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Substantially glazed facades are extensively used in contemporary high-rise buildings to achieve attrac-
tive architectural aesthetics. Inherent conflicts exist among architectural aesthetics, building energy con-
sumption, and solar energy harvesting for glazed facades. In this study, we addressed these conflicts by
introducing a new dynamic and vertical photovoltaic integrated building envelope (dvPVBE) that offers
extraordinary flexibility with weather-responsive slat angles and blind positions, superior architectural
aesthetics, and notable energy-saving potential. Three hierarchical control strategies were proposed for
different scenarios of the dvPVBE: power generation priority (PGP), natural daylight priority (NDP),
and energy-saving priority (ESP). Moreover, the PGP and ESP strategies were further analyzed in the simu-
lation of a dvPVBE. An office room integrated with a dvPVBE was modeled using EnergyPlus. The influ-
ence of the dvPVBE in improving the building energy efficiency and corresponding optimal slat angles
was investigated under the PGP and ESP control strategies. The results indicate that the application of
dvPVBEs in Beijing can provide up to 131% of the annual energy demand of office rooms and significantly
increase the annual net energy output by at least 226% compared with static photovoltaic (PV) blinds. The
concept of this novel dvPVBE offers a viable approach by which the thermal load, daylight penetration,
and energy generation can be effectively regulated.

� 2024 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

The building and construction sector accounted for 36% and 37%
of the global energy demand and energy-related CO2 emissions in
2020, respectively [1]. This issue is particularly pronounced in
high-rise buildings with substantially glazed facades, which are
recognized as the least energy-efficient building components
[2,3]. This inefficiency can primarily be attributed to the substan-
tial solar thermal gains or losses facilitated by glass curtain walls
[4]. Highly glazed buildings consume significantly more energy
than typical buildings [5]. Retrofitting building envelopes, particu-
larly by incorporating shading devices, has positive effects on
indoor thermal comfort, energy savings, and daylight glare control
[6], making them crucial for enhancing the energy efficiency of
buildings [7–9]. However, traditional shading devices result in a
significant waste of solar energy through reflection [10]. The inte-
gration of area shading devices with photovoltaics (PVs), known as
photovoltaic integrated building envelopes (PVBEs), constitutes a
promising aspect of building-integrated photovoltaics (BIPVs) [11].

PVBEs are vital in passively reducing heating, ventilation, and
air conditioning (HVAC) loads and positively converting solar
energy incident on facades into electrical power, particularly in
urban cities with abundant high-rise buildings [12,13]. Kant et al.
[14] developed a comprehensive numerical study to simulate the
effects of different PVBE design parameters but neglected the
interactions with building thermal zones. Mandalaki et al. [10]
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studied 13 types of fixed shading devices and showed that the
electricity production of all shading devices with integrated
south-facing PV was sufficient to support at least the lighting load
of the reference office. Most reported PVBEs employ PV panels,
blinds, and louvers with fixed inclined angles, that is, static PVBEs
[15,16]. However, static PVBEs lack adjustability to enhance the
visual comfort of occupants and are unresponsive to unpredictable
weather conditions and seasonal changes. For instance, a static
PVBE may work well on sunny days in the summer by reducing
the cooling load and harvesting solar radiation for power genera-
tion, but it may increase the heating and artificial lighting loads
on cloudy days in the winter. Long et al. [17] simulated the energy
consumption and power generation of a fixed overhang integrated
with PV panels in a student apartment in Changchun, China. The
results indicated that the annual heating load surprisingly
increased by more than 30% compared with the case without a
shading system. Thus, static PV panels, blinds, and louvers cannot
maximize the usage of incident solar radiation at all times because
the incident angle of sunlight and other environmental character-
istics change consistently throughout a day [18].

Recently, highly dynamic and weather-responsive PVBEs have
been studied to further improve building energy efficiency. Mohta-
shami et al. [19] reviewed the technologies and requirements for a
dynamic PVBE design and contributed to the development of
dynamic PVBEs. Rotas et al. [20] assessed the annual energy perfor-
mance improvement of buildings retrofitted with dynamic PVBEs
and demonstrated considerable energy-saving potential. Abdullah
et al. [21] presented a dual-axis solar-tracking shading device inte-
grated with solar cells and emphasized the high energy perfor-
mance in terms of the reduction of total energy consumption.
Svetozarevic et al. [22] developed a dynamic PV module that
actively modulated solar radiation and covered 115% of the net
energy demand of an office. Paydar [23] designed an optimal mov-
able inclined PV panel to effectively reduce the thermal load com-
pared with fixed modes. Krarti [24] proposed a new dynamic
overhang design for residential buildings and evaluated its positive
impact in various climates in the United States, suggesting that
sliding–rotating PV overhangs could significantly decrease the
heating and cooling loads and increase the power generation of
housing units in the United States. Recently, significant efforts have
been made to promote the development of dynamic PVBEs. How-
ever, most of the aforementioned dynamic PVBEs were not specif-
ically designed for high-rise buildings featuring large glazed
facades. For example, the movable PV shading devices proposed
by Paydar [23] and Krarti [24] require an additional external wall
area to accommodate device repositioning, which poses challenges
in applications involving highly glazed facades owing to the lim-
ited availability of the wall area. These nonretractable shading
devices with large areas may adversely affect architectural aesthet-
ics. Additionally, the dynamically adjustable PV panel arrays pro-
posed by Abdullah et al. [21] and Svetozarevic et al. [22] have
versatile mechanical structures for solar tracking, enabling excel-
lent solar energy harvesting. However, relatively complex struc-
tures are not suitable for high-rise buildings because of their
weak windproofing characteristics, which prevent their large-
scale application in cities. Consequently, the development of sim-
ple, flexible, and intelligent PV shading devices continues to pre-
sent significant challenges.

In this study, we propose a new type of dynamic and vertical
photovoltaic integrated building envelope (dvPVBE) that achieves
the fundamental functions of traditional PVBEs, responds to
weather changes, and mitigates the impact on architectural aes-
thetics. Specifically, the dvPVBE is derived from a motorized PV
blind and features a modern design, a compact structure, and the
ability to flexibly adjust the slat angle and blind position. By incor-
porating adjustable slats and dynamic blind positions, the dvPVBE
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enhances thermal and visual comfort while also enabling in situ PV
power generation under various weather conditions. In contrast to
existing PVBE systems that automatically track the sun and gener-
ate electricity, the novel dvPVBE system provides greater flexibility
in responding to weather changes and can reduce the overall
energy consumption of buildings. Based on various scenarios, three
control strategies for the dvPVBE are proposed, two of which are
further explored with a simulation. Additionally, the potential of
the adjustable slat angles of the dvPVBE to enhance energy perfor-
mance was investigated through simulations using EnergyPlus,
and a general method for solving the daily and annual optimal slat
angles of the dvPVBE is proposed. These findings indicate that the
dvPVBE has a positive impact on improving the energy efficiency of
buildings.
2. dvPVBE

2.1. Design of the dvPVBE

The proposed dvPVBE was integrally assembled with highly
glazed facades as a tight external layer of windows (Fig. 1(a)).
The main body of the dvPVBE, including the frame structure and
blind slats, is made of an aluminum alloy for light weight and supe-
rior strength to withstand severe weather. The slats integrated
with the solar cells were dynamically motorized using a motor
controller hidden in the top-frame structure. Moreover, compact,
adjustable, and retractable slats mitigate negative impacts on
architectural aesthetics.

Unlike traditional static external blinds, the slats of the dvPVBE
can stop at any height of the frame and rotate between 0� and 90�
via the precise stroke control of the motor. The video of the proto-
type presented in Vedio S1 in Appendix A demonstrates the multi-
ple functions of the motorized blind and its actual operation. The
mechanical structure of the prototype was derived from an exist-
ing motorized blind vehicle developed by a Chinese company.
The blinds can be deployed partially or fully. When the blinds were
stable, the slat angles were adjustable and could be flipped from 0�
to 90�, corresponding to the vertical and horizontal positions of the
slats. The aforementioned controls can be realized through wire-
less remote and computer controls. Thus, both the blind area
exposed to solar radiation and the slat angle can be adjusted inde-
pendently and intelligently to mitigate the external impacts of
real-time weather conditions on indoor environments. The dvPVBE
also allows for effective monitoring and maintenance management
through the integration of sensors into the frame structure, includ-
ing the monitoring of key factors such as temperature, wind speed,
incident solar radiation, and power generation.

The numerous functions of the weather-responsive dvPVBE can
be summarized as killing three birds with one stone: extraordinary
flexibility with weather-responsive slat angles and blind positions,
superior architectural aesthetics, and notable energy-saving
potential.

(1) Extraordinary flexibility with weather-responsive slat

angles and blind positions. As depicted in Figs. 1(b)–(e), the
adjustable slat angle and blind position enable a wide range of
dynamic actions that provide various combinations to respond to
weather changes and the requirements of the occupants.
(2) Superior external and internal architectural aesthetics.

The dvPVBE is tightly integrated into building facades, featuring
a modern design, metallic appearance, and compact structure
(Fig. 1(a)). With flexible slats, the dvPVBE creates an unobstructed
and adjustable visual experience for pedestrians and occupants.
(3) Notable energy-saving potential. Integrated with solar

cells, the dvPVBE can efficiently modulate the solar energy on
the vertical facades of buildings. The slat angle can be adjusted



Fig. 1. Working principle and use cases of the weather-responsive dvPVBE. (a) The dvPVBE can effectively modulate solar radiation through the flexible control of the
motorized slats. (b) On cloudy days, the slats are entirely retracted back to the top, providing sufficient daylight and an unobstructed view for occupants. (c) In the daytime of
summer, the slats can be fully deployed to block direct sunlight from entering the room and convert solar energy into electricity. (d) In spring and autumn, the slats may be
partially deployed to balance power generation and daylight penetration. (e) In winter, the slats can be partially retracted back to the bottom, allowing solar radiation to
penetrate into the room while ensuring a good view from the top. More information can be found in Section S1 in Appendix A.
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with the changing position of the sun to maximizing the incident
solar radiation on the solar cells. Furthermore, the dvPVBE can
reduce both the cooling load by blocking direct solar radiation in
the summer (Fig. 1(c)) and the heating load by increasing the solar
heat gains in the winter (Fig. 1(e)). The dvPVBE can also lower the
lighting load through sufficient daylight penetration.
2.2. Control strategies of the dvPVBE

The structure parameters of the dvPVBE include the slat width
(W), depth (L), separation (d), angle (h), and blind position (H, the
distance from the top frame to the bottom slat), as shown in
Fig. 1(a). Typically, the slat width, depth, and separation are con-
stant and determined at the design stage based on the window size
[25]. This study analyzes the control of the slat angle and blind
position and uses simulations to investigate the impact of the
adjustable slat angles of the dvPVBE in enhancing building energy
efficiency.

dvPVBE has two modes: manual and automatic. The manual
mode is controlled by indoor occupants. For example, occupants
can lift (Fig. 1(b)) or lower the blind (Fig. 1(d)) to improve the view
from the inside. The automatic mode is programmed to dynami-
cally control the blind position and slat angle based on weather
conditions and the requirements of the occupants.

Fig. 2 illustrates three hierarchical control strategies of the
dvPVBE in the automatic mode: power generation priority (PGP),
energy-saving priority (ESP), and natural daylight priority (NDP).
Four types of sensors were adopted for the control system: a pyra-
nometer for measuring incident solar radiation on facades, an
infrared sensor for monitoring indoor occupants, an illuminometer
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for measuring indoor illumination, and power meters for measur-
ing the real-time electrical power consumption and generation.
The control loop is executed at specific time intervals.

(1) Strategy of PGP. This strategy is adopted during non-

working hours or when the room is unoccupied. This strategy
adjusts the blind position H and the slat angle h to maximize the
incident solar radiation on the slats for PV power generation. First,
the blind is fully deployed. That is, the blind position H equals H0

(H0 is the frame height, that is, the distance from the top to the bot-
tom of the frame structure, as shown in Fig. 1(a)). The slat angle h is
then adjusted until the optimal angle for maximizing power gener-
ation (hp) is reached. Finally, the optimal angle hp is recorded and
executed. Based on the results of previous studies, hp generally cor-
responds to the solar altitude angle and is set orthogonally to the
solar profile angle without considering module self-shading
[26,27].
(2) Strategy of NDP. This strategy aims to sufficiently utilize

natural daylight to improve indoor illumination when a room is
occupied. The specific implementation steps are as follows. First,
H is set as H0, and h is set to the optimal angle hp, as mentioned
in the PGP strategy. The indoor illuminance I is then measured
and compared with the indoor set value I0. If I is greater than or
equal to I0 and less than 2000 lx, the current state of H and h will
be retained. If I is greater than or equal to 2000 lx, h will be slightly
lessened by a small interval of Dh until I is less than 2000 lx. If I is
less than I0, hwill be slightly enlarged by Dh until I exceeds I0. If I is
still less than I0, H will be lifted slightly by a small interval of DH
until I exceeds I0. Ultimately, indoor illumination is fulfilled by
the sufficient utilization of natural daylight, and the lighting load
is incidentally reduced.



Fig. 2. Workflow of three control strategies corresponding to different scenarios. H0 is the frame height, that is, the distance from the top to the bottom of the frame structure.
hp is the optimal slat angle for maximum power generation. Wnet is the net power corresponding to the blind position. DH is the distance step for the blind position
adjustment. Dh is the angle step for the slat angle adjustment. I is the indoor illuminance. I0 is the set value of indoor illumination. In this study, I0 was set as 300 lx as the
daylight illuminance reference.
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(3) Strategy of ESP. This strategy is designed to minimize the

net energy consumption of the room. Thus, the energy consump-
tion of the HVAC and lighting systems as well as the PV power gen-
eration are considered. The influences of building thermal inertia,
indoor thermal mass diffusion, heat transmission, and the distribu-
tion efficiency of air conditioning systems lead to a significant lag
in the performance of air conditioning systems [28–30]. Owing to
this inherent lag and the resulting difficulty in system control for
heating and cooling, the precise optimization of real-time net
energy consumption is difficult to implement. The control loop
illustrated in Fig. 2 provides an approximate but practical method.
First, H is set as H0, and h is set to the optimal angle hp. Second, the
net power consumption of the room, Wnet, is calculated using
Eq. (1). Third, H will be slightly lifted by a small interval of DH to
obtain a new Wnet,new at the new H. If Wnet,new is less than
Wnet, the third step will be repeated until Wnet,new is greater than
Wnet. IfWnet,new is greater thanWnet, the slats will revert to the pre-
vious state. This operational strategy can effectively reduce the net
energy consumption.
Wnet ¼ WHVAC þW light �WPV ð1Þ
where WHVAC is the instantaneous power consumption of the HVAC
system, Wlight is the instantaneous power consumption of the light-
ing system, WPV is the instantaneous power generation of the PV
array, and Wnet is the net power in the room. The instantaneous
power was measured using a power meter.

2.3. Simulation setup

In the simulation, a model was built to investigate the energy
performance and optimal configuration of the dvPVBE. A 24-story
office building located in Beijing, China, was created using the
three-dimensional modeling software SketchUp, as shown in
Fig. S1 of Section S2 in Appendix A. It is assumed that there are
no additional high-rise buildings surrounding the office building.
Thus, the shading and reflection caused by surrounding buildings
are ignored in this study. A south-facing room with a size of
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5 m � 5 m � 3 m that is located on the south-facing facade of
the building was chosen as the representative room. Except for
the glazed facade exposed to the external environment, all other
surfaces (walls, floors, and ceilings) exposed to the indoor environ-
ment were considered adiabatic by assuming adjacent rooms at
the same indoor temperature [31]. The glazed facade is 4.8 m �
2.184 m in size, resulting in a window-to-wall ratio of 70%.
Specifically, the glazed facade is equipped with a double-pane win-
dow with a heat transfer coefficient (U-factor) of 1.8 W∙(m2∙K)�1

and a solar heat gain coefficient of 0.4. The heat transfer coefficient
of the exterior walls is 0.485 W∙(m2∙K)�1. All parameter settings of
the building envelope complied with the China Design Standard for
Energy Efficiency in Public Buildings (GB 50189—2015) [32].
Table 1 [33,34] summarizes key information regarding the building
models. The availability of an HVAC system depends on the climate
in Beijing. Specifically, the cooling mode of the HVAC system is
activated from May to September to ensure that the indoor tem-
perature remains below 26 �C. The heating mode is activated from
November to February to ensure that the indoor temperature
remains above 18 �C. In addition, the HVAC system starts one hour
before working hours to ensure a comfortable indoor thermal envi-
ronment for employees coming to work at 8 a.m. Therefore, the
HVAC system was activated from 7 a.m. to 6 p.m. on weekdays.

The dvPVBE mounted on the exterior surface of the glazed
facade consisted of 24 slats integrated with solar cells, as shown
in Fig. S1. Each slat consisted of 26 solar cells, manufactured by
Jinko Solar (China) in series. The ratio of slat separation (d) to slat
depth (L) was set to 1 (d/L = 1) to enhance the indoor visual com-
fort. Detailed information on the slats and solar cells is listed in
Table 1.

The energy performance of the building room was simulated
using open-source whole-building energy modeling software
(EnergyPlus, version 9.6), which can simulate transient heat con-
duction, daylighting controls, and onsite PV power generation
[35,36]. To investigate the overall energy performance of the
dvPVBE, several submodels were employed in EnergyPlus, includ-
ing heat balance, daylighting, and power generation models [37].
The heat balance model in EnergyPlus was adopted to simulate



Table 1
Specifications for the building energy performance modeling.

Parameter Value

Building model Total floor area 25 m2

Fresh air supply rate per
person

30 m3∙(h∙person)�1

Number of people 4
People per floor area 0.16 person∙m�2

Lighting power per floor
area

9 W∙m�2

Other electric equipment
power per floor area

12 W∙m�2

Working hours of
occupants

8 a.m. to 6 p.m.
(weekdays)

HVAC system Packaged terminal
heat pump (PTHP)

Heating set point 18 �C
Cooling set point 26 �C
Performance coefficient of
heat pumpa

Summer: 3.0; winter:
2.5

Blind slat and
solar cell

Slat Slat width 4.80 m
Slat depth 0.091 m
Slat separation 0.091 m
Slat angle Dynamic
Number of slats 24

Solar
cell

Manufacturer Jinko Solar (China)
Material Monocrystalline

silicon
Dimensions (single solar
cell)

0.182 m � 0.091 m

Nominal efficiency 21.32%
Nominal operating cell
temperature (NOCT)

45 �C

a Performance parameters for the summer and winter were taken from the
studies by Boyano et al. [33] and Wei et al. [34], respectively.
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the heat transfer and energy flows within buildings and to calcu-
late the heating and cooling loads of the buildings [38]. Conduction
transfer functions, which are well-established and have been
extensively validated within the building energy analysis field,
were chosen as the algorithms. The daylighting model was used
to simulate daylighting performance at different slat angles and
identify their influence on the lighting load. The daylight illumi-
nance reference point was set as 300 lx at 0.75 m above the floor
in the middle of the room, and the continuous dimming control
of lighting was adopted. In this study, the equivalent one-diode
model, known as the five-parameter model [39], was selected for
the PV performance prediction simulation using equivalent circuits
models derived from diodes.

For the control strategies of the dvPVBE, the PGP strategy was
used during non-working hours, and the ESP strategy was used
during working hours. The NDP strategy was greatly affected by
occupant preferences and was therefore left for further analysis
in future research. To further demonstrate the viability of the
dvPVBE in enhancing building energy efficiency and conduct a fair
comparison with static PV blinds, the simulation primarily focused
on evaluating the influence of adjustable slat angles on energy per-
formance. Specifically, the blind position is set to H0 in the follow-
ing simulation, similar to the traditional static PV blinds used in
previous studies [31,40].

The optimal slat angles for the dvPVBE were obtained using a
combination of static PV blind cases. Nineteen static PV blind cases
from 0� to 90� in increments of 5� were studied, and the optimal
configuration of the dvPVBE was a combination of slat angles sub-
ject to the lowest net energy consumption constraint in the 19 sta-
tic cases. The HVAC load, lighting load, and PV generation varied in
different cases, collectively affecting the net energy consumption
of the room. Compared with the HVAC load, lighting load, and
power generation, the energy consumption of the motors and con-
trollers in the dvPVBE system is negligible, owing to their intermit-
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tent operation and low nominal power. Detailed simulation data
for the 19 static PV blind cases and the dvPVBE throughout the year
are presented in Section S3 in Appendix A. The method used to
determine the optimal configuration of the dvPVBE is applicable
to various environmental conditions. In this study, Beijing was
selected as an example to assess the energy performance of the
dvPVBE.
3. Results and discussion

3.1. Optimal configurations of the dvPVBE on typical seasonal days in
Beijing

Four typical days around the vernal equinox, summer solstice,
autumnal equinox, and winter solstice were selected to analyze
the influence of seasonal changes on the energy performance and
optimal configurations of the dvPVBE in detail and provide refer-
ences for year-round optimization. The vernal equinox is the
moment when the sun appears to cross the celestial equator and
head northward. The summer solstice occurs when the sun is at
its highest position in the Northern Hemisphere. The autumnal
equinox is the moment when the sun appears to cross the celestial
equator and head southward. The winter solstice is when the sun is
at its lowest daily maximum elevation in the sky in the Northern
Hemisphere. The four selected days were sunny weekdays with
high solar radiation. More information and definitions on the four
selected days can be found in Table S1 of Section S2 in Appendix A.
Fig. 3 shows the hourly HVAC loads, lighting loads, and PV
generation of the building rooms in Beijing, along with the optimal
hourly slat angles. The high consumption before 8 a.m. was caused
by the starting load of the HVAC system, as the HVAC system starts
one hour before working hours. As the energy consumption of the
other electrical equipment remains constant and does not affect
the optimal configuration, it is not discussed herein.

Figs. 3(a) and (c) show that the hourly energy generation of PV
(blue bars) was much greater than the hourly energy consumption
of the HVAC and lighting (gray bars) between 8 a.m. and 4 p.m. on
the vernal and autumnal equinoxes, respectively. This indicates
that the solar cells on the dvPVBE generated more electricity than
the energy demand of the room for most of the day. Fig. 3(b) shows
that this trend slows down and even appears inversely during the
summer solstice, owing to the rapidly rising cooling loads. Further-
more, benefiting from the lower position of the sun, PV generation
was still dominant in the afternoon and accounted for over 70% of
the energy consumption throughout the day during the winter sol-
stice, as shown in Fig. 3(d).

The optimal hourly slat angles were determined based on the
combined effects of the HVAC, lighting, and PV systems. Figs. 3(a)
and (c) show that when the sun was directly overhead at the equa-
tor during the vernal and autumnal equinoxes, the hourly slat
angles varied from 40� to 90� and were almost stable at approxi-
mately 45� during the daytime. Owing to the mild weather during
the vernal equinox, the HVAC load is much lower than the PV
power generation and can be negligible. For instance, Fig. 3(a)
shows that from 11 a.m. to 12 a.m., the PV power generation was
more than 1.08 kW∙h, almost twice the entire day’s HVAC and
lighting loads. Therefore, the slat angles were optimized based on
the lighting load and PV power generation. Regarding the lighting
load, natural daylight can provide sufficient illumination at 45� or
larger slat angles to meet the illumination requirements of the
indoor environment. Owing to sufficient daylight penetration, the
lighting system of the room was dimmed to lower the lighting
load. The PV power generation gradually decreases as the slat angle
increases, and this is affected by the solar radiation incident on the
slats and module self-shading, which is detrimental to the energy



Fig. 3. Optimal configurations and corresponding energy performance of the dvPVBE for selected typical seasonal days in Beijing: (a) vernal equinox, (b) summer solstice,
(c) autumnal equinox, and (d) winter solstice.
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performance of the PV arrays [41]. Hence, there is a tradeoff
between lighting and PV. In the early morning, when the solar
radiation is low, the slat angles are adjusted to nearly 90� to mini-
mize the lighting load. Conversely, when the solar radiation is high
in the afternoon, the slat angles are optimized to approximately
45� to maximize the utilization of both natural light and solar
energy. The same approach was applied during the autumnal
equinox.

During the summer solstice, the cooling load experiences a sig-
nificant increase, but it is not largely affected by changes in the slat
angle, owing to the close arrangement of the slats. For instance,
between 1 p.m. and 2 p.m., the cooling load increased by less than
0.03 kW∙h when the slat angle was set at 90�, compared with 0�. In
contrast, the lighting load was reduced by more than 0.2 kW∙h to
just 10% of the load at 0�. Simultaneously, the effect of the slat
angle change on PV power generation is not evident, owing to high
module self-shading. Consequently, the optimization of the slat
angles primarily focused on reducing the lighting load with an
optimal angle of approximately 70� to allow sufficient daylight
penetration, as shown in Fig. 3(b).

During the winter solstice, the slats were adjusted to 90� to
allow maximum sunlight to enter the room, thereby reducing the
need for heating and lighting. However, slats at 0� are the most
favorable for solar energy utilization because of the low position
of the sun and low module self-shading. Therefore, from 12 a.m.
to 4 p.m., the slat angles are optimized at approximately 65�, which
is a compromise angle for utilizing abundant solar energy, and the
dvPVBE generates more than 4.44 kW∙h of clean electricity. For the
rest of the day, the slat angles were close to 90� to minimize the
heating and lighting loads, as shown in Fig. 3(d).

Table 2 summarizes the energy performance of the dvPVBE and
five static PV blind cases on four selected days in Beijing. If the net
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energy consumption is negative, the PV power generation is
greater than the HVAC and lighting loads, and the absolute value
of the net energy consumption represents the net energy output.
The results indicate that the energy performance of static PV blinds
varies significantly with the season. For example, the 90� angle
case performs best during the winter solstice but worst during
the summer solstice because of the decrease in the energy-saving
potential of the HVAC and lighting loads. Nevertheless, the dvPVBE
can balance the HVAC and lighting loads with PV generation,
achieving an increase in the total net energy output of at least
34.7%. The results in Table 2 show that the dvPVBE has advantages
in temperate and hot climates.

3.2. Optimal annual configurations of the dvPVBE in Beijing

Based on the results presented in Section S3 in Appendix A,
Fig. 4 presents the optimal hourly slat angles of the dvPVBE over
the entire year under PGP and ESP control through a heat map
for visualization [42]. To better present the slat angle variation in
different months and weaken the influence of meteorological fluc-
tuations, the median values of the slat angles at the same hour of
the day in each month are shown in the heat map. Additionally,
the slat angles are adjusted from 7 a.m. to 6 p.m. During other peri-
ods, the slat angle is fixed at 0� to protect indoor privacy during the
absence of energy consumption and power generation.

Fig. 4 shows that the slat angles were optimized at 45�–60� for
most of the year to minimize the net energy consumption. During
the early morning hours, large slat angles of approximately 90� are
adopted to reduce the lighting load. Additionally, the variation in
the slat angle shows seasonal characteristics. When the subsolar
point migrates northward after the winter solstice, the medium
slat angles dominate with the gradual prominence of PV power



Table 2
Energy performance of the dvPVBE and static PV blinds in Beijing (unit: kW∙h).

Specific day Indicator dvPVBE Static PV blind with fixed slat angle

0� 30� 45� 60� 90�

Vernal equinox HVAC and lighting loads 0.56 2.44 1.55 0.99 0.71 0.44
PV generation 10.17 11.04 10.63 10.35 10.06 9.26
Net energy consumption –9.61 –8.60 –9.08 –9.36 –9.35 –8.82

Summer solstice HVAC and lighting loads 4.36 5.73 5.22 4.89 4.60 4.46
PV generation 3.34 4.28 3.82 3.52 3.26 2.75
Net energy consumption 1.02 1.45 1.40 1.37 1.34 1.71

Autumnal equinox HVAC and lighting loads 2.19 3.87 2.97 2.45 2.30 2.40
PV generation 8.88 9.66 9.28 9.03 8.75 8.14
Net energy consumption –6.68 –5.79 –6.31 –6.57 –6.45 –5.74

Winter solstice HVAC and lighting loads 9.17 23.26 23.15 22.08 17.97 7.88
PV generation 6.43 10.58 10.33 10.02 8.87 4.32
Net energy consumption 2.74 12.69 12.83 12.06 9.10 3.56

Total Net energy consumption –12.53 –0.25 –1.16 –2.50 –5.36 –9.29

Negative values of net energy consumption indicate that the energy production is greater than the energy consumption.

Fig. 4. Heat map details the median of the optimal slat angles in each month
throughout the year in Beijing. Small slat angles correspond to vertical positions of
the slats, and large slat angles correspond to horizontal positions.
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generation. For instance, the hourly slat angles in March were
stable at approximately 45� from 10 a.m. to 3 p.m., which is consis-
tent with the optimal schedule for the vernal equinox. Moreover,
fromMay to August, the slat angles gradually increased to 65� dur-
ing the daytime, effectively reducing the lighting load while ensur-
ing adequate PV power generation. When the subsolar point
migrates southward before the winter solstice, the slat angles are
optimized to 45� to utilize natural daylight and solar energy effi-
ciently. From November to February, the optimal slat angle was
increased to 60� to ensure sufficient sunlight in the room, thereby
reducing the heating load.

Fig. 5 presents a comparison of the annual energy performance
of the dvPVBE and static PV blinds in Beijing. This investigation
explores PV generation, HVAC and lighting loads, other electrical
equipment (‘‘Others” in Fig. 5), and net energy output (‘‘Total” in
Fig. 5). In all cases, the annual energy consumption of the other
electrical equipment remained constant at 783 kW∙h per year.
The net energy output of the static PV blinds exhibited an initial
increase, followed by a decrease, with an increase in the slat angle.
Furthermore, the cases featuring slat angles of 45�–60� showed the
best performance in increasing the net energy output, which
agrees with the results reported by Li et al. [43]. Among the five
static cases, the 45� angle case had the largest annual net energy
output of 153 kW∙h, benefiting from a well-balanced combination
of HVAC, lighting, and PV.
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Nevertheless, dvPVBE still exhibits a considerable advantage
over the 45� angle case, with a relative 32.5% drop in HVAC and
lighting loads and a modest 2.4% drop in PV generation. The PV
power generation of the dvPVBE can cover up to 131% of the annual
energy demand of the office. The dvPVBE can benefit from daily,
seasonal, and annual external environmental changes to the great-
est extent through dynamic adjustment. Within one day, the
dvPVBE can reduce the lighting load by increasing the slat angle
during the early morning hours. In spring and autumn, the dvPVBE
can adjust the slat angle to approximately 45� to take full advantage
of natural light and solar energy. Throughout the year, the dvPVBE
can respond dynamically to the changing external environment to
achieve the best balance among HVAC, lighting, and PV. Overall,
the annual net energy output of the dvPVBE increased by at least
226%, showing significant advantages for clean energy gains.

In addition, dvPVBE has positive economic and environmental
benefits. Excess PV energy is injected into the electric grid to pro-
vide additional income while simultaneously mitigating carbon
emissions. To standardize the results, we normalized the net
energy output, PV energy income, and carbon emissions based on
the net heated and cooled areas of the building room (25.0 m2).
Fig. 6 [44] shows that the dvPVBE can lead to a relative annual
increase of 227% in PV income and carbon emission reduction com-
pared with the 45� angle case.
3.3. Limitations of the study

In this study, the concept of a dvPVBE was proposed, and its sig-
nificant energy-saving potential over static PV blinds was demon-
strated. However, this study has several limitations.

The daily and annual optimal dynamic configurations of the
dvPVBE were obtained using a combination of static configurations
consisting of 19 static PV blind cases. This is a simple and general
method for solving for the optimal configuration, but it may not be
sufficient for operation. In actual operation, the dvPVBE must be
adjusted in time to respond to weather and indoor changes. There-
fore, the real dynamism of the dvPVBE system would be based on
real-time sensing data. In future studies, a sensing-based machine
learning control method may realize the real dynamism of the
dvPVBE system.

In the simulation, the blind position was fixed, and its impact on
energy performance was not investigated. In addition, shading
from surrounding buildings and the energy performance of the
dvPVBE under different environmental conditions were not consid-
ered. Additional dynamic actions of the blind position, surrounding
buildings, and environmental conditions will be considered in
future studies.



Fig. 5. Comparison of annual energy performance between the dvPVBE and traditional static PV blinds in Beijing.

Fig. 6. Comparison of annual net energy output, PV energy income, and carbon
emission reduction per floor area between the dvPVBE and static 45� angle case in
Beijing. The average solar PV feed-in tariff is �0.35 CNY�(kW�h)�1 in China. The
carbon emissions per unit of electricity (generated by conventional fuels) are
estimated to be �750 g CO2 per kilowatt-hour by the International Energy Agency
[44].
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Several factors can be studied in the future, including slat depth,
slat separation, dvPVBE orientation, and PV efficiency. The PV mod-
ules used in this study were monocrystalline silicon cells with an
efficiency of 21.32%, which could be further improved. Driven by
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significant advances in solar cell materials, silicon solar cells have
recently achieved a record efficiency of 26.7% [45], whereas thin-
film solar cells such as Cu(In,Ga)Se2 reached an efficiency of
23.3% [46] and emerging PV technologies, such as perovskite cells,
have reached 25.6% [47]. The high efficiency of solar cells is a
promising prospect for dvPVBE applications. Furthermore, the uti-
lization of the electricity generated by the PV system can be
improved through the integration of an energy storage system
within the building, which could enhance the energy performance
of the dvPVBE. The environmental and cost impacts of dvPVBE are
also crucial and may be studied through a life cycle assessment
(LCA) and life cycle cost (LCC) analysis in future work [48]. The
LCA and LCC analyses will help evaluate the overall environmental
implications and economic considerations associated with the
implementation of dvPVBE.

Moreover, the critical advantage of the dvPVBE is that it allows
occupants in high-rise buildings to obtain satisfactory window
views and enjoy natural daylight. Thus, the indoor light environ-
ment, work ability, job satisfaction, and occupant well-being could
be further evaluated. The qualitative requirements of occupants for
glare control, better outdoor views, and privacy protection should
be considered comprehensively in future studies.
4. Conclusions

The development of dvPVBEs holds great potential for high-rise
buildings with substantially glazed facades in modern cities. In this
paper, we propose a new type of dvPVBE derived from motorized
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blinds that exhibits extraordinary flexibility, superior architectural
aesthetics, and notable energy-saving potential. The results
showed the excellent energy performance of an office room inte-
grated with the dvPVBE in Beijing, providing valuable references
for buildings facing similar conditions. The primary findings of this
study are summarized as follows.

(1) The proposed dvPVBE system exhibited excellent flexibility

with an adjustable slat angle and blind position, providing effective
options for responding to weather changes. The simple and retract-
able structure of this system mitigates its negative impact on
architectural aesthetics.
(2) Three operational control strategies are proposed for differ-

ent scenarios: PGP, NDP, and ESP. A building model under PGP and
ESP control was set up in EnergyPlus to simulate the energy perfor-
mance of the dvPVBE in Beijing. To determine the daily and annual
optimal configurations of the dvPVBE, a general method is
introduced.
(3) The optimal configurations of the dvPVBE and a further

explanation of the results are provided to guide dynamic control,
considering the comprehensive influences of HVAC, lighting, and
PV. For most of the daytime throughout the year in Beijing, 45�–
60� slat angles are recommended to balance the utilization of nat-
ural light and solar energy. In the early morning, large slat angles
are recommended to allow sufficient daylight penetration to lower
the lighting load, particularly in the winter.
(4) The dvPVBE exhibited superior energy performance com-

pared with the static PVBEs throughout the year. The application
of the dvPVBE can cover up to 131% of the annual energy demand
of an office room in Beijing and increase the annual net energy out-
put by at least 226% compared with traditional static PV blinds,
thereby promoting the development of net zero-energy buildings.
In conclusion, the proposed dvPVBE represents a promising
application of BIPVs that offers significant opportunities to
enhance the energy efficiency of high-rise buildings with large
glazed facades. This study is expected to make a significant contri-
bution to energy savings and decarbonization in the building sec-
tor through the effective regulation of the thermal load, daylight
penetration, and energy generation.
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