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Abstract: This study explores the integration of photovoltaic (PV) shading devices and vertical
farming (VF) in school buildings to optimize indoor daylight, thermal comfort, and energy perfor-
mance across three different climate regions in China: Beijing, Shanghai, and Shenzhen. With rapid
urbanization and increasing energy consumption in educational buildings, this research investigates
the impact of innovative facade design on both energy efficiency and occupant comfort. Through
parametric simulations and multi-objective optimization, various PV and VF facade prototypes were
evaluated to determine the best configurations for reducing energy consumption while enhancing
thermal and visual comfort. This study optimized facade systems integrating photovoltaic and
vertical farming for school buildings in Shenzhen, Beijing, and Shanghai. Key findings include: In
Shenzhen, Model B’s UDI increased by 5.1% and Model C by 19.02%, with glare areas reduced by
5.4% and 21.40% and stable thermal comfort (PMV 0.52-0.59) throughout the year. In Beijing, Model
B’s UDI decreased by 0.2%, while Model C increased by 6.55%. Glare areas reduced by 2.92% and
14.35%, with improved winter comfort (PMV —0.35 to —0.1). In Shanghai, Model C’s UDI increased
by 6.7%, but summer thermal discomfort was notable (PMV up to 1.2). The study finds that PV
shading systems combined with vertical farming can provide significant energy savings, reduce
greenhouse gas emissions, and offer organic vegetable production within school environments. The
findings suggest that integrating these systems into the building envelope can optimize the energy
performance of school buildings while improving the comfort and well-being of students and staff.

Keywords: photovoltaic shading; vertical farming; thermal comfort; daylight; energy performance;
school buildings

1. Introduction

It is projected that 68% of the world’s population will reside in urban areas by 2025 [1].
The accelerating process of global urbanization is expected to lead to severe energy and
environmental challenges in high-density urban areas [2]. According to data from 2021,
the floor area of existing school buildings in China is approximately 3.1 billion square
meters, accounting for 24% of the total public building space and 50% of the common
public building stock [3]. This indicates that educational buildings constitute a significant
proportion of public buildings and are expanding rapidly over time. Extensive research has
been conducted on comfort conditions in schools, with a primary focus on classrooms since
they are crucial learning spaces where groups of people engage in educational activities
for extended periods. The environment created during the learning process is considered
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a factor influencing student performance and should feature motivating conditions to
enhance the educational process.

In school buildings, particularly in learning spaces, proper daylight and thermal con-
ditions are vital for facilitating the educational process, as unsatisfactory comfort levels can
impair the physical and intellectual performance of teachers and students [4]. Specifically,
Habibi et al. [5] highlighted that many school buildings suffer from inadequate comfort
levels. Thermal conditions significantly impact occupants’ health; adverse conditions can
lead to apathy and even stress, affecting academic performance [6]. High temperatures
can reduce work efficiency, while low temperatures decrease manual dexterity and task
execution speed [7]. Summer thermal comfort is a critical factor in school building design.
During summer, classrooms often do not maintain high thermal comfort levels. Due to
the congregation of people, classroom temperatures usually exceed optimal levels, and the
resulting stuffiness can adversely affect students’ physical conditions [8]. Because schools
cannot afford the high energy consumption of air conditioning, students often rely on open-
ing windows and using fans to regulate indoor temperature and ventilation [9]. Compared
to commercial buildings, school buildings typically focus on cost-effectiveness and receive
less financial support. Additionally, the facade design of educational buildings, often featur-
ing large windows, generates substantial solar gains in summer, affecting indoor thermal
stability and causing thermal discomfort. In winter, regional heating systems ensure rela-
tive indoor thermal comfort but at the cost of significant energy consumption [9]. Therefore,
Chinese school buildings face both thermal discomfort and excessive energy consumption.

Besides thermal discomfort, students” academic performance and teachers” health and
job performance are also highly related to light comfort. Currently, the indoor illuminance
and comfort levels of school buildings are still in developmental and exploratory stages.
Studies have shown that daylight illumination is associated with improved mood, reduced
fatigue, and decreased eye strain, and since students spend up to one-third of their day in
classrooms and schools [10], classroom indoor daylight conditions are crucial. Mendell and
Heath’s [11] research shows that poor indoor environmental quality in schools severely
impacts students” performance and attendance. Excessive contrast in lighting within
students’ field of view, direct sunlight exposure causing direct glare, and reflections from
work surfaces and classroom blackboards causing indirect glare can all be problematic [11].
Working in environments without windows or sufficient lighting can severely disrupt the
circadian system of hormone regulation [12]. Conversely, comfortable lighting strategies can
alleviate student stress [13], enhancing attention and social skills [12]. Research indicates
that students in classrooms with high daylight levels achieve 20% to 26% higher learning
efficiency [14], underscoring the importance of optimizing shading devices in school
buildings. However, fixed louvers may not meet the lighting needs of every time of day.
Efficient shading systems are fundamental tasks in school renovation strategies [15]. Given
the unique needs of adolescents in learning and growth, school buildings must particularly
focus on indoor light comfort while minimizing energy consumption [9].

Achieving the aforementioned light and thermal comfort in classroom design is com-
plex, as it requires balancing various interrelated factors [16]. First is the issue of energy
consumption; by 2035, urbanization will lead to a 50% increase in global energy consump-
tion compared to 1990 [17], with heating and artificial lighting in buildings accounting for
40% of global consumption [18]. In recent years, there has been an increase in reports on the
environmental impact of educational buildings [19], with the average energy consumption
of Chinese school buildings being 118.54 kWh/(m?-a) [20], indicating potential for reduc-
tion. Additionally, school buildings typically have large window areas to provide natural
ventilation and daylight, and the building’s long axis is generally oriented east-west, with
larger facade openings facing south or north, resulting in generally loose school building
layouts and low energy efficiency.
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Furthermore, more scholars believe that integrating food production into cities or
buildings, i.e., developing urban agriculture, could alleviate the problem of food supply.
There are cases showing that integrating agricultural activities in school buildings has
objective social and economic value, and integrating agriculture on buildings has great
potential to increase campus greening, regulate microclimates, enhance indoor comfort,
reduce greenhouse gas emissions due to food transport and building energy consumption,
and meet students’ needs for nutrition and organic food.

Tablada and Zhao [21] and Tablada et al. [22,23] have studied the integration of
solar and agricultural systems on urban and residential building facades, with Tablada
proposing a simulation process for integrating building-integrated photovoltaic (BIPV)
with building-integrated agriculture (BIA) on residential building facades [24]. Despite
these initial studies, there is still a lack of research involving the integration of BIPV as
shading devices with BIA on building facades, and research in other building types, such
as schools, is very limited. Furthermore, while various methods have been proposed to
optimize dynamic photovoltaic shading devices (PVSDs) [24-28], there are still research
gaps: on the one hand, previous geometric optimization methods were typically based
on daily experience, selecting one or a few geometric parameters for optimization, such
as tilt angle and orientation [29]; currently, there is no comprehensive evaluation method
to fully reveal the dynamics of PVSDs. On the other hand, there are no systematic design
approaches or evaluation processes for building skin systems that integrate dynamic PVSDs
and BIA. Thus, the aim of this study is to assess the feasibility of integrating BIPV with
BIA on school building facades, develop and optimize a modular design framework for a
building skin system that includes both dynamic PVSDs and BIA systems, considering the
layout characteristics, facade features, and light and thermal environment needs of school
buildings in different climate regions of China, from south to north. This aims to improve
the high energy consumption, inadequate ventilation, and uneven lighting issues of school
buildings, enhance visual and thermal comfort, and simultaneously provide sustainable en-
ergy and crop output. This study also contributes to positive urban environmental changes,
enhances biophilic affinity, and raises awareness of the necessity to reduce greenhouse
gas emissions [30], and, given that school staff and students spend a significant portion
of their day at school [31] and about 30% of people [30] dine in school cafeterias, this
research can shorten food miles while enabling them to access organically grown food in
dense urban environments [32], positively impacting social, environmental, and economic
benefits [25,33-36]. The developed architectural skin prototype relies on these features
and a human-centric design philosophy to produce a synergistic effect, thus providing
high-quality, sustainable solutions for retrofitting school building facades [31,37,38]. In
previous studies, energy consumption control of campus buildings has generally been
approached from the perspective of HVAC systems or the efficiency of energy-saving equip-
ment and systems. Additionally, there has been relatively little research that integrates
facade-based photovoltaic power generation and facade planting systems with the goal
of optimizing energy efficiency in existing campus buildings while maintaining optimal
indoor comfort. Some studies have achieved energy savings, but at the expense of occupant
comfort. Therefore, this paper begins with the precise design variables of the building
facade and the functional improvements they drive, which can significantly reduce the
impact of energy optimization on occupants in existing campus buildings. From the per-
spective of the synergistic optimization of energy saving and comfort, the study selects the
optimal fagcade model. Furthermore, this research conducts a comparative analysis of the
relationship between variations in building fagade parameters and indoor comfort levels in
classrooms across different physical environments from northern to southern China.
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2. Literature Review
2.1. PVSD (Photovoltaic Shading Devices)

Windows are a crucial element in buildings as they allow natural light to penetrate and
provide maximum visual comfort to occupants [39]. Additionally, the ingress of natural
light helps maintain the human circadian rhythm, as the body can sense light and adjust
its internal biological clock, thereby regulating various bodily functions such as digestion,
sleep, and mood [13,40]. However, the solar heat gains brought by sunlight are inevitable
and can introduce risks of glare and overheating. When sunlight penetrates glass, it is
absorbed by furniture and human bodies as short-wave radiation and then emitted as
long-wave radiation, which cannot easily pass through glass, thus remaining indoors and
increasing indoor temperatures [41]. Yet, Bloem et al. [42] found that shading devices can
mitigate the impacts of glare [43]. External shading systems reduce the adverse effects
of excessive solar penetration on the indoor light and thermal environment quality by
controlling the amount of sunlight entering the interior space [44,45]. Shading systems
with adjustable features can effectively control the amount of solar radiation in different
seasons [42]. Proper design can prevent overheating in summer and maximize daylight
ingress in winter [46]. Laura Bellia et al. proposed different types of shading approaches in
their review based on the orientation and location of buildings. At the same time, studies
have indicated that in the existing literature, there are few studies that have conducted a
combined analysis of thermal comfort and the environment with shading devices [47].

Due to the decreasing cost of solar cells, incorporating photovoltaic energy into the
building envelope has garnered significant attention [48]. Integrating photovoltaics into
building roofs and facade systems is one of the holistic approaches to reducing land
use. Building-integrated photovoltaics (BIPV) started in the early 1990s [17] and refer to
photovoltaic components that can be integrated into the building skin (roof or facade)
to meet the building’s energy needs and reduce peak electrical loads. With the rise in
global electricity prices and the decline in prices of photovoltaic panels, BIPV systems are
becoming a cost-effective building material [49].

As a subset of BIPV, photovoltaic shading devices (PVSD) must consider the choice and
efficiency of photovoltaic panel materials as well as the setting and selection of angles [50].
First, there are the photovoltaic panel materials and their power generation efficiency.
Over 90% of the global photovoltaic cell market is dominated by crystalline silicon, which
includes both monocrystalline and polycrystalline types. Monocrystalline silicon photo-
voltaic cells are especially valued for their efficiency, long-term stability, and extremely
low cost. Photovoltaic cells made from monocrystalline silicon are widely used due to
their high efficiency (27.6%). Besides monocrystalline silicon, thin-film photovoltaic cells
(CIGS) are also common [51]. Recent data show that their efficiency is 23.4%, and they
have many advantages, such as being flexible, high power, thin, and light (2.4 kg/m?),
which is beneficial for better application in facade shading panels. Secondly, the angle
of the photovoltaic shading panels is critical; research shows that horizontal and vertical
adjustments of shading angles can more effectively control glare [52]. Discussions on
PVSD systems in terms of electrical, thermal, and lighting performance suggest that the
optimal tilt angle for photovoltaic panels in Guangzhou is 30°. When setting the angles of
photovoltaic panels, the geographical location’s impact on the photovoltaic system should
be considered [53].

2.2. Vertical Farming on Facades

Vertical farming on facades (VF) is a variant of vertical greenery systems (VGS). While
much of the experience and technology from VGS are applicable to VF, they have tra-
ditionally targeted ornamental plants [54-56]. Although there is a trend towards edible
plants, these are less common. Similar to rooftop agriculture compared to rooftop greening,
crops may require additional systems to optimize the environmental conditions for crop
growth to maximize yield per unit area, such as rooftop greenhouses [57]. The placement
of agricultural systems on building facades varies according to the type of facade. Tablada
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categorizes the relationship between vertical farming and facade location based on agri-
cultural technology and facade type [58]. Growing crops in the air cavity of double-skin
facades is less common and reliable than on single-skin facades. Agricultural systems on
facades not only provide food to the public but also regulate indoor climate, purify air,
manage urban rainwater, and alleviate human stress like conventional VGS [54-56].

The cultivation techniques applicable to VF include hydroponics, aeroponics, and
aquaponics. Hydroponics involves immersing plant roots directly in a nutrient-rich liquid
solution, eliminating the need for soil [59]. This method not only saves water and labor
but also increases yield per unit area [60]. Aeroponics can be seen as an advancement of
hydroponics because it directly sprays nutrients onto plant roots without the need for trays
or containers to hold water [61]. This method can save more than 90% of water compared
to traditional soil-based methods [59]. This study primarily focuses on conventional
vertical farming methods, i.e., soil-based cultivation, with the impact differences from other
cultivation methods still requiring further exploration.

Research on VF on facades is particularly concentrated in Singapore due to its limited
arable land, heavy reliance on food imports, and urgent need for viable solutions to enhance
the resilience of urban food systems against disasters [58]. Palliwal et al. found that, due
to its low latitude, Singapore’s buildings can receive sufficient sunlight for photovoltaic
power generation and mid-level plant growth on all four cardinal directions [62]. How-
ever, more research is needed on the feasibility of facade crop cultivation in high-latitude
countries. Furthermore, Tablada and Zhao [21] discovered that a plot ratio of less than 1.9,
combining traditional ground-based agricultural techniques with advanced techniques
such as hydroponics and A-shaped growing systems, can achieve self-sufficiency in food
for residents [21]. Tablada et al. [24] designed facade systems integrating PV shading sys-
tems and lettuce pools for typical public housing buildings, including facades with public
corridors, balconies, and windows [22]. This system is expected to meet 55-103% of the
annual vegetable consumption of a family of four in Singapore based on facade orientation
and user crop preferences. However, these yield estimates based on light calculations are
imprecise and further experiments are needed to provide more reliable crop yield data.
This is because the most crucial factors for normal crop growth also include temperature,
water, carbon dioxide, oxygen, and nutrients [63-65]. Further exploration is needed on the
feasibility of vertical farming on facades in other regions and balancing maximizing facade
crop yield while accommodating user preferences.

Users can interact with and harvest crops through three methods: opening windows
on the wall, using sliding rods that allow planters to move, and directly utilizing gaps in
railings. However, there are public concerns about the safety of facade agriculture [66]. Al-
though safety grills can protect crops from falling during planting and harvesting, care must
be taken to maintain overall architectural aesthetics while maximizing sunlight penetration.
Future research is needed on reliable, safe, and aesthetically pleasing access ways.

In terms of crop types for facades, compared to rooftop structures, facades receive
less sunlight and are thus suitable for crops with low light requirements. Short plants
with short growth cycles and low light requirements, such as cucumbers, tomatoes, and
lettuce—especially lettuce—are considered suitable for facade cultivation [22,67]. For
low-income countries like Nigeria, cultivating medicinal plants or economically valuable
plants could provide additional income for residents [52]. Therefore, crop selection should
consider user preferences, local weather conditions, and market demand.

Although the public is receptive to VF on facades, a survey revealed that their main
concern is the price, with over 50% expressing this concern [66]. Therefore, in designing
facades, it is essential to use readily available market materials, standardized designs, and
other methods to reduce initial installation costs. Additionally, many studies report high
maintenance costs for agricultural applications at the building level, making it necessary to
adopt recycling strategies such as rainwater harvesting and solar technology (discussed in
the previous section) to reduce potential maintenance costs.
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2.3. Criteria for Selecting Evaluation Metrics
2.3.1. Daylight Environment Evaluation Metrics

At the early stage of architectural design, daylight factor metrics (DFMs) is a simple
method that is commonly used to evaluate the interior daylighting performance under
the circumstance of an overcast sky without direct sunlight [68]. However, DFMs rely on
simplified assumptions and modeling to calculate daylight levels and have the disadvan-
tage of being unable to perform dynamic analysis and assess glare; they are not as good as
climate-based daylight metrics (CBDMs) in evaluating visual comfort [69]. Table 1 summa-
rizes the main visual comfort metrics from the former literature. This paper will mainly
use UDI to make a reasonable evaluation of visual comfort based on the aforementioned
research results.

Table 1. Main visual comfort metrics.

Metrics Definition Source
. Daylight factor Evaluate the distribution and intensity of
Daylight ) y
121 };tlgr metrics (DFMs) daylight within a space. [68]
metrics Vertical daylight VDF assesses the distribution of daylight [68]
(DFMs) factor (VDF) on vertical surfaces within a space
. Measures the percentage of occupied
Dayhgl;c)a:)tonomy hours during which a target illuminance [69]
level is met using daylight alone.
Climate-based — i
dotlght el ASE e heamounofdres
metrics exposure (ASE) sunlight entering a space over a course o
(CBDMs) a year.
Useful daylight UDI measures the proportion of occupied

hours during which a certain target [69]

illuminance (UDI) illuminance level is met.

2.3.2. Thermal Environment Evaluation Metrics

In the 1970s, Fanger proposed a classic thermal comfort evaluation formula, which
includes four physical environmental factors (air temperature, radiation temperature,
relative humidity, and wind speed) and two human physiological parameters (clothing
thermal resistance and activity). On this basis, he developed the PMV model (predict mean
votes) and the PPD index (predicted percentage of dissatisfied) to evaluate the thermal
comfort index of the human body to the thermal environment and the dissatisfaction
percentage of the population to the thermal environment [69]. Through the review of the
latest international standards [70], American standards [71], European standards [72], and
Chinese standards [52], it is found that the PMV model is widely used to evaluate the
thermal comfort of the human body in a uniform and steady-state indoor environment [73].
The thermal comfort evaluation index in this paper will be calculated and analyzed based
on the PMV model.

In addition to the PMV model, there is also an adaptive model developed by de Dear [21],
which considers the active factors of people’s physiological adaptation, psychological
adaptation, and behavioral adaptation [23]. The SET* model proposed by Gagge is a
two-node model based on the human body’s response to the environment [17]. The
multi-node model studied by Stolwijk is to simulate human thermal comfort under space
conditions [74].

Jendritzky and Niibler believed that the PMV model did not correctly predict the
thermal comfort in outdoor environments, and they improved and developed the Klima-
Michel-Model [21]. Zhao et al. also suggested that the PMV model is not suitable for non-
uniform environments, outdoor environments, and sleeping environments [75]. Wu et al.
found that the adaptive model developed by de Dear was more suitable for split air-
conditioned buildings with natural ventilation than the PMV model [76]. The results of
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Schellen’s study showed that older people’s voting expectations were lower than PMV
predictions because the elderly would feel hotter or colder than younger people [77].
Chaiwiwatworakul carried out an experimental comparative study on the influence of
adjustable photovoltaic systems on the thermal performance of exterior wall glass windows,
with the aim of enhancing indoor thermal comfort [78].

Although Fanger’s PMV model has been proved to have considerable limitations,
under the office building prototype in this paper, the simulated non-naturally ventilated,
steady-state indoor environment for young and middle-aged people (18-60 years old), the
thermal comfort evaluation index will be calculated and analyzed based on the PMV model.

2.3.3. Resource Output Evaluation Index

The biggest architectural potential for photovoltaics applied to facades is power
generation. The index used to evaluate the power generation is generally kw/h, a common
energy measurement unit. Wang et al. [51] compared the overall energy performance of
a PV double skin facade (PV-DSF) and a PV insulating glass unit (PV-IGU), one of which
was the daily power output of the two kinds of PV windows [79]. Chatzipanagi et al.
investigated the monthly production capacity of BIPV using double junction amorphous
silicon (a-5i) and crystalline silicon (c-Si) at 30 and 90 inclination angles [80]. Do et al.
simulated the energy potential of BIPV windows and daylight-dimming systems in hot
and humid climates, and they also used monthly power generation as an evaluation
indicator [81]. Peng et al. studied the annual electricity production of the east, south, and
west of the photovoltaic double-skin facade (PV-DSF) in a Mediterranean climate [82]. This
paper will calculate the monthly production of photovoltaics from twelve months of a year.

3. Methodology
3.1. Research Framework

Figure 1 illustrates the workflow adopted in this study. The first step involves deter-
mining the typical dimensions of educational building spaces in China and constructing
a representative model of such a building using Rhino modeling software (version v.7.9).
The dimensions are then established. Subsequently, evaluation criteria for facade modules
are defined, with power generation selected as the metric for assessing the performance of
photovoltaic panels and useful daylight illuminance (UDI) as the metric for assessing the
indoor light environment. The next step involves progressively determining the variable
parameters of facade component design, which include the orientation of photovoltaic
panel axes, the number of rows installed, their specific dimensions, the panel tilt angles,
and the types of photovoltaic cells planned for use. A library of facade components is
generated from various combinations of these variable elements, providing a model and
theoretical basis for subsequent simulations.

Beijing, Shanghai, and Shenzhen, and extracts their corresponding weather data for
subsequent simulations. The multi-objective optimization process relies on parametric
modeling tools such as Rhinoceros and Grasshopper, along with performance analysis tools
like Ladybug, OpenStudio, Daysim, EnergyPlus, and Radiance. Using these parametric
simulation tools, programs are run n times for each facade module at 16 representative
times throughout the year based on selected cities and typical educational building archi-
tectures. A multi-objective optimization process then determines the most efficient facade
components for the typical educational building, identifies the optimal combination of
axial directions, and generates visual heat maps describing each module combination.
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selection of typical office building:

Choose from the classic existing office buildings in Guangzhou: location, climatic conditions, building layers, module size

Base-case building
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definition of objectives:

Step 1: Model setting

Comfort level:UDI | PMV: Production: P | DLI

Radiance &

Determination of design variables :
Grasshopper

PVSD system: type, position, number, panel angle, panel size, arrangement

Food planters: position, planter size, spacing between crops, number of rows

Run the simulation progress :

simulate and get all situations about energy and daylighting envi for diffement types of PF

Calculation of objective function : Performance

contrast of models

Flitiering the prototypes for optimal values

Honeybee &
ladybug &
energyplus

Find optimal solution :

Choose from the classic existing office buildings in Guangzhou

Comparing performances of differtent PF :

Find best solution from all cases for 4 orientation through equation. Best motion case
Step 3: analysis model

Typology selection for different orientation :

case comparison and selection for early phase design.

<

‘ End: final assessment for the simulation outcome and evaluation of optimal design strategy ‘

Figure 1. Framework of research method.

3.2. Selection of Typical Cities and Typical School Building Models

This research aims to explore the potential improvements to the microenvironment of
school building spaces through the application of integrated VF and PV shading facade
modules. Therefore, the evaluation criteria for facade modules must consider the current
state of educational buildings in different cities. Due to the heat island effect brought
about by rapid urban development, most campus buildings are open and well lit, prone
to thermal discomfort, and also suffer from indoor glare and uneven lighting. Thus, the
evaluation criteria primarily focus on the indoor thermal and light environments. From the
production perspective of the facade, the power output of PV components and the crop
yield from VF are also considered as evaluation metrics.

The three selected cities are Beijing, Shanghai, and Shenzhen. Beijing is located at 39.9°
N latitude and 116° E longitude, with a warm temperate semi-humid semi-arid monsoon
climate and an average annual temperature of 11-13 °C. Shanghai is at 31.14° N latitude
and 121.29° E longitude, in the north subtropical monsoon climate zone, with distinct
seasons, abundant sunlight, and plentiful rainfall. The climate in Shanghai is mild and
humid, with short springs and autumns and long winters and summers, with an average
temperature of 17.7 °C. Shenzhen, located between 113°46' E to 114°37’ E longitude and
22°27' N to 22°52" N latitude, features a subtropical monsoon climate with long summers
and short winters, a mild climate, abundant sunlight, and rainfall, with an average annual
temperature of 23.3 °C.

Figure 2 displays the typical floor plans of school buildings and typical classroom
spaces, simulation classroom unit dimensions, and the number of sensor points. There
are two types of typical classroom building spaces, subsequently modeled in Rhinoceros
for later simulations. Based on the spatial function and dimensions of facade openings, as
well as differences between internal and external corridors, three categories are defined
as simulation units: Model A, B, and C, representing origin classroom space, external
corridors on the south side of classrooms, and internal corridors between two classrooms,
respectively. This simulation primarily compares the applications of Models B and C within
the actual urban climate environment, while Model A is utilized solely as a basic reference
for the classroom’s spatial layout. Typical classroom space features include a width of
6.6 m, a depth of 9 m, a ceiling height of 3 m, and window heights of 1.1 m and 1.2 m; both
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internal and external corridor widths are 2.1 m; and 165 sensor testing points are uniformly
set at a height of 0.7 m from the floor.

Original facade B

165 sensor points

Model C

Typical classroom Typical school buildings Typical classrooms Originalfacade C

Figure 2. Research setting.

3.3. Parameter Types and Variable Settings

To integrate the advantages of PVSD and VF, the first step is to divide the facade
unit vertically into three areas: upper, middle, and lower, as shown in Figure 3. Similar
to the original building facade units, the upper area is primarily used for ventilation and
daylighting, the middle area provides indoor daylight and a good view, and the lower area,
often overlooked in the original building, serves as a wall or bay window and can be used
for planting or PV. The PV shading system is suitable for the upper and middle areas, while
the VF system fits better in the lower area. Since the planting system may involve drainage
and irrigation facilities, it should be placed below the solar system to avoid adverse effects.

e

TOP: PVSD TOP: PVSD TOP: PVSD TOP: PVSD

MID: PVSD MID: PVSD MID: - MID: -

LOW: PVSD LOW: VF LOW: VF LOW: PVSD
(A) (B) () (D)

Figure 3. Prototype’s vertical arrangement.



Buildings 2024, 14, 3502

10 of 22

Overall design and prototype variability as shown in Figure 3, the initial partitioning
possibilities of the prototype are as follows: Figure 3A Top, middle, bottom (PVSD);
Figure 3B Top, middle (PVSD), bottom (VF); Figure 3C Top (PVSD), middle (none), bottom
(VF); Figure 3D Top (PVSD), middle (none), bottom (PVSD).

The configuration of the photovoltaic (PV) section aims to maximize power generation
while ensuring its shading function. The varying conditions of PVSD components affect the
balance between renewable energy collection and improved light and thermal performance.
Proper variable settings can enhance the energy performance of the components while also
promoting visual comfort [83].

Photovoltaic variables include:

PV type: Common types on the market include crystalline silicon PV and thin-film PV.
PV panel angle: Given that an inclined PV setup can produce 20-40% more electricity
than a flat vertical layout [84], angles of 20°, 30°, and 40° are chosen for the PV panels.

e PV panel layers: Options of single or double layers are considered based on size,
and three arrangement modes are selected (horizontal tilt, vertical east tilt, vertical
west tilt).

e PV panel size: Common sizes include 156 mm, 166 mm, 182 mm, and 210 mm [85].
Panel sizes should be multiples of solar cell sizes; therefore, the smallest solar panel
unit size is set at 0.4 m x 0.4 m, with a comparison size of 0.8 m x 0.8 m.

e PV panel arrangement: Considering the operational space required for both systems
on the building facade, a 0.5 m distance is maintained between the shading system
and the external wall of the building.

In total, the PV shading system comprises 36 variables, including two types of cells,
two panel sizes (corresponding to specific panel layers), three tilt angles, and three arrange-
ment methods.

Variables for the VF system include:

e  Crop size and row: The dimensions of the crop type planting containers must be
determined based on the crop’s own needs and the specifications of the building’s
windows. In this study, the part dimensions of the planting containers are set at
0.2m x 0.2 m to correspond to the window size modules.

e  Crop spacing: Set at 0.25 m, planting containers can be placed continuously in multiple
layers along the vertical plane, with a vertical distance exceeding 400 mm to achieve
maximum efficiency.

Leafy greens are often the first choice for VF due to their shallow root systems and the
edibility of the entire plant [24]. Factors like water, temperature, light, and soil affect plant
growth. Given Shenzhen’s subtropical climate, hot and humid, the choice of vegetables
is limited. Cabbage, lettuce, kale, and hydroponically grown vegetables are best suited
for this climatic zone [86]. Among all these factors, light plays the most critical role in
plant growth. The growth of vegetables in vertical farms is also impacted by shading from
buildings, which significantly reduces light compared to traditional horizontal planting
methods. Considering these constraints, prioritizing vegetables with relatively lower light
requirements for facade modules is crucial. Given the high light needs of cabbage and
kale [24] and the spatial constraints of vertical planting, lettuce, a shade-tolerant and smaller
crop, is selected as the most suitable choice for this study.

Based on the comprehensive analysis of variable indexes of solar shading and vertical
agriculture systems, 216 prototype models, including three kinds of variables, were gener-
ated. There are 24 types of photovoltaic shading systems, including 2 types of cells, 2 kinds
of panel sizes (corresponding to the specific number of photovoltaic panels), 3 kinds of
tilt angles, 3 kinds of arrangement modes, etc. There are two types of vertical agricultural
systems (1 container size X 1 crop x 2 container layers) and five vertical zoning modes,
which are combined as shown in Figure 4.
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Figure 4. Prototype’s resources and four typical arrangements.

3.4. Selection of Optimization Method

Regarding the selected evaluation metrics, both power generation and the impact of
PVSD components on indoor daylighting and thermal environment were considered. The
output power of the photovoltaics is denoted by P, representing the resource output of
power generation. The evaluation indicator considered for the indoor thermal environment
was the predicted mean vote (PMV), which was applied to determine appropriate options
for both static and air-conditioned spaces. Visual comfort refers to the subjective perception
of visual environmental comfort. Given that actual daylight levels inside buildings show
significant temporal and spatial variation, the traditional concept of illuminance uniformity
is insufficient to reflect real lighting conditions [87]. Therefore, a more appropriate metric
for evaluating the indoor light environment is Useful Daylight Illuminance (UDI), typically
ranging from 100 to 2000 1x, which is often used to calculate reasonable light distribution
within buildings [87].
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The optimization procedure is designed based on the multi-objective optimization
method described by Equation (1) and utilizes Rhinoceros combined with the Grasshopper
tool for batch processing data, extracting the optimal facade composition method.

The design prototype optimization formula (Equation (1)) is calculated as follows:

2
, (P; — Puax)\> . [ (PMV; — PMV0,)\? [ (UDI; — UDI,0¢)
_ 1
Ovest = Min (( Poz ) T\ PMVime T UL )

where:

UDI = average effective natural daylight illuminance (i.e., the percentage of the area with
illuminance values between 200 and 3000 1x).

PMYV = predicted mean vote

P = power output of the photovoltaic shading system.

The derivation of this formula: First, an ideal point for each criterion is defined,
representing the best possible outcome, although it is usually unattainable. The minimum
Euclidean distance formula helps find a solution close to this ideal. However, because the
units of each objective function vary, the functions are transformed into dimensionless
forms. Weighting is then applied to reflect the importance of each objective, with equal
weight given to indoor thermal comfort, lighting, and PV power generation. The vertical
farm (VF) setting, which does not affect indoor lighting, is excluded in the first optimization
step. Finally, Formula (1) calculates the best-combined solution using three key indicators:
power output (P), natural daylight (UDI), and thermal comfort (PMV).

The second step involves applying the component prototypes selected from the first
step to their respective different city and classroom module facades, then calculating the
total energy output of the photovoltaic system for the entire building facade in different
cities and the total crop yield expressed as dry weight of crops [88].

3.5. Simulation Methods and Parametric Modelling

The integration of the three-dimensional modeling software Rhinoceros (version v.7.9)
with the parametric programming plug-in Grasshopper facilitates the automated amal-
gamation and simulation of design variables for facade elements. The Ladybug [89] and
Honeybee can interpret weather data via Grasshopper and utilize building performance
simulation applications, including Radiance, Daysim, OpenStudio, and THERM, to analyze
the data and generate visible outcomes. The Ladybug aims to do an extensive environmen-
tal analysis on a parametric platform and create interactive visualizations for visualizing
meteorological data, utilizing EnergyPlus [90], Radiance [91], and Daysim [92] for day-
lighting and energy modeling. The meteorological data utilized for the simulation were
obtained from the epwmap website.

An optimization mechanism was developed by Rhinoceros and Grasshopper to incor-
porate all potential prototypes consisting of variables from the VF and PVSD, resulting in
216 created design prototypes. Performance indicators were computed for each component
at 16 intervals over the year. Four typical days were chosen for each season: March 22, June
22, September 22, and December 22, along with four time points for each date: 9:00 a.m.,
12:00 p.m., 3:00 p.m., and 6:00 p.m. The simulations were executed independently in the
virtual environments of Beijing, Shanghai, and Shenzhen, with each model comprising
3456 simulations, resulting in a total of 27,648 simulations. The simulation uses single-layer
transparent glass as the glazing material. Table 2 outlines the precise specifications for
various construction materials, while Table 3 summarizes the parameters for different
transmissive and reflective materials.
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Table 2. Characteristics of the construction materials.

Material Specific Heat Density Thickness (m) Conductivity
150 mm wall 1200 840 0.15 0.23

. Visible Solar heat gain . 5
Material Transmittance coefficient Thickness (m) U-Value (W/m* K)
Single 6 mm glass 0.88 0.65 0.006 5.5

Table 3. Characteristics of the transmissive and reflective materials.

. R G B .
Material Transmittance Transmittance Transmittance Roughness Specularity
Glass 0.7 0.7 0.7 0.05 0
Material R Reflectance G Reflectance B Reflectance Roughness Specularity
Wall material 0.7 0.7 0.7 0.05 0
Thin film solar cell 0 0.039 0.195 0.05 0.61
Ceiling material 0.8 0.8 0.8 0.05 0
Mono solar cell 0.3 0.3 0.3 - -

Floor material 0.4 0.4 0.4 0.05 0
Surround building 0.2 0.2 0.2 0.05 0
4. Result

After 20,736 simulations, an optimal facade module prototype was selected for differ-
ent classroom spaces in each city’s educational buildings. Two best prototypes were chosen
for each city, with preliminary simulations conducted only for each PV variable.

The simulation results for Model B and Model C spaces indicate that the best facade
combination in any city is to have photovoltaic shading on all three sections—top, middle,
and bottom—but they differ in the size of the photovoltaic panels and their angle relative
to the horizontal plane. For Model B, the best prototype angle is 40° in both Beijing and
Shenzhen, while it is 30° in Shanghai. For Model C, on the other hand, the best angle
is 30° in both Shenzhen and Beijing, and 40° in Shanghai. Regarding the size of the
photovoltaic panels, both Model B and Model C use 0.4 m in Beijing, while in Shenzhen
and Shanghai, they use 0.8 m for optimal overall effects. Specific PV panel settings can be
seen in Tables 4 and 5.

Table 4. Optimal results of the Model B in Beijing, Shanghai, and Shenzhen.
. . Interface C e . Electricity Production
Region Panel Size Partition Axis Direction PV Type VF Rows (Annual)
Upper: v/
Shenzhen 0.8M Middle: / 40° Monocrystalline 2 1477.18 kWh
Lower: /
Upper: v/
Beijing 04M Middle: / 40° Monocrystalline 2 1658.36 kWh
Lower: /
Upper: v/
Shanghai 0.8M Middle: / 30° Monocrystalline 3 1243.60 kWh
Lower: /
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Table 5. Optimal results of the Model C in Beijing, Shanghai, and Shenzhen.

Region

Panel Size

Interface TN Electricity Production
Partition Axis Direction PV Type VF Rows (Annual)

Shenzhen

Beijing

Shanghai

0.8 M

04 M

0.8 M

Upper: /

Middle: 1/ 30° Monocrystalline 2 1505.68 kWh
Lower: /
Upper: /
Middle: 1/ 30° Monocrystalline 2 1617.81 kWh
Lower: /

Upper: /

Middle: 1/

Lower: /

40° Monocrystalline 0 1256.93 kWh

In Figure 5, the top left, top right, and bottom left charts respectively display the PMV
variations from March 22 to December 22 at different times of the day (9 am., 12 p.m., 3
p-m., 6 p.m.) for the four models in Beijing, Shanghai, and Shenzhen. For either Model B or
Model C, Model B (B) represents the condition before additions, i.e., Model B (before), and
Model B (A) represents the condition after additions, i.e., Model B (after).
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Figure 5. Diagram of PMV and UDI in three different cities.

In the top left chart, it is evident that the overall range of PMV values varies between
—0.35 and —0.1, indicating a gradual decrease in PMV values over time, suggesting a
gradual drop in environmental temperature. Beijing-B generally shows stable performance,
with PMV closely aligned and greater PMV variation amplitude post-facade application
during most time periods. After adding the facade, there are slight increases in PMV
values at specific times, indicating that the application of the facade improved thermal
comfort inside the classroom by reducing the sensation of cold. Comparing the initial state
of Models B and C and after setting the facade, the buildings respond more distinctly to
temperature changes after improvements, especially during seasonal transitions, reflecting
the effectiveness of architectural environmental adjustment.
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In the top right chart, compared to the situation in Beijing, Shanghai’s PMV variation
shows distinct differences. Firstly, the Shanghai-C (after) model shows significant PMV rises
at multiple times on June 22 and September 22, with peak values approaching 1.2, indicating
a very warm indoor environment at those times. Additionally, both the Shanghai-B (after)
and Shanghai-B (before) models show relatively stable PMV values with small variation
amplitudes, generally maintaining between —0.2 and —0.4, indicating that the building
maintains good thermal comfort under these conditions. Conversely, the original Shanghai-
C model shows more significant fluctuations in summer, particularly on September 22 from
6 PM to 9 PM, with PMYV values sharply dropping from 1.05 to —0.4, suggesting that the
weather data used for the simulation on that day may have included significant cooling.
Overall, this chart effectively illustrates the response of buildings in the Shanghai area
to thermal comfort under different models and seasons, particularly showing significant
improvements in thermal comfort in Model C after improvements during summer, while
Model B maintains consistent comfort across different seasons.

In the bottom left chart, overall, the range of PMV variation in Shenzhen is very
narrow, concentrated between 0.52 and 0.59, indicating a generally consistent warm and
comfortable indoor environment. Both Shenzhen-B (before) and Shenzhen-B (after) models
show very small changes in PMV values, exhibiting high stability, especially between 3 pm
and 6 pm on June 22 and December 22, with almost no significant changes. Shenzhen-C
(before) and Shenzhen-C (after) show slightly more fluctuation, especially on September 22
and December 22, with more pronounced changes in PMV values, particularly a noticeable
drop at 3 pm on December 22. Overall, the smaller changes in PMV in Shenzhen indicate
that buildings in this region maintain relatively consistent thermal comfort across different
seasons and times, with much smaller fluctuations compared to Beijing and Shanghai. This
may reflect Shenzhen’s relatively stable and comfortable climatic conditions, with building
design being less sensitive to climate variability.

The bottom right chart shows the percentage of areas with UDI (useful daylight
illuminance) conforming to 100-2000 lux and areas exceeding 2000 lux for visual glare in
different building models before and after facade application in Shenzhen, Beijing, and
Shanghai. The analysis shows that in Shenzhen, both Model B and Model C see a slight
increase in the proportion of areas meeting the 100-2000 lux standard (pink bars) compared
to the original models (blue bars) and a reduction in the glare zones (dark blue and dark
red bars), indicating that the visual environment inside classrooms has been improved after
adjustments. The data for Beijing are relatively consistent, with small improvements in
models after facade application, indicating that the buildings” ability to regulate contrast
is not as significant as in Shenzhen. Shanghai’s situation is quite special, especially for
Model C; although the 100-2000 lux area increases after facade application, the proportion
of glare zones (dark red bars) significantly rises, indicating that while suitable illuminance
areas have increased, it may have led to greater glare issues. Thus, the chart reflects that
while daylight utilization has improved during the illuminance optimization process, it
may also have brought new challenges in visual comfort in some cases, particularly evident
in Shanghai’s Model C.

Through the computational analysis of the power output of optimized models at
different times of the day in Figure 6, it was found that the power generation trends
of Model B and Model C are generally consistent. Both models exhibit lower power
production in the morning, peak around noon, and then decrease, gradually dropping
to zero by about 6 PM as sunlight fades. The only exception is the power generation
trend in Shenzhen in March, which peaks around 3 PM, likely due to unstable weather
conditions during the simulation day. A comparison of the overall power generation
over several months reveals that for both Beijing and Shanghai, June features the highest
power output of the year for Models B and C, with a significant gap between the best
and worst months. In Shenzhen, the optimal power production occurs in September, with
the poorest performance in March, but overall, due to Shenzhen’s consistently ample
sunlight throughout the year, the difference between the best and worst months is small. A
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numerical comparison between Models B and C

indicates that Model C generally performs

better in Shenzhen, Model B performs better in Beijing, and there is little difference between

Models B and C in Shanghai.

Total annual electricity production for different units

Model-C-SHANGHAI 1256.93
Model-C-BEUING 1617.81

Model-C-SHENZHEN 1505.68
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Figure 6. Diagram of electricity production in three different cities.

From the UDI heatmap in Figure 7, regardless of the region, both Model B and Model
C significantly enhance indoor visual comfort, with Model C performing better. Especially
in cities like Guangzhou and Shenzhen, the productive facade significantly mitigates issues
of indoor glare. However, at 9 a.m. on December 22, Model B performs better than Model
C. Although the changes in Shanghai and Beijing are less than those in Shenzhen, there
are also clear improvements in visual comfort levels. Interestingly, in Shanghai, the indoor
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Figure 8 illustrates vertical agriculture crop yields and average illuminance across
different models and cities, highlighting the interaction between building designs and
environmental variables: Both Model B and C show typical solar patterns with peak illumi-
nance around noon, indicating effective daylight harvesting. Shenzhen exhibits delayed
peak times, suggesting local environmental influences on sunlight penetration. Shenzhen
achieves higher crop yields compared to Beijing and Shanghai, likely due to its favorable
climate for vertical farming. Both models perform similarly within each city, suggesting
that vertical farming technologies are adaptable to various architectural configurations.
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Figure 8. Diagram of vertical agriculture crop yields and average illuminance.

These insights underscore the importance of local climate in optimizing building
designs for vertical farming and daylight utilization, aiding architects in enhancing sustain-
ability in urban developments.

5. Discussion

The integration of photovoltaic shading systems and vertical farming on facades con-
tributes to energy savings, indoor lighting, and thermal comfort in schools across three
cities in China. Along with the findings from Wang et al. [52], these results demonstrate
that this innovative facade system can help move China’s building stock towards sus-
tainable goals while simultaneously addressing the demand for fresh vegetables in dense
urban areas.

The simulation data show that Model B exhibits smaller variations in PMV and
UDI compared to Model C across the three cities, which is likely due to the presence
of external corridors, differences in latitude, and varying weather conditions. These
findings support previous research [21,58,62] that highlights how facade configurations,
latitude, and weather conditions significantly impact sunlight availability along facades.
The paper further provides evidence that the floor plans of educational buildings affect the
performance of these new facade systems.

Due to the significant challenge posed by the large volume of calculations required,
necessitating meticulous processing and the use of parametric tools, this study focused
only on two typical educational building facade types. Nevertheless, our findings confirm
the potential benefits of these innovative facade designs.

Future research should consider how to further enhance the aesthetic and customiza-
tion aspects of facade module designs while achieving comprehensive indoor environmen-
tal comfort and energy efficiency. Such facade modules should not only function as practical
components but also serve as significant design elements in architectural processes, crucial
for reducing energy consumption in school renovation projects.

6. Conclusions

This study developed an optimization method for a productive facade unit integrating
photovoltaic and agricultural systems, with a focus on both indoor and outdoor envi-
ronments, particularly in school building facades. A facade model library comprising
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216 samples was established by combining various design parameters related to facade
component variables. Simulation programs were employed to calculate performance in-
dices for each prototype, ultimately identifying the best-performing facade prototypes for
two different classroom spaces across three cities. A multi-objective optimization method
facilitated a comprehensive quantitative analysis for adaptive facade design, resource
output calculations, and performance simulations. Integrating photovoltaic shading and
vertical farming systems into the external walls of educational buildings can significantly
enhance indoor lighting and thermal comfort in classrooms while improving the energy
self-sufficiency and vegetable production capabilities of these buildings. However, the
effectiveness of the facade systems in enhancing visual comfort and thermal environment
varies across different cities. Quantitative analysis of optimized Models B and C in Shen-
zhen, Beijing, and Shanghai yields the following conclusions: In Shenzhen, Model B’s
useful daylight illuminance (UDI) increased by 5.1%, while Model C saw a substantial
increase of 19.02%. Correspondingly, glare areas decreased by 5.4% for Model B and 21.40%
for Model C. The visual comfort area increased by 12%, and glare decreased by 13.4%,
with a stable PMV value ranging from 0.52 to 0.59, indicating that the indoor environment
remained consistently comfortable throughout the year, with minimal seasonal impact on
thermal comfort. In Beijing, Model B’s UDI slightly decreased by 0.2%, whereas Model C
increased by 6.55%. Glare areas decreased by 2.92% (Model B) and 14.35% (Model C). The
visual comfort area improved by 4%, and glare was reduced by 8%. The PMV fluctuated
between —0.35 and —0.1, indicating that the optimized facade effectively mitigated the
cold sensation during winter, enhancing thermal comfort. In Shanghai, Model B’s UDI
decreased by 0.71%, while Model C improved by 6.7%. However, glare areas decreased
0.70% for Model C and by 7.6% for Model C, suggesting that alongside the improved
daylight utilization, glare issues were also reduced. PMV values indicated discomfort
during the summer months, particularly in June and September, with readings reaching
1.2, reflecting a hot indoor environment. The photovoltaic systems demonstrated varying
electricity generation across cities; Beijing and Shanghai reached peak generation in June,
while Shenzhen peaked in September, showing more stable annual electricity generation.
Furthermore, Shenzhen’s vertical agricultural yield surpassed that of Beijing and Shanghai
by 18%, highlighting the effectiveness of the system in more favorable climatic conditions.
Overall, these quantitative analyses underscore the significant benefits of facade systems
in enhancing classroom visual comfort, reducing glare, improving thermal environments,
and achieving energy self-sufficiency across varying climates. They also reveal specific
challenges faced by different cities, such as glare issues in Shanghai and excessive heat
during the summer.
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