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Abstract: This study aims to produce renewable energy by applying a solar-energy-harvesting
architectural design using solar panels on the facade of a building. To install as many solar panels as
possible on the building elevation, the Signal Box auf dem Wolf, located in Basel, Switzerland, was
selected as the research target. The solar panels to be installed on the facade of the Signal Box auf
dem Wolf are planned such that they are able to move according to the optimal tilt angle every month
to allow maximal energy generation. The kinetic photovoltaic facade system and the simulation of
renewable energy generation were implemented using a parametric design. The novelty of this study
is the development of a kinetic photovoltaic facade system using a parametric design algorithm.
From the perspective of renewable energy in the field of architecture, the kinetic photovoltaic facade
system developed in this study has the advantage of producing maximal renewable energy according
to the optimal tilt angle of the solar panels. Additionally, building facades that move according to the
optimal tilt angle will contribute to the expansion of the field of sustainable architectural design.

Keywords: solar energy harvesting; kinetic photovoltaic facade system; parametric design; sustainable
architectural design

1. Introduction

The purpose of this research is to study building facades and the use of sunlight to
increase the energy independence of buildings. The reasons for selecting building facades
as a research subject are, firstly, the limitation that existing studies have been conducted
mainly on the rooftops of buildings [1–4] and, secondly, to utilize the wide facade of the
building to produce the maximum amount of renewable energy. This study considered
the fact that a solar panel can be moved according to its optimal tilt angle every month in
order to maximize the generation of renewable energy. By moving on the facade of the
building, the angle of the solar panel can be controlled, also representing an element of new
architectural design by being placed on the facade of the building. The kinetic solar panel
developed in this study and the simulation of renewable energy generation produced by
the solar panel were implemented with digital technology.

Digital technologies are being increasingly applied in the architectural field, wherein
architectural designs are created using various computer programs. Designers implement
virtual buildings using computer programs during the initial stages of architectural design.
Designing a building in virtual reality aims to consider different variables, such as the com-
plex elements required for constructing a building and the given conditions. The method of
designing by establishing relationships, dependencies, and interactions with data is called
parametric design [5–7]. Parametric architectural design is used not only in the external
design of buildings, but also to solve serious contemporary environmental problems.

The building sector consumes a significant amount of energy, accounting for 30% of
global energy consumption [8]. From this perspective, architectural design to increase
energy independence is considered from the initial stages of design, and parametric design
is used for this purpose [9–12]. To this end, parametric design first utilizes the available
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natural energy, which is a passive architectural design method. Parametric design is also
used to derive the optimal building shape, such that sufficient solar energy can reach the
interior of the building [13,14]. These approaches should be used in the early stages of
architectural design, so that an optimized building form that can utilize the maximum
natural energy can be formulated. Additionally, passive design actively converts natural
energy into usable energy through special devices, which is a voluntary architectural design
method. Energy harvesting is a technology that actively produces renewable energy from
natural sources [15,16], mainly leveraging solar and wind power to produce renewable
energy. Solar energy is utilized through solar panels and wind power is utilized via wind
turbines and fine vibrations generated by the wind [17–20]. When such energy harvesting
technology is applied to buildings, parametric design is utilized in all architectural design
processes. The variables for the parametric design of representative buildings are the
surrounding building types, building site location, and climate conditions. Thus, parametric
design in the field of architecture refers to the process of realizing a single building in virtual
reality through the interaction of different variables related to the building.

In this study, we aim to realize an architectural design using parametric design to in-
crease the energy independence of buildings. A special device was developed on the facade
of a building to incorporate solar-based energy harvesting. The special device is designed
such that it moves according to the optimal solar panel angle every month to maximize the
production of renewable energy. Such flexible solar panels can be differentiated from solar
panels fixed at a certain angle.

Additionally, because building facades are an important factor in determining the
appearance of a building, a building facade incorporating energy harvesting will not only
increase the energy independence of the building, but also play an important role in creating
a new urban landscape.

2. Background
2.1. Energy Harvesting

Energy harvesting was first introduced in 1954 when Bell Laboratories in the United
States conducted research on solar cells that convert sunlight into energy. Because the only
way to produce electricity in a city is through a generator, natural energy, such as solar heat,
is recognized as wasted energy, and the word ‘harvest’ is used to represent the generation
of electricity by collecting wasted energy [21,22].

The energy harvesting field is divided into two categories according to the scale of
the energy source (Table 1). The first energy harvesting field is a macro-energy source that
produces energy from natural energy sources such as sunlight, vibration, heat, and wind
power. The second field of energy harvesting is technology that regenerates energy by
harvesting or using wasted energy, such as pressure, thermoelectric, and electromagnetic
energy with micro-energy sources [23]. In particular, energy harvesting technology that
harvests and utilizes energy that is discarded based on the increase in demand for low-
carbon and eco-friendly energy and the rapid use of mobile devices was developed.

Table 1. Energy harvesting field according to the natural energy scale.

Macro-Energy Source Micro-Energy Source

Solar, wind, and geothermal Piezoelectric, thermoelectric, photoelectric, and
electromagnetic

Energy harvesting, which produces energy from macro-energy sources, primarily
utilizes solar, wind, and geothermal sources. Because energy harvesting originally started
with the use of sunlight, energy harvesting technology using sunlight has become the most
widely used. Solar-based energy harvesting uses solar panels to generate renewable energy.
In today’s solar-based energy harvesting, research on solar panel materials and batteries for
effectively storing the energy produced from solar panels is being conducted to maximize
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the efficiency of energy production [24,25]. In particular, the development of solar panel
modules has resulted in their active use in architectural designs. The diversification of
photovoltaic modules, such as multicolored and transparent photovoltaic panels, plays a
significant role in the development of architectural designs, as photovoltaic panels are used
as architectural design materials.

Energy harvesting from wind power converts wind into electricity using a wind
turbine. Wind power is currently used in many countries to produce relatively inexpensive
and zero-emission energy sources [26]. Recently, the number of wind-power-generation-
linked buildings in the field of architecture has been increasing worldwide [27]. Wind
turbines in buildings are used not only to produce renewable energy through wind power
generation, but also as eco-friendly design elements of the buildings themselves. Depending
on how wind power is connected to buildings, it is divided into building-mounted wind
turbines (BMWTs) and building-integrated wind turbines (BIWTs) [28]. BMWTs were first
introduced in Germany in 2000, and they have been built worldwide since 2006. BIWTs
were first constructed in 2008, later than BMWTs. Since the introduction of BIWTs, wind-
power-linked buildings have been built using BIWTs rather than BMWTs [29,30]. This is
because BIWTs, which actively utilize wind turbines as an element of their architectural
design, are preferred over BMWTs, which involve wind turbines being placed on the roofs
of buildings.

Energy harvesting, which generates energy from micro-energy sources, produces energy
from piezoelectric, thermoelectric, photoelectric, and electromagnetic energy sources [31].
Piezoelectric energy harvesting has been developed focusing on the development of new
materials for synthetic fibers that utilize the piezoelectric effect. Thermoelectric energy
harvesting uses the temperature difference that occurs at the parts in contact with both ends
of two types of metals or semiconductors and this is converted into voltage. Electromagnetic
energy harvesting is a technology that uses an antenna to collect radio waves floating on
the ground and convert them into electrical energy [32]. Currently, energy harvesting based
on micro-energy sources has low industrialization and commercialization compared with
energy harvesting based on macro-energy sources, because the power and voltage of the
produced energy are low. However, energy harvesting based on micro-energy sources has
the potential to solve the inconsistency of energy production from solar and wind power
caused by weather conditions.

2.2. Parametric Design

Parametric design has been increasingly applied to architectural design as digital
technology has been applied to the field of architecture. It is a digital design method
that can be characterized by rule algorithmic design and multiple solution generation.
Parametric design originated from generative design, which is a typical computational
design approach based on rules or algorithms [33]. Parametric design has historically
evolved from simple architectural models created by inputting parameters into computer
scripts with highly sophisticated structures based on the hierarchical dependencies of
complex algorithms [34]. Currently, computer software developed for parametric designs
can transform architectural designs in real time, providing sophisticated interfaces that
provide designers with more control and immediate feedback when the parameters change.

Parametric designs in architecture are architectural designs that consider different
variables for architectural design, and this process is expressed according to parameters and
regularities based on algorithms. Typical parameters for parametric architectural design
include natural factors, such as location, climate, direction, and sunlight, and design concept
factors, such as building shape and material selection. Parametric design in architecture
focuses on the process of organically establishing conventions among various parameters
and implementing them in the form of architecture.

Parametric modeling for architectural design is divided into propagation- and constraint-
based systems (Table 2). Propagation-based systems compute from known to unknowns
with a dataflow model, whereas constraint-based systems solve sets of continuous and dis-
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crete constraints [35]. In architectural design, propagation-based systems derive unknown
final architectural shapes by inputting different variables into a parametric algorithm.
However, in constraint-based systems, the final building is completed using constraints
between the geometric components of the building. In this study, the constraint-based
parametric design was oriented such that the interrelationships between different variables
and constraints were established through the constructed algorithm.

Table 2. Parametric modeling for architectural design.

Propagation-Based Systems Constraint-Based Systems

A system that computes from known to
unknown using data flow models

A system that solves sets of continuous and
discontinuous constraints

Parametric design solutions are rapid and effective for addressing design problems
using a simplified and rational technique that requires considerable effort and time when
using conventional methods [36]. Compared with conventional methods, parametric design
efficiently solves complex geometrical problems by applying mathematical parameters
and creating advanced design models in an automated process. In addition, parametric
design is based on virtual reality; therefore, problems after the completion of the project
can be minimized. Parametric design in architecture first implements a three-dimensional
building in a virtual space with a design program and then applies different variables to the
building using an algorithm plugged into the design program. The mathematical process
of parametric design has evolved through computation. Currently, the representative
parametric design algorithms include Grasshopper (a plug-in for Rhino) and Dynamo
(a plug-in for Revit). In this study, a parametric design was employed using the Revit
program and Revit plug-in Dynamo.

3. Methodology

The study comprised five stages. First, the building to be studied was selected. The
research target was a building in which the maximum number of solar panels could be
installed on the building’s facade. Additionally, to avoid shadow interference, there should
be no other buildings around the building. Second, the solar-energy-harvesting-based
facade system was modeled and simulated virtually using building information modeling
(BIM). BIM integrates various data into the architectural design process and implements
them from the architectural planning and design stage to construction and operation [37].
The modeling and simulation in this study were conducted using Autodesk Revit 2020
software [38], a representative BIM. Dynamo [39], a Revit 2020 software plug-in, was used
to implement flexible elevation of the solar-energy-harvesting-based facade system. Third,
for maximal solar energy generation, the optimal angle of the solar panel for each month
was derived, and the solar panel movement according to the monthly angle was simulated.
Fourth, Insight [40], a Revit 2020 software plug-in, was used to estimate the amount of
energy generated monthly. Fifth, the amount of renewable energy generated in one year
was calculated, and the overall appearance of the building with the attached kinetic facade
system was evaluated (Figure 1).

3.1. Introduction to Solar Energy Harvesting Based on Parametric Design in Architecture

The objective of this study is to produce renewable energy by utilizing solar energy
through architectural design. Generally, solar panels are installed on the roofs of buildings
to ensure maximum exposure to sunlight and facilitate maintenance [41]. This study seeks
to actively utilize solar panels as an element of architectural design by installing them on
the facade of a building, addressing the limitation that solar panels installed on rooftops
cannot be used as elements of architectural design.
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Representative studies on solar panels in architectural design are classified according
to the size of the solar panel module attached to a building. First, if the photovoltaic module
used in the study is macro-sized, the photovoltaic panel is directly installed on the building
elevation. To derive the maximum energy production using solar panels attached to the
building elevation, a study was conducted to determine the size of the building’s outer
wall using a parametric design [42]. This study can play an important role in determining
the basic form of a building suitable for a given site. There has also been an empirical
study on the production of building elevations of a certain size comprising solar panels.
A solar panel was manufactured for movement, and the energy produced by the solar
panel was measured at certain angles. The optimal angle of the solar panel was derived
based on the maximum amount of energy generated by the solar panel [43–45]. Secondly,
considering micro-sized solar modules, a study using sunshades installed on windows has
been reported previously. When a solar panel is integrated with a sunshade, it is planned
for the size of the solar panel to be small. A study was conducted to measure energy
production using the size and spacing of the solar panels to be placed on the sunshade and
at various angles exposed to sunlight [46,47]. Additionally, research on the development of
sunshades with attached solar panels is characterized by the fact that the subject of research
is not limited to solar panels but expands to the interior space of buildings. As the area of
the solar panel attached to the sunshade is small, increasing the energy utilization of the
interior space of buildings using sunshades is considered in addition to optimal energy
production [48].

3.2. Research Subject and Site Analysis

The building to be studied was the Signal Box auf dem Wolf (47.57◦ N and 7.35◦ E),
surrounded by the railway tracks of Basel Station, Switzerland. The Signal Box auf dem
Wolf was completed in 1994 and comprises five floors with a height of 24 m (the total floor
area is 935 m−2). The width of the building is 11.2 m and the length is 17.2 m. Machinery
and equipment occupy most of the building for train services. A characteristic of this
building is that all facades are surrounded by copper bands, so the windows are not visible.
This is because the main purpose of the building was to store machinery, thus windows
were not required. However, there are windows in the space where the building managers
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reside; therefore, when windows exist on the outer wall of the building, the angle of the
copper bars is changed to bring natural light from the outside to the interior (Figure 2 left).
Additionally, the external environment of the building is characterized by the absence of
other surrounding buildings (Figure 2 right). Because of these characteristics, we selected
the Signal Box auf dem Wolf as the research subject. Moreover, the metallic material
comprising the elevation of the Signal Box auf dem Wolf can be replaced by a solar panel.
Furthermore, the Signal Box auf dem Wolf can maximize the energy production effect of
the solar panels, because there is no shadow interference from the surrounding buildings.
If the moveable solar panel pursued in this study can be installed in the Signal Box auf dem
Wolf to produce renewable energy, it will not only increase the energy independence of the
building, but also maximize the current mechanical image.
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4. Design
4.1. Selection of Building Elevations for Energy Generation via Solar Panel Facade Systems

The Signal Box auf dem Wolf has a south-west-facing facade, and the main facade
of the building is tilted 30◦ clockwise from the south. To attach the solar panel facade
system to a building elevation, a suitable elevation of the building must be selected. Insight,
a Revit software plug-in optimized for solar energy simulation, was used to select the
elevation of the building where the solar panels would be installed. The building was
implemented using Revit software, and solar energy simulation for the building elevation
was conducted according to the latitude and longitude values of the city of Basel, based on
data from 1 January to 31 December 2022. Figure 3 shows the results of the solar radiation
simulation using the Insight program. The building elevation with the largest cumulative
solar radiation appeared in the order of south, east, west, and north. A prerequisite for
solar panel installation is securing peak sun hours, which is the time at which sunlight
begins to shine directly on the solar panel. While the amount of sunlight received by the
panels is important, a more accurate representation of the amount of energy the panels can
produce is the peak sun hours. It is important to note that “peak sun hours” are different
from “hours of daylight”. Peak sun hours refer specifically to the amount of solar energy
available in an area during a typical day. A peak sun hour is an hour during which the
intensity of sunlight is 1000 Wh·m−2 [51,52]. Under these preconditions, the solar panel
facade systems were installed at the south, east, and west elevations, except for the north
side, where peak sun hours cannot be secured.
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in 2022.

4.2. Design of Kinetic Solar Panel Facade System

The solar panel facade system to be applied to the Signal Box auf dem Wolf’s elevation
is designed to be movable. The solar panels to be installed on the building elevation were
arranged according to the optimal tilt angle calculated to maximize solar energy generation
efficiency every month. The advantage of such a kinetic solar panel facade system is
that more solar energy is generated compared with existing solar panels installed at a
fixed angle. Second, the kinetic solar panel facade also functions as a sunshade to control
sunlight entering the building. The solar panel, which could be moved according to the
angle desired by the user, controlled the amount of sunlight entering the building. The size
of the solar panel followed the standard for the copper material attached to the existing
building elevation. As a result, a solar panel with a length of 2 m and a width of 1 m was
planned (Figure 4).
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The solar panel used in this study was the Hanwha Q CELLS Q. PEAK DUO model.
Hanwha Q CELLS is among the world’s largest and most recognized photovoltaic panel
manufacturers. They are renowned for their reliability and the state-of-the-art technologies
they use in their modules and cell designs [53]. The Q. PEAK DUO ML-G11 solar module
had a power generation efficiency of up to 21.5% and a power capacity of 500 Wp. It is
2054 mm long and 1134 mm wide. The standard size of this model was easily applied to
the conceptual design of the elevational solar module in this study (Table 3).
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Table 3. Hanwha Q. CELLS’ Q. PEAK DUO ML-G11 solar module.

Type Parameter Value

Solar panel module

Model Q. PEAK DUO ML-G11
Length (mm) 2054
Width (mm) 1134

Power capacity (kW/unit) 500 Wp
Efficiency (%) 21.5%

To increase the energy generation efficiency of the solar panel, it must be tilted at
a certain angle. We calculated the optimal tilt angle of the solar panel every month to
maximize its energy generation of the solar panel using the following equation [54].

βo = a1 + a2 ϕ (1)

Here, βo is the optimal tilt angle, ϕ is the latitude of Basel (47.57◦ N), and a1 and a2 are
coefficients derived from solar declination values. Table 4 lists the optimal tilt angle values
by function from January to December 2022.

Table 4. Optimal tilt angles of Basel from January to December 2022 (47.57◦ N, 7.35◦ E) (βo).

N. Month
Coefficients Optimal Tilt Angle (◦)

βoa1 a2

1 January 31.33 0.68 64◦

2 February 16.25 0.86 57◦

3 March 6.80 0.84 47◦

4 April −6.07 0.87 35◦

5 May −14.95 0.87 26◦

6 June −19.27 0.87 22◦

7 July −15.65 0.83 24◦

8 August −4.23 0.75 31◦

9 September 6.42 0.77 43◦

10 October 15.84 0.83 55◦

11 November 23.61 0.84 64◦

12 December 30.56 0.76 67◦

Kinetic solar panel facade systems were placed according to the monthly optimal tilt
angle values on the south, east, and west facades of the Signal Box auf dem Wolf for the
solar energy simulation described in Section 3.1. The solar panels were changed according
to the different angles of each month. We used Dynamo, a Revit software plug-in, to
simulate a solar panel facade according to the angle change.

5. Analysis

The solar energy simulation for three faces of the Signal Box auf dem Wolf according to
the optimal tilt angle (βo) was conducted from January to December 2022. The solar panel
was implemented using Revit software, and the placement of the solar panels according to
the optimal tilt angle was controlled using Dynamo’s algorithm. The algorithm configura-
tion involves entering the angle of the selected solar panel after selecting it. Designate the
solar panel to be moved in ‘Code Block’ of <Solar panel selection> (Figure 5 left). In <Input
optimal tilt angle>, input the parameter name and optimal tilt angle in two ‘Code Blocks’
(Figure 5 right). Figure 5 shows the algorithm for the solar panel with a 67◦ optimal tilt
angle with the best solar energy generation efficiency in December 2022.
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The Signal Box auf dem Wolf’s elevations were simulated using the Dynamo algorithm
according to each optimal tilt angle from January to December. This Dynamo algorithm
construction has the advantage of being able to simulate changes easily and quickly in
architectural design according to different variables. In addition, the fast building simula-
tion results using the Dynamo algorithm are a prerequisite for the subsequent parametric
design for the measurement of renewable energy generation.

The solar panels to be placed on the facade of the Signal Box auf dem Wolf were
simulated with the Revit program and, as a result, solar panels with a total area of 989 m−2

were placed on the south, east, and west facades. Figure 6 shows the energy generation
simulation of the solar panel using the optimal tilt angle (24◦) in July and the optimal tilt
angle (67◦) in December 2022. The solar energy generation efficiency was in the order of
south (red color) > east (yellow color) > west (blue color). The solar panels implemented
with the Revit program were placed according to the optimal tilt angle from January to
December 2022 using the Dynamo algorithm, and the renewable energy derived using
Insight software is shown in Table 5. The energy generation in July (47,407 kWh·month−1)
was the highest, and the lowest energy generation was in January (1267 kWh·month−1).

Table 5. Energy generation according to the optimal tilt angle (βo) from January to December 2022.

N. Month Optimal Tilt Angle (◦)
βo

Total Surface Area
m−2

Energy Generation
kWh·Month−1

1 January 64◦ 989 1267
2 February 57◦ 989 15,767
3 March 47◦ 989 30,503
4 April 35◦ 989 39,355
5 May 26◦ 989 46,821
6 June 22◦ 989 40,526
7 July 24◦ 989 47,407
8 August 31◦ 989 39,294
9 September 43◦ 989 20,312

10 October 55◦ 989 9318
11 November 64◦ 989 2236
12 December 67◦ 989 11,760

Total 304,566
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6. Results and Discussion

In this study, solar panels were used to produce renewable energy in the architectural
sector. The Signal Box auf dem Wolf, located in Basel, Switzerland, was selected as the
target building to produce maximum renewable energy, and solar panels were installed
as an architectural design. The optimal angle of the solar panel was derived to maximize
the monthly solar energy generation from January to December 2022. The movement of
the solar panels was planned according to the optimal monthly tilt angle. This kinetic
photovoltaic facade system and the energy generation movement simulation according to
the optimal tilt angle were implemented through a parametric design. For the algorithm
constituting the parametric design, Dynamo, a Revit software plug-in, was used to control
the variables of the solar panel and the optimal tilt angle every month. To measure the
optimal amount of renewable energy generated from solar panels, Insight, a Revit software
plug-in, was used to control the variables of the site’s natural environment every month.

Thus, optimal energy was generated based on the energy generation simulation. The
energy generation in July (47,407 kWh·month−1) was the highest, and that in January
(1267 kWh·month−1) was the lowest. The total energy generation through the kinetic
photovoltaic facade system for the year 2022 was 304,566 kWh·year−1. The total floor area
of the study building was 935 m−2 and the annual solar energy generation per unit area
(m−2) was 325.7 kWh.



Appl. Sci. 2023, 13, 4633 11 of 13

The average energy consumption of general office buildings ranges from 100 to
1000 kWh per unit area [55]. Based on these data, the 325.7 kWh of solar energy gen-
eration derived from this study accounted for 33% of the average energy consumed by
office buildings. Thus, the kinetic photovoltaic facade system had a significant effect on
the increase in energy independence in the construction field. Additionally, the solar panel
developed in this study, which can be moved according to the monthly optimal tilt angle,
can be used as a new architectural facade design for the kinetic facade concept to produce
optimal solar energy. In particular, the Dynamo algorithm can be used to propose various
building designs by simulating solar panels of various colors and textures that are currently
developed for building elevation.

7. Conclusions

This study has the novelty of presenting a ‘kinetic facade’ architectural design based
on the production of renewable energy in the field of architecture. On the other hand,
there is a disadvantage in that an economic analysis of the driving principle of the solar
panel facade device and the renewable energy produced through this study has not been
performed. In relation to previous studies and this study, the intelligent solar tracking
control systems [56,57] developed to move solar panels according to the trajectory of the
sun can be easily controlled according to the angle desired by the user through the Dynamo
algorithm proposed in this study.

Follow-up research will be conducted on the driving principle of the kinetic photo-
voltaic facade system, system production costs, and economic analysis of the generation
of renewable energy compared with the cost of manufacturing the device. We plan to
further expand this research through collaboration with the fields of electronic engineering
and computer engineering. Additionally, the method in this study can be extended to
other buildings. Furthermore, our approach can be considered an extension of architec-
tural remodeling because it targets the design stage of not only new buildings, but also
existing buildings.
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