creative
comimons

C O M O N S
& X EAlI-HI el Xl 2.0 Gigel=
Ol OtcHe =2 E 2= FR0l 86t AFSA
o Ol MHE=E= SN, HE, 8E, A, SH & &5 = AsLIC

XS Metok ELIChH

MNETEAl Fots BHEHNE HEAIGHHOF SLICH

Higel. M5t= 0 &

o Fot=, 0l MEZ2 THOIZE0ILE B2 H, 0l HAS0 B2 0|8
£ 2ok LIEFLH O OF 8 LICEH
o HEZXNZREH EX2 oItE O 0lelet xAdE=2 HEX EsLIT

AEAH OHE oISt Aeles 212 LWS0ll 26t g&
71 2f(Legal Code)E OloiotI| &H

olx2 0 Ed=t

Disclaimer =1

ction

Colle


http://creativecommons.org/licenses/by-nc-nd/2.0/kr/legalcode
http://creativecommons.org/licenses/by-nc-nd/2.0/kr/

Master’s Thesis of Landscape Architecture

Efficient Application of Green Infrastructure for Improving
Air Quality in Residential Complexes behind Port Area

: Numerical Analysis using Computational Fluid Dynamics

August 2023

Graduate School of Seoul National University

Department of Landscape Architecture and Rural
Systems Engineering, Landscape Architecture Major

Seunghun Baek



Efficient Application of Green Infrastructure
for Improving Air Quality in Residential
Complexes behind Port Area
: Numerical Analysis using

Computational Fluid Dynamics

Under the Direction of Advisor, Prof. Junsuk Kang

Submitting a master’s thesis of
Landscape Architecture

August 2023

Graduate School of Seoul National University

Department of Landscape Architecture and Rural
Systems Engineering, Landscape Architecture Major

Seunghun Baek (Sign)

Confirming the master’s thesis
Written by Seunghun Baek

May 2023

Chair (Seal)

Vice Chair (Seal)

Examiner (Seal)




Abstract

Efficient Application of Green Infrastructure
for Improving Air Quality in Residential
Complexes behind Port Area
: Numerical Analysis using

Computational Fluid Dynamics

Seunghun Baek
Master’s Course in Landscape Architecture
Graduate School, Seoul National University

Supervised by Professor Junsuk Kang

Korea is one of the countries with serious air pollution among OECD
member countries. In particular, in port areas, large amounts of pollutants
are discharged due to a large volume of maritime traffic, which accounts for
a high proportion of air pollution in the area. Currently, policies to improve
air quality mainly focus on regulating emission sources themselves.
However, when examining the fluctuation trend of fine dust concentrations
in major cities in Korea, the effectiveness of emission source regulation
policies is being questioned, indicating the need for spatial management
measures.

This study focused on Busan Port, which handles more than half of the
maritime traffic in the largest port city in Korea, and is expected to have
poor air quality. More specifically, the study targeted the densely populated
residential areas behind the port in Busan New Port. It was determined that
a spatial measure is necessary to improve air quality in the Busan New Port
area, moving away from the conventional approach of only regulating

emission sources. In this study, green infrastructure, which is known to



reduce various types of disasters and hazards, was utilized as a measure.

The objective of this study is to quantitatively demonstrate the
effectiveness of introducing green infrastructure in improving air quality in
the residential areas behind the port in Busan, which is expected to have
poor air quality due to processing more than half of the marine traffic in
the city. Specifically, the study focused on densely populated residential
areas within Busan New Port. To achieve the goal of improving air quality
in the port area of Busan, it was deemed necessary to move beyond the
conventional approach of regulating emission sources and adopt spatial
strategies. In this study, various forms of green infrastructure were simulated
in the target area, and computational fluid dynamics were utilized to
quantitatively evaluate their effects and provide an optimal placement plan.
In order to use the CFD model, a correlation analysis was conducted
between field data such as air quality observation stations and meteorological
information data, and it showed a correlation coefficient of 0.7 or higher,
indicating that the data was reliable. The green infrastructure used in this
study considered the vegetation form in the target area and utilized trees
and shrubs, and simulations were conducted for a total of 30 cases by
combining spacing and arrangement of green infrastructures.

This study introduces green infrastructure as a spatial improvement
strategy for the residential areas behind the port in the harbor area where
fine dust pollution is high, but management measures are insufficient, and
suggests a placement plan. This study is expected to serve as a fundamental
basis for spatial improvement strategies for air quality in the port area in
the future.

Keywords : Computational fluid dynamics, Green Infrastructure, Air quality, Port

area, Fine dust

Student Number : 2021-20044
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Chapter 1. Introduction

1.1 Background

Although it has been deflected from our attention due to the COVID-19
pandemic, which has been a global issue from 2020 to the present,
Particulate air pollution, especially the types with aerodynamic diameter of
less than 2.5 pm (PM2.5), is a matter of public concern, because it is
known to exacerbate a wide range of respiratory and wvascular illnesses
(Brunekreef & Holgate, 2002). According to the 019 World Air Quality
Report', Korea showed a high enough level to rank first among OECD
member countries in the concentration of ultrafine dust pollution (AirVisual,
2019). 2020 brought unexpected reductions in air pollution due to reduced
human activity due to the pandemic, but the recent resumption of activity is

expected to increase air pollution again.
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Fig. 1 2019 global PM2.5 concentration (Airvisual, 2019)



Maritime transportation through ships accounts for 85% of total global
trade, and in Korea's maritime traffic accounts for 99.7%. In port area with
a lot of maritime traffic, various types of air pollutants are detected from
sources including ships. Of Korea's air pollutant emissions, the amount of
fine dust generated from the marine section accounts for 9.6% of the
country, and 51.4% in Busan alone, which is a very serious level (Han,
2017). According to the World Shipping Coucil's data on the maritime
traffic for each city in the world, Busan is the 7th largest city in the world
as of 2020. It was similar to cities including Shanghai in China, and it can
be seen that it is higher than that of Incheon, Gwangyang, and Ulsan,

which are major port area of Republic of Korea.

Table. 1 Maritime traffic of major port

(Million TEU)
No. Volume 2016 Volume 2017 Volume 2018 Volume 2019 Volume 2020
1 Shanghai Shanghai Shanghai Shanghai Shanghai
(37.13) (40.23) (42.01) (43.30) (43.50)
2 Singapore Singapore Singapore Singapore Singapore
(30.9) (33.67) (36.60) (37.20) (36.60)
3 Shenzhen Shenzhen Shenzhen Ningbo-Zhoushan Ningbo-Zhoushan
(23.97) {25.21) 27.74) (27.49) (28.72)
4 Ningbo-Zhoushan Ningbo-Zhoushan Ningbo-Zhoushan Shenzhen Shenzhen
(21.6) (24.61) (26.35) (25.77) (26.55)
5 Busan Busan Guangzhou Guangzhou Guangzhou
(19.85) (20.49) (21.87) (23.23) (23.19)
6 Guangzhou Guangzhou Busan Busan Qingdao
(18.85) (20.37) (21.66) (21.99) (22.00)
7 Qingdao Qingdao Qingdao Qingdao Busan
(18.01) (18.30) (18.26) (21.01) (21.59)

Comparing the drift in the proportion of maritime traffic between the

North Port and the New Port, which account for more than 95% of Busan,
over the past 7 years, the North Port accounted for around 35% each year.
New ports accounted for more than 60% every year, showing that they
accounted for most of Busan's maritime traffic. Busan New Port opened in
2006 and currently has 25 berths and plans to gradually expand the
facilities to 57 berths by 2040, so the amount of air pollutants to be

emitted is expected to increase.
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Fig. 2 Comparison of maritime traffic in Busan

As the air quality deteriorated due to the increase of maritime traffic in
the port area, the government announced the ‘Comprehensive Plan for Air
Quality Improvement in Port Areas’ (Ministry of Oceans and Fisheries,
2021). Policies are mainly regulating ships, which are emission sources, and
there are insufficient specific measures to reduce damage to nearby residents.
The metropolitan area, such as Seoul, which is an inland area, also
introduced policies focusing on emission source control, starting with the
first basic plan for air environment management in the metropolitan area in
2005. Looking at the trend of fluctuations in the amount of fine dust by
year in Seoul, it showed a gradually decreasing pattern after the policy was
introduced, but it can be seen that the correlation between the emission
source and the pollution concentration is decreasing around 2012. This
suggests that a policy to simply regulate emission sources is not enough,
and port areas will be similar. Accordingly, it is necessary to quantitatively
analyze the impact that a source that emits a large amount of pollutants
may have on the surrounding area and suggest alternatives in parallel with

the emission source regulation and spatial management response plan.
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One of the methods to improve air quality in terms of urban spatial
structure is green infrastructure(GI) such as street trees and parks. GI has
the function of absorbing and adsorbing fine dust through the outer surface
and pores. It also promotes atmospheric circulation by creating a curved
surface in the urban space with the building. In order to analyze how
pollutants are distributed in the external space, a method for analyzing air
flow is required. Common methods for analyzing atmospheric flow include
field experiments and wind tunnel experiments. However, there is a limit to
considering these wvariables in an experimental method because the
distribution of air pollutants is heterogenecous in urban space due to the
non-uniform wind flow due to the large number of buildings and irregular
sections of solar radiation. With the recent development of hardware and
software, = computational  fluid dynamics, which  supplements the
above-mentioned limitations and can consider various situations as well as
fragmentary phenomena, is being actively used. This is attracting attention as
a method of analyzing atmospheric flow because it allows quantitative
analysis including various environmental variables by dividing space into
mesh and storing physical properties to compute physical interactions

between mesh.



1.2. Objectives

The objective of this study is to derive an optimal design for the
introduction of green infrastructure as a mitigation measure for reducing a
significant amount of air pollutants emitted from ships due to a large
amount of water flow into Busan New Port, where the air quality is poor.
Green infrastructure is one of the frequently adopted mitigation measures to
respond to various disasters and hazards in our surroundings, such as air
pollution and heatwaves. In particular, green infrastructure is known to be
effective in improving air quality by promoting the circulation of air flow in
the city like a wind path and adsorbing air pollutants through its leaf
surface. Therefore, while green infrastructure is actively being introduced as
a policy decision by policymakers, there is a lack of quantitative evidence
that can serve as a standard for its actual introduction. In this study, we
aim to present the optimal green infrastructure deployment plan using
computational fluid dynamics, which 1is difficult to determine the

effectiveness of through various experiments, and provide quantitative effects.



1.3 Scope and Flow

This study is mainly composed of four chapters: background, previous
research review, methodology, and numerical analysis (fig. 1). In this
chapter, as the background of the study, the target area of this study was
explained based on the air quality risk and statistical data of the port area,
and the objective of this study was explained. The literature review was
divided into three parts: 1) Air quality analysis using CFD, the main
method of this study, 2) Green infrastructure and reduction effects within
CFD, 3) Initial CFD A method of calculating fine dust emissions to be
applied as a condition. Methodology includes a series of processes to
achieve the objective of the research. Build a model framework using
geospatial and building information, and build a basic model by calculating
initial emissions based on data that includes information such as ships. For
the verification of the model, the CFD analysis result of the model is
compared with the environmental information actually measured in the target
area, Busan New Port. Based on the verified model, vulnerable residential
complexes are selected within the Busan New Port and the green
infrastructure to be introduced as an alternative to fine dust mitigation in the
area is modeled. Finally, in order to select an optimal design plan and
derive its quantitative effect, numerical analysis is performed by classifying

scenarios according to the arrangement of green and grey infrastructure.
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Chapter 2. Literature Review

2.1 Air quality analysis using CFD

The Computational Fluid Dynamics model obtains quantitative results by
solving the advection and dispersion equations of air pollutants such as
PM2.5 and PM10 in the flow field of the target area obtained by using the
Navier-Stokes equation. Urban areas, where various buildings and other
infrastructure are densely concentrated, have many limitations in predicting
flow and microclimate characteristics due to their complex structure. Under
the premise that the CFD model has a high correlation with field, it
provides information to researchers and decision makers through simulation
of various environmental variables such as wind direction and wind speed,
unlike field measurement, which only considers fragmentary situations.

The CFD model provides a wider range for implementing different
turbulence models and solution methods. In general, turbulence is explicitly
resolved in the Direct Numeric Simulation (DNS) model, while in the
Reynolds Averaged Naiver-Stokes (RANS) and Large Eddy Simulations
(LEM) models, it is parameterized using different concepts. Toparlar et al,
2017 has investigated studies using CFD on urban microclimate up to 2015.
As a result, 96% of the studies used the RANS model to solve the
Navier-Stokes governing equation, 2.8% used LES, and the rest used both.
Although the LES simulation is known to be accurate (Jeanjean et al. 2017),
due to high computational requirements and lack of best practice guidelines
(Toparal et al. 2017) The frequency of use was low. When categorizing
studies according to geographic scale, of the 177 studies reported, 30%
exhibited regional scales, 30% urban scales, 15% regional scales, and 15%

street scales (Kadaverugu et al. 2019).



In a recent study, in addition to air quality analysis, research on how
quantitatively improved by introducing green infrastructure as a solution for
outdoor air quality improvement was being conducted. Green infrastructure is
known to act as a defense wall to block pollutants in the city, and to
reduce the amount of pollutants by being absorbed by crown with leaves.
Gallagher et al. (2015) found that tree species, crown size, porosity, leaf
area density, height, and tree-building distance influence particle dispersion.
Jeanjean, Monks, & Leigh (2016) used OpenFOAM software to discuss the
effects of trees and grass on the reduction of PM2.5 caused by traffic
emission at the city scale. It was found that the aerodynamic effect was
superior to the deposition effect, and when the wind speed was more than 2
m/s, the tree showed a beneficial effect. In the field of air quality analysis,
there have been studies specifically focusing on pedestrians as the actual
end-users. Grimke & Blocked (2014) found the effects of street trees on
flow and dispersion at pedestrian heights in general urban spaces using CFD
software FLUENT.

In addition, the analysis was conducted considering coupling effects of
building and tree (Hong, 2017). RANS model and the revised generalized
drift flux model was used to discuss the dispersion effect of PM2.5
according to different building-tree arrangements in the housing block.

The simulation models go through a validation process to evaluate
whether this is actually a reasonable method. Model performance is typically
assessed by calculating statistical metrics such as correlation coefficients,
normalized mean bias, mean fractional error and bias, and normalized mean
square error between modeled and observed environmental variables (Zhong

et al. 2016).



2.2 Implementation of Green Infrastructures

In related studies using CFD, the fine dust reduction effect of green
infrastructure has been largely analyzed using wind tunnel experiments and
numerical models. The wind tunnel experiment has the advantage that it can
be simulated similarly to the real one, but it has the disadvantage of
showing only the result of the integrated effect, without distinguishing what
effect the reduction is due to. However, by using a numerical model, it is
possible to analyze the contribution level of the effects of reducing fine dust
and quantitative numerical values. Although it is not an accessible method
because the software is expensive, it is a suitable method for the study of

various physical flow and dispersion processes in complex geometry such as
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Fig. 5 Effects of greenInfrastructures related to fine dust in the CFD model
(Buccolieri et al, 2018)
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There are three main effects of green infrastructure and street trees,
which are currently being applied in research on fine dust using CFD. 1)
acrodynamic effect to weaken the diffusion of fine dust by obstructing air
flow around trees, 2) deposition effect to remove fine dust through the
leaves in the canopy layer of trees, 3) resuspension effect of fine dust

captured on the surface of trees.

2.2.1 Aerodynamic effect

In most studies, the porous vegetation approach has been used to
simulate the aerodynamic effects of green infrastructure. For this purpose,
the standard fluid flow equations were supplemented with momentum source
(sink) terms. Recent studies using computational fluid dynamics (CFD) have

parameterized the drag force between leaves and the atmosphere for each

grid. Leaf area density (LAD) [QO_3], which represents the leaf area per
unit volume, was used, and the sink of momentum term was added to each

momentum equation. as:
S, =—pLADC,Uui [Pam '] (1)

where p is the air density [kgm *], C; is the sectional drag for vegetation
(dimensionless), U is the wind speed ms™ '], wi is the wind velocity

component [m 571]. The value of C; used in Eq. (1) has a variation in
different studies. Table. 2 represents the values of C; used in previous
studies.

In addition, vegaetation has a effect of modifying the mean flow motion
of the surrounding air. Vegetation alters the flow pattern and creates wake
turbulence in its vicinity. However, the turbulence generated by the wake is

smaller in length scale compared to the turbulence generated by the shear of

- 11 - A =Tl



the incoming flow. As a result, this wake turbulence experiences a fast
dissipation process. This is parameterized through source and sink terms for
turbulent kinetic energy (k) and turbulent dissipation rate (£) in the

turbulence equations as:

S, = pLADC,(8,U°~ B,Uk) [kgm 's’] 2)

S = pLADOd(c;ﬁp% U~ C..B8,Ue) [kgm ‘s 3)

where ﬁp is the fraction of mean kinetic energy converted into turbulent
kinetic energy and it takes value between 0 and 1, (3, is coefficient for
short circuiting of the turbulence (dimensionless). C, and C; are constants
for the model. Table. 3, Table. 4 represent the values of 3, 3, C., and

C.; used in previous studies.

Table. 2 Values of sectional drag coefficient used in CFD simulations
(Buccolieri et al, 2018)

Additional Term o References
S, =—pLADC,Uui 0.1-0.3 Vrancks et al. (2015)
Gromke et al. (2015), Santiago et al.

(2013)
0.25 Jeanjean et al. (2015)

0.2

Table. 3 Values of 3,, (3, used in CFD simulations (Buccolieri et al, 2018)

Additional Term Value References
S, =pLADC,(3,U°— B,Uk) 3,1 Green (1992), Liu et al. (1996),
B,=4 Amorim et al. (2013), Salim et al.
(2015)
6,=1 Hong et al. (2018)
Ba=3

- 12 - A
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Table. 4 Values of C,, C.; used in CFD simulations (Buccolieri et al, 2018)

Additional Term Value References

Sf=pLADCd(Q4ﬁZ,% U~ C..3,Ue) C.,=1.5 Green (1992), Katul et al.

C.=15 (2004), Amorim et al. (2013),
Hong et al. (2018)

C,=1.5 Liu et al. (1996)

C.5=0.6

2.2.2 Deposition effect

In addition to the aerodynamic effect, it reduces the concentration of fine
dust in the air through the deposition of fine dust on the leaves of trees.

This is implemented as a volumetric sink term in the transport equation:

Sy =— LADV,C(z,y,z) [kgm 3s"'] @)

where 1/, is the deposition velocity of target atmospheric substance [m 871],
C' is the pollutant concentration of atmospheric substance [kg mf?’]. This
additional term is proportional to the LAD, V, and pollutant concentration
in each mesh. Table. 5 represents the values of V), used in previous

studies.

Table. 5 Values of deposition velocities used in CFD simulations (Buccolieri et
al, 2018)

Additional Term Vy References
S, =—LADV,C(z,y,z) 0.2-1 (PM10) Vos et al. (2013)
0.5-5 (PM10) Vrancks et al. (2015)
0.64 (PM2.5) Jeanjean et al. (2015), (2017)
0.5-3 (NOx) Santiago et al. (2017b)
4.58 (PM2.5) Hong et al. (2018)

SSE 2] 2-t]]



2.2.3 Resuspension effect

The resuspension effect takes into account that fine dust deposited on
trees is released back into the atmosphere by the wind. According to
previous studies, (Nowak et al. 2013) showed that PM2.5 resuspended from
a minimum of 4.5% to a maximum of 12% from the leaves. This is

implemented as a volumetric source term in the transport equation.

S. = LADV,C, (z,y,2) [kgm s ] )

S, : Volumetric source

V. : Resuspension velocity of particle [msil]

Csink : Particle concentration [kgm_g]
The LAD values used in the Eq. (1), (2), (3) can be summarized in the
following table.

Table. 6 Values of leaf area density used in CFD simulations (Buccolieri et al,
2018)

Leaf area density

References
LAD
0.7 (tree)

Vos et al. (2013)
2-5 (hedge)
0.55-2 Gromke et al. (2015)
1.6-4 Vrancks et al. (2015)
1-1.6 Jeanjean et al. (2015)
0.1-0.5 Santiago et al. (2017b)
2.3 Hong et al. (2018)
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2.3 Calculation of Air Pollutant Emissions

According to the National Fine Dust Information Center (2019) of the
Ministry of Environment, ships are classified as non-road mobile pollution
sources in the air pollutant classification system. The air pollutant emission
calculation part from non-road mobile pollution sources is the part that
calculates the air pollutant emissions from engines essential for operating
ship. If the types of ship are further subdivided, they can be divided into
passenger ships, cargo ships, fishing ships, and leisure ships. In the case of
Busan New Port, the subject of this study, since it is a port that handles a
large amount of cargo, the main types of ships entering and departing are
cargo ships. The method of calculating air pollutant emissions from cargo
ships is as follows.

The method of calculating air pollutant emissions of cargo ships that is
followed in Korea calculates the emissions by dividing the arrival and
departure process into three processes: 1) anchoring mode 2) berthing mode
3) operating mode. Anchoring mode refers to a state in which a ship stops
sailing with its anchor at the bottom of the sea at sea, and calculates the
amount of air pollutant emissions generated while a cargo ship is anchored.
The berthing mode is to calculate the pollutant emissions generated while
moving the pilotage distance, which is the distance from anchorage to the
berthing facility of the pier. The operation mode is a section that calculates
air pollutants emitted by cargo ships while sailing on the sea. Although it is
possible to calculate air pollutant emissions from cargo ships through
individual fuel consumption, the fuel consumption estimation equation 1is

used because data is difficult to obtain :

ki ; = £y} BF; ©)
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E'” is the air pollutant i emission of cargo ship j [kg/yr], F7 is the fuel
consumption of cargo ship j [, and EF, is the combined emission factor of

air pollutant i(kg/.

* Anchoring mode
Estimation of fuel consumption in anchoring mode utilizes the log of

arrival and departure by gross tonage, anchoring time, and fuel consumption

coefficient :

F,;=A,; <X SFOCX0.79X0.2 ()
ij is the fuel consumption of the w ton cargo ship j in anchoring

mode/, ij is the number of arrivals of the w ton cargo ship j, and

SFOC is the fuel consumption factor at maximum output[. The fuel
consumption factor used to estimate the fuel consumption in anchoring mode
follows the standards of the European Environment Agency (EEA). This
estimates the average daily fuel consumption by ship type and gross tonage.
Since the fuel consumption factor calculation method shown in the table is
based on the maximum output, the fuel consumption in anchoring mode is
assumed to be 20% of the maximum output. In the case of the average
number of anchoring days, 0.79 days are applied per one time, which is the
result of analysis of 560 vessels that entered Ulsan Port in January and
December 2011. (Han, 2021) calculated the emissions by correcting the
average number of anchoring days to 0.99 days through analysis based on

data from 2015 to 2016 in and out of Busan New Port.
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Table. 7 Fuel consumption by ship type & gross tonage (EEA, 1999)

Type Average fuel Fuel consumption
consumption by Gross Tonage
Solid bulk 33.8 20.186 + 0.00049*GT
liquid bulk 41.1 14.865 + 0.00079*GT
General cargo 21.3 9.8197 + 0.00143*GT
Container 65.9 8.0552 + 0.00235*GT
Passenger/Ro-Ro/Cargo  32.3 12.834 + 0.00156*GT
Passenger 70.2 16.904 + 0.00049*GT
High speed ferry 80.4 39.483 + 0.00972*GT
Inland cargo 213 9.8197 + 0.00143*GT
Sail ships 34 0.4268 + 0.00100*GT
Tugs 14.4 5.5651 + 0.01048*GT
Fishing 5.5 1.9387 + 0.00091*GT
Other ships 26.4 9.7126 + 0.00091*GT
All ships 32.8 16.263 + 0.001*GT

* berthing mode
Estimation of fuel consumption in berthing mode uses pilot distance
(anchorage-pier berthing facility) and fuel economy data, and the equation is

as follows :

Fi=A,. X Z, %M, (8)

ij is the fuel consumption of w ton cargo ship j when berthing[k¢],
ij is the number of arrivals and departures of w ton cargo ship j, ij

is the pilot distance of w ton cargo ship jlkm], and M, is the fuel

economy value of w ton cargo ship jlkm/k(].

:l'l ! -1
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* operating mode

Fuel consumption in operating mode is estimated based on the arrival and
departure times of individual ships and ship specification information. The
engine load factor in operating mode is calculated assuming 80% of the

maximum output suggested in EEA, 2019.
F; = P;x SFOCX 0.8 H; <10 ° ©)

F; is the fuel consumption of cargo ship j during operating|, P, is the

engine power of cargo ship jlkW|, and c is the operating time of cargo

ship j [hr].
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Chapter 3. Methodology

3.1 Geometry modelling
3.1.1 Topography

In order to increase the accuracy of fine dust analysis using CFD, more
sophisticated shape modeling is essential. In this study, a model was built
using Rhino3D, a 3D CAD application software based on NURBS
mathematical model, and Grasshopper 3D, a graphic algorithm editor, which
can construct sophisticated shapes in a relatively short time. The digital
topographic map CAD file provided as an open source from the national
spatial information portal operated by the Ministry of Land, Infrastructure
and Transport was used to build the model. To construct the topography,
the contour layer of the digital topographic map was used, and the range
was set to a radius of 3 km centered on the residential complex. In order
to make the curves of the contour layer into a single surface, points were
extracted in units of 50 m through the Grasshopper algorithm, and the

algorithm was configured to connect nearby points.

Fig. 6 Topography model using Rhino 3D
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3.1.2. Grey Infrastructure

Grey infrastructure included within the model range of 6km x 6km
includes residential buildings (apartments), other buildings. The number of
geay infrastructure is about 4000, and it must be modeled so that it can be
attached to the constructed topography. Although it is possible to model
each grey infrastructure, it takes a lot of time, so Grasshopper and NGIMap,
a numerical map application software of the Ministry of Land, Infrastructure
and Transport, were used. First, the curves for grey infrastructure were
projected onto the constructed topography through Grasshopper. And to set
the height value of the grey infrastructure, the number of floors for the
building layer in the digital topographic map was extracted using NGIMap.
Then. the hoster reference tool was used so that the number of floors
information could be read in Rhino, and a height of 4m per floor was set

for multiplication. Through this, the mass of grey infrastructure was built.

Fig. 7 Model including buildings
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3.1.3. Green Infrastructure

In this study, we wused both trees and shrubs (hedges) as green
infrastructure. We selected green infrastructure based on the form of the
horizontal planting in residential areas located in the vicinity of Busan New
Port. The form of the trees used in the model had a height of 8 meters
and a canopy width of approximately 6 meters, with a trunk diameter of
0.7 times the height. For shrubs, we modeled them in the form of hedges
with a height of 1 meter and a width of 0.7 meters. We selected deciduous
trees for the horizontal planting consideration. Additionally, since it is
difficult to reflect the actual form of trees and shrubs within the model, we
modeled the canopy of the trees in a spherical shape and the shrubs

(hedges) in a box shape.
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3.2 Calculation of Air Pollutant Emissions

In this study, we aimed to estimate the emissions of particulate matter
(PM10) from ships. Referring to the national standards for estimating
pollutant emissions from non-road sources and previous studies, we
calculated the amount of PMI10 emissions from ships. According to the
environmental standards provided in Chapter 2, air pollutants emitted from
ships are classified into three categories depending on the ship's operation
status: anchoring, berthing, and operating mode. However, the CFD model
used in this study did not include the areas corresponding to the berthing
mode, which is generated when a ship enters the port from the anchoring
mode, and the operating mode, which occurs when a ship is sailing on the
sea. Therefore, only the PMI10 emissions during the anchoring mode were
considered.

To estimate the emissions on February 8, 2023, the day with the highest
PM10 concentration observed at a monitoring station located inside the ship,
we needed the vessel type, gross tonnage (GT), and berthing duration data
of ships with arrival and departure records. We collected data on the vessel
name and berthing duration of ships that entered or departed during the
target period from each dock's website operated in Busan New Port.
Additionally, we obtained information on vessel type and GT data from
Marine Traffic (www.marinetraffic.com) based on the collected vessel names.

During the application of the collected data to Eq. (5), the national
standards focused on macroscopic aspects, providing an average berthing
period of 0.79 days. However, we applied the data based on arrival and
departure information. Ultimately, the amount of PM10 emitted in the area

where ships were berthed was estimated to be 120 pg/m3 on average.
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3.3 Computational fluid dynamics

3.3.1 Finite volume method

Computational fluid dynamics is a study that analyzes the physical
phenomena of flow by discretizing the governing equations expressing the
fluid phenomena to be analyzed as partial differential equations and then
calculating them using a computer. In general, the governing equations of
fluids are divided into three types(Table. 8): continuity equations, momentum
equations, and energy equations. Equations for mass, momentum, and energy,
ecach of which are important physical quantities in a fluid. Nonlinear partial
differential equations describing fluid phenomena based on governing
equations are Navier-Stokes equations, and additional equation terms are

selected according to physical phenomena.

Table. 8 Governing equations of CFD

Equation Form
Continuity ap  9lpu)  alpv)

! op  dlpu) | olpv) _
equation ox ox ox

alpu) | olpu®+p)  olpww) 07, 07,
Momentum ot * o + oy T oo * oy
equation o(pw)  3lpw) | 3lpv* +p) _ ¥y | Oy
ot o oy ox oy

Ener , , oT o 4+ oT

gfy 2(pE) , olpuH) | o(pvH) _ olur,, +or,, +hor) . olory, +om, +h)
equation ot ox oy oz oy

In order to solve the Navier-Stokes equation, which is a partial
differential equation, using a computer, the process of converting it into a
differential equation, which is an algebraic equation, is essential. In general,
methods for differentiating complex partial differential equations into
algebraic equations through numerical differentiation include finite difference

method, finite volume method, and finite element method. Siemens'

b ! -1 "'
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CFD-based simulation software STAR-CCM+ used in this study provides a
finite volume method-based solver. This is a method to find out the amount
by dividing the calculation area into mesh elements (Computational Cell),
storing the material property at the center point of the grid element, and
calculating the amount of change in the property value by calculating which
flux enters and leaves through the interface of the grid element. It can be
said that approximation is made by differentiating the integral governing
equation for each mesh element, and approximation is made through a
cell-average value and a numerical flux. Since the FVM does not make any
assumptions about the shape of the lattice during the differentiation process,

it is easy to apply to complex geometry like cities.
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3.3.2 Mesh setting

The simulation process of CFD is divided into three stages. 1)
Pre-process stage for modeling the geometry of the analysis area and

creating a calculation mesh for the geometry 2) Simulation stage in which a
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physics model is established based on the governing equations., and
boundary conditions and initial conditions are set to proceed with the
analysis 3) Post-process stage to visualize calculation results and analyze
numerical solutions. The grid generation step included in the pre-process
stage is a process of discretizing the spatial domain into very small mesh
elements so that fluid particles assumed to be continuum can be calculated
by computer. There are three core grid cells that can be created in
STAR-CCM+. A tetrahedral cell useful for finite element (FE) solvers,
polyhedral cell that is numerically more stable by merging tetrahedral cells
and is suitable for heat transfer analysis between fluids and solids, trimmed
hexahedral cell that is generated by aligning it with the Cartesian axis and

is effective for external aerodynamic analysis(Fig. 10).

Fig. 10 Types of mesh in CFD

In this study, trimmed hexadral was used for the analysis of fine dust
according to the flow of the external atmosphere. The mesher used to set

the grid is as follows:

* Surface Remesher
* Automatic Surface Repair
e Trimmed cell mesher

* Prism layer mesher
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When setting the mesh in the flow analysis of fine dust, it is necessary
to set the mesh more densely for obstacles such as buildings or external
domains. In addition to the basic default control, additional surface control
was applied to buildings, containers, and apartments that serve as structures
in this study. In addition, additional surface control was applied to the side
and sky that serve as outwall in the analysis domain. In case of green
infrastructure, it requires more detailed interpretation due to its small size
compared to other geometries. Therefore, we set a denser cell condition in
order to capture the details more accurately. Table. 9 represents mesh setting

value of all geometries in the domain model.

Fig. 11 Result of mesh operation
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Table. 9 Mesh setting value

Default control

Values

Base size

Prism layer total
thickness

Volume growth rate

Maximum cell size

20.0m

20.0 (Relative to base)

Medium
Medium

Default growth rate
Surface growth rate

1000.0 (Relative to base)

Custom control

(Structure)

Values

Target surface size
Prism layer total
thickness

Minimym surface size

10.0 (Relative to base)
2.0 (Relative to base)

1.0 (Relative to base)

Custom control
(Outwall)

Values

Target surface size

Minimum surface size

1000.0 (Relative to base)

50.0 (Relative to base)

Custom control

(Green Infrastructure)

Values

Target surface size

Minimum surface size

1.0 (Relative to base)

0.5 (Relative to base)
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3.3.3 Physics setting

Diffusion analysis of pollutants such as fine dust in CFD can be
analyzed in two ways: the Lagrangian model and the Eulerian model. The
Lagrangian model is a method of performing flow analysis for each particle
moving in the flow field within the domain. This is a method of calculating
the movement of particles by scattering particles on them using the results
of wind environment analysis. The Eulerian model is a method of analyzing
flow rather than calculating changes in particle behavior in a flow field. The
flow of air in the flow field is calculated through momentum and turbulence
equations, and only the fine dust concentration is calculated separately based
on this. In this study, the Eulerian model was used because it aims to
improve the concentration of fine dust in residential complexes through
simulation. Fine dust diffusion analysis using the Eulerian model calculates
the diffusion of air and fine dust using a multi-component physical model.
Compared with the physical model used in the wind environment, which is
the basis of the analysis of fine dust, a non-reacting model was used to
assume that each gas component does not react with each other using the
multi-component gas model, and the energy equation was calculated.
Segregated fluid temperature model was used. The physics models of wind
environment analysis and Eulerian analysis are summarized at Table. 10.

Since the basic physical properties of fine dust are not provided in
STAR-CCM+, the physical properties of fine dust must be separately entered
in the multi-component gas model. The fluid properties that can be entered
in the multi-component gas model are density, dynamic viscosity, molecular
weight, and specific heat (Table. 11).

The initial condition in this analysis was assumed to be 100% full of
clean air. To simulate this in the model, the species mass fraction was
designated as [1, 0]. Mass fraction is the mass ratio of air, and the sum of

the twoselected in the multi-component gas model is 1.
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Table. 10 Comparison of model used in wind environment & Eulerian model

Wind environment Eulerian model
e Three dimensional * Three dimensional
* Gradients * (QGradients
* Steady * Steady
* Qas * Segregated flow
* Segregated flow * Constant density
* Constant density * Turbulent
e Turbulent * RANS Realizable K-epsilon
* RANS Realizable K-epsilon turbulence
turbulence * Exact wall distance
e Exact wall distance * Two-Layer all y+ wall treatment

* Two-Layer all y+ wall treatment *° Multi-component gas

* Non-reacting

* Segregated fluid temperature

Table. 11 Properties of fine dust

Property Value

Density 1640.0kg/m?
Dynamic viscosity 1.91925E-5 Pa-s
Molecular weight 30.0kg/kmol
Specific heat 999.431J/kg-K

3.3.4 Boundary condition

3.3.4.1 Fine dust

To set the boundary condition for where the fine dust will be generated,
the field function within the program was used to specify the boundary
range and the amount of generation. For the location of the generation, the
part of the model where the ship is docked was separated and set to
generate 120 ng/m3 of PMI10, as calculated in section 3.2. To simulate the
scenario where the PM10 moves from the harbor to residential areas, values

for wind direction and speed were inputted into the side wall of the
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domain. The wind speed was set to 2 m/s and the wind direction was set
to the north, as it was predicted that PM10 would be distributed most
heavily in the residential area. Wind direction to the north is main direction

of site at summer (Han, 2020).

Target
(Residential Area)

e

Source (PM10)

Fig. 12 Schematic diagram of Boundary condition

To simulate the situation where 120 pg/m3 of PMI10 is generated at the
location, the mass fraction of PM10 was calculated and inputted. The mass

fraction of PM10 was calculated by dividing the density of PM10 by the
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density of air, and the sum of the mass fraction of air and PM10 is equal
to 1. When approximately 120 pg/m3 of PMI10 is generated, the mass
fraction of air and PM10 is [0.999999898661, 1.01339 e-07], and this was
set as the boundary condition for the source. Furthermore, clean air was
assumed for the wind, and the mass fraction of air and PMI10 was set to
[1, 0O].

Table. 12 Summary of boundary condition

Parameter Value
Side
Boundary type Velocity Inlet

Velocity specification Components
Velocity [0.0, 2.0, 0.0] m/s

Species mass fraction  [1, 0]

Source
Boundary type Velocity Inlet
Species mass fraction  [0.999999898661, 1.01339 e-07]

3.3.4.2 Green Infrastructure

As mentioned in the literature review, previous studies on using CFD for
improving air quality through green infrastructure have shown that three
effects (aerodynamic effect, deposition effect, resuspension effect) can be
simulated. This study aims to apply the first two effects, as the resuspension
effect has not been widely studied and has limited references.

For the aerodynamic effect, Eq. (2) and (3) mentioned earlier were used.
As STAR-CCM+ does not provide these equations, they were applied using
field functions. The values of variables in the equations were determined
based on previous studies. The drag coefficient C, was set to 0.2 in the
CFD model to reflect the average value instead of a specific value for each
species (Gromke & Blocken, 2015a). For tree species, the leaf area density

(LAD) value for the summer season, when leaves are abundant, was applied.
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Jeanjean et al. (2017) used a LAD value of 1.6 for deciduous trees in the
summer. For shrubs, LAD values range from 2 to 5 (Vos et al. 2013), and
the average value of 3.5 was applied in this study. The values of 3, and
B, were set to §,=1 and (,=4, based on previous studies (Lie et al. 1996,
Katul et al. 2004, Amorim et al. 2013, Salim et al. 2015). The model
constant C,, and C.; were set to the values of C,=1.5 and C,;=1.5, which
were used in modeling urban vegetation (Amorim et al. 2013, Hong et al.
2018).

The deposition effect, which simulates the phenomenon of fine dust being
absorbed by the green part of green infrastructure, was applied using Eq.
(4) as mentioned earlier. For LAD, the values applied in Eq. (2) and (3)
were applied. The deposition velocity V, of PMI10 was referenced from
previous studies. The values for ¥, of PMI10 varied in previous studies.
Vos et al. (2013) stated that it ranges from 0.2 to 1, while Vranckx et al.
(2015) applied V, value ranging from 0.5 to 5. In this study, a value of
V, 2m/s was applied for PM10.

3.3.5 Simulation scenarios

The purpose of this study is to derive the quantitative effect and what
type of green infrastructure arrangement has the optimal effect when green
infrastructure is applied to the residential complex behind Busan New Port.
One of the residential complexes was selected, and various scenarios for
street planting were set around the residential complex.

In order to diversify the planting type, various changes were made
vertically and horizontally. Vertically, shrubs were added to the trees mainly
used in previous studies. Horizontally, according to the presence or absence
of trees and shrubs, it was divided into three categories: the case with only
shrubs, the case with only trees, and the case with both, and the planting

arrangement was divided into rows 1 and 2.
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In addition, the spacing of trees was additionally divided into five at 2m
intervals from 6m to 14m. A total of 30 scenarios were classified.
Additionally, as the distance between trees increased, the amount of shrubs
was increased. The location and of target residential complex is showed in
fig. . Fig. 14-19 are perspective for each scenario

To derive the optimal scenario based on the type of vegetation in green
infrastructure, criteria were established. In this study, the scenario with the
lowest average concentration in a 1.5 m cross-section within a residential
complex, taking into account the height of pedestrians, was defined as the

optimal scenario.
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Fig. 13 Plane and perspective of target
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Fig. 14 perspective of shrubs rowl scenario

Fig. 15 perspective of shrubs row2 scenario
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Fig. 16 perspective of trees rowl scenario

Fig. 17 perspective of trees row2 scenario
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Fig. 18 perspective of shrubs and trees rowl scenario

Fig. 19 perspective of shrubs and trees row2 scenario
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3.4 Model verification

For verification of a CFD model, the model was simulated using data
from February 8, 2023, for the amount of fine dust emissions caused by a
ship. The emission data, as well as the wind direction and speed
information, were applied to the CFD model for comparison with the data
obtained from two fine dust observation stations located within the model

arca.

Weather
Station

Observation?
]

Observation

Fig. 20 Location of weather station and PM10 observation station

The emissions data was determined to be 120 pg/m3 which was
calculated at chapter 3.2, and the wind direction and speed were obtained
from the weather station within the model. The distance between the

weather station and the fine dust abservation stations is approximately 2 km,
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which was seemed suitable for this study. Both fine dust observation
stations are located within Busan New Port.

The PMI10 data provided by the observation stations were provided at
hourly intervals. For this study, only the data with a PM10 concentration of
80 ug/m3 or higher were used for the time period from 1:00 a.m. to 11:00
a.m. for a total of 11 data points, which were compared with the simulation
values. Fig. 20 shows the location of the weather station and the fine dust

observation stations within the CFD model.
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Chapter 4. Results

4.1 Model verification

To validate a CFD model, PM10 data from two observation stations Obs

1, Obs 2 and data from two locations where the observation sites are

located in the simulation were analyzed. Fig. 21, 22 show the Obs 1, Obs

2, and simulation values. Table. 13 is summary of the wind direction and

speed data used in the simulation, as well as the PM10 concentrations in

the observation and simulation.

Table. 13 Summary of value for model verification

Wind Wind _ _ . .
) o i Simulation 1 Obs 1 Simulation 2 Obs 2
Time Direction Velocity (ug/m3) (gm3) (ugm3) (ug/m3)
ag/m Hg/m ng/m ug/m
(deg) (m/s)
01:00 2252 0.1 59.47 71 75.14 85
02:00 286.2 0.5 106.74 90 78.93 85
03:00 231.5 0.3 79.40 79 70.41 75
04:00 351.2 0.4 80.94 76 60.29 70
05:00 282.7 0.1 112.10 92 75.55 92
06:00 291.8 0.4 104.21 90 86.07 86
07:00 255.2 0.1 82.84 84 93.18 98
08:00 1934 0.2 100.79 91 78.29 100
09:00 288.3 0.6 117.47 93 103.41 109
10:00 248.8 0.9 111.43 107 93.88 97
11:00 332.1 2.4 117.52 99 76.80 88
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When comparing the observation and simulation value for Obs 1, the
range of value was 71-103pg/m3 for the observation and 59-117pg/m3 for
the simulation, with mean values of 88.4pg/m3 and 97.5ng/m3, respectively.
The simulation values tended to be higher overall. For Obs 2, the range of
values was 70-109ug/m3 for the observation and 60.3-93.9ug/m3 for the
simulation, with mean values of 89.5ug/m3 and 81.1ug/m3, respectively. In
contrast to Obs 1, the simulation values tended to be lower. When
comparing the observation and simulation values, both data sets showed
some deviation. This was attributed to the limitations in data collection for
PM10 emissions from other sources like transport facilities other than ships
and the inability to use accurate wind direction and velocity data at the
verification location.

However, when performing correlation analysis for the observation and
simulation values at the two locations, both points showed a coefficient of
determination of 0.7 or higher. This suggests that the CFD model used in

this study has a reasonable correlation with reality.
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Fig. 23 Correlation analysis results of observation and simulated value



4.2 Green Infrastructure Scenario

A scenario analysis was conducted based on a verified model, and CFD
simulation was performed for a Base case that does not have a Green
Infrastructure that can be used as a comparison group with various Green
Infrastructure scenarios. The fine dust emission level was set to 120ug/m3,
the same as in the verification, and the wind direction was set to south,
which is the high fine dust period within the target area during the summer
season. The average concentration of the section at a height of 1.5m from
the ground, which is the height of a person, was chosen as the value to be
compared for each case, the value for the Base case was 68.04ug/m3[Fig.
24].

The results of the simulation are summarized in [Table. 14], where trees
are represented as T and shrubs (hedges) are represented as H and in the
case of TH, trees and shrubs are present together. The PMI10 reduction
effect for each green infrastructure scenario varied from a minimum of 0%
to a maximum of 30%, except for cases where the concentration was higher
than the base.

In the case of only trees (T rowl, T row2), a similar pattern was shown
according to the interval when comparing scenarios with row 1 and 2. The
reduction effect was found to be the lowest in both rows 1 and 2 of the
6m case where the planting interval was narrow and the amount of planting
was the highest. In addition, the highest reduction effect was shown at 8 m
thereafter, and the effect decreased as the interval became wider. Contrary to
the general idea that a large amount of trees would be more effective in
reducing PMI10, in this study, the effect was not good even if the amount

of trees was large, and also the planting interval was too wide.
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Fig. 24 Simulation results of Base case
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Table. 14 Simulation results of green infrastructure scenarios

Interval 6m 8Sm 10m 12m
1.5Sm Section Value 1. Sm Section Value 1.5m Section Value 1.5m Section Value

14m
1.5m Section Value

T . 64.04 gl 57.02 vvvv 60.56 61.24 63.27
Trow
=J. 0 - . 0 - . 0 . 0 =/. 0
- (-5.88%) (-16.20%) (-10.99%) (-9.99%) (-7.01%)
iy | e
CYAYETET) W " 7 CYLTETET) ,
I 58.76 f" DECEIE. 5208 4 54.35 56.95
Tow.
0) (] (] ‘ ! . (] -16. (]
- (-13.64%) (-27.48%) | (:22.13%) | (-20.12%) (-16.30%)
2 BE | i'\/";,‘}.‘_ .
- L 68.19 vv 65.43 vv 65.91 vvv 72.49 66.36
row
- (+0.22%) (-3.84%) (-3.13%) (+6.54%) (-2.47%)
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In the case of shrubs (H rowl, H row2), the reduction effect was the
highest at 8m, the same as the case of trees. However, unlike trees, it was
found that there was no specific pattern when compared by interval.

When comparing trees and shrubs, the reduction effect was about 5% to
16% in case of T rowl and 13% to 27% in T row2. In case of the
H rowl, the maximum was 3.8% and in H row2, the maximum was 7%.
Also, in case of shrubs, the PM10 concentration was higher in some cases
than in the base case without green infrastructure. It was found that the
PM10 reduction effect of trees overwhelming that of shrubs.

Comparing TH with trees that had a high PM10 reduction effect, it was
confirmed that TH showed a similar pattern to the analysis results of trees.
Comparing T rowl and TH rowl, the case with only trees appeared to be
more effective, and in the case of row2, the effect of TH was found to be
better. However, the difference between the two planting types was about
3% at most, indicating that the effect obtained by additionally planting
shrubs was very small. In addition, when comparing the PM10 concentration
contour of the target area, the internal concentration was higher in
TH row2, which had a better effect than that of tree trees. Additional
planting of shrubs can improve the mitigation effect in the periphery, but it
is presumed that excessive planting rather inhibits atmospheric circulation

and increases the concentration in the inner area.
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4.3 Aerodynamic vs. Deposition
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Fig. 27 Simulation results of aerodynamic & deposition effect
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In the study, 30 scenarios were analyzed incorporating both aerodynamic
effects and deposition effects simultaneously. The aim was to identify to
what extent the two mechanisms for reducing particulate matter, applied in
this study, correlate with the total outcomes derived from previous analyses.
Analyses were executed for 60 cases, distinguishing scenarios with only
acrodynamic effects from those with only deposition effects among the 30
scenarios. The findings indicated a similar pattern with the initial results for
the case of the deposition effects. However, no specific pattern was
observed in the case of aerodynamic effects. Upon conducting a correlation
analysis with the original results, the R? value was approximately 0.77 for
the deposition effects, and 0.12 for the aerodynamic effects. While the
adsorption effects showed a reasonable correlation with the initial results, the

aerodynamic effects were found to have a significantly low correlation.
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Chapter S. Discussion

5.1 Simulation model

The most challenging aspect of simulating urban environmental issues
such as heatwaves, not just PM10 (air quality), is how accurately the terrain
and infrastructure of urban areas are represented and how closely the
simulation aligns with reality. In this study, to construct a more accurate
model, a numerical terrain model including the terrain and surrounding
infrastructure was created using 3D CAD Rhino and Grasshopper. In
contrast to previous studies that simplified and generalized a portion or a
specific form of the city to build the model, this research constructed the
terrain and infrastructure for a 6km x 6km area.

For model validation, the estimated amount of PMI10 expected to be
generated in the area where ships are docked was calculated based on
formulas, and data from two PM10 monitoring stations located within the
model domain, which can be compared with the estimated values, were
utilized. Additionally, environmental data (wind direction, wind speed) used
as inputs for the model domain were obtained from weather observation
stations. When compared to the points within the domain that corresponded
to the locations of the PM10 monitoring stations, the correlation showed a
compliance with an R?>0.7. Although the overall trends were similar, there
was a bias between the observed values and the simulation values. While
the model constructed in this study can be considered reasonably accurate
due to the similarity in trends, the presence of slight bias indicates a lack
of precision in the model. This could be attributed to the selection of the
closest point for weather data, which may have introduced errors due to
localized differences in weather conditions. Additionally, the model did not
consider emissions from factors such as construction machinery and other

sources in the port area, apart from emissions from ships. Considering real
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measurement data and the surrounding environment at the desired locations
during the model validation process would lead to better research outcomes

in the future.

5.2 GI scenario

One of the major differentiating factors of this study compared to
previous research is the detailed scenario analysis of Green Infrastructure
(GI). Previous studies did not differentiate tree spacing in their analysis
scenarios and only considered a single type of vegetation. However, in
urban areas, the types of vegetation in Gl can vary, and the spacing of
vegetation is determined by regional policy standards. In this study, we
considered the inclusion of trees and shrubs in roadside plantings for PM10
reduction and divided the spacing into a range from 6m to 14m. We
investigated how the PM10 reduction effect varies according to the spacing,
and the scenario with the maximum effect was found to have a spacing of
8m. Interestingly, the height of the trees in this scenario was 8m. While
this may be a coincidence, it can be speculated that the relationship between
tree height and spacing may also influence the reduction of PM10. If future
studies further refine the spacing and also consider the height of the
vegetation, this study can further advance and produce meaningful results.

Another significant finding is the prioritization of performance
considerations when applying green infrastructure for PM10 reduction. The
results of this study ultimately indicate that surface characteristics and
absorption performance, such as porous structures, are more dominant in
changing the surrounding airflow dynamics than the aerodynamic -effects.
Depending on the type of vegetation, GI can have superior absorption
capabilities for PM10 or may exhibit better resistance to wind. The PMI10
reduction effect can vary depending on the tree species applied. This

information can serve as a reference for future related studies.
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Regarding the parameters used to simulate the PMI10 reduction
performance of GI in this research, previous research values were referenced
due to limitations in the research conditions. Previous studies tended to
present GI parameters based on seasonal variations (leafy in summer,
leafless in winter) or specific tree species. However, to apply more accurate
parameters, it is necessary to devise parameters that can be incorporated into
CFD models based on performance experiments conducted on individual GI
components. Furthermore, since the results are only within the CFD model,
cross-validation with real-field results will further enhance the quality of the

research.
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Chapter 6. Conclusion

The objective of this study was to analyze the effects and derive efficient
design methods when introducing green infrastructure in residential areas
behind port regions, which are at risk of air quality deterioration due to
large amounts of particulate matter emitted from ships. This study
quantitatively analyzed the PM10 reduction effect of trees and shrubs (living
fences) in Busan New Port, the largest port in South Korea, in the city of
Busan. To apply an efficient green infrastructure, scenarios were finely
divided according to planting type and spacing, and a CFD model capable
of fluid analysis in large spaces was used to evaluate the effects. The
validation of the CFD model was performed using ship entry and exit
information, and wind direction and speed data that affect the dispersion of
particulate matter. Subsequently, comparative analysis was conducted for 30
green infrastructure scenarios and a Base with no green infrastructure
through steady analysis in the CFD model. Through the results of this
study, four conclusions can be derived.

Green infrastructure is generally known to be an essential element for the
sustainability of humans and the environment, and it is recognized that the
more of it, the better. However, this study yielded results contradicting this
common belief. When comparing by spacing, the scenario with the most
planting quantity, 6m, showed the least reduction effect, while 8m
demonstrated the best, and the effect decreased as the spacing increased.
When introducing green infrastructure to improve air quality, it is deemed
necessary to set an appropriate spacing aligned with the budget and scale of
the project for optimum effects.

The PM10 reduction effect appeared to be higher in trees than in shrubs.
The average reduction rates of scenarios with only trees or shrubs (T rowl,
T row2, H rowl, H row2) were 10.01%, 19.93%, 0.53%, and 1.94%,
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respectively. For mixed scenarios (TH rowl, TH row2), the difference with
tree-only scenarios was negligible. Thus, when introducing green
infrastructure to improve air quality, it is inferred that incorporating trees
would be more effective.

This study applied the aerodynamic effect and the deposition effect as the
PM10 reduction mechanisms of green infrastructure. The results considering
both effects simultaneously were compared with those considering each
effect separately. The outcome incorporating both effects and the deposition
effect showed a correlation of R?> = 0.77, while the aerodynamic -effect
indicated a correlation of R*> = (0.12. The aerodynamic effect is thought to
have large fluctuations as the form of the scenario changes.
Decision-makers, when establishing a planting plan for air quality
improvement, should prioritize considering the deposition performance of
green infrastructure and make decisions suitable for the site.

However, there are two limitations in this study. First is the accuracy of
the model. To derive more precise results, various factors influencing
particulate matter should be considered. A modeling method that reflects
existing green infrastructure and climatic conditions such as temperature and
humidity should be constructed. The second is the singularity of the green
infrastructure form. The reduction performance will vary depending on the
shape and size of the green infrastructure, and the results will vary
accordingly. It is important to compile data and design according to factors
such as size and leaf area density for various species. If these two
limitations are addressed, this study can evolve into a more substantial

research.
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