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Abstract. In China’s hot summer and cold winter areas, the fagade design of
buildings needs to respond to a variety of performance objectives. This study
focuses on the optimization of daylight and solar radiation of building facade
of office buildings in Nanjing and proposes a simple and efficient method. The
method mainly includes a random sampling of design models, simplified operation
of daylight performance criteria and selection of optimal solution. The results show
that the building fagade can improve the indoor lighting uniformity and reduce the
indoor illumination level compared with the unshaded reference building. Besides,
the amount of solar radiation received by office buildings in summer and winter
becomes more balanced with the building fagcade. The optimization design method
of building facade proposed in this study can be of guiding significance for office
buildings in Nanjing.
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1 Introduction

Total building area in China has reached 63.487 billion m?3, of which about 11.506
billion m? are public buildings [1]. In terms of energy consumption intensity per unit
area, the energy use intensity is the highest for public buildings, and has been growing.
Among public buildings, office building has great energy-saving potentials, especially
in the economically developed region such as the Yangtze River Delta. Building energy
performance is usually affected by various factors, e.g., building envelope designs, occu-
pants’ behaviours, and heating, ventilation and air-conditioning system. Among them,
almost half of the energy consumption of buildings is directly or indirectly caused by
the building facade performance [2]. In recent years, architects often utilized energy
efficiency design strategy to achieve net-zero energy buildings with high performance.
Building facade plays an important role in the whole system of buildings to regulate the
microclimate around buildings, which can reduce the energy consumption and adverse
environmental impacts, see Fig. 1 [3].
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Fig. 1. A full system of the building.

With the development of technology and the demand of use, building facade have
gradually separated from the structural parts. The building fagade design becomes an
important part of architectural design processes. The building facade design process
normally has the composite and flexible characteristics. Tabadkani et al. [4] summed up
the concept of the dynamic fagade and adaptive facade. Many terms have been intro-
duced, including kinetic facade, intelligent fagade, interactive facade, responsive facade,
and smart facade. These studies on facade mainly focused on improving indoor ther-
mal comfort and reducing building energy consumption. For instance, Ricci et al. [5]
proposed a building dynamic fagade based on climate adaptability by using the para-
metric performance analysis platform LadybugTools. The dynamic facade is simulated
and verified in different climate regions in Europe. The results showed that the system
has better building energy-saving effect and indoor thermal comfort due to its dynamic
and changeable characteristics. Sabry et al. [6] analyzed the optimal configuration of
composite facade system with the design objective of daylighting performance of office
space in hot and arid areas. Sheikh et al. [7] studied the design of adaptive bionic facade
based on Oxalis. The simulation results showed that the proposed bionic fagade can
significantly reduce the energy consumption of high glazed buildings with the minimum
reduction of visual comfort. To sum up, the method and objectives of designing building
facade are diversified and multi-objective, because designing of building facade is an
expression of modern architectural aesthetics and culture, and is an important way to
adjust the physical environment of buildings.

In terms of research methods, the generation of flexible parametric models of building
fagcade and finding the optimal solution of building fagade with high efficiency are the two
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main concerns of related research [8, 9]. However, the traditional building facade shaping
and optimization process often rely on the global heuristic search algorithms, such as
the genetic algorithm. Such a process makes the entire workflow time-consuming and
inefficient [10]. Based on this, this study proposes the following questions in different
stages of workflow:

e Is it possible to employ some design models to replace all design models for
performance simulation?

e Is it possible to simplify the performance criteria?

e Is it possible to simplify the display and selection of optimal solutions? It can assist
designers to make design decisions more quickly.

The above questions ultimately point to the effectiveness and efficiency of the design
workflow, which is also the main content to be explored in this study.

This study aims to develop a novel parametric design method for the building facade
in the context of the Yangtze River Delta region of China. First, algorithms of parametric
design and shape generation are studied, and the parts that can be applied to the shape
generation of building facade are summarized. Then, taking the an office building in
Nanjing as a case study, this study applies this novel design method for design building
facades and discusses its application on optimization of the solar thermal performance.
This method enables designers to take into account the form of the building facade and
its influence on the internal performance of the building at the early design stage, so as
to carry out rapid scheme comparison and selection, and improve the design efficiency.
In addition, the building facade generation and optimization method proposed in this
study should be universal and can be applied in other types of building facade.

2 Research Method

The primary goal of this study is to propose an innovative modular dynamic building
facade system. To that end, the Voronoi diagram and its deformation are studied. Voronoi
diagram is a kind of subdivision of space plane, which is characterized by that any posi-
tion in a polygon is closest to the sample points of the polygon, far away from the sample
points of adjacent polygons, and each polygon contains and only contains one sample
point [11]. Grasshopper is a plug-in for Rhinoceros 3D modelling software, which can
integrate with many functions, such as parametric modeling and building performance
analysis. In recent years, it is widely used in the field of digital architectural design. In
this study, the building fagade module is generated by the Grasshopper platform and
its variable types and ranges are set. This study focuses on the climatic conditions of
Yangtze River Delta region of China and takes the office buildings in Nanjing as an
example to apply the above variable building facade. Meanwhile, the reference building
was set up in this study to compare and analyze the benefits of variable building facade
in terms of solar radiation and indoor lighting through simulation data. Figure 2 shows
the research process and research methods of this study.
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Fig. 2. Research processes and methods.

2.1 Shape Generation

The experimental site is set in Nanjing, in which summer is hot and winter is cold. An
office building in the Gulou campus of Nanjing University is taken as an example. The
office building has 8 floors, with spatial dimensions of 60 m (length), 15 m (width)
and 34 m (clear height). Field measurement results show that the window-to-wall ratio
(WWR) of this office building is about 50% (Fig. 3). The trade-offs between different
design performances of office buildings in Nanjing area is complex, such as the rela-
tionship between shading and artificial lighting, the relationship between wide field of
vision and personal privacy, the relationship between daylighting and glare, etc. Differ-
ent from the demand of the buildings in other areas in southern China, the buildings in
Nanjing need shading in summer and lighting in winter, so architects need to conduct
performance analysis to guide the shading design.

For the office space, the position of the staff is usually fixed, so the indoor light and
environmental requirements are higher than that of other building types. Building facade
plays an essential role in providing shading or sufficient lighting for the interior. Based on
this consideration, this study considers applying Voronoi form to the south facade design
of office space. Four types of changes are carried out in the form of fagades, including the
deformation of fagade units, the scaling of fagade units, the thickness of fagade units and
the hole scaling. These changes can change the indoor lighting and thermal environment
(Fig. 4). In the process of building facade sampling and performance simulation, it is
necessary to constrain the variable range of the parametric model of building facade
and give the change interval. According to the actual facade design and construction
experience, it is appropriate to set the facade unit size between 1.0 m and 2.0 m, and the
maximum displacement distance of the facade unit is 1 m in the horizontal direction. In
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Fig. 3. The setting of office building form and size.

addition, due to the high requirements for natural lighting for offices, the proportion of
windows in the facade should not be too small, and the change range is determined to
be between 0.5 and 1.0. The thickness change range of building facades is set between
0.2 m and 0.6 m. To sum up, the variable parameters of building facade are summarized
in Table 1.
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Fig. 4. Analysis on the formation of building fagade.

2.2 Performance Simulation

The main purpose of this part is to analyze the influence of the parameterized variable
model of the building facade proposed above on solar radiation and natural lighting. To
this purpose, Honeybee environmental plug-in for Grasshopper was used to investigate
the daylight performance of each building facade configuration. Honeybee provides the
advanced grid-based daylighting mode in which it allows the designer to control facades
according to the amount of light on the elevated task area with 75 cm height in this
research. In addition, the Ladybug plug-in for Grasshopper is used to calculate the solar
radiation received by the south fagade of the building in winter and summer.
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Table 1. Variable intervals and variable types of building fagade.

Variable name Variable interval Variable type
Facade_unit_size 1.0-2.0 Continuous
variable
Facade_unit_scale 0.5-1.0 Continuous
variable
Facade_unit_move —1.0-1.0 Continuous
variable
Facade_unit_thickness 0.2-0.6 Continuous
variable

This study selects the lighting uniformity based on the static light environment eval-
uation and the indoor lighting level at a specific time as factors. The reason is that
the method proposed by this study is mainly used in the design phase, and pays more
attention to the efficiency of performance simulation. Compared with the dynamic envi-
ronment simulation, the static light environment simulation is more efficient in saving
time. In addition, the solar radiation received by office buildings in winter and summer
is considered in this study. The setting of performance criteria is shown in Table 2.

In order to verify the simulation results, the initial office building without a building
facade is set as the reference building. The reference building also needs to be simulated
and calculated independently to obtain the reasonable results.

Table 2. Performance criteria setting.

Performance criteria Unit Object type
Uniformity ratio of daylight (URD) % Max
Hourly useful daylight illuminance (hUDI) % Max

Difference in solar radiation heat gain between winter and summer kWh/m? | Min

(RAD)

e URD: The daylight factor (DF) is one of most commonly used building daylight-
ing evaluation indicators [12, 13]. It is easy to calculate but cannot represent various
weather brightness changes. Basing on the reference to the “Standard for Daylighting
Design of Buildings” published by the Ministry of Housing and Urban-Rural Devel-
opment of China, this study sets the uniformity ratio of daylight (URD) to evaluate the
distribution of indoor illuminance in buildings. URD is the ratio of the lowest to the
average of the daylight factor (DF) on the reference plane. The optimization objective
is the maximum of URD, and the calculation of URD is as follows:

URD = DFin/DFyyg

(D
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e hUDI: The useful daylight illuminance (UDI) is designed to aid the interpretation
of climate-based analyses of daylight illuminance levels that are founded on hourly
meteorological data for a full year period [14]. However, capturing UDI values in the
performance simulation process can be time-consuming. To comprehensively evaluate
the indoor lighting conditions at different times of a year, four hours are set for the
simulation of building fagades: 21st of March, June, September and December at 12
P.M., which are represented respectively as Hour of the Year (HOY): 1908, 4116,6324
and 8508 [15]. The hUDI is the area proportion of the illuminance in the range
of 3001x—20001x on the reference plane at a specific moment, and its optimization
objective is the maximum of hUDI.

e RAD: For cold winter and hot summer areas, the summer solar radiation is generally
harmful for indoor thermal comfort, while the winter solar radiation is beneficial. In
this study, the solar radiation of the south fagade of the building in June (summer) and
December (winter) was calculated and the difference between them was calculated.
The optimization objective is the minimum of RAD, and the calculation of RAD is
as follows:

RAD = Radiationgymmer — Radiationyinter 2)

2.3 Data Analysis and Visualization

e Random sampling: In this paper, the variables of building fagade will form a huge
sample set through the combination. If all the samples are analyzed, it is very time-
consuming and unnecessary. Sampling is to reasonably extract a certain amount of
samples from the whole sample set for performance simulation and analysis, and it
has a small impact on the results. Therefore, sampling technology is very important
to the accuracy and efficiency of the research process. In this paper, the Monte Carlo
simulation method is used for random sampling to obtain 500 variable combinations
(samples) of building facade.

e Data visualization: In this study, the DesignExplorer online platform was used to plot
500 random samples, which were used to show the variable combination and simula-
tion data [16]. To mine the performance simulation data more accurately, the box plot s
used to analyze the optimization potential of building facade. The optimization poten-
tial analysis of building fagcade can directly reflect the improvement degree of certain
performance criteria, which can assist architects to make optimization decisions.

3 Result Analysis

This research utilizes an interactive parallel coordinate system to filter the target per-
formance criteria of 500 random samples, then obtains several optimal variable combi-
nations. After the numerical filtering of each performance, some non-optimal samples
will be eliminated, and the optimal solution of building facade variable combination will
be retained. As shown in Fig. Sa—d, the left side of each figure is the value of building
facade variability, and the right side is the performance criteria. According to Fig. 6(a),
the numerical range of each performance criteria can be preliminarily determined. Fur-
thermore, the optimal filtering interval of URD is set to 20%—-30%, the optimal filtering
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Fig. 5. Simulation results of daylight and thermal performance of office buildings; full spectrum of
the results for 500 iterations (a), best performing design scenarios for the URD (b), best performing
design scenarios for the URD & RAD (c) and best performing design scenarios for the URD &
RAD & hUDI (d).

interval of RAD is set to 20 kWh/m2-30 kWh/m?, and the optimal filtering interval of
hUDI is set to 30%—40%. Finally, six sets of optimized solutions that meet the filtering
requirements are obtained.

The process above based on 500 random samples can significantly reduce the number
of samples, and produce several optimal solutions that meet the requirements. Though
this method faces the risk of losing more optimal solutions, it can be alleviated by
increasing the number of samples appropriately. Compared with the genetic algorithm
optimization method, this study can get the optimal solution more efficiently and quickly.
The simplification of the design process makes it easier for designers to understand and
adopt.

Figure 6 (left) illustrates that the overall distribution of hUDI value is between
16.38% and 54.83%, with an average of 39.05%. Compared with the reference build-
ing (50.25%), the addition of building facade makes the indoor lighting level decline.
Meanwhile, Fig. 6 (middle) shows that the overall distribution of URD value is between
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Fig. 6. Analysis on the optimization potential of daylight and thermal performance of building
fagade: optimization potential analysis of hUDI (left), optimization potential analysis of URD
(middle) and optimization potential analysis of RAD (right).

8.16% and 25.05%, with an average of 15.04%. In contrast, the URD value of the ref-
erence building is slightly lower (14.48%). Due to the ability to block the glare near
the window and reflecting more light into the room, building facade components can
improve indoor lighting uniformity. According to the box chart of solar radiation data
on the south face of the building (Fig. 6, right), RAD values are generally distributed
between 8.41 kWh/m? and 58.33 kWh/m?, with an average of 32.87 kWh/m?. Compared
with the reference building (34.60 kWh/m?2), the difference of solar radiation heat gain
in summer and winter has a certain optimization potential. In general, the facade added
to the south face of the building reduces the level of indoor lighting, but it improves
the uniformity of indoor lighting. In addition, the amount of solar radiation received
by office buildings in summer and winter becomes more balanced than the reference
building.

4 Conclusion

The design objectives of building facade are often multifaceted, involving lighting, solar
radiation, building energy consumption and vision, etc. This research focuses on the
optimization of office building facade for daylighting and solar radiation. The innovative
design process of building facade in this study can be applied to designing the south face
of office buildings in Nanjing. The originality and value of this research method are as
follows:
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The Monte Carlo random simulation method is used to sample the design model ran-

domly, which effectively reduces the workload of subsequent performance simulation
and optimization solution selection.
In this study, the UDI is simplified for the indoor illumination index. The index of

hUDI was used to represent the proportion of effective lighting (3001x—20001x) area

at the same time point in four seasons.
Compared with using genetic algorithm for global search and optimization, this study
combined with Designexplore to intuitively display the simulation results and set the

performance target optimization interval, which is more conducive to the designer’s

scheme selection and design decision.

This study only proposes a specific design process and does not consider the face of

other directions of the building. The research on the performance of building fagade

in

building energy consumption or indoor thermal comfort is also missing. In fur-

ther research, it is necessary to have more diverse building fagade forms and a more
comprehensive process on building performance evaluation and optimization.
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