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Abstract

This study proposes a sustainable urban planning strategy that enhances building energy
self-sufficiency through photovoltaic-based renewable energy generation. This research
focused on high-rise residential complexes and introduces an adaptive facade system de-
signed to efficiently utilize the extensive solar-exposed surfaces of building facades. The
system was programmed to automatically adjust according to the optimal tilt angle, which
reflects monthly variations in solar altitude and azimuth, thereby maximizing energy gen-
eration. To further improve the effectiveness of the adaptive facade system, a “bridge-type
apartment complex” layout was developed, in which building orientations varied around
a south-facing axis to include southeast and southwest orientations. The proposed urban
configuration was developed using a parametric design within the building information
modeling software Revit 2023, and energy generation simulations were conducted for
Seoul, South Korea, using Insight (a Revit plug-in) during 2024. Simulation results revealed
that bridge-type apartment complexes achieved higher levels of renewable energy gen-
eration than conventional slab-type apartment complexes. These findings suggest that a
three-dimensional urban design incorporating diverse facade orientations, combined with
a dynamic adaptive facade system, not only enhances energy efficiency but also offers the
potential to create creative and flexible urban landscapes that contrast with conventional,
uniform cityscapes.

Keywords: sustainable urban planning; adaptive facade system; Building Information
Modeling (BIM); parametric design; renewable energy

1. Introduction

Environmental change poses a serious threat to human life and livelihood worldwide.
Among the core issues of environmental change, global warming is accelerating each year,
leading to an increasing frequency of natural disasters such as sea-level rise, floods, and
droughts. In response to this crisis, the United Nations established the goal of limiting the
global average temperature increase to within 1.5 °C above pre-industrial levels through the
Paris Climate Agreement in 2015. However, in 2024, the World Meteorological Organization
reported that the global average surface temperature in 2023 had increased by 1.45 °C
compared to pre-industrial levels, marking the highest level ever recorded [1]. This increase
in average surface temperature, approaching the critical threshold of 1.5 °C within just a
decade, suggests that any further temperature increase could lead to severe consequences
that threaten human survival. Therefore, there is a critical need for a radical global shift in
the energy paradigm.
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Energy consumption is the primary source of greenhouse gas emissions responsible
for global warming, and the building sector accounts for approximately 30% of global
energy consumption [2]. Furthermore, the building sector is responsible for approximately
39% of total carbon emissions [3], and this proportion tends to be higher in industrialized
nations owing to increased urbanization and associated building emissions. For example,
in the case of South Korea, a representative country in Asia, the building sector accounted
for 24.7% of the total greenhouse gas emissions as of 2018 [4]. Within the building sector,
the residential subsector had the highest share of energy consumption. In 2022, residential
buildings accounted for approximately 21% of the total energy consumption in the global
building sector [5]. Therefore, reducing energy consumption in the residential building
sector is directly linked to reducing greenhouse gas emissions, which in turn contributes to
mitigating global warming.

Considering these concerns, this study proposes a sustainable urban planning model
targeting collective housing complexes. The objective of this research was not merely to
reduce energy consumption in residential buildings, but also to transition their energy
sources to clean energy to lower carbon emissions. This study focused on a group of
residential buildings, rather than a single structure, to explore the potential for maximizing
renewable energy generation at the urban scale. Given that residential planning in major
Asian cities is typically based on high-rise, high-density models, the outcomes of this study
are expected to make meaningful contributions to enhancing energy self-sufficiency and
sustainability at the urban level.

This study focused on high-rise residential building facades as its primary subject.
Beyond serving as a mere architectural feature, the facade of a high-rise building plays
critical functional roles, such as solar shading. A key contribution of this research was
development of an adaptive facade system applicable to the expansive facades of high-rise
residential buildings [6-8]. This system was designed based on the solar energy harvesting
principle, recognizing the constant exposure of building facades to sunlight. Specifically, it
was implemented in the form of a kinetic photovoltaic (PV) facade that actively adjusts its
orientation in response to the trajectory of the sun. Unlike conventional fixed PV panels, this
dynamic system maximizes energy generation by maintaining an optimal angle throughout
the day.

The dynamic facade system was designed using a parametric design. Parametric
design utilizes digital design tools to derive optimal architectural solutions by considering
various variables and surrounding conditions. These tools have been extensively used in ar-
chitectural planning and design in recent years [9,10]. This design approach is useful in the
planning stage because it digitizes the interactions between the building and surrounding
elements within a virtual environment and generates predictable design outcomes through
various simulations.

The adaptive facade system proposed in this study offers the following academic
contributions. First, architectural planning provides the basis for deriving the optimal
renewable energy yield for individual buildings. Second, in the field of urban planning,
effective strategies are essential for developing self-sufficient energy master plans. Third,
from the perspective of architectural design, it presents the potential to create creative
and sustainable urban landscapes by introducing a dynamic facade composition approach,
moving beyond the uniformity of conventional cityscapes.

2. Literature Review
2.1. Urban Planning of Collective Housing in South Korea

This study focused on collective housing complexes in South Korea. In major Korean
cities, residential development is commonly planned for high-rise buildings, and these
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housing types are typically organized as large-scale residential complexes rather than as
single buildings. Such high-rise, high-density residential development has been a defining
feature of urban planning in South Korea since the mid-20th century, paralleling similar
trends in other major Asian countries. During this period, many Asian nations experienced
rapid economic growth, with industrialization and urbanization centered in metropolitan
areas. The resulting population influx into these cities led to large-scale rural-to-urban
migration, for which high-rise collective housing has emerged as a practical solution to
accommodate the growing urban population.

Since the implementation of the “First Five-Year Economic Development Plan” in 1962,
South Korea has established a state-led systematic economic development strategy [11].
This policy accelerated industrialization and population influx into major cities, resulting
in a sharp increase in housing demand and necessitating the mass provision of residential
space. To address this demand, the government encouraged not only public sector partici-
pation, but also private sector involvement in housing supply, leading to the large-scale
development of collective housing complexes within urban areas [12].

These collective housing complexes were designed to accommodate the maximum
number of residential units within limited land areas and were characterized by low
building coverage ratios and high floor area ratios. Consequently, building forms typically
emphasize verticality and horizontality, resulting in a standardized rectangular geometry.
The layout of buildings was determined based on minimum spacing requirements that
considered sunlight access and mutual shading effects, which led to widespread adoption
of the “slab-type apartment” form [13,14]. Slab-type apartments, characterized by their
tall, narrow, and elongated rectangular form, became a hallmark of modernist residential
architecture in the mid-20th century. This typology is considered advantageous because of
its cost-effectiveness and construction efficiency, making it suitable for large-scale housing
supply and development of new towns [15].

However, this standardized housing model has been criticized for contributing to the
physical homogenization of urban spaces, overscaling of residential complexes, and spatial
segregation, which exacerbates social stratification [16]. Despite this criticism, apartment
housing remained the most prevalent residential type in South Korea from 2015-2023
(Table 1). In particular, the share of apartments in total housing showed a continuous
upward trend, accounting for approximately 60% of all residential types by 2023 (Figure 1).
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Figure 1. Proportion of housing stock by type in South Korea from 2015-2023.
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Table 1. Number of housing units by type in South Korea from 2015-2023 [17].

Category

Year
2015 2016 2017 2018 2019 2020 2021 2022 2023

Apartment housing
Individual housing
Collective housing
Intermediate housing
Empty house

9806 10,375 10,375 10,826 11,287 11,662 11,949 12,269 12,632
3974 3963 3963 3949 3918 3898 3871 3861 3861
1898 2073 2073 2140 2195 2231 2253 2283 2303
485 503 503 509 514 522 526 531 539
1069 1265 1265 1420 1518 1511 1395 1452 1535

2.2. Zero Energy Buildings and Solar-Based Active Strategy Technologies

The concept of zero-energy buildings (ZEBs) was developed as a strategic model to
minimize energy consumption in the residential sector [18-20]. The oil crisis of the 1970s
was a turning point that raised awareness in the architectural field of energy conservation
and efficiency. Since then, development of renewable energy technologies as alternatives
to fossil fuels (e.g., coal and oil) has accelerated globally. Alternative energy technologies
have been introduced to the built environment, leading to the emergence of ZEBs as
energy-autonomous building models.

In the 2000s, the institutional frameworks for ZEBs began to develop, particularly
in European countries. In the United States, the U.S. Green Building Council introduced
Leadership in Energy and Environmental Design, a green building certification system
aimed at promoting sustainable building practices, including zero-energy strategies [21].

ZEBs rely on two primary strategies to achieve energy independence. The first is a
passive strategy, which aims to minimize energy losses within the building. This approach
focuses on enhancing energy efficiency using high-performance insulation materials and
advanced window systems that reduce thermal losses [22]. The second is an active strategy
that involves generating energy onsite by harnessing natural energy sources in the envi-
ronment of the building. Prominent examples of active technologies include the use of
geothermal, wind, and solar power systems to supply building energy needs [23-25].

Passive technologies gained significant momentum in the 1980s and 1990s with de-
velopment of advanced materials, which led to the introduction of high-performance
insulation and window systems that enhanced the feasibility of ZEBs [26]. Technological
advancements in passive energy strategies have catalyzed the development and adoption
of active energy strategies. Among the various active technologies, solar energy-based
systems are the most widely utilized in the architectural sector, owing to several key ad-
vantages. Solar energy is a clean and inexhaustible resource that does not emit greenhouse
gases during its generation. Second, it enables on-site energy generation at the building
level, reduces reliance on centralized power grids, and contributes to long-term energy cost
savings. Third, PV panels are available in a range of sizes and forms, making them easily
attachable to roofs or building facades; they can also be retrofitted onto existing buildings
with relative ease. Fourth, with annual improvements in panel efficiency, solar technology
is now being integrated not only into facades but also into architectural elements such as
shading devices and canopies, further enhancing the energy autonomy of buildings [27-29].

Technological advancements in the materials and forms of PV panels have created
creative opportunities in architectural design. Panels with varied colors, translucency
levels, and geometries are now available, enabling designs that balance aesthetic facade
articulation with energy performance. As a core strategy for realization of ZEBs, solar-
based active technologies continue to exhibit strong potential for further development.
Recent research has focused on maximizing renewable energy efficiency by integrating
multifunctional materials and convergent technologies. For example, a novel system
was developed by combining PV panels with salt hydrate crystal-based modules that
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feature thermal storage capabilities. The system absorbs solar heat during the day and
radiates it indoors when the internal temperature decreases, thereby contributing to thermal
comfort [30].

Moreover, PV panels can serve a dual function by acting as shading devices. In
summer, they block direct solar radiation, whereas, in winter, changes in the angle of the
sun allow solar gain into the interior, aiding indoor temperature regulation. Consequently,
solar-based active technologies offer comprehensive benefits, including sustainability, ease
of installation and maintenance, high energy productivity, and design flexibility, and are
considered key drivers in advancement of ZEBs.

2.3. Adaptive Facade Systems and Energy Simulation Based on Parametric Design

In recent architectural discourse, the importance of building envelope systems that can
respond in real time to environmental factors such as climate change, seasonal variation,
and solar radiation has gained increasing attention. In response to these demands, an
adaptive facade system has emerged as a key strategy. This approach involves integration
of prefabricated components into the building envelope to optimize energy performance.
These systems are designed to dynamically interact with the surrounding environment and
respond to various climatic conditions, including solar exposure, temperature, and wind
speed, in real time.

The primary objective of implementing an adaptive facade system is to enhance
energy efficiency. Specifically, these systems aim to reduce heating and cooling loads,
maximize the use of natural daylight, and maintain a comfortable indoor environment,
thereby supporting the visual comfort of the occupants. By maintaining a balance between
daylighting and exterior views, adaptive facades contribute to improving the overall energy
autonomy of a building.

Previous studies have predominantly focused on analyzing the thermal and energy
performance of adaptive facade systems in buildings. These systems are typically designed
and evaluated in virtual environments through digital simulations using parametric design
tools that enable performance assessments under various conditions. EnergyPlus is a
commonly used simulation tool that allows quantitative evaluation of solar radiation,
thermal loads, and energy consumption [31,32].

With advancement of digital design techniques, tools such as Honeybee and Ladybug
(i-e., plugins for Rhino) as well as Insight for Revit, have been increasingly adopted for
parametric design and energy analysis [33-36]. These tools incorporate a wide range of
key variables necessary for evaluating the performance of adaptive facade systems. First,
site-related parameters include geometric data such as simulation dates, latitude, and
longitude of the project site, as well as the position, height, and spatial interference of
surrounding buildings. Secondly, climate-related variables include meteorological data
for the target location, such as solar radiation, global irradiation, air temperature, and sky
illuminance, which are input into the parametric model [37]. Third, the physical properties
of facade materials are critical for simulation accuracy. For example, parameters such as
transparency, thermal transmittance, and in the case of PV panels, electricity generation
efficiency are comprehensively considered.

By developing a parametric design-based framework that integrates these diverse
variables, it is possible to design adaptive facade systems optimized for specific sites and
climate conditions. This framework can serve as an effective strategy for realizing ZEBs.
Consequently, the establishment of a simulation-driven design methodology that integrates
various environmental variables and material characteristics can significantly enhance the
feasibility of energy-autonomous architecture.
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2.4. Additional Variables to Consider in Implementing Solar-Based Active Technologies

Compared with other renewable energy sources, PV systems have been widely
adopted in the building sector owing to their relatively high energy conversion efficiency.
In most cases, PV modules are installed on building rooftops; however, their application
has increasingly expanded to building facades as part of building-integrated photovoltaic
(BIPV) strategies. When PV systems are installed on exterior building envelopes, the
development of appropriate construction and mounting methods and careful material
selection are critically important. Facade-mounted PV panels are directly associated with
pedestrian safety concerns and significantly affect the architectural appearance of build-
ings. More importantly, as the primary objective of PV installation is renewable energy
generation, economic assessment is an indispensable step in the implementation process.
The installation and maintenance costs of PV-integrated facade construction systems must
be evaluated in relation to the energy generation efficiency and overall renewable energy
yield. In addition, from an architectural design perspective, further development of PV
modules with diverse materials and aesthetic properties should be encouraged to enhance
their broader applicability in building facades.

3. Methodology

This study was structured into four main stages. First, two types of collective housing
development models were planned within a designated site. The first model reflected the
current slab-type apartments on the site. It was designed to maximize the residential floor
area ratio and incorporate the urban planning and architectural regulations applicable to
the site as comprehensively as possible. The second model aimed to enhance the energy
autonomy of buildings and maximize the generation of solar-based renewable energy. To
this end, building masses were arranged in various forms to ensure maximum exposure of
their facades to sunlight.

Second, two residential models were developed in a virtual environment using build-
ing information modeling (BIM). BIM digitally represents the physical and functional
characteristics of a building through three-dimensional modeling. It enhances design accu-
racy and efficiency while enabling the early detection and resolution of potential design
issues. In this study, Autodesk Revit 2023 was used as the BIM tool [38]. Revit is a widely
adopted BIM software capable of integrating the entire building life cycle from design and
planning to construction and operation [39].

Third, a parametric design was applied to BIM-based residential models. The objective
of this parametric approach was to implement a solar-powered active architectural design,
which was realized in the form of a kinetic PV facade applied to the building envelope.
The facade was designed to respond and adapt according to a set of defined variables.
Parametric functions provided in Revit were used to construct the algorithms, allowing
iterative design experiments under varying conditions.

Fourth, energy generation simulations were performed for the kinetic PV facades
implemented through a parametric design. Simulations were conducted for both an urban
planning model composed of slab-type apartments and an alternative model comprising
various residential buildings designed to optimize renewable energy generation. These
simulations evaluated the amount of solar energy generated on building facades. Insight,
a plug-in software package for Revit, was used to calculate and compare the energy
performance of each model [40]. Ultimately, by analyzing the energy output of the two
urban planning strategies, this study assessed the impact of urban design approaches on
building energy autonomy (Figure 2).
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Figure 2. Methodology flow chart.

4. Design
4.1. Site Description and Urban Planning Regulations

To plan a collective housing complex model, this study selected a multi-family resi-
dential site as the case study area. The goal was to enable a comparative analysis between
the proposed urban planning model and the existing conventional model using a slab-type
apartment complex commonly implemented across urban areas in South Korea as a repre-
sentative typology to support the generalization of findings. The selected site is located
in Seoul, South Korea (latitude 37.5°, longitude 126.9°), and is approximately 90 m wide
and 70 m long. The land is designated for multi-family residential use under the urban
planning regulations of the city, and accommodated two slab-type apartments, comprising
a total of 414 dwelling units, at the time of this study. Regarding the surrounding context,
high-rise collective housing structures of the apartment typology were densely arranged to
the south, east, and north of the site, whereas elementary schools were situated directly to
the west (Figure 3A).

Detailed urban planning regulations were applied to the site to ensure a comfortable
residential environment, and the main criteria were as follows: First, if a building was
oriented south of the lot, it must be set back to a minimum distance equivalent to at least
half its height (h) from the site boundary. Second, for two buildings in the same lot, a
minimum spacing equal to the full height (h) of the southern building must be secured
between them. This regulation ensured sufficient solar access for all floors of a building
located to the north. Third, a setback of at least 3 m from the site boundary must be
maintained considering pedestrian circulation and emergency vehicle access. Fourth, the
maximum building height was limited to 15 stories. Finally, the building coverage ratio
must remain <50% and the floor area ratio must not exceed 200% [41] (Figure 3B).
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Figure 3. Mater plan of the study site, 6300 m? (A) [42]. Axonometric view of the slab-type apartment
complex within the study site (B).

4.2. Concept and Design Principles of “Bridge-Type Apartment Complex” Through Diversified
Residential Building Layouts

At the time of this study, the study site contained two slab-type apartments aligned
along the north-south axis and arranged in a parallel formation. This urban planning
approach limits solar exposure to south-facing facades, resulting in a structural constraint
that allows for high PV efficiency only during a narrow time window around solar noon.
To address this limitation, this study aimed to enhance solar-based energy self-sufficiency
through an alternative urban configuration. Accordingly, a new urban form that can
actively respond to the trajectory of the sun throughout the day was proposed.

From an urban planning perspective, designing in response to movement of the sun
involves maximizing the solar gain potential by exposing building facades to a variety
of solar incidence angles. Conventional slab-type apartments, which are oriented solely
toward the south, can efficiently harvest solar energy only during a limited timeframe
around midday. In contrast, buildings with facades facing south, east, and west can receive
sunlight from multiple angles, thereby maximizing energy generation efficiency throughout
the day. Based on this concept, the study reconfigured the massing of the two existing
slab-type apartments to propose a “bridge-type apartment complex” model. Figure 4A
shows the floor plan of the eighth level of the bridge-type apartment complex. The vertical
circulation core, composed of an elevator and stairwell, was centrally located within the
building. This central placement was intended to enhance the convenience of resident
movement and minimize evacuation distances in the event of a fire. According to building
code regulations, the maximum allowable evacuation distance from any interior point to a
vertical stairwell was limited to 40 m. In this study, the longest evacuation route to a direct
stairwell was designed as 39 m, thereby complying with the relevant standards.
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Figure 4. Floor plan of the 8th level in the bridge-type apartment complex (A). Axonometric view of
the overall “bridge-type apartment complex” (B).

The design principles of bridge-type apartment complexes are as follows. First, while
maintaining the traditional south-oriented alignment of conventional slab-type apartments,
the building located on the southern side of the site was limited to 5 stories in height to
ensure adequate solar access for the northern buildings. Second, on the northern edge of
the site, a 15-story apartment—the maximum height permitted by local regulations—was
planned to maximize both solar efficiency and residential density within the complex.
Third, a 6-story building was positioned at the center of the site, oriented southeast and
southwest to accommodate diverse solar incidence angles according to the path of the
sun. This central structure was designed in a “bridge” form, physically connecting the
northern and southern buildings, thereby enhancing the spatial integration and cohesion
of the complex (Figure 4B).

The bridge-type apartment complex utilized 1422 m? of the total 6300 m? site area as
the building footprint, resulting in a building coverage ratio of 22.5%, which is well below
the legal maximum of 50%. The number of residential units remained consistent with that
of conventional slab-type apartments, totaling 414 households. The total floor area was
13,118.4 m?, achieving a floor area ratio of 200%, conforming to the maximum floor area
ratio allowed under applicable urban planning regulations, thus representing an optimal
planning proposal for the site.

4.3. Design of Adaptive Facade System

Both the existing slab-type apartment complex located at the study site and the newly
developed bridge-type apartment complex proposed in this research incorporated an
adaptive facade system. This system was based on the principle of on-site renewable energy
generation through solar power and serves as a core technology for realizing energy-self-
sufficient buildings. To maximize PV energy generation, the adaptive facade system was
designed to automatically adjust the tilt angle of the solar panels according to the optimal
tilt angle calculated monthly. This dynamic adjustment function optimizes the angle of
solar incidence in response to seasonal variations in solar altitude and azimuth throughout
the year, thereby achieving superior energy productivity compared with conventional
fixed-type solar panels.

Additionally, the adaptive facade system was implemented as a “kinetic facade” on
the building envelope, providing not only enhanced energy performance but also a visually
dynamic architectural expression. This flexible facade design introduces a distinctive
aesthetic character that sets it apart from traditional static facade systems.
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The adaptive facade system proposed in this study was planned based on the following
design assumptions: First, the system was installed on all building facades except for the
north-facing elevations, which were not directly exposed to sunlight. Second, because the
study focused exclusively on the performance of facade-mounted PV systems, rooftop
installations were excluded from the analysis. Third, the PV panels applied to the adaptive
facade system were Hanwha Q.TRON XL-G2 modules, each measuring 1.134 m in width
and 2.465 m in length (Table 2). As of the first half of 2022, this high-efficiency module
held the largest market share in the U.S. residential and commercial solar markets [43].
Importantly, the system was designed based on the exact dimensions of a single Q. TRON
XL-G2 module, which aligned with the typical facade size of an individual residential unit.
This alignment allowed the system to be constructed without cutting the panels, thereby
minimizing construction waste and maximizing installation efficiency.

Table 2. Hanwha Q. TRON XL-G2 solar module [44].

Type Parameter Value
Model Q.TRON XL-G2
Length (mm) 2465
Solar panel module Width (mm) 1134
Power capacity (kW /unit) 630 Wp
Efficiency (%) 22.7

The adaptive facade system was designed as an integrated modular unit incorporating
PV panels. Each module was 1.10 m in width and 2.40 m in length. All modules were
oriented south to maximize the efficiency of solar energy collection. Additionally, to
enhance renewable energy generation, the tilt angle of the modules was adjusted monthly
based on the optimal tilt angle (8). The modules of the adaptive facade system were
structurally integrated with the exterior railings of individual residential units. In South
Korea, the standard floor-to-floor height of an apartment units is regulated at 2.85 m. The
adaptive facade system, installed on the exterior railings of each unit, maintained a vertical
spacing of 1.75 m between modules on successive floors. This spacing ensured that mutual
shading did not occur between modules (Figure 5).

2.85m

2.85m

Figure 5. Principle of adaptive facade system.

Unlike conventional fixed PV panels, the PV modules integrated into the adaptive
facade system were adjusted monthly according to the optimal tilt angle. The monthly
optimal tilt angle was calculated using the Calabro function (1) [45]. In Equation (1), B
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https://doi.org/10.3390/app16031574

Appl. Sci. 2026, 16, 1574

11 of 17

represents the optimal tilt angle, 2; and a; are coefficients derived from the solar declination,
and ¢ denotes the latitude of the location where the adaptive facade system is installed.

B=ar+ay X ¢ (1)

This study was conducted in Seoul, South Korea (37.5° N; 126.9° E). By substituting the
latitude of Seoul (¢ = 37.5) along with the monthly coefficients 2; and a; into Equation (1),
the optimal tilt angles (8) for each month in Seoul were obtained (Table 3).

Table 3. Optimal tilt angles from January-December for the study location of Seoul (37.5° N; 126.9° E).

Solar Coefficient Optimal Tilt Angle (°)
Month .. o
Declination (°) ay a» B

January —21.269 31.33 0.68 56.8
February —13.289 16.25 0.86 48.5
March —2.819 6.80 0.84 38.3
April 9.415 —6.07 0.87 26.6
May 18.792 —14.95 0.87 17.7
June 23.314 —-19.27 0.87 13.4
July 21.517 —15.65 0.83 15.5
August 13.784 —4.23 0.75 23.9
September 2217 6.42 0.77 35.3
October —9.599 15.84 0.83 47.0
November —19.148 23.61 0.84 55.1
December —23.335 30.56 0.76 59.1

5. Modeling and Simulation
Parametric Modeling and Renewable Energy Generation Simulations

The parametric modeling in this study was performed in two stages. The first stage
involved facade composition modeling of the adaptive facade system under varying in-
stallation angles. The monthly optimal tilt angles derived in Section 4.3 were applied as
key design parameters for the adaptive facade system, enabling generation of various
facade configurations based on the arrangement of PV panel modules. The second stage
focused on modeling renewable energy generation based on the geographical and climatic
characteristics of the study area. Seoul was selected as the study location, and monthly
geographic data from January—-December, 2024 were used as the simulation inputs. The
existing slab-type apartment complex described in Section 4.1, the proposed bridge-type
apartment complex described in Section 4.2, and adaptive facade systems applied to the
facades of each building, were all implemented in a digital virtual environment. To max-
imize solar energy harvesting efficiency, an adaptive facade system was installed on the
south, east, and west facades of each building according to the monthly optimal tilt angles.
Both urban models employed an identical total installation area of 1520 m? for the adaptive
facade system, which was evenly distributed across the south-facing facades of individual
units and the east and west facades of the buildings. As the focus of this study was analysis
of building facades, no PV panels were installed on rooftops.

Three-dimensional architectural modeling was conducted using Autodesk Revit 2023.
Renewable energy generation simulation was performed using Insight, a plug-in program
integrated with Revit. Insight is a simulation tool capable of quantitatively analyzing solar
energy generation based on PV systems applied to digital building models developed
within the Revit environment.

The key input variables used for the simulation were as follows: First, the actual site
information of the building under simulation was entered. By specifying the city name
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of the study location, the latitude and longitude were automatically recognized by the
software. Second, PV-panel related information was configured. In this study, the Hanwha
Q. TRON XL-G2 model was selected, with panels installed across the entire facade of
each building. Third, the simulation period was from January—-December, 2024. During
this period, PV modules configured according to the monthly optimal tilt angles were
simulated to estimate the solar energy generation during daylight hours from sunrise to
sunset (Figure 6).
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Figure 6. Energy simulation of the adaptive facade system implemented using Insight software for
the slab-type apartment complex (left) and the bridge-type apartment complex (right) in March 2024.

Table 4 presents the energy generation results from the adaptive facade system in-
stalled on the facades of slab-type apartments. According to the energy simulation results,
the highest and lowest monthly solar energy outputs occurred in March and July, respec-
tively. In March, PV panels were installed at an optimal tilt angle of 38.3°, producing a
total of 199,174 kWh-month~!. In contrast, in July, the panels installed at an optimal tilt
angle of 15.5° generated a total of 103,478 kWh-month~!. Over the course of the year
(January-December 2024), the total energy produced by the adaptive facade system on the
slab-type apartment facades was 1,818,162 kWh-year .

Table 5 shows the energy generation from the adaptive facade system (with the same
total PV panel area of 1520 m?) applied to the facades of bridge-type apartments. As in
the previous case, the highest and lowest monthly energy outputs were recorded in March
and July, respectively. In March, with the panels tilted at 38.3°, the system generated
a total of 207,973 kWh-month~!. In July, at a tilt angle of 15.5°, the energy output was
110,414 kWh-month~!. Total annual energy generation from the adaptive facade system
installed on the facades of the bridge-type apartments was 1,948,641 kWh-year .
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Table 4. Renewable energy generation from the adaptive facade system installed according to monthly
optimal tilt angles in the slab-type apartment complex from January—December 2024.

Month

Total Area of Solar Modules

Optimal Tilt Angle (°) Energy Generation

(m™—2) (13) (kWh-month~1)
January 1520 56.8 118,498
February 1520 48.5 152,375
March 1520 38.3 199,174
April 1520 26.6 173,899
May 1520 17.7 170,724
June 1520 13.4 147,667
July 1520 15.5 103,478
August 1520 239 175,142
September 1520 35.3 180,829
October 1520 47.0 171,900
November 1520 55.1 119,507
December 1520 59.1 104,969
Total energy generation 1,818,162 kWh-year !
Table 5. Renewable energy generation from the adaptive facade system installed according to monthly
optimal tilt angles in the bridge-type apartment complexes from January-December 2024.
Month Total Area of Solar Modules Optimal Tilt Angle (°) Energy Generation
(m~2) B (kWh-month—1)

January 1520 56.8 134,981
February 1520 48.5 168,345
March 1520 38.3 207,973
April 1520 26.6 174,654
May 1520 17.7 181,704
June 1520 13.4 155,889
July 1520 15.5 110,414
August 1520 23.9 182,918
September 1520 35.3 187,575
October 1520 47.0 185,050
November 1520 55.1 136,621
December 1520 59.1 122,517

Total energy generation 1,948,641 kWh-year~!

6. Results and Discussion

This study was an empirical investigation aimed at supporting sustainable urban plan-
ning with a particular focus on the energy self-sufficiency of buildings as a key evaluation
metric. The primary objective was to propose facade development strategies for PV-based
renewable energy generation in high-rise collective housing buildings. These building
types were selected for three reasons. First, residential buildings account for the largest
share of energy consumption in the architectural sector; therefore, improvements in their
energy self-sufficiency are expected to have a significant impact. Second, the adaptive
facade system with integrated PV panels proposed in this study was designed in a modular
form, making it easily applicable to standardized facades typical of residential buildings.
Third, from an urban design perspective, this study proposes new forms of sustainable resi-
dential urban planning. The conventional layout approach, characterized by front-facing,
south-oriented, slab-type apartment complexes, has led to monotonous and rigid urban
landscapes. In response, this study explored creative and flexible urban design possibilities
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by presenting alternative building layout strategies that enhance the energy generation
efficiency of the adaptive facade system.

An adaptive facade system was developed using a parametric design process. Para-
metric design is a methodology in which predefined algorithms generate design outcomes
based on limited sets of input data defined by the designers. In recent years, advancement
of various parametric design software tools has evolved this design approach further, sig-
nificantly enhancing both the efficiency and precision of architectural design. In this study,
an adaptive facade system was modeled in a virtual environment using Autodesk Revit, a
BIM-based software that allows for real-time three-dimensional visualization of parametric
designs based on variable inputs. Parameters such as the PV module type, dimensions,
and installation angles were entered into Revit to design the adaptive facade system.

The parametric design was driven by the monthly optimal tilt angle data for the
period from January—-December 2024. Once the design of the adaptive facade system was
completed, energy simulations were conducted using Insight, a plug-in software integrated
with Revit. Insight uses geographic information and simulation timeframes as input
variables to analyze the renewable energy generation of a system based on solar radiation.

To maximize the efficiency of renewable energy generation, this study strategically po-
sitioned residential buildings equipped with an adaptive facade system to ensure maximum
solar exposure. Consequently, the proposed urban planning layout favors a bridge-type
apartment complex configuration, with building orientations predominantly facing south,
southwest, and southeast. Energy simulations were conducted for both the bridge-type
apartment complex developed in this study and a conventional slab-type apartment com-
plex with adaptive facade systems installed on building facades. The study area was Seoul,
and simulations were conducted over a 1-year period from January-December 2024. For the
slab-type apartment complex, the highest monthly energy generation occurred in March
(199,174 kWh-month~!) and the lowest was in July (103,478 kWh-month™!). The total
annual energy output from the adaptive facade system applied to the slab-type apartment
facades was 1,818,162 kWh~year’1.

In contrast, for the bridge-type apartment complex, the highest energy generation was
also in March (207,973 kWh-month ') and the lowest was in July (110,414 kWh-month—1).
Total energy generation over the year from the adaptive facade system on the bridge-type
facades was 1,948,641 kWh~year’1.

7. Conclusions and Limitation

This study aimed to contribute to advancement of sustainable urban planning by
enhancing energy self-sufficiency in the building sector. To achieve this, a solar energy-
based renewable energy generation strategy utilizing building facades was proposed, with
a focus on high-rise multi-family residential buildings. The proposed solution involved
the application of a modular adaptive facade system integrated with PV panels on a
building facade.

The technological novelty of the adaptive facade system developed in this study lies
in its ability to actively adjust the tilt angle of the PV panels in response to the optimal solar
altitude and azimuth, which vary monthly. This differs from conventional PV systems,
which are passively installed at fixed angles on rooftops or facades. The introduction
of such “kinetic PV panels” enables improved optimization of solar energy generation
compared to that of static systems.

In a case study conducted in Seoul, the optimal tilt angle for fixed PV panels was
determined as approximately 25° [46]. Based on this, an energy simulation scenario was
created with PV panels installed on the facade of a conventional slab-type apartment
complex at a fixed angle of 25°. Using Insight software, a year-long simulation for 2024
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estimated the annual energy generation to be 1,762,003 kWh-year~!. In contrast, under the
same conditions, application of the adaptive facade system resulted in an estimated annual
energy output of 1,818,162 kWh-year~!. This represents an approximately 3.2% increase
in energy generation compared with that of the fixed system, exceeding 96% of the fixed
system output.

These results demonstrated that the adaptive facade system offered superior energy
generation performance compared to that of conventional fixed PV panel systems, thereby
underscoring its potential contribution to sustainable and energy-efficient building designs.

This study was conducted based on an urban planning approach aimed at maximizing
the energy-generation efficiency of an adaptive facade system. By analyzing the solar
irradiation path, the spatial layout of the urban environment and the building orientation
were strategically planned to ensure that the adaptive facade systems installed on building
facades would receive maximum solar exposure. Consequently, an apartment complex
was designed with a three-dimensional architectural massing that incorporated diverse
orientations, including south, southeast, and southwest, centered around a predominantly
southern orientation.

In this study, the energy performances of two apartment complexes were compara-
tively analyzed: one designed with newly developed three-dimensional building facades
and varied orientations, and the other following a conventional layout with buildings
primarily oriented to the south. In both scenarios, an adaptive facade system was installed,
and annual energy generation was evaluated.

The analysis revealed that apartment complexes with diverse facade orientations exhib-
ited relatively higher energy production efficiencies. This urban planning strategy, based on
three-dimensional facade configurations, not only enhances energy performance, but also
contributes to the diversification and usability of rooftop spaces, offering resident-enriched
public areas. Furthermore, from an architectural design perspective, such volumetric and
flexible arrangements of building forms present opportunities to create a creative and dy-
namic urban landscape, differentiating it from the monotonous appearance of conventional
urban environments.

This study was conducted based on a parametric design that utilized digital design
tools. Although the proposed urban planning and architectural strategies offer promising
results, the practical implementation of the adaptive facade system in real-world architec-
tural settings still faces several technical limitations. In particular, the current proposal
lacks a detailed technical plan for the mechanical systems required to install and operate
an adaptive facade system on building facades.

Development of an appropriate mechanical and control infrastructure is essential to
enable the system to autonomously adjust the tilt angle of PV panels according to the
monthly optimal solar angles. Moreover, a quantitative analysis of the power consumption
of the system is crucial. Among these considerations, the amount of energy consumed to
operate the moving mechanisms is particularly critical because it directly affects the net
energy efficiency of the entire renewable energy system. Further studies are required to
address this issue. As part of future work, the present study will be extended through
collaboration with a PV-based architectural design company to conduct an empirical
economic evaluation of the practical implementation of the proposed adaptive facade
system. Furthermore, the system will be implemented on an actual building facade to
enable long-term evaluation of its operational performance, adaptability, and overall
applicability under real-world conditions.

This research holds strong potential for interdisciplinary expansion beyond the field of
sustainable urban and architectural design. Future work may integrate disciplines such as
computer science—for the design and control of mobile solar panel systems—and electrical
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engineering—for energy management and optimization. Through such multidisciplinary
collaboration, the practical viability and technological maturity of the adaptive facade
system can be significantly enhanced.
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