/m?)
ase_ : )
Casel_S | I ] [ ] Cooling (kWh/m?)

Casel_M \ I | [ ]Heating (kWh/m?)
Case2 S | I | Lighting (KWWh/m?)
Case2_M [ 17 |
Case3_S
Case3_M [ [ i |
Cased_S [ 1] J
Cased_M [ ] |
Case5_S I
Case5_M I
Case6_S I
Case6_M I
Case7_S [ il |

Case7_M I 1 |

Case8_S I I |
Case8_M [ 11 |
Case9_S [ [ 1 |

Case9_M [ ] |

Case number

Energy consumption (Kunming)

Figure 11. Energy consumption of single-story and multi-story buildings (in Kunming) with differ-
ent PVSDs.

Specifically, in terms of total energy consumption, Case 8 resulted in an increase in
the Etoral of the building, and Case 7 and Case 9 have a similar Erorar, to the base case.
The maximum Egorar, is 34.38 kW-h/m? (Case 8_S), and the minimum is 21.15 kW-h/m?
(Case 6_M). For this reason, the application of Case 8 results in a significant increase in
energy consumption for lighting. At the same time, the extent of change in heating and
cooling energy consumption has little impact on the total energy consumption. The Ec
for the base case is 15.29 kW-h/m?. The Ec for buildings with different PVSDs ranges
from 6.85 kW-h/m?2 (Case 6_M) to 10.24 kW-h/m? (Case 1_S). The lowest cooling con-
sumption can be reduced by more than half by using PVSDs. The base case has a heating
consumption of 0.17 kW-h/m?, and the Ey for buildings with different PVSDs ranges
from 0.36 kW-h/m?2 (Case 1_S) to 0.91 kW-h/m? (Case 8_M), which is much lower than
cooling energy consumption. The lighting consumption for the base case is 12.95 kW-h/m?.
The lighting consumption for different cases ranges from 13.14 kW-h/m? (Case 1_S) to
24.64 kW-h/m? (Case 8_M). Regarding PV production, the different PVSDs yielded be-
tween 13.88 kW-h/m? (Case 7_M) and 24.50 kW-h/m? (Case 1_S). The highest energy
production was approximately twice that of the lowest.

(5) Guangzhou

Guangzhou's energy-analysis results of applying different PVSDs are shown in Figure 12.
The hot summer and warm winter zone is the closest climate zone to the equator in China
in terms of latitude, so as expected, cooling energy consumption is dominant throughout
the year, and heating consumption is rather low.
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Base_S
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Energy consumption (Guangzhou)

Figure 12. Energy consumption of single-story and multi-story buildings (in Guangzhou) with
different PVSDs.

Compared to the base case, for Etorar, applying PVSDs to buildings in Case 1-Case
6 leads to a reduction, and in Case 7-Case 9 leads to an increase. The maximum total
energy consumption is 78.75 kW-h/m? (Case 8_S), and the minimum is 63.19 kW-h/m?
(Case 2_M). The cooling energy consumption of the base case is 52.96 kW-h/m?. The range
of cooling energy consumption for different cases is between 44.18 kW-h/m? (Case 6_M)
and 47.88 kW-h/m? (Case 1_S). The heating consumption in the base case is 0.24 kW-h/ m2,
and the heating consumption of buildings with different PVSDs ranges from 0.27 kW-h/m?
(Case 7_S) to 0.35 kW-h/m? (Case 6_M). The maximum increase in heating consumption
is only 0.11 kW-h/m?. The lighting consumption of the base case is 17.77 kW-h/m?, and
the lighting consumption of buildings with different PVSDs ranges from 18.08 kW-h/ m?2
(Case 1_S) to 30.71 kW-h/m? (Case 8_M). In terms of PV systems, the energy production of
different PVSDs ranged from 9.43 kW-h/ m? (Case 6_M) to 18.77 kW-h/m? (Case 1_S).

3.3. PVSDs’ Effects on Energy Consumption in Different Climate Zones

In this section, the benefits derived from buildings with different PVSDs in terms
of comprehensive energy performance are discussed. By comparing the energy perfor-
mance of buildings with PVSDs (single-story and multi-story buildings) to the base case in
terms of heating, cooling, lighting and comprehensive energy consumption, the ratios of
energy saving are calculated. The four corresponding indicators are the saving ratios of
lighting consumption (SRy ), heating consumption (SRy), cooling consumption (SRc), and
comprehensive energy consumption (SRcom)-

(1) Harbin

Figure 13 shows the energy-saving benefits of integrating PVSDs in buildings in
Harbin. This heat map was plotted to represent the change in the energy ratio (SR) of the
four energy performance metrics for different PVSDs (Case 1-Case 9) compared to the
base case. Energy-saving ratios for single-story buildings (SR_S) and multi-story buildings
(SR_M) are plotted separately. Specifically, even though the total energy consumption of
Case 7-Case 9 increases, the power generated by PV can be effectively replenished with
energy. In single-story buildings, the comprehensive energy savings ratios of different
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Energy saving ratio (%)

SR_S,

SR_M,

SR_S,

SR_M,

SR_S.

SR_M,

8R S

SR_Mcon

PVSDs ranged from 19.21% (Case 8_S) to 50.72% (Case 1_S). In multi-story buildings,
ratios ranged from 18.26% (Case 8_5) to 42.13% (Case 1_S). The energy-saving potential of
different PVSDs to reduce cooling energy consumption is comparable. However, Case 8
leads to a larger increase in heating and lighting energy consumption, making the building’s
total energy consumption level higher, which results in poor energy savings. Furthermore,
for the same PVSDs, Case 1 shows the greatest difference in single-story and multi-story
buildings, and Case 9 shows the least difference—this reflects the impact of shading effects
on the comprehensive energy-saving rates provided by different PVSDs. This also suggests
that setting PV panels vertically is an effective strategy when trying to avoid upper PVSDs’
shading effects on production losses. In single-story buildings, the ranking of PVSDs in
terms of energy-savings rates is Case 1 > Case 2 > Case 3 > Case 4 > Case 5 > Case 6 >
Case 9 > Case 7 > Case 8; in multi-story buildings, the ranking of PVSDs in terms of
energy-savings rates is Case 1 > Case 2 > Case 3 > Case 4 > Case 9 > Case 6 > Case 5 >
Case 7 > Case 8.

100.0
056 155 158 237 420 179 1862 3421 2099
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— 20.00
588 2252 2243 22.71 2283 2358 23.85 3376 36.15
—-20.00
-60.00
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Case number

Figure 13. Energy saving analysis of buildings with different PVSDs in Harbin.
(2) Beijing

Beijing as a typical cold zone, Figure 14 shows the energy-saving rates of different cases.
As mentioned above, even though the total energy consumption increases in Case 7—Case 9,
applying different PVSDs can reduce the comprehensive energy consumption due to PV
generation. In single-story buildings, SRcom for buildings with PVSDs is in the range
of 9.91% (Case 8_S) to 56.97% (Case 1_S); in multi-story buildings, it ranges from 8.78%
(Case 8_S) to 46.63% (Case 1_S). There is a significant difference in energy savings rates
between cases. In single-story buildings, the ranking of PVSDs in terms of energy-savings
rates is Case 1 > Case 2 > Case 3 > Case 4 > Case 5 > Case 6 > Case 9 > Case 7 > Case 8§; in
multi-story buildings, the ranking of PVSDs in terms of energy-savings rates is Case 1 >
Case 2 > Case 3 > Case 4 > Case 6 > Case 5 > Case 9 > Case 7 > Case 8.
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Figure 14. Energy saving analysis of building with different PVSDs in Beijing.

(3) Shanghai

Figure 15 shows the energy-saving performance of applying different PVSDs in Shang-
hai. Due to the low heating consumption, even Case 9_M shows that the heating energy
consumption increased by 75.92%; the corresponding comprehensive energy saving ratio
also has a positive efficiency of 38.66%. Case 1 has the smallest impact on the energy
consumption of lighting, cooling, and heating of the building, which is related to the solar
altitude angle in Shanghai area. At the same time, the location of the PV panel in Case 1 is
further away from the upper edge of the window, which causes less of an effect on window-
transmitted solar radiation energy. In single-story buildings, comprehensive energy-saving
ratios of different PVSDs ranged from 20.11% (Case 8_S) to 53.06% (Case 1_S). In multi-
story buildings, comprehensive energy savings ratios of different PVSDs ranged from
21.03% (Case 8_M) to 40.00% (Case 2_M). There is no difference in PV production between
Case 2_M and Case 1_M, but the relative positions of the PV panels and windows lead
to a difference in comprehensive energy efficiency, making Case 1 more energy-efficient
in single-story buildings and Case 2 more energy-efficient in multi-story buildings. In
single-story buildings, the ranking of PVSDs in terms of energy-savings rates is Case 1 >
Case 2 > Case 3 > Case 4 > Case 9 > Case 5 > Case 6 > Case 7 > Case 8; in multi-story
buildings, the ranking of PVSDs in terms of energy-savings rates is Case 2 > Case 9 >
Case 3 > Case 1 > Case 4 > Case 6 > Case 5 > Case 7 > Case 8.
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Figure 15. Energy saving analysis of building with different PVSDs in Shanghai.

(4) Kunming

As shown in Figure 16, the energy-saving potential of PVSDs is higher when ap-
plied in moderate zones (with Kunming used as an example). In single-story buildings,
comprehensive energy savings ratios of different PVSDs ranged from 29.94% (Case 8_S)
to 105.74% (Case 2_S). In multi-story buildings, comprehensive energy saving ratios of
different PVSDs ranged from 18.26% (Case 8_S) to 42.13% (Case 1_S). Case 1_S and Case 2_S
have comprehensive energy savings rates of over 100%. The reason for this is that lighting
and cooling account for the majority of energy consumption in Kunming; however, there
is a small increase in lighting energy consumption that resulted from these two styles of
PVSDs, and with the reduction in cooling and supplementary PV generation, the building
energy-saving potential is considerable. As for the heating energy consumption of build-
ings in Kunming, since it accounts for a negligible percentage, even if Case 8_M increases
by 423.86%, it has a tiny impact on the comprehensive energy consumption. Case 8 is a
fine indicator: it demonstrates that PVSDs have a high energy-saving potential and are
well-suited for moderate zones such as Kunming, where the level of air conditioning energy
consumption is low—as long as PVSDs do not increase the building’s lighting consumption
significantly. In single-story buildings, the ranking of PVSDs in terms of energy-savings
rates is Case 2 > Case 1 > Case 3 > Case 4 > Case 6 > Case 5 > Case 9 > Case 7 > Case 8; in
multi-story buildings, the ranking of PVSDs in terms of energy-savings rates is Case 2 >
Case 3 > Case 4 > Case 6 > Case 1 > Case 5 > Case 9 > Case 7 > Case 8.
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Figure 16. Energy saving analysis of building with different PVSDs in Kunming.

(5) Guangzhou

In a hot summer and warm winter zone (such as Guangzhou—Figure 17), different
PVSDs can reduce comprehensive energy consumption (even if it is a minor advantage in
terms of generation share, as described in Figure 12). For single-story buildings, compre-
hensive energy savings ratios for different PVSDs ranged from 3.21% (Case 8_S) to 35.08%
(Case 2_S). For multi-story buildings, comprehensive energy savings ratios of different
PVSDs ranged from 2.76% (Case 8_S) to 25.84% (Case 2_S). The reason for such a minor
saving in the comprehensive energy consumption of Case 8 is the significant increase in its
lighting energy consumption; in terms of cooling energy consumption, different PVSDs
show savings of between 9% and 17% compared to the base case-changes in lighting energy
consumption dominate the comprehensive energy consumption. In addition, Guangzhou
has the lowest solar radiation among the five cities, leading to a geographic disadvantage
and a low PV production. In single-story buildings, the ranking of PVSDs in terms of
energy-savings rates is Case 2 > Case 1 > Case 3 > Case 4 > Case 6 > Case 5 > Case 9 >
Case 7 > Case 8; in multi-story buildings, the ranking of PVSDs in terms of energy-savings
rates is Case 2 > Case 3 > Case 6 > Case 4 > Case 1 > Case 5 > Case 9 > Case 7 > Case 8.
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Figure 17. Energy saving analysis of building with different PVSDs in Guangzhou.

3.4. A Cross-Region Comparison of Different PVSDs

Based on the results and discussions in previous paragraphs, it was tried to identify
the comprehensive energy-saving potential of different PVSDs. As a result, it can be found
that the energy-saving potential of different PVSDs varies, and energy-saving rates of the
same PVSDs applied in different climate zones may also vary—this makes the choice of
PVSDs comparable across different climate zones.

In this section, the PVSDs are ranked by their comprehensive energy-saving potential.
The following two aspects were investigated: (1) the application potential of different
PVSDs in five climate zones. (2) The application potential of PVSDs in single-story and
multi-story buildings under different climatic conditions.

In Figure 18, comprehensive energy-saving ratios for different PVSDs are shown. The
analysis characterizes the energy-saving potential of different shapes of PVSDs. Generally,
comprehensive energy-saving ratios vary from 2.76% (Guangzhou, Case 8_M) to 105.74%
(Kunming, Case 2_S). In severe cold zone and cold zone, the PVSDs with the best perfor-
mance can achieve a comprehensive energy saving rate of 50.72% (Harbin, Case 1_S) or
56.97% (Beijing, Case 1_S). This also demonstrates that cold regions can also be promising
for PVSDs application—when the proper style of PVSDs is chosen. The average values of
comprehensive energy savings ratios are in the range of 16.12% (Case 8) to 51.95% (Case 2)
for the different PVSDs. Moreover, the different PVSDs can be ranked in order of their
comprehensive energy-saving potential as follows: Case 2 > Case 1 > Case 3 > Case 4 >
Case 6 > Case 5 > Case 9 > Case 7 > Case 8.
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Figure 18. Comprehensive energy-saving potential comparison between different PVSDs.

Figure 19 shows the energy performance of different PVSDs in single-story and
multi-story buildings in five typical cities, which reveals the variability of PVSDs per-
formance in different climate zones. In terms of the average values of comprehensive
energy-saving rates for single-story and multi-story buildings, the distribution ranges
from 18.81% (Guangzhou_M) to 74.87% (Kunming_S). The ranking of different PVSDs
is Kunming_S > Kunming_M > Shanghai_S > Beijing_S > Harbin_S > Shanghai_M >
Harbin_M > Beijing_M > Guangzhou_S > Guangzhou_M. It can be seen that the potential
for the application of PVSDs in single-story buildings is generally better than in multi-story
buildings. Even in a severe cold zone or cold zone, the energy-saving potential of PVSDs
can be considerable. The above ranking is also a reminder at the early design stage to
achieve a specific building energy-saving ratio target: the top ranking has more styles
of PVSDs to choose from, as they all have the energy-saving potential that meets the
performance objectives.
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Figure 19. Comprehensive energy-saving potential comparison of typical cities in different cli-
mate zones.
3.5. PVSDs and Other Existing Techniques: A Comparative Study

Through the results and discussion above, it can be found that various PVSDs have
different energy-saving effects. In Table 5, the energy-saving effects of PVSDs and other
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existing techniques are compared, including PV glazing, a photovoltaic double-skin facade,
electrochromic windows, thermochromic windows, spectrally selective windows using
ATO nanofluids, and flat gravity-assisted heat pipes and PCM.

Table 5. Comparison of PVSDs and other techniques.

. Solar Energy
Tefﬁflaig\exes Tec_rl';lggue Utilization City Research Methods Room Description Building Type Energy-Saving Effects
Methods
. Comprehensive energy-saving
( 4?%211’1{1) ratios range from 18.26% to
] 50.72% annually
Comprehensive energy-saving
(32639%1?%\1) ratios range from 8.78% to
: 56.97% annually
. i 6.0 x 8.0 x 3.9 Comprehensive energy-saving
( thﬁ!sgﬁ ) Active Thermal, OP_tlcaL (glili%%hﬁl) Simulations (width x depth x height, Office ratios range from 20.11% to
Y and electrical ’ unit: m) 53.06% annually
. Comprehensive energy-saving
ég Bgln;\% ratios range from 18.26% to
: 105.74% annually
Guangzhou Com;_)rehenswe energy-saving
(23.22° N) ratios range from 2.76% to
: 35.08% annually
6.5% (low transmittance) and
Various cases—room 4.9% (high transmittance) savings
i i rmente depth (4/8/12 m), of total energy consumption on
la[x\z-isr: P[\{ 1 Active Thiijmil’ Tf.tlclal' (3‘8]25]03?\]) EXP:I m]qetr;tbnand room width Office average; a-5i PV glazing in
& g and electrica . simulations (4( 5/6 m) and room shallow rooms with large
height (3.5/4/4.5 m) windows or high ceilings has
great energy-saving potential
Transparent . : 3.0 x 9.0 x 3.0 Enhanced power generation
DSSC BIPV Active Thf"dmﬁl’ ‘zfit‘clal' (ia;(’)i";‘l) Experiments (width x depth x height, - under low
window [12] and electrica " unit: m) solar-radiation conditions
Darwin Total annual energy savings of
(12.4° S) 34.1% annually
BIPV/T . Thermal, optical, Sydney . . 244 X 23 % 244 ) Total annual energy savings of
c}oub&e—slkgn Active and electrical (33.95° S) Simulations (width x .le{ngth x height, Office 86% annually
acade [18] unit: m)
Canberra Total annual energy savings of
(35.3° S) 106% annually
Smart i :
. . . Nanjing . . 2 Total annual energy consumption
evlveii‘téc())cwh;(i%l]c Active Thermal and optical (31.93° N) Simulations 60 m* (floor area) Classroom decreased by 254 kW-h at most
When heated for 1 h,
experimental box with
Smart Experimental box for thermochromic smart window is
thermochromic Passive Thermal and optical - Experiments P .. - 9.1 °C lower than the
window [41] downsizing experimental box with
double-glazed window—there is
a good heat-insulation effect
Effective in delaying the peak
. room temperature and increasing
Spe.d:ra]ly sele_chve Harbi 0.75 x 1.25 x 0.75 room temperature in the
wmdoAv_I_stusmg Passive Thermal and optical @5 %DHI{I) Experiments (width x length x height, - afternoon and evening; the
nanofluids [42] ' unit: m) window with nanofluids volume
concentration of 1000 ppm has a
delay time of 33 min
Flat Increases the percentage of solar
. . 24 x24x24
gravity-assisted . Beijing - idth x depth x height _ energy used for indoor heating
heat pipes and Passive Thermal (39.93° N) Experiments (wi uiit‘e &) B from 8.7% to 57.5% (suitable for
PCM [9] . cold areas or winter)

4. Conclusions

In this study, simulation models of different PVSDs in single-story and multi-story
buildings were developed, and a cross-region study was carried out to explore the compre-
hensive energy-saving potential. The main findings are as follows:

(1) Different PVSDs have variable energy-saving potential in five climate zones. The
comprehensive energy-saving ratios of nine PVSDs range from 2.76% (Guangzhou,
semi-eggcrate with louvers in the vertical plane, multi-layer) to 105.74% (Kunming,
lower single panel, single layer), and it is necessary to choose the appropriate PVSDs
for each of the single-story and multi-story buildings. At the same time, PVSDs can
have a positive energy-saving potential in cold regions, and in zones where PVSDs
are generally more energy efficient, the choice of PVSDs is more flexible to achieve
specific energy-saving ratio targets.
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(2) For climate zones with low air-conditioning energy consumption (e.g., Kunming), the
choice of PVSDs should be based primarily on the negative effect of shading devices
on the increase in lighting energy consumption.

(3) In terms of the average comprehensive energy-saving ratio for five climate zones,
single-story buildings are more suitable than multi-story buildings when applying
PVSDs. If it is desired to reduce the PVSDs shading effect in multi-story buildings,
Case 7 (multiple panels with 10 pieces), Case 8 (semi-eggcrate with louvers in the
vertical plane), and Case 9 (vertical panel) provide references. A smaller width of the
PV panels or placing the panels vertically can effectively avoid the shading effect of
the upper PVSDs. In addition, the distance between the PV panel and the window’s
top edge is an important parameter.

In the future, studies will be carried out on sensitivity analysis and multi-objective
optimization for the design of PVSDs. In addition to lighting, thermal performance, and
power generation, other objectives will be studied, such as the utilization of radiative sky
cooling [43], window view visibility [44] (even if window view visibility is the same in
single-story and multi-story buildings with the same PVSDs applied), and daylight glare
probability (DGP) [45].
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