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Abstract: In the context of global warming and the frequent occurrence of extreme weather, coastal
cities are more susceptible to the heat island effect and localized microclimate problems due to
the significant influence of the oceanic climate. This study proposes a computer-driven simulation
optimization method based on a multi-objective optimization algorithm, combined with tools such as
Grasshopper, Ladybug, Honeybee and Wallacei, to provide scientific optimization decision intervals
for morphology control and evaluation factors at the initial stage of coastal city block design. The
effectiveness of this optimization strategy is verified through empirical research on typical coastal
neighborhoods in Dalian. The results show that the strategy derived from the multi-objective
optimization-based evaluation significantly improves the wind environment and thermal comfort
of Dalian neighborhoods in winter and summer: the optimization reduced the average wind speed
inside the block by 0.47 m/s and increased the UTCI by 0.48 ◦C in winter, and it increased the wind
speed to 1.5 m/s and decreased the UTCI by 0.59 ◦C in summer. This study shows that the use
of simulation assessment and multi-objective optimization technology to adjust the block form of
coastal cities can effectively improve the seasonal wind and heat environment and provide a scientific
basis for the design and renewal of coastal cities.

Keywords: multi-objective optimization; cold coastal areas; microclimate; urban block shape design

1. Introduction

As urbanization accelerates and the size of the urban population expands, the demand
for urban infrastructure and land expansion is surging, and people’s transformation of
natural resources and the environment is in turn having a profound impact on the urban
living environment [1]. As a result, global warming, the urban heat island effect, and
climate extremes are increasing. In response to these challenges, inhabitants of different
climate regions have taken various measures, including supporting policies to promote
sustainable development, alongside developing new energy vehicles and advancing green
building technologies, as part of broader scientific and technological innovation [2–7]. It is
hoped that these measures will alleviate the pressure on the city’s ecological environment.
However, the city, as a complex design system, must carefully consider its capacity and
related indicators at the early stages of planning in order to create a comfortable living
environment for its inhabitants while maintaining a reasonable rate of urban growth. The
layout of buildings and city blocks is one of the key factors affecting the local climate [8].
Well-designed urban neighborhoods not only enhance urban resilience and effectively
respond to regional climatic challenges (e.g., strong winds, low temperatures, hot sun,
heavy rainfall) but also provide more comfortable living environments for residents [9–11].
Therefore, a deeper understanding of the relationship between the urban neighborhood
form and the microclimate can help to more accurately predict the impacts of design
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solutions on the future climate, thereby facilitating a more responsible decision-making
process [12,13].

1.1. Wind Environment

Ocean winds are an important factor affecting the thermal environment and thermal
comfort in coastal urban neighborhoods, and the relationship with the urban form is ex-
tremely complex [14,15]. Air movement in cities is not only influenced by the geometry
and layout of buildings but is also closely related to the acceleration, dissipation or tur-
bulence generated by the crisscrossing of building clusters [16]. Properly understanding
and controlling these interactions is critical to improving the urban wind environment and
enhancing outdoor thermal comfort [17,18].

The wind environment in coastal cities is more complex due to the influence of ocean
winds, and the interaction between the morphology of buildings and the urban layout
with the wind flow affects the overall living environment and thermal comfort of the
city [19]. Although there are many research cases related to the wind environment in
coastal cities [13,20,21], most of them focus on warm climate regions, and the number and
depth of research cases on coastal cities in cold or variable climates are still insufficient.
If wind environment analysis can be introduced early in the design of a coastal city and
data can be used to optimize the shape, orientation and height of buildings, adverse wind
effects can be reduced and the comfort of pedestrians and residents can be enhanced. It is
therefore crucial to understand these interactions prior to design and construction.

By incorporating wind environment analysis into the design process, designers can
quickly adjust the shape, orientation and layout of buildings to actively regulate the wind
flow, enhance the passive ventilation in urban spaces and improve indoor and outdoor
thermal comfort [22]. This wind environment-centered approach to urban planning and
design can create a healthier and more livable environment for urban residents. Moreover,
with the continuous development of computer technology and simulation software, there
are now studies and related software that can more accurately simulate and assess the
interaction between the wind environment and urban space [23–25]. These studies and
simulation and analysis software can identify and resolve potential problems in advance of
the design phase, ensuring a more scientific approach to the environmental performance of
the urban form and building design.

1.2. Thermal Comfort

The urban thermal environment and thermal comfort are not only affected by ocean
wind factors but also closely related to urban form design. The layout and form of buildings,
as well as the design of urban spaces, directly affect the distribution of solar radiation and
the accumulation and emission of heat, and these changes in the thermal environment in
turn affect the thermal comfort experience of residents. Currently, research on thermal
environment evaluation systems and indicators has reached a high level of maturity, with
key methods such as Predicted Mean Vote (PMV) [26], Physiological Equivalent Tempera-
ture (PET) [27,28], and Universal Thermal Climate Index (UTC) being widely recognized
and applied in various studies to assess thermal comfort under different environmental
conditions [29,30]. The accuracy of regional thermal environment assessments varies de-
pending on the climatic region and the use of different evaluation metrics [31–33]. In urban
design, different building forms and spatial configurations can affect the accumulation or
dissipation of heat. If designers are able to analyze thermal comfort evaluation indexes at
the early stage of the design process, they can more accurately assess the actual impact
of such measures on thermal comfort and thus optimize the building layout and material
selection to improve thermal comfort.

As computer technology advances, new software for thermal environment evaluation
is continuously being developed, including tools like Rayman for calculating thermal com-
fort [26], ENVI-MET for simulating thermal environments [34], and the most recent UTCI
calculation module created for the Rhino-Grasshopper platform [35,36]. Applying these
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tools across various climate zones and tailored to specific target characteristics enhances
the accuracy and overall quality of thermal environment assessments, paving the way for
more precise evaluations [37,38]. The UTCI Calculation plug-in on the Rhino-Grasshopper
platform lets designers import EWP climate data [39], calculate thermal comfort for differ-
ent design scenarios, and optimize the building layout, materials, and shading to improve
the city’s thermal environment performance during planning; it is now widely used in
urban design studies [40,41].

1.3. Evaluating Design Methodologies

In summary, most of the studies on the wind and thermal environments of coastal
cities focus on warm areas, and they often only assess the wind or thermal environments
individually. In addition, there is a lack of multi-objective optimization techniques in the
software simulation of urban wind and thermal environments, especially for the simulation
of wind and thermal environments in coastal cities in cold regions. In this context, this
paper presents a multi-objective optimization method for urban form simulation based on
the Grasshopper for Rhino platform, using Dalian as a case study. The method simulates
and optimizes the layout of typical blocks in the city to derive the best distribution scheme.
Additionally, this paper analyzes the characteristics of this optimal scheme to develop
strategies for improving similar blocks. Ultimately, the method aims to enhance the wind–
heat environment in coastal city blocks located in cold regions. The main objectives of this
study are as follows:

a. Explore the effects of different design elements on urban wind and thermal environ-
ments by controlling design variables and building an ideal model combination.

b. Using a multi-objective optimization tool to explore the optimal equilibrium configu-
ration of the coastal urban form in cold regions and initializing a preliminary optimal
design strategy based on the optimal solution characteristics.

c. Based on the strategy derived from multi-objective optimization, the real neighbor-
hood case of Dalian City is optimized and the results before and after the optimization
are compared in order to verify the effectiveness of the optimization strategy, so as to
assess the potential of the optimal design of urban simulation proposed in this study.

2. Methodology and Tools
2.1. Overview of the Study

This study is mainly divided into two phases: the first phase entails the determination
of the decision interval of the optimization strategy of the ideal model simulation through
the establishment of an ideal model to explore the main influencing factors affecting the
wind–heat environment in urban neighborhoods and the use of multi-objective optimiza-
tion and genetic algorithm optimization to determine the best optimization strategy. The
second stage involves the validation of the optimization results for the real case, where
the optimization strategy derived from the ideal model optimization is used to optimize a
real neighborhood case in Dalian, and the UTCI and wind environment before and after
the optimization are compared using the simulation and evaluation process in the first
stage, and the performance potential of the simulation and optimization methodology is
evaluated based on the comparison results (Figure 1).

In this study, Rhino and Grasshopper are used as parametric simulation platforms.
Rhino has powerful 3D modeling capability, which can model different building forms, and
it is extremely convenient to modify the model in real time. Grasshopper has the capability
of generating and adjusting the scenario model, and it can achieve the scenario performance
indexes through scripting language. Grasshopper has the ability to generate and adjust
the program model, and it can realize the calculation of program performance indexes
through script language. It also has the characteristics of programming, strong adaptability
and good scalability [42]. In addition, Grasshopper supports multi-objective optimization
algorithms and uses the Optimization Calculator plug-in to meet the needs of the optimal
design of the solution. For the calculation part, the Ladybug Tools performance analysis
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plug-in is used. Ladybug Tools provides a series of components for climate analysis, energy
simulation, sunlight analysis, air flow analysis and other sustainable design aspects, such
as Ladybug, Honeybee, Butterfly, Dragonfly, etc., which are respectively used for the
simulation of different parts of the simulation for simulation calculations.

Figure 1. Research flowchart.
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2.2. Ideal Model Boundary Conditions and Morphology Generation Module Settings

The first step in the simulation study involves setting up the base model. Since this
study mainly focuses on the influence of the building form on the wind–heat environment
and thermal comfort, the influence of neighboring buildings is not taken into account in
the process of setting up the ideal model. Typical city block sizes range from 200 to 500 m.
Due to the high economic value of the blocks in the coastal area, the block size is small and
the plot ratio is high, and due to the limitation of the simulation equipment, the simulation
takes the ideal block size as the middle value of 200~500 m, which is set to be 270 × 270 m
in order to facilitate the control of the building size, morphology, and other variables. The
parcels are divided into 3 × 3 grids to generate 9 small parcels of 90 × 90 m. The small plots
are offset inward by 5 m as the red line of the road inside the ideal neighborhood, and then
the red line of the road is offset inward by another 5 m to form the red line of the building,
i.e., the site area of the building on each small unit is 70 × 70 m and the width of the road
is 10 m, which generates a total of 9 small units with the dimensions of 70 × 70 m. The
above boundary condition settings can provide a threshold adjustment space for the later
multi-objective optimization generation (Figure 2). Other building layout constraints are
set based on relevant codes, mainly fire prevention requirements, sunlight requirements,
setback requirements, and minimum building spacing requirements (Table 1).
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Figure 2. Three−dimensional schematic of the boundary condition setting and variable control for 
the ideal model. 

 

Figure 2. Three-dimensional schematic of the boundary condition setting and variable control for the
ideal model.

Table 1. Preset constraint conditions.

Serial Number Restricted Subjects Restrictive Condition Source of Constraints

1 Fire interval A fire separation of more than 13 m should be
maintained between the main bodies of the upper floors. Fire Code for Building Design

2 Sunlight
requirements

Calculation starting point: the position of the exterior
wall at a height of 0.9 m from the interior floor.
Winter: south residential sunshine duration ≥3 h,
south public building sunshine duration ≥2 h.

Code for Planning and Design of
Urban Residential Areas

3 Building line Multi-story building setbacks of at least 5 m.
Tall building setbacks of at least 10 m.

4 Minimum building
spacing

Residential high-rise buildings parallel minimum
spacing of not less than 35 m.
Minimum parallel spacing of non-residential high-rise
buildings of not less than 18 m.

Provisions of Dalian Municipality
on the Treatment of Urban Building
Spacing and Sunlight Blocking

In terms of the neighborhood layout, the location of the datum point of each small
unit site remains unchanged, and the differentiation of individual buildings is mainly
reflected in the building plan, floor height and orientation. Therefore, in the optimized
control experiments in this simulation study, the range is mainly limited to these 3 main
parameters. The building plan is determined by the length and width. The range of the
length is 40 m, 50 m, 60 m, 70 m, and the specific operation is to set the gene value of the
Gene Pool to 4, 5, 6, 7 by Grasshopper, multiply it by 10 and then divide it by 2 to obtain the
Domain start, multiply it by −1 to obtain the Domain end, and then utilize the Construct
Domain battery to obtain the length. The range of the width is 10 m, 15 m, 20 m, 25 m,
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achieved by setting the gene value of the Gene Pool to 2, 3, 4, 5, and multiplying by 5 to
obtain the width range.

The building height is mainly determined by the number of building floors. In this
study, the number of building floors varies between 10 and 26, so set the gene in the Gene
Pool to take the value range of 10–26, and then multiply the gene value by 3 to obtain
the height of the building, which varies between 30 and 78, a total of 17 variables. The
floor height and length of each single building are selected within the above variables,
and a neighborhood building cluster with different forms of each single building can
be generated from this. The range of the building orientation is between −45◦ south
west and 45◦ south east, and the range of the gene values in the Gene Pool is set to be
between −9 and 9. Then, the gene values are multiplied by 5 to obtain the 19 variables
for the building orientation. The orientation of each individual building is selected within
the above variables, thus generating a cluster of neighborhood buildings with different
orientations of each individual building (Figure 2).

The architectural layout pattern of urban neighborhoods is complex and varied, but
most of them are evolved from rows and columns, point-type and enclosure-type. Plate-
type buildings are arranged in regular rows, which can strive for the best orientation for
the building and is conducive to ventilation, and this is the most common spatial pattern in
the layout. Point-type buildings, also known as tower-type buildings, refer to buildings
arranged with a common staircase or elevator as the core, and the number of building
floors is usually high. The east–west-oriented building rooms of the enclosing buildings
are poorly oriented, which is unfavorable to the natural ventilation, and there is no good
sunshine, but the space formed is closed and the sense of belonging is strong (Figure 3).
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Figure 3. Top view of a typical neighborhood building plan layout.

Based on the above characteristics of the urban block layout, this study sets up
20 groups of controlled experiments by changing the single variable factors, and it conducts
thermal comfort simulations for the slab layout, point layout, and courtyard layout in the
single variable as much as possible. Setting the specific parameters, using control variables
described in Table 2, generates the building layout in Figure 4.

Table 2. Experimental control group parameter settings.

Controlling
Morphological Factors Realm Remarks

Building type A, B, C, D A, B: Panel, C: Point, D: Enclosure

Building height A: 24 m; B: 54 m
C: 54 m; D: 21 m or 16.8 m

A and B are building height control experiments; the height of
D varies with the number of floors, with each floor having a
height of 4.2 m.

Building plan A,B: 60 × 15 m; C: 40 × 40 m;
D: 60 × 15 m and 35 × 10 m;

The simulation of D is classified as fully enclosed,
semi-enclosed, and fully open.

Building orientation 45◦ south–east–45◦ north–east◦ See Figure 4 for details.
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Figure 4. Ideal model for the experimental control group.

2.3. Ideal Model Simulation Conditions Parameter Setting and Optimization Tools
2.3.1. Parameterization of Microclimate Conditions

This study utilizes the Dragonfly (DF) plug-in to call the data interface of Urban
Weather Generator (UWG), a plug-in developed by the MIT Building Technology Re-
search Team to support research in the fields of urban planning and climate change, which
simulates the microclimate inside city streets [43]. Meteorological parameters use EPW
meteorological data developed by the U.S. Department of Energy, including hourly me-
teorological data for a year, including the outdoor temperature, humidity, wind speed,
wind direction, radiation and other parameters. The UWG tool is used for outdoor thermal
comfort simulations at the neighborhood scale due to the large errors in the direct use of
EPW meteorological data, while the UWG tool in the DF plug-in improves the accuracy of
the meteorological data. The simulation time and date are set as 8:00–16:00 on 22 January,
the coldest day of a typical winter in the coastal area. In addition, in order to be closer to the
real coastal wind environment conditions, the simulation wind environment parameters
are set as a dynamic wind direction and wind speed.

The specific simulation steps can be divided into four parts: building form setting,
model creation, city parameter setting and simulation running. First, import the neighbor-
hood building model through the DF building from Solid operator, set the floor height to
3 m and the window-to-wall ratio to 0.3, and complete the building form settings. Next,
create the Dragonfly model and name it Downtown, import it into DF Assign Model UWG
Properties, and set the topography and the maximum sensible human heat flux to 20 W/m2
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to complete the urban parameter settings. Finally, perform the microclimate simulation us-
ing the DF Run UWG operator, setting the vegetation albedo to 0.35, inputting the weather
station parameters, urban boundary layer parameters and the original EPW file, and finally,
starting the calculation and outputting the modified urban neighborhood weather file.

2.3.2. Wind Environment Simulation Module Setup

In order to further explore the relationship between the morphological layout of
coastal city blocks and the wind environment, the wind simulation is based on the climate
simulation using Grasshopper’s plug-in Butterfly, which creates and runs computational
fluid dynamics (CFD) simulations using OpenFOAM with the help of the open-source
Python library. OpenFOAM is currently the most authoritative open-source CFD mod-
eling engine used in research, and it is widely used in fluid dynamics computational
research [44,45]. In addition, Butterfly can quickly export models created in Rhinoceros or
Grasshopper to OpenFOAM and run several common airflow simulations related to build-
ing design, including simulating outdoor wind environments for urban spaces, simulating
indoor airflows for thermal comfort and ventilation efficiency, and other related simulation
tasks [46].

The neighborhood wind environment simulation involves six steps: processing model
information, generating the geometry model, building the wind tunnel, subdividing the
mesh, calculating the results, and visualizing the data. The numerical simulations in this
paper will be performed using the RNG k-ε turbulence model studied by Du et al. [47,48].
At the entrance, the average wind speed U, turbulence kinetic energy K and turbulence
dissipation rate ε of atmospheric boundary layer (ABL) conditions refer to the simulation
standard of P.J. Richards et al. [49]. The calculation principle and formula are as follows:

Uz =
Ure f

k
ln

z + z0

z0
(1)

(z) =
U2

re f√
Cµ

(2)

k(z) =
U2

re f√
Cµ

(3)

where z0 is the aerodynamic roughness length, which will be different for different ter-
rain [50]. In this study, z0 = 1.0 is taken to denote the dense building area. z is the height
coordinate, Uref is the reference wind speed at z = 10 m, j = 0.42 is the von Karman con-
stant, and Cµ = 0.09 is the turbulence model constant. The computation mainly revolves
around the Butterfly Solution operator. After connecting the case output from Butter-
fly_SnappyHexMesh, the computation is carried out according to the relevant parameter
settings, and finally, the vector data of the wind speed is output as the output solution
and visualized.

2.3.3. Thermal Comfort Simulation Calculation Module Setup

In the simulation study, the methodology of the UTCI as a thermal environment assess-
ment index for research is quite mature, so in this simulation of the thermal environment
assessment process, the same UTCI is used as in the assessment of thermal environment
indexes [36,51]. The calculation of the UTCI requires four parameters: wind speed, air
temperature, average radiant temperature, and air humidity. The wind speed defaults to
that at 10 m height or 1.5 times the wind speed at pedestrian height. In this study, the wind
speed calculated by the wind environment simulation tool is used in the outdoor thermal
comfort calculations to enhance accuracy. The thermal environment is calculated in three
steps: first, Tmrt is calculated using the “Outdoor Solar MRT” operator in Ladybug, limited
to the study period (winter solstice: 22 December, 6:00–18:00), with the ground reflectance
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set to 0.25 and the average skin/clothing absorptance also set to 0.25. Subjects are assumed
to face away from the Sun at a 45◦ angle and engage in walking.

2.3.4. Evaluation Factor Calculation Module

In addition to the thermal comfort and wind environment, the parameter evaluation
factors for measuring the neighborhood layout include the neighborhood volume ratio,
building density, and sky visibility factor. The volume ratio can be calculated by using the
Gene Pool in Grasshopper to calculate the base area of each single building, multiplying
the base area of each small unit by the corresponding number of floors of the unit to obtain
the total area of each single building, and then using the Mass Addition Module to sum
the total area of the nine single buildings, and then dividing it by the block area, so the
optimized block can be calculated. The optimized block area is then divided by the block
area to calculate the optimized block area. Similarly, the Mass Addition module is used to
calculate the building density by adding and summing the base areas of the nine individual
buildings and dividing by the block area.

The sky visualization factor needs to use the Populate 2D battery in Ladybug to scatter
20 test points randomly inside the block and at the same time access the center interface
of the Sky Mask battery. Then, input the parameterized building information into the
context port and set the number of sky patch splits to 3, as when the value is set to 3, the
calculation accuracy is high and the error between the sky visualization and the real value
is less than 1%. The size of the sky dome model is set to 0.2, and then the sky visibility
factor corresponding to all the test points is obtained in the output port of sky_view. The
calculation results of the points are added up and divided by the number of test points to
obtain the average sky visibility factor of the neighborhood.

2.4. Multi-Objective Optimization Module Setup

The multi-objective optimization algorithm refers to the existence of multiple con-
flicting objectives, used to find a set of optimal solutions, so that each objective function
can achieve the optimal state. In this paper, we mainly use the genetic algorithm in multi-
objective optimization, which is similar to the simulation of the evolutionary process in
nature and approaches the optimal solution through continuous iterative evolution, and
this has been applied in several urban case studies [52–56]. The essence of optimiza-
tion algorithms is genetic algorithms, and multi-objective optimization algorithms based
on genetic algorithms have some basic characteristic parameters, which determine the
algorithm’s computational efficiency and have an important impact on the algorithm’s
performance [57,58]. In this study, Wallacei was chosen as a multi-objective optimization
tool for the optimization study in the simulation. Wallacei has been proven to be reliable
in several studies by using genetic algorithms to explore the relationship between the
relevant design parameters set and the optimization metrics to arrive at the optimal block
morphology design solution [58,59]. Table 3 briefly describes the optimization parameters
and parameter settings in the Wallacei operator interface.

An optimization experiment was designed using the Grasshopper platform, with the
controlled morphology factors as the design variables and the site-averaged wind speed and
UTCI in winter and summer as the optimization targets. Due to the specific heat capacity
of seawater, the coldest day of winter in the coastal area is one month later than the winter
solstice in the inland area, and the cold wind in winter causes extreme discomfort, so the
simulation time in winter is set to 22 January. Before the Grasshopper simulation, we need
to input the boundary conditions, such as the simulation date (22 January), the beginning of
the experiment at 8:00, the end of the experiment at 16:00 (including most of the pedestrians’
outdoor activities), and the initial wind speed (with reference to the measured average
wind speed of the site), etc. The simulation data are inputted as in Table 4.

Since Wallacei is unable to record the data of the simulation process during the
optimization process, it is necessary to use the TT Toolbox plug-in to satisfy this demand,
so as to organize and analyze the data at a later stage (Figure 5).
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Table 3. Wallacei optimization parameter setting instructions.

Optimization Parameters Description of the Role Parameterization

Crossover Probability
Measures the probability of two individuals crossing over, the larger the value,
the faster the rate of emergence of a new type of population, generally takes
the value 0.1–0.99.

0.9

Mutation Probability
The probability of mutation of the solution generated by the crossover affects
the convergence process of the operation and the comprehensiveness of the
solution.

-

Crossover Distribution Index
Smaller values imply that the crossover process retains more of the parent’s
characteristics.
A large value means that more variation is introduced in the crossover process.

20

Mutation Distribution Index
Smaller values mean that more of the parent’s characteristics are retained
during the mutation process.
A large value means that more variation is introduced in the mutation process.

20

Random Seed The value determines how the algorithm is initialized. 1
Population Size The number of populations involved in the evolution, usually 20–100. 20

Max Generations The number of generations of evolution, with 0 meaning that the computation
will continue until it is stopped manually. 50

Table 4. Analog parameter setting.

Experimental Season Winter Summer

Experimental dates 22 January 21 July
Simulation time 08:00–16:00 08:00–16:00
Initial wind speed (at 10 m) 3.3 m/s 3 m/s
Initial wind speed (at 1.5 m) 2.1 m/s 1.96 m/s
Fig. trends (esp. unpredictable ones) N SE

Figure 5. Data logging and export module for multi-objective optimization processes.

2.5. Optimized Simulation for Real Urban Neighborhood Case Simulation
2.5.1. Overview of Study Cases

Study case: the city of Dalian is located in the northeast of China, between 120 degrees
58 min and 123 degrees 31 min east longitude and 38 degrees 43 min and 40 degrees
10 min north latitude, and it is part of Liaoning Province. With a resident population
of 7.539 million as of 2023, it is the window for foreign trade in northern China and a
famous coastal tourist city. As a typical cold coastal city in China, Dalian’s climate is mainly
influenced by three aspects: cold climate, “heat island effect” and ocean. In response to the
climatic characteristics of the Dalian area, which is characterized by long and cold winters,
a high wind speed and an unstable wind direction throughout the year, the selection of
the practice neighborhoods is based on the Dalian LCZ climate zoning in the study by
Zhao et al. [60]. Through the statistics of the LCZ maps, it is found that LCZ4 is mainly
distributed in the coastal area, so the thesis will choose the neighborhoods in the open
high-rise zone as the practice neighborhoods.
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After determining the type of simulated neighborhood, this case selects Dalian Yixing
Ocean Neighborhood as a case, which is located in Shahekou District, Dalian City, Liaoning
Province (Figure 6). It was built in 2005, with a land area of 120,000 m2, a building area of
380,000 m2, a floor area ratio of 3.17, a green area ratio of 45%, and a parking space of 3405,
with a total of 26 buildings, and it is a neighborhood that includes medium- and high-rise
buildings. The neighborhood is surrounded by convenient traffic and a high flow of people,
and it is close to many buses and Dalian Metro Line 1, with the coastline to the south, the
marina to the west, and Xinghai Square to the east, making it a typical case of a coastal
neighborhood.

Figure 6. Map of Dalian City location and study area LCZ, and aerial photographs of the area.
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2.5.2. Field Data Collection and Modeling

Dalian is too cold and windy in winter, and the sunset time in winter is around
16:00 p.m. Therefore, the research time of this study was chosen as the coldest day of winter
(22 January 2024, 8:00–16:00) and the hottest day of summer (21 July 2023, 8:00–16:00) in
Dalian. The points for collecting the wind speed were set at one each of the North Gate,
South Gate, West Gate, East Gate, and Interior Center of One Star Ocean, for a total of five
points. The measurement method involved placing the instrument for measuring the wind
speed, i.e., portable weather station Kestrel 5500, at the collection points. The location of the
collection points and the installation of the instrument are shown in Figure 7. To perform
the measurements, the weather station Kestrel 5500 was set at a height of 1.5 m above the
ground and was set to record wind speed at 1 min intervals, and its performance and use
complied with ISO and national standards.
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Figure 7. On-site measured points and instrument models.

Because the block model was too large for single building mapping, the block was
parametrically modeled primarily using the Geographic Information System and the Elk
plug-in.

The generated parametric model is numbered to facilitate the subsequent analysis of
the building. From Figure 8, we can see that the block includes a total of 30 buildings, of
which buildings No. 3, No. 7, No. 13, No. 25, and No. 28 are ground-floor stores with a
height of 8.4 m; buildings No. 9–12, No. 14–17, No. 20–22, and No. 26–27 are mid-rise
residential buildings with a height of 42 m; and the other buildings are high-rise, with a
height of 93 m. The height of the other buildings is 93 m. After building the parameterized
model of the actual case, it is necessary to conduct a preliminary assessment of the thermal
comfort and wind environment of the case model, which is the same as the simulation
assessment process in the ideal model.
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3. Analysis and Results
3.1. Ideal Model Control Group Simulation Results
3.1.1. Simulation Results for Control Groups with Different Neighborhood Types

Modeled according to the ideal model classification in Figure 3, 20 sets of experimental
data were obtained after the simulation and computation, which were divided into four
groups, A, B, C, and D, corresponding to different neighborhood types. A control group
was set up for each group according to the neighborhood morphology control factor
(Table 2). The simulated and calculated wind environment and UTCI results for the four
neighborhood types were ranked according to the magnitude of the values (Figure 9). As
can be seen from the figure, in the distribution of the mean value of the wind speed for the
block types, panel high-rise building > point building > panel mid-rise building > enclosed
building; in the distribution of the mean value of the UTCI for the block types, enclosed
building > panel mid-rise building > panel high-rise building > point building.

Figure 9. Results of the UTCI vs. the average wind speed simulations for different neighborhood types.

Figure 10 shows the boxplots of the mean wind speed and UTCI distribution for
each neighborhood type on the coldest day of winter. The results indicate that type B
neighborhoods have the widest average wind speed range, from 0.86 to 1.31 m/s, with
a difference of 0.15 m/s. In contrast, type C neighborhoods have the narrowest average
wind speed range, from 1.14 to 1.28 m/s, with a difference of only 0.14 m/s. Type D
neighborhoods show a significantly higher range of UTCI values, distributed between
2.62 and 4.27 ◦C, reflecting differences due to various enclosure methods and heights.
Meanwhile, type C neighborhoods exhibit the narrowest UTCI distribution, ranging from
2.24 to 2.68 ◦C, indicating a high degree of stability.
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Figure 10. Boxplots of the distribution of the mean site wind speed and UTCI for each neighborhood type.

3.1.2. Building Orientation Control Group Simulation Results

To accurately compare the control variables, this simulation only changed the building
orientation while analyzing all the control groups, and the results are shown in Figure 11.
The comparison shows that the changes in the building orientation for neighborhood types
A and B are consistent with the changes in the mean values of the wind speed and UTCI.
When the building orientation is due south or north, the mean wind speed is the lowest
(A-1 is 0.83 m/s, B-1 is 0.86 m/s). As the orientation increases, the wind speed gradually
rises, reaching its maximum at 45 degrees (A-1 is 1.17 m/s, B-1 is 1.31 m/s). The mean UTCI
is the highest when the orientation is due south or north (A-1 is 4.23 ◦C, B-1 is 3.63 ◦C), and
lowest at 45 degrees (A-1 is 3.17 ◦C, B-1 is 2.36 ◦C). Additionally, for building orientations
of 45◦ northeast and 45◦ southeast, the wind speeds are the same, but the UTCI is slightly
higher for the southeast orientation.

Figure 11. Calculated wind speed and UTCI in the control group with different building orientations.

3.1.3. Simulation Results for the Control Group of Building Floors

To explore the relationship between the building height, wind speed, and UTCI mean
values, the simulation only varied the building height, establishing five control groups:
mid-rise slab buildings (Group A) and high-rise slab buildings (Group B). Figure 12 shows
the comparison of the wind speed and UTCI mean values for both types. The results
indicate that the average wind speed of the mid-rise buildings is slightly lower than that
of the high-rise buildings, with the smallest difference in Group 1 at 0.03 m/s and the
largest in Groups 4 and 5 at 0.14 m/s. Additionally, the UTCI mean value for the mid-rise
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buildings is noticeably higher than for the high-rise buildings, with the smallest difference
in Group 2 at 0.59 ◦C and the largest in Group 3 at 0.85 ◦C.

Figure 12. Calculation of the wind speed and UTCI in the control group of different building floors.

3.2. Analysis of Results Based on Multi-Objective Optimization
3.2.1. Preliminary Analysis of Optimization Results

This multi-objective optimization experiment is based on the Grasshopper design
platform, utilizing the Wallacei (V 2.7) tool to select the building density, floor area ratio, and
SVF as independent variables, and the average wind speed and UTCI in winter and summer
as optimization objectives, employing an evolutionary algorithm for the optimization. Each
generation optimizes 20 genes over a total of 50 iterations, amounting to 1000 genes, with
a total time of about 398 h and an average computational time of 23.88 min per case
(Figure 13). The Wallacei platform automatically stops when the set number of iterations
is reached, so it is necessary to assess whether the optimization has converged after the
specified iterations to ensure the accuracy of the generated non-dominated solution set.

Figure 13. Mean trendline for 50 iterations of 4 optimization objectives.
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The Wallacei tool visualizes the trend of the optimization objective through a 3D
coordinate system, where each point represents an optimized solution. The x, y, and z axes
correspond to the winter wind speed, winter UTCI, and summer wind speed, respectively,
and the color of the point indicates the summer UTCI, with a darker green color indicating
a better optimization (Figure 14). The closer the point to the origin, the better the overall
performance. The big blue ball represents the comprehensive optimal solution, which is
not the optimal one for each index but the average optimal one.

Figure 14. Multi-objective optimization solution set distribution and average optimal solution shape.

The light gray area in the 3D coordinates represents the Pareto front surface, which
includes all the non-dominated solutions and reflects the mutual constraints among the
performance objectives. In multi-objective optimization, the solutions are categorized into
non-dominated solutions (optimal solutions) and dominated solutions. Non-dominated
solutions optimize one performance without significantly sacrificing others, while domi-
nated solutions indicate that there is room for further optimization. Analyzing the set of
non-dominated solutions allows for an in-depth exploration of the optimization effects,
especially among solutions with similar levels of integrated microclimate performance.

3.2.2. Non-Dominated Solution Set Analysis (DSSA)

Figure 15 shows the neighborhood morphology map and cluster analysis of the
28 non-dominated solutions from the Pareto front surface. To analyze these solutions,
representative neighborhood morphologies were extracted through clustering. The x, y,
and z axes represent the mean winter wind speed, mean winter UTCI, and mean summer
wind speed, respectively, while the mean summer UTCI is implied. The five colors (red,
blue, green, yellow, and purple) indicate five clusters, with the points in each cluster
representing similar scenarios and the cluster center showing the average location of all
the points.
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Table 5 shows the results of the clustering and sub-clustering, which combined with the
location of the distribution of non-dominated solutions on the x, y, and z axes in Figure 15,
shows that Cluster 3 and Cluster 4 are located at the end of the overall non-dominated
solutions. As a result, Cluster 3 has the lowest mean winter wind speed and summer wind
speed, but the highest mean winter UTCI. Cluster 4, on the contrary, has the highest mean
winter wind speed and summer wind speed and the lowest mean winter UTCI. In contrast,
the performance of Clusters 1, 2 and 5 is more balanced.

Table 5. Non-dominated solution clustering results.

Clustering
Category

Number of
Clusters

Center of Clustering
Winter Wind Speed
Average (m/s)

Winter UTCI
Mean Value (◦C)

Summer Wind Speed
Average (m/s)

Summer UTCI
Mean Value (◦C)

Cluster 1 6 1.06 3.07 1.48 30.85
Cluster 2 7 1.17 2.60 1.60 30.28
Cluster 3 5 0.98 3.31 1.30 30.83
Cluster 4 3 1.47 1.70 1.67 30.31
Cluster 5 7 1.05 2.81 1.44 30.23

Figure 16 shows the non-dominated solution block patterns of the five clusters, with
the block pattern at each cluster’s center considered the optimal layout. Cluster 3 features
two rows of lower buildings in the south and center, with higher buildings in the north,
which helps to capture sunlight and block northern winds in winter, resulting in the best
winter wind–heat comfort. In contrast, Cluster 4 has taller buildings that increase the
shaded areas, but the lower height of Building 6 allows more southeasterly winds in
summer, making it the best for summer wind–heat comfort.

Cluster 5 integrates the layout characteristics of Clusters 3 and 4. The southern
buildings have lower heights, allowing more sunlight into the block; the middle building
is taller, providing shade for the northern part; and the northern buildings are relatively
high, blocking winter winds from the north. Building 6, across all the scenarios, has a
lower height and faces southwest, facilitating the entry of southeasterly winds in summer.
Building 0, on the other hand, is taller, with a larger facade, effectively blocking summer
sunlight and maximizing economic benefits. Overall, the layout with high buildings on the
northwest and lower buildings on the southeast allows southeasterly winds to cool the site
in summer while effectively blocking northern winds in winter.
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Figure 16. Neighborhood morphology of the non-dominated solution sets for the 5 clusters.

In order to show more clearly the differences between the optimization objectives of
the different clustering morphology goals, five clustering centers and one feasible solution
are selected as representative schemes in Table 6, respectively. The four small schematic
diagrams below the axonometric schematic of each solution, representing the mean winter
wind speed, mean winter UTCI, mean summer wind speed, and mean summer UTCI,
from left to right and top to bottom, can visualize the focused optimization points of each
clustered representative solution.

The performance of the clusters in the table indicates that to enhance the thermal
comfort in the neighborhood during winter, the height of the buildings on the south side
should be reduced, while the height of the buildings in the middle and north should be
increased to boost the economic benefits, considering sunlight from various angles. Overall,
the building height layout can be summarized as “high in the north and low in the south”
and “high in the northwest and low in the southeast”, which is more conducive to the
target performance. This layout allows most of the block to be well lit, guides the summer
southeasterly wind into the block to remove excess heat, and the taller buildings on the
west can reduce the impact of western sunlight while providing shade for the interior.
Additionally, the high-rise buildings on the northwest can block the winter north winds,
improving the winter wind–heat comfort.



Buildings 2024, 14, 3176 19 of 27

Table 6. Each clustering parameter and analysis.
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However, design decisions need to weigh multiple factors, although the multi-objective
optimization algorithm has screened out balanced and excellent solutions and eliminated
many poor solutions. However, due to the mutual constraints between the indicators, it
is still difficult to find a comprehensive and perfect program. Therefore, when selecting
the program, it should be selected according to the focus. Based on the above analysis, the
performance characteristics of the five clusters on the four optimization flags are summa-
rized, and the number of
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Table 7. Evaluation of the characteristics of each cluster.

Clustering
Category

Winter Wind
Speed

Average (m/s)

Winter UTCI
Mean Value

(◦C)

Summer Wind
Speed

Average (m/s)

Summer UTCI
Mean Value

(◦C)

Cluster Center 1
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3.3. Comparative Analysis Results before and after Optimization of Real Urban Community Cases
3.3.1. Status of the Neighborhood Wind–Heat Environment before Design Optimization

Before optimizing the real neighborhood case, it is necessary to simulate and evaluate
the wind environment and thermal comfort of the existing real neighborhood in winter
and summer (the coldest day and the hottest day) in order to analyze the problems and
deficiencies of the current wind and thermal environment of the neighborhood and to
propose targeted strategies to address these deficiencies. Figure 17 shows the visualization
results of the wind and thermal environments in winter and summer for the parametric
model based on the real neighborhood before optimization.

Figure 17. Calculated results of the wind–heat environmental assessment for the winter and summer
seasons (before optimization).

Figure 17 shows that on the coldest winter day, the neighborhood’s wind environment
is poor, with a maximum wind speed of 4.06 m/s, an average of 1.5 m/s, and a comfort
zone ratio of 42%. Although the surrounding buildings use a semi-enclosed layout to
reduce the wind speed, the height and density of the northern buildings create a tunnel
effect, leading to significantly higher wind speeds and discomfort for residents.
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On the hottest summer day, the wind environment performs even worse, with a
maximum wind speed of only 3.00 m/s, an average of 1.08 m/s, and a comfort zone ratio
of 39%. The center of the neighborhood has large areas of no wind and low wind zones,
with speeds dropping below 1.0 m/s, and in some areas even below 0.35 m/s. According
to the pedestrian wind environment zoning table, these areas are classified as low wind
speed zones, where pedestrians can hardly feel airflow in the hot summer, resulting in
poor thermal comfort [61]. There are many southeast winds along the Marina in summer,
but due to the podiums set up in the southeast direction of the block, the overall central
area has a small opening on the windward side, which blocks the inflow of summer winds,
resulting in a larger area of low wind.

The UTCI distribution shows that on the coldest winter day, the thermal environment
is poor, with a highest UTCI of 4.09 ◦C, a lowest of −0.72 ◦C, and an average of 1.24 ◦C.
The high surrounding buildings create shade, reducing the solar radiation and lowering
the UTCI values. On the hottest summer day, the UTCI ranges from 33.21 ◦C to 24.98 ◦C,
averaging 30.42 ◦C, primarily in the unshaded south and west, but the overall performance
remains poor.

3.3.2. Neighborhood Optimization Strategy and Post-Optimization Results

To address the wind and heat environment issues from the simulation, the block
building form and site space design can be optimized. Based on the strategies extracted
from the multi-objective optimization strategy, the following morphology design planning
and height optimization strategies are used for the field blocks:

i. Add a new low-rise podium or more greenery at the base of building No. 1 to block
the north wind from the northwest area.

ii. Partially demolish the podiums of buildings No. 13 and No. 29 to allow more
southeasterly winds into the central area and improve the thermal comfort.

iii. The heights of the middle buildings on the southeast and west sides will be reduced
to meet sunlight needs (removing the top 5 floors of building No. 19 and the top 10
floors of building No. 30).

The buildings on the north side will remain unchanged to prevent winter cold winds.
A specific schematic of the modifications is shown in Figure 18.

After optimizing the real neighborhood, the effectiveness of the wind–heat environ-
ment improvements needs to be evaluated. Figure 18 shows the visualized distribution
of the optimized wind–heat environment. The simulation results indicate a significant
improvement on the coldest winter day: the maximum wind speed decreased to 3.27 m/s,
the average wind speed was 1.03 m/s, and the percentage of the comfort zone increased
to 58%. After the retrofit, the maximum wind speed dropped by 0.79 m/s, the average
by 0.47 m/s, and the comfort zone proportion rose by 16%. The new low-rise podium at
the base of buildings 1–2 effectively blocked winds from the north, significantly reducing
the strong wind zone in the northwest. In terms of thermal comfort, the conditions on the
coldest day also improved, with a maximum UTCI of 2.78 ◦C, a minimum of 0.89 ◦C, and
an average of 1.72 ◦C. Although the maximum UTCI decreased by 1.31 ◦C, the minimum
UTCI improved by 1.61 ◦C, and the mean UTCI increased by 0.48 ◦C.

The wind environment and thermal comfort performance on the hottest day of the
summer also improved. The maximum wind speed inside the neighborhood increased
to 4.31 m/s, the average wind speed improved to 1.63 m/s, the percentage of wind
environment comfort zone increased to 67%, and the wind-free zone decreased significantly.
In terms of the thermal comfort performance, the maximum UTCI on the hottest day in
summer decreased to 32.55 ◦C, the minimum value decreased to 24.37 ◦C, and the average
UTCI was 29.83 ◦C, which was 0.59 ◦C lower than the average UTCI before the retrofit, and
the overall thermal comfort in summer was significantly improved.
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Figure 18. Schematic diagram of the optimized design measures and local thermal comfort after
the retrofit.

4. Discussion
4.1. Ideal Model Optimization Strategy

The simulation process presented in this paper complements the shortcomings of
previous related simulation studies as comprehensively as possible. For example, it comple-
ments the need for further analysis using Butterfly, as mentioned by Lenka Kabošová et al.,
in urban form optimization [62]. In addition, since the city is an extremely complex operat-
ing system, the morphology of the urban neighborhoods is also much more than the several
simple combinations mentioned in this paper. In this paper, only the more representative
forms of building enclosure in Dalian are selected for simulation and evaluation, but other
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types of irregular forms in the city also occupy a certain proportion, which needs to be
completed in the subsequent optimization of further classification and evaluation.

In the multi-objective optimization process of the ideal model in this study, among
the four optimization objectives, except for the positive correlation between the average
value of the summer wind speed and the average value of the UTCI, the other ones
are in competition with each other. Therefore, the study of the microclimate in small
neighborhoods should take into account the characteristics of the geographic conditions
of the study area, and the case city Dalian is located in the cold coastal area, which needs
to focus on insulation and wind shielding in winter compared to ventilation and heat
dissipation in summer. When the needs of the winter and summer seasons cannot be
satisfied at the same time, the winter microclimate comfort needs should be considered
first. That is, mainly by adjusting the height of the buildings, adopting the layout of “high
in the north and low in the south” and “high in the northwest and low in the southeast” to
withstand the cold wind attack in winter, so as to improve the thermal comfort in winter
and improve the overall microclimate.

4.2. Implementation Measures of Real Case Optimization

There are many cases of the optimization of real neighborhoods based on simulation
evaluation, such as the simulation evaluation of the daylight and thermal performance of
high-rise residential layouts by Wang et al. through a multi-objective optimization algo-
rithm [63], and Zhang et al. generated residential layouts and optimized their performance
through a multi-objective optimization algorithm [64], etc. However, through the concept
of a non-dominated solution set, it can be concluded that the focus of urban design based
on different objectives and performance optimization is completely different [65], and
the multi-objective optimization needs to be combined with the local norms and climatic
characteristics of the study area for targeted optimization, rather than blindly carrying out
comprehensive optimization.

This study is not just a subjective proposal for transformation measures for a certain
case but also an analysis of the optimization strategies based on the ideal model of the city
as a whole. This method of rapid parametric modeling and analysis and determining the
design threshold range is highly applicable in the early stage of urban design, especially
because all the operations are based on the parametric platform Grasshopper, which solves
the problems encountered in the process of urban design through a combination of various
plug-ins. Without additional learning costs, designers can make informed decisions based
on the numerical values of the problems and optimization suggestions at the early stage of
the design process.

4.3. Research Deficiency and Limitation

In this study, the ocean wind is an important parameter for the urban wind and thermal
environment, and if its influence on the overall wind and thermal environment of the city
is further explored, the simulation study can be closer to the reality. However, this process
requires long-term meteorological data or simulation data, so this paper does not explore
the long-term impact of the ocean wind on the city. In addition to the wind conditions,
the humid environment of coastal cities, particularly the air humidity, is also a significant
factor influencing the wind–heat environment. However, due to space limitations, this
article focuses primarily on the wind, which has a more pronounced impact on the thermal
environment in winter.

Due to the limitations of the simulation conditions, this study only selected repre-
sentative neighborhoods for the simulation evaluation and optimization to validate the
effectiveness of the optimization method. The strategies and recommendations based
on the ideal model remain quite limited. However, with the continuous development
of artificial intelligence technologies, an increasing number of algorithm plug-ins will be
integrated into the Grasshopper platform, expanding the scope of research and simulation
in the future. By constructing a foundational environment and connecting to cloud servers,
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it will be possible to simulate regional urban forms and wind–heat environments, resulting
in more accurate and reliable urban design strategies.

5. Conclusions

In this paper, a comprehensive parametric wind–heat environment assessment method
is proposed through the Rhino and Grasshopper platforms and based on previous research,
and a complete set of initial urban design assessment processes is established by combining
various plug-ins and applying multi-objective optimization algorithms to the initial urban
design assessment. After a series of simulation optimization processes and analysis of the
simulation results, the following conclusions are drawn.

1. The interrelationships between the wind and thermal environments of urban forms
in different seasons are explored by establishing an ideal model, and a multi-objective
optimization algorithm is used to provide a non-dominated solution set for the initial
urban design. Five cluster centers are derived using cluster analysis, and the optimal
feasible solution is generated after comparing the optimization performance of the five
cluster combinations. The optimized wind environment and thermal comfort are signifi-
cantly improved.

2. By analyzing the characteristics of the optimal feasible solution combination, it is
concluded that, under ideal conditions, the block layout of Dalian City should follow the
building layout of high northwest and low southeast, which can ensure that the southeast
wind enters the interior of the site to take away the heat in summer, enhance the thermal
comfort of the site’s summer wind, and also effectively block the intrusion of the north
wind on the interior of the block in winter.

3. Based on the optimization strategy derived from the ideal model for real neighbor-
hoods in Dalian, it is found that the optimized average wind speed inside the neighbor-
hoods in winter is reduced by 0.47 m/s and the UTCI is increased by 0.48 ◦C; in summer,
the wind speed inside the neighborhoods is increased to 1.5 m/s and the UTCI is reduced
by 0.59 ◦C.

In summary, the wind and heat environment in the winter and summer seasons can be
effectively improved by optimizing the layout of the urban form, which provides a scientific
basis for urban renewal design. These conclusions verify the practicality and effectiveness
of the multi-objective optimization strategy in urban microclimate improvement, and they
provide an important reference for future urban planning and design. Of course, this study
has some limitations, including the presence of a large computational volume and urban
locality factors, but with the continuous development of artificial intelligence and cross-
disciplinary research, and as designers and programmers continue to develop interesting
new features, Rhino’s Grasshopper and related extensions and plug-ins are still evolving,
meaning this workflow still has great potential.
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Glossary

Name Definition

MOO (multi-objective optimization)
Algorithms for handling objective optimization
problems and finding optimal solutions.

UTCI (Universal Thermal Climate Index) Indicator used to evaluate thermal comfort.

NDVI (normalized difference vegetation index)
A normalization index that describes the spatial
distribution of vegetation, and the range is −1 to 1.

FAR (floor area ratio)
An urban form factor that represents the ratio of
overall floorage to research unit.

SVF (sky view factor)
The ratio at a point in space between the visible sky
and a hemisphere centered over the analyzed location.

Az (azimuth) Used to indicate the building orientation.
AVG (average wind velocity) For assessment of the wind environment.

BD (building density)
The floor area of the building divided by the total
area of the site.

BF (number of floors) Used to indicate the number of floors in a building.

LCZ (local climate zone)
Classification methods used for urban localized
thermal climates.
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