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Abstract

Development of a 3D urban surface model for
evaluating cooling effect of green infrastructure

Seok Hwan Yun

Interdisciplinary Program in Landscape Architecture and
Integrated Major in Smart City Global Convergence Program in
Seoul National University

Graduate School of Seoul National University

Supervised by Professor Dong Kun Lee

The ongoing urbanization around the world is causing a lot of
problems. One prominent issue is the urban heat island effect, exacerbated by
climate change, which presents a significant challenge in understanding urban
heat problems. The urban heat environment varies based on various factors
such as climate, urban form, size, density, and surface materials.
Consequently, different cities require distinct heat mitigation strategies,
demanding a quantitative assessment of complex urban environments and

cooling strategies.

Based on measurement research for quantitative evaluation, recent
research is being conducted in the direction of complementing each other
through simulation the shortcomings of limited time and space in connection

with modeling However, in order to accurately simulate the cooling effect



and thermal environment, a three-dimensional urban canopy model that can

comprehensively reflect various urban spaces is needed.

In this paper, 3D-USM was developed to diagnose the thermal
environment of the city and evaluate the cooling effect of the green
infrastructure to simulate changes in the thermal environment according to
the cooling strategy. In the first chapter, we describe the development
algorithm of 3D-USM and propose an efficient method for calculating key
parameters, and simulate the average radiant temperature (MRT), which is an
important factor for human thermal comfort, considering complex urban

environments.

The second chapter established the effectiveness and reliability of
3D-USM through various field experiments and sensitivity tests, diagnosed
the urban thermal environment in representative commercial areas,
quantitatively evaluated the cooling effect of street trees and green wall, and
presented efficient planting arrangement. As a result of the study, street trees
were efficient in planting street trees in consideration of the location of the
building and the direction of the road, and green wall was more efficient as it
approached the ground level. However, green wall of more than 6 m does not
provide a significant cooling effect, emphasizing the need for cost-effective

planting location and scale.



The third chapter focused on green roofs to maximize heat reduction
effects. Blue green roof is the technology that maximizes environmental
benefits by adding a blue retention layer to a green roof, storing rainwater and
increasing evapotranspiration. This study focused on evaluating the thermal
performance of a blue green roof in the summer and examining its potential
for microclimate improvement and energy savings. The individual and
interactive effects of the blue green roof elements were evaluated by
measuring the upper and lower surface temperatures with incremental
application of soil, blue, and green layers and analyzing their synergistic
benefits. The results showed that blue green roofs exhibited a cooling effect
of up to 7.5 °C on the upper surface temperature and up to 17.4 °C on the
lower surface temperature, showing the greatest potential for improving
indoor and outdoor thermal comfort. The synergistic effect of the blue green
roof was -0.80 °C on the upper and +1.59 °C on the lower surface. Our
research represents that a blue green roof is innovative to simultaneously
counteract a hot environment and result in energy savings, which is essential

for sustainable development.

This thesis aims to provide valuable insights into the development of
effective urban cooling strategies by developing a 3D-USM and addressing

urgent challenges posed by urbanization and climate change. It underscores



the need for detailed considerations of urban environmental conditions to
efficiently cool cities. The proposed 3D-USM can accurately and efficiently
simulate thermal environments and MRT thermal comfort in complex urban
environments using simple input data, guiding the development of efficient

cooling strategies for sustainable cities.

Keyword: Microclimate modeling, Urban canopy model, Green infrastructure
Mean radiant temperature, Urban planning, Outdoor environment

Student Number : 2020-38920



L. INTrOdUCTION. ..o
1. Literature REVIEW ..o
1. Three dimensional heat simulation model...................c.cccenee. 8
2. The cooling effect of green infrastructure .............cc.ccocvvenene 11
1. SCOpe Of STUAY ...ovveeieiece e 14
I (10 V0] (01001 USSR 14
2. Spatial, temporal SCOPE.......ccvveieerieiieieere e 15
IV, MEtNOAS........oiiii e 16
1. Three-dimensional urban surface model...............ccccooerinnnne. 16
1.1. Model deSCrIPLioN .......ccveeiiieii e 16
1.2. Radiative transfer.........ccooiiiiiecesee s 17
1.3. Main Parameters .......c.coovevueieeiierie e 19
1.4. Energy balance of leaf ...........cccooeieiieii e, 23
2. Model validation and application ............cccccccvveiiiieieevecnnen, 33
2.1. Validation ... 33
2.2, SIMUIALION ...t 38
2.3. Green infrastructure SCENANO...........cocvririeieieeese e 40
3. Evaluation of Effectiveness of storage system with latent heat
flux for maximizing thermal performance of green roof........ 43
3.1. Climate CONAITIONS ......cceiieiiiieieiere e 43
3.2. Experimental SEt-UP .....cccoevveieiieie e 44
v 2]

Table of Content



3.3, MEASUIEMENTS ...t 46
3.4, Statistical analysiS.........cccoeveieiiiiii 47
3.5. Heat balanCe........ccooviiiiiice 48
VL RESUITS . 50
1. Three-dimensional urban surface model..............cc.coevvennnnne. 50
1.1. Model performance.........cccocvvevveveiiece e 50
1.2. Urban heat Simulation............ccccoeieiiinenicece 59
L3 MRT e 60
1.4. Cooling effect of tree planting SCENArio..........ccccoeevvrvrrrinne 63
2. Effect of storage system of Blue Green roof for maximizing
CO0IING BFFECT ... 66
2.1. Upper surface temperatures ........cccvevvevveereesieeesiesieesee e 66
2.2. Lower surface temperaturesS........ccvevveieeeviesiieesie e e sie e 68
2.3. Performance evaluation ...........c.cccocoviieneinenense e 69
2.4, Heat DalanCe.........cocooiiiiiicic e 73
V1. Discussion & COoNCIUSION ........cccooeiiiininininieeeeeee, 76
1. Developing a 3D urban surface model for accurate thermal
evaluation with sSimple INPUt..........ccoceoeiieiin s 76
2. Planting strategy for maximizing cooling effect of urban green
INFrASTIUCTUNE ... 79
3. Blue green roof strategy for improving thermal performance in

outdoor and INAOON SPACES ........ccererieririeieieie e 81

Vi



VI Bibliography ... 85

Abstract in Korean

AppendiX ...............

.............................................................. 104
.............................................................. 108
vii -:'-i-! _.'j-h .



List of Figures

Fig. 1 Previous urban heat simulation model...........cccoceuveeineniencneciniennes 10
Fig. 2 StUAY SCOPE .cvueiiieieetecee ettt bbb 14
Fig. 3 Model flow for calculating the mean radiant temperature .................. 16
Fig. 4 Algorithm for calculating the three main parameters (view factor, sky
view factor, and shaded area)...........ocoecveeeeieeirinireieieeeeeeee e 19
Fig. 5 Four cases of surface relationship for calculating view factors ......... 20
Fig. 6 Validation site for Sky VIEW factor.........cocveeueureenierinineineineeneeieireescenens 33
Fig. 7 Validation site for radiation..........cccceeureereeieineeneeeesieiseeseeeeeseeseeseeeenenns 34
Fig. 8 Validation site for surface temperature. .......c..cceceeveeurureneeinnenccinreneenne 35
Fig. 9 Validation ST .......cceveuruiureerieieireireieeseieisetseee ettt sessess s ssssens 36
Fig. 10 Three streets distinguished by the angle of rotation...........ccccceeuuce... 38
Fig. 11 Street tree planting SCENATIO......c.c.cueueuneeeureucereueereeeineietreeeeseeesseaesseaeaneaes 40
Fig. 12 Green wall planting SCENATIO .........c.cveverveieeverereieriersiesseesseesseessseesnens 41
Fig. 13 Schematic cross-section of the studied roof types with sensors for
environmental MONITOTING .........c.ccevevereeveiereieieisieisiese et ssssesssseseseenes 45
Fig. 14 EXPerimental SIte ........cccveueuveueineureneurereieieerieeeeceseciseessesessesesseseseescsneseens 47
Fig. 15 Sunlit/shaded algorithm validation ...........ccceeereeeeireinrerenisireireeneanns 50
Fig. 16 Validation of SKY VIEW faCtOT.......cccoeuviurierireiririirieieieireeeee e 51
Fig. 17 Measured data in mid-rise residential area at 1 June, 2018 .............. 52
Fig. 18 Measured data in high-rise commercial area at 28 April, 2018 ....... 53
Fig. 19 Validation of surface temperature..........c.ccoeuveerrereeeeireesrereeesiseeseennens 54
Fig. 20 Model validation results showing estimated MRT in sunlit and
SHAAEA ATCAS.......cuuverrericicc et 55
Fig. 21 Sensitivity test of averaged MRT and leaf surface temperature....... 57
vii )



Fig. 22 MOdel OULPUL SEL ....cuueeeririeieireireireeeieieiseiseieese ettt seeens 59
Fig. 23 Three dimensional result of USM ........cccooveiveiniininneineinieneneneeneeens 59
Fig. 24 Changes in mean radiant temperature at the sidewalks according to

TIIMNE AN STEEEL ettt ettt ee e et e e et e e s e ee e eeeeeanens 61

Fig. 25 Different shadow orientations formed according to the rotation

ANELES ..ottt ettt s s 62
Fig. 26 Changes in average mean radiant temperature with time due to the

COOLING EFTECt OF trEES ...uvureeeeieeirieie ettt senens 63
Fig. 27 Mean MRT according to planting height of green wall..................... 64
Fig. 28 Mean MRT according to planting area of green wall......................... 65
Fig. 29 Variations in upper surface temperature.............cocoeeeveveeererereeuneneneenne 66
Fig. 30 Variation in the lower surface temperatures.............coceeeeevererccurerenenne 68
Fig. 31 Differences in surface temMperatures.........c.cooeveververrreeersessssssssnsennsens 70
Fig. 32 Summary of thermal performance of roof type......c.ccccevverererrrrernnee 72
Fig. 33 Energy partition of solar radiation according to roof type................ 73

iX %)



List of Tables

Table 1 Values, units, and sources of the parameters for resistances............

Table 2 Meteorological data for simulation ...............

Table 3 Climatic data of Seoul, South Korea (2022)



|. Introduction

The thermal environment in cities is deteriorating owing to rapid global
urbanization (Oke, 1982; Zhao et al., 2014). Increasing impervious surface
areas and decreasing green areas are leading to the formation of urban heat
islands (UHIs), which refer to the phenomenon of the urban temperature
being higher than the surrounding rural temperature (Manoli et al., 2019;
Radhi et al., 2013). High urban heat increases the number of heat-related
patients and mortalities (A strém et al., 2011; Sahani et al., 2022; Thorsson et
al., 2014). This problem is expected to worsen as climate change continues

(IPCC, 2014; Oleson, 2012; Yang et al., 2021).

To effectively reduce excessive heat, it is essential to understand the key
factors influencing the Urban Heat Island (UHI) phenomenon. The thermal
environment of a city varies owing to various factors, such as climate
(Harmay & Choi, 2023; Zhao et al., 2014), urban form (Middel et al., 2014;
Yin et al., 2018), city size (Oke, 1973), density (He et al., 2020a, 2020b),
surface material (Rajagopal et al., 2023; Rosenfeld et al., 1995). Even under
the same climatic conditions, the heat island intensity varies according to the
density and morphology of the city (Li et al., 2020). Urban green spaces play

an important role in temperature control through decrease in sensible heat that



raises temperature by increasing latent heat, and crown shadows reducing the
inflow of solar radiation (Armson et al., 2012; Block et al., 2012; Doick &

Hutchings, 2013; Konarska et al., 2016).

One of the representative ways to solve the problem of heat island in cities
is the cooling effect of trees (Armson et al., 2012; Gunawardena et al., 2017;
Konarska et al., 2016). The cooling effect of trees can be distinguished by
radiative heat reduction and transpiration (Mirzae and Haghighat, 2010;
Rahman et al., 2018). Radiative heat reduction is when the trees reduce the
radiant heat reaching the surface of an urban area by blocking or reflecting
the radiant heat (Tan et al., 2016; Akbari et al., 2002). It is an effective way
to cool the space under the trees by generating shadows (Lin and Lin, 2010).
Additionally, the surface temperature of trees can be lower than that of
impervious surfaces such as asphalt and concrete, resulting in lower longwave
radiation (Taha, 1997), which consequently lowers the temperature. Secondly,
transpiration is the process of releasing water absorbed through roots into the
atmosphere through the stomata of plant leaves, which reduces the urban
sensible heat by increasing the latent heat. These two actions play important
roles in relieving urban heat (Wang and Akbari, 2016; Dai et al., 2004; Kim

and Coseo, 2018).

“Green roofs” refer to green coverage designed on artificial substrates,



which provide multiple environmental benefits through interactions with the
microclimate, buildings, and urban ecosystems (Cristiano et al., 2021). These
benefits include reduced runoff (Berndtsson et al., 2009), improved air quality
(Yang et al., 2008), and increased urban biodiversity (Oberndorfer et al.,
2007). From the perspective of thermal performance, green roofs in cities are
considered a feasible design strategy for improving urban microclimates and
conserving energy (Lin et al., 2013; Virk et al., 2015; Zheng et al., 2021,
Ziogou et al., 2018). In particular, buildings play a significant role in
greenhouse gas emissions, making efforts to reduce energy consumption
essential to creating a more sustainable urban environment. Research is being
conducted to find the optimal insulation for reducing energy consumption in
buildings (Malka et al., 2022), and green roof is being utilized as a nature-
based insulation. The shading provided by the green coverage also reduces
the solar heat gain in the building by blocking the solar radiation that
penetrates the building (Sailor et al., 2012). The evapotranspiration from the
green area increases latent heat, lowering the surface temperature (Cascone
et al., 2019; Jim & Tsang, 2011), and thus reduces UHI and the heat energy
conducted into the building interior (Imran et al., 2018). In densely populated
cities such as Hong Kong and Seoul, which lack green spaces and experience
intense UHI effects, green roof can bring considerable benefits (Dong et al.,

2020). In particular, the cooling effects of rooftops and pedestrian-level



greenery are more pronounced in low-rise buildings (Peng & Jim, 2013).

To effectively achieve urban cooling using green infrastructure, it is
necessary to accurately diagnose the thermal environment and predict the
effects of green infrastructure. Previous studies have analyzed the thermal
environment of cities through remote sensing and situ measurements. Satellite
image analysis was used to analyze the wavelength of the surface's response
and to grasp the macroscopic thermal environment (Halder et al., 2021;
Nichol, 1996). The land surface temperature is an effective indicator for
understanding the surface status and evaluating the cooling range and strength
according to the urban structure and the size of the green space (Venter et al.,
2020; B. Zhou et al., 2017). For example, urban parks over 10 ha have a
cooling effect of 1 to 2 °C over a distance of 350m (Aram et al., 2019).
Measurement using sensors is used to evaluate thermal comfort directly
received by humans on a neighborhood scale through atmospheric
temperature and radiant heat (Hamdi & Schayes, 2008). Measurements can
accurately assess and monitor the thermal status reflecting the surrounding
environment (Lin et al., 2012; Rodriguez et al., 2020). However, grasping the
comprehensive thermal environment of an urban space is difficult because

measurements can be performed in a limited space and time.

Modelling, which explain and predict urban spatial patterns, can be a



means of solving the limitations. Modelling can analyze the desired time and
space and reflect the changes in spatial heterogeneity (Gal & Kantor, 2020;
Meili et al., 2020; Mirzaei et al., 2015; Wang et al., 2021). Through modeling,
the effects of climate conditions can be identified and the effects of changes
in urban space and urban elements can be predicted, which can be used for
urban planning. Gao et al. (2022) quantified cooling effect of park and
suggested optimal park area which maximize the effect using Gaussian model.
Recently, in order to achieve a sustainable city, an integrated model is being
developed in connection with other fields. Meili et al. (2020) presented an
urban ecohydrological model that is coupled energy and water balance model
by urban green space. Sedaghat & Sharif, (2022) modeled reduction of
building energy consumption by vegetation and surface materials with high
reflectivity. Modeling can be analyzed under various time and space
conditions without limitation and reflect changes in spatial heterogeneity, but
verification is required due to the presence of uncertainty. Measurement and

modeling can compensate for each other's shortcomings.

As urban spaces are highly diverse, and the effects of green infrastructure
vary depending on species, scale, and form, a flexible model that can reflect
such complexity is required. A 2D model allows for rapid analysis of urban

canyons, which are representative urban spaces, and is effective for



simulating spatial patterns with consistent configurations. However, to
comprehensively reflect highly diverse urban spaces that vary by region and
simulate the cooling effects and thermal environments based on the
arrangement and scale of tree planting, green walls, and green roof, a model

that takes into account three-dimensional factors is necessary.

Efficient utilization of green infrastructure is crucial. In cities where the
urban heat island effect intensifies, maximizing cooling effects using limited
space and cost is necessary. To achieve this, strategies that optimize the
placement of green infrastructure and maximize its inherent cooling effects
can be used. Careful placement of green infrastructure is necessary as the
effects it provides vary greatly depending on its placement. The cooling effect
of green infrastructure can be achieved through an increase in latent heat flux
by evaporation. Therefore, strategies to increase latent heat flux are necessary

to maximize the cooling effect.

The purpose of this study is evaluating thermal environment and cooling
effect of green infrastructure and suggest strategies to maximize cooling

effect. To achieve the purpose, this study is divided into three steps:
1) Developing a 3D urban surface model for accurate thermal evaluation

2) Evaluation of thermal comfort and planting strategy for maximizing

cooling effects of urban street trees and green wall



3) Evaluation of Effectiveness of storage system with latent heat flux for

maximizing cooling effect of green roof



Il. Literature Review

1. Three dimensional heat simulation model

Computational fluid dynamics (CFD) models have been used to
investigate and simulate urban microclimate according to urban elements and
atmospheric conditions (Blocken, 2015; Toparlar et al., 2017). CFD models,
which have the advantage of reflecting 3D urban spaces with a high resolution,
was used to predict fluid flows, such as air temperature and wind velocity, by
realistically reflecting building form, height-width ratio of the street canyon,
surface materials, vegetation patterns (Karimimoshaver et al., 2021; Lin et al.,
2008; Okeil, 2010). In a recent study, many studies about urban scale
adaptation measures and thermal comfort have conducted using CFD models
(Blocken, 2015; Toparlar et al., 2017). However, CFD models are difficult
for non-experts to use or apply in large-scale urban models owing to the
requirements of high computer performance and computational cost (Mirzaei,
2021; Mirzaei & Haghighat, 2010). In addition, analyzing various greenery
strategies repeatedly in complex urban spaces that include terrain, structures,
buildings, and meteorological environments requires higher computing

power and longer analysis time.

Urban canopy model (UCM) can be an alternative. The UCM is simplified



by assuming that the temperature and humidity are constant inside the canopy
or by characterizing urban fabric only in average, but the goal is to provide
an accurate estimate of the thermal conditions of the urban canopy (Afshari
and Ramirez 2021). Although the accuracy of UCM may be somewhat
reduced since it does not simulate fluid dynamics, UCM can calculate thermal
environments with low computer performance, and its relatively short
analysis time allows for repetitive evaluation of various plans, making it a
useful simulation model for urban planning. Using simplified two
dimensional (2D) archetypal urban canyon representation, UCM describe the
impact of urban geometry and its interaction with urban climate (Masson,
2000; Nunez & Oke, 1977; Sabrin et al., 2021; Zhou et al., 2022). Urban
modeling systems have captured various urban densities using from simple
bulk parameterization to multi-layer urban canopy models based on urban
canyons (Chen et al., 2011). Kusaka et al. (2001) proposed a single layer
model that assumes infinitely-long street canyons parameterized to represent
urban geometry, but recognizes the three-dimensional environment. Martilli
etal. (2002) proposed a multi-layer radiation model and re-developed by Park
et al. (2018) and Krayenhoff et al. (2020). To reflect the complex urban
environment in detail, a limited number of three dimensional (3D) building
resolving energy balance models currently exist (Bruse & Fleer, 1998; Kanda

et al., 2005; Nice et al., 2018).
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Fig. 1 Previous urban heat simulation model

However, previous models have some limitations to be integrated into the
urban planning process of diagnosing current status and comparing various
plans. A representative model, RayMan, has a user-friendly interface, but it
can calculate at only one point, and it also requires a sky view factor as a
difficult input variable, showing low accuracy in complex urban areas (Lee
and Mayer 2016; Thorsson et al. 2007). On the other hand, SOLWEIG is
accurate, but has the drawback of complex input variables for simulation;
direct, diffuse, and global shortwave radiation (Janicke, Milosevi¢, and
Manavvi 2021). Furthermore, both 2D models cannot simulate the effects of

green walls by structural limitations.

Envi-met, on the other hand, is a 3D model capable of simulating thermal

environments by incorporating complex urban spaces and green infrastructure.
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However, it simplifies the latent heat flux resulting from green infrastructure,

leading to an underestimation of cooling effects of green wall and green wall.

Therefore, there is a need for a model that can accurately reflect complex
3D urban environments and evaluate the cooling effects of green
infrastructure. Additionally, a model that is based on simple input variables,
has short simulation times, and does not require high computer performance

would be beneficial for non-experts to utilize in urban planning.

2. The cooling effect of green infrastructure

Street trees play a significant role in reducing temperatures and mitigating
the urban heat island effect. They provide natural shading and coolness in
urban environments. According to a study by McPherson et al. (1997), street
trees can lower surface temperatures by an average of 2-9°F (approximately

1-5°C).

“Green roofs” refer to green coverage designed on artificial substrates,
which provide multiple environmental benefits through interactions with the
microclimate, buildings, and urban ecosystems (Cristiano et al., 2021). Dong

et al. (2020) confirmed that green roofs provide cooling effects within up to

11



100 m and decrease the average land surface temperature by 0.91 °C. In
experiments conducted in residential areas in Hong Kong, intensive green
roofs reduced pedestrian-level air temperatures by 0.5-1.7 °C and showed a
maximum effect in low-rise areas (Peng & Jim, 2013). A study conducted in
Toronto also reported a 0.4 °C air temperature cooling at the pedestrian level
(Berardi, 2016). Lin et al. (2021) found that green roofs play an important
role in regulating the thermal environment in areas without large green or
water spaces. However, moisture stress caused by shallow soil in cities
provides harsh growing conditions for plants, hindering their growth and

spread (Benvenuti & Bacci, 2010; Savi et al., 2016).

“Blue-green roofs”, which overcome these limitations, combine a blue
water retention layer with green roofs. This increases water resource
efficiency by storing rainwater and continuously supplying it to the soil and
plants, leading to more sustained and larger evapotranspiration (Busker et al.,
2022; S. xiao Li et al., 2019). Soil moisture from rainwater storage can
effectively reduce heat (Fantozzi et al., 2021). Some previous studies
evaluated the thermal performance of green roofs with Blue-Green roof
(Nguyen et al. 2022). Shafique et al. experimentally confirmed that blue-
green roofs have surface temperatures 5 to 9 °C lower than conventional roofs

(Shafique and Kim 2017; Shafique, Kim, and Lee 2016). Recently, a study

12



conducted in Italy found that the average daily temperature is consistently 15
to 20% lower than ambient temperature, and indoor temperatures can be
reduced by up to 3.7 °C (Cristiano et al. 2022). However, the effects of a
combination of green and blue layers have been studied very limitedly to date
and are not definitive (Pimentel-Rodrigues and Silva-Afonso 2018). The
combination of green roofs and water retention systems has simultaneous
effects on indoor and outdoor thermal environments, but the thermal

performance mechanisms have not been thoroughly investigated.

13



I11.  Scope of study

1. Study process

Firstly, I develop the 3D urban surface model for evaluating thermal
environment accurately. Secondly, evaluate cooling effect in pedestrian level
according to green infrastructure and propose effective planting strategy of
street tree and green wall, after validating proposed model. Lastly, measure

cooling effect of Blue-Green roof with synergy.
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Fig. 2 Study scope

This study evaluated the cooling effect that green infrastructure provides

to humans as MRT which is quantity connecting the radiation transfer

14



between the human body and surrounding environment, the cooling effect
that provides to the upper and lower spaces of the building, and the thermal

performance as the reduced surface temperature.

2. Spatial, temporal scope

The study evaluates thermal environment and cooling effect of green
infrastructure. To conduct a detailed evaluation, this study was conducted at
a micro-scale in pedestrian level. The thermal performance, which is cooling
effect of reduced inner/outer surface temperature, of the green roof is
dominant in the roof space of the building, so the cooling strategy research of
the green roof for the increase of latent heat flux was conducted at a micro-

scale on the rooftop of a single building.

This study focused on evaluating and mitigating urban heat during the
summer season, which in Korea falls within the temporal range of June to
September. The validation of a 3D urban surface model and the evaluation of
thermal comfort based on street orientation were conducted using weather
data from June 2018. The overall thermal performance of a green roof system
that maximizes the latent heat flux was evaluated from July to September

2022.
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IV. Methods

1. Three-dimensional urban surface model

1.1. Model description

The simulation model, which reflects a three dimensional urban space
comprises square patches of a certain size, where the patch size is set
depending on the analysis resolution, as depicted in Figure 2. Each patch can

be set as a different surface, such as cement, concrete, soil, or green.

Longwave
. from urban element
View
—»
Input data factor
- Reflected shortwave
[ oo |
. . . Net
Latitude / longitude Diffuse shortwave o
Sky radiation
View -
| Geometric data ‘ Sensible heat
factor Longwave
from the sky
| Surface material ‘ Surface
temperature
| Meteorological data ‘ Direct shortwave l
Sunlit/
—® -
Shaded Mean radiant
temperature

Fig. 3 Model flow for calculating the mean radiant temperature

For calculating MRT, radiative transfer was simulated according to the
following input data: date and time, latitude and longitude, geometric data,

and meteorological data. Time and location were used to calculate the solar

16



angle and irradiance. Geometric data describing urban structure were used to
calculate the three main parameters: view factor, sky view factor, and
sunlit/shaded area. Meteorological data, including air temperature, relative
humidity, cloud fraction, and wind speed, were used to calculate longwave
radiation. Surface material properties used in radiative transfer processes
include albedo and emissivity. The model flow for calculating the MRT is

depicted in Figure 3.

1.2. Radiative transfer

The net radiation (Rn) of each surface is the sum of the net short and

longwave radiation.
R,=S1-ST+L1—-L7T (Eq.1)

The incoming shortwave radiation is partitioned into direct shortwave
radiation (Sg;,-), which is received directly from the sun; diffuse shortwave
radiation (Sq;5), which is received from the sky scattered by the atmosphere;
and reflected shortwave radiation, which is reflected by other urban elements
(Saps)- As each surface reflects incoming shortwave radiation, which depends
on its albedo, the net shortwave radiation (S,; = S 1 —S T) of each surface i

can be a function of the albedo and view factor. This model assumed that all

17



surfaces are Lambertian, implying that the reflected or emitted radiation has
an equal intensity in all directions. Although rough surface like soil and green
may not behave with the Lambertian property (Tu et al. 2017), Lambertian
has been assumed in most of urban canopy model for simplifying thermal

radiation calculations (Ryu et al., 2016; Wang et al., 2021).

Spi = (1 — @) Sairi + Sairi) + Lie1(@x Sair i + Saif ) X VFieoi) (Eq.2)

where a; and «; arethe albedo of surfaces i and k, respectively; VF;_,;
is the view factor from surface k to i; and n represents all surfaces in the
domain. Sg;- and Sg4;rwere calculated using established methods (Allen et al.

1998; Erbs, Klein, and Duffie 1982; Park et al. 2018).

The net longwave radiation (L, =L ! —L T) of each surface i was
calculated using the reflected and emitted longwave radiation from surface i,

other urban elements, and the sky using the following equation:
Ln,i = giLsky,i —0& Ts,i4 + Zﬁ:l VFk—n'{(l - gk)Lsky,k + O& Ts,k 4} (Eq 3)

where ¢ is the emissivity of each surface; (1 — ¢) is the reflectivity; o =
5.67 x 1078 is the Stefan-Boltzmann constant; Lg,, is calculated as a
function of the longwave radiation emitted from the atmosphere using the sky
view factor; and T is the surface temperature that is dependent on turbulent

fluxes, such as sensible heat (H), latent heat (AE), and storage heat (G). This
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model assumes that latent heat is negligibly low for most urban elements,

except green infrastructure. Surface temperature can then be a function of air

temperature (T,), wind speed (v,,inq), BOwen ratio (B, = 20), storage heat

flux, and net radiation. G was calculated using OHM equations (Grimmond,

Cleugh, and Oke 1991).

TS = Ta + (6.2+4.26vwind)(1+1/30)

Patch

set

0-G

—

Visible or Invisible
discrimination
(1 0r0)

View factor
Calculation

Sunlit/Shaded
discrimination

(Eq. 4)

1.3. Main parameters

Location within FOV

Non-existence of
obstacle

Sky
View
factor

View
factor

[ Parallel plane

)

[ Perpendicular plane

} — |

Perpendicular plane
(common edge)

)

[ Solar ray tracing

J —- Shaded area (1 or 0)

Fig. 4 Algorithm for calculating the three main parameters (view factor, sky view

factor, and shaded area)

A key component of the 3D-USM is the calculation of the view factor. The

view factor, which is an essential parameter for calculating heat exchange

between two objects, means the ratio of the radiation emitted from one patch
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to another in this model. There are various methods for calculating the view
factor. Owing to extremely high computation time required for applying it to
a high-resolution 3D space, many studies have simplified the method, which
has led to even allowing some error. In the 3D-USM model, analytical and
numerical methods, which use the features of the square patch derived from
previous studies by Ehlert & Smith (1993), Hottel (1931), Howell (2010),

were used to achieve both short computational time and high accuracy.

The process of calculating the view factor consists of two steps (Figure 4):
checking whether the two patches are visible to each other and calculating the
view factor of the “visible” patches using analytical methods. First, we
determined which patches were in a field of view from one patch and then
checked whether there were other patches between two patches. In this model,

we checked for buildings or other elements as obstacle between all patches.

(b)

Fig. 5 Four cases of surface relationship for calculating view factors. (a) is parallel plane,

(b) is perpendicular plane, and (c) and (d) are perpendicular plane with common edges.
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Because 3D-USM consists of square patches, the relationships between all
patches have the advantage of being able to be divided into two types: parallel
plane (a) and perpendicular plane (Figure 4). Subsequently the perpendicular
planes were categorized into three subtypes, namely plane without common
edge (b), plane with common edge (c), and plane with a common edge, but
not adjacent (d) to ensure the precision of the computations, as illustrated in
Figure 4. That is, all two patches were divided into four relationships (a) to
(d), and the view factors were calculated using three formulas for each surface
relationship using analytic methods (Eqs.5-8). VE,,_,, isthe view factor from

surface m to surface n.

Parallel plane (Ehlert & Smith, 1993) (Eg. 5)

1

VEi2 = G e

212=1 Z%=1 Z?=1 Z%=1[(_1)(i+j+k+l)6(xit Vi Nk fz)]

=1 2 211/2 -1 y-n
G—g((y—n)[(x—f) + 22]Y2 tan {W}Jr(x_

Oy —n)? + 72172 tan-l{[(y_,,;%]m}) = Inx = )2 + (v = n)? + 22]

Perpendicular plane (Ehlert & Smith, 1993) (Eq. 6)

1

Fipy=———"""—
v 1=2 (x2=x1)2—y1)

21 Bha1 X B [DEIHHIG (g, vy, 1k, 61
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G = 1 2 2 % -1 K
= & -6 + §2anT (1)

~ 2+ E = KD Inl(e? + (1 + K]
where K = (y —n)/(x? + £2)1/2,

Perpendicular plane with common edge (Hottel, 1931),

W2+H?

VF,,, = —|Wtan~'= +Htan" '~ — VW2 + H2tan"! [—— +
1227 wr w H

2 2

1, Ja+w?a+a?) [ w2a+w?+H?) W r n2aewz+n2y 11

4ln{ 1+W?2+H? [(1+W2)(W2+H2)] [(1+H2)(W2+H2) (Eq. 7)
where H =h/l and W = w/l.

The view factor for the perpendicular plane with a common edge, but not
adjacent (d), was calculated using Eqg. (8) obtained from the study by

Narayana (1998):
1
VF 31 = E(Vf’ﬂlzs—n’z’?,’2 + VF2—>2’2 - VF12—>1’2’2 - VF23—>2’3’2) (Eq. 8)

The sky view represents the ratio at a point in space between the visible
sky and a hemisphere centered over the analyzed location (Oke, 1982) and
was calculated by subtracting the sum of the view factors from one patch to

all other patches from

SVF; =1 —Xk=1VFix (EQ.9)
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The sunlit/shaded area is determined by launching collimated rays from
each surface toward the sun and testing whether the rays are blocked by urban
structures. The ray direction is defined by the local solar azimuth and zenith

angles calculated using data, time, latitude, and longitude.

1.4. Energy balance of leaf

Energy budget for a leaf consist of sensible heat and latent heat.

Rnet —H+AE = p C (Ts—Tq) + PaCp (esat(Ts)—eq) (Eq 10)

AP ro+ry Y retrprs

where p, (kgm™3) is the air density, which can be calculated usi
ng the ideal gas law, expressed as a function of air temperature and
atmospheric pressure Py, (Pa), C, = 1005 (J kg™'K™1) isthe
specific heat of air at constant pressure, and e, is the air vapor pressure
calculated using saturation vapor pressure e,,; and relative humidity
RH (%). The saturation vapor pressure is calculated from the Arden-
Buck equation (Buck 1981, 2012). y (Pa K™1) is a psychrometric

constant, and Eq. (11) is generally used (Loescher et al., 2009).
y = 24m (Eq. 11)

eA

where & =0.622 (—) is the ratio of molecular weight of water
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vapor/dry air, and 1 = 1000(2501.3 — 2.351 % T,) (J kg™1) is the latent

heat of water vaporization.

., Tp, and 7, (sm™1) are the aerodynamic resistance, leaf boundar
y resistance, and stomatal resistance, respectively. Three resistance are
the main parameter for leaf energy budget and leaf surface temperatur
e. However, because the surface temperature didn’t exist at first, 3D-
USM assumed that the surface temperature of the leaf was equal to t
he air temperature and found the converging value by repeating the e

nergy budget simulation.
1.4.1. Leaf boundary resistance

The leaf boundary layer resistance is calculated from the mean plant leaf
boundary conductance g, (ms™1), which is a function of wind speed and
therefore of height within the canopy, using Egs. (12-13) from Jones (1983)
and used by Choudhury and Monteith (1988) and Shuttleworth and Gurney

(1990).

rn, = 1/g, (EQ. 12)

1/2

9 = a(u(Hy)/dieas) '~ (EQ.13)

where a = 0.01 (ms~'/2) is an empirical coefficient [46], dj.qr (m)

is the characteristic leaf dimension, often referred to as the leaf width, and
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u(H,) (ms™1) is the wind speed at each layer height H,. The wind speed
profile is assumed to be logarithmic above the urban canopy and exponential
within the urban canyon using Egs. (14-15) (Mahat, Tarboton, and Molotch

2013; Masson 2000).

ln(HC do)
uy. = u, ——>=~ (Eq. 14)

c a ln(zatm—do)
Zo

Uy, = Uy, eXP <—ﬁ (1 — —)) (Eq. 15)

where u, (ms™1) isthe wind speed at reference height, and g (—) is
the light extinction parameter, which is calculated from Wright (1965);
d, (m) and z, (m) are the zero displacement height and aerodynamic
roughness length, respectively, which are calculated according to the
approach developed by Macdonald et al. (1998) and modified by Kent et al.

(2017) as follows, using Egs. (16-17):

do = (1 - az” (4 - 1)) H, (Eq. 16)

Z, = (1 - —C) exp [ ( 12 0.584Cpp (1 Hc) M ] (Eq. 17)

Atot

where k = 0.4 (—) is the von Karman constant, and a, = 0.43 (—),
Ba=1 (—),and Cp, = 1.2 (—) are parameter values for staggered arrays

(Macdonald et al. 1998). H. (m) is the canopy height, A7 (—) is the plan
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area index of the urban roughness elements, Ar, (m) is the actual frontal
area of buildings, A, (m) is the actual frontal area of vegetation,
A;or (m) is the total urban plan area, and B, (—) is the ratio between
vegetation drag Cp, and building drag Cp, . These parameters were
calculated from Guan et al. (2000), Guan et al. (2003), and Kent et al. (2017)
using the height of trees and buildings. For volumetric/aerodynamic porosity,
the light extinction parameter is calculated as given by Dai et al. (2004),

assuming a spherical leaf angle distribution.
1.4.2. Aerodynamic resistance

The aerodynamic resistance is calculated by a simpler method (Fatichi

2010), which assumes a neutral condition as follows using Eqgs. (18-19):

r, = 1 [ln(za::—do)] [ln(zazt:;l—do)] (Eq 18)

T kZup,
Zon = 0.1z, (Eq. 19)
Here, z,, (m) isthe roughness length for heat.
1.4.3. Stomatal resistance

As the reciprocal of stomatal conductance is stomatal resistance, stomatal
conductance g, (mol m~2s~1) is calculated first. Many studies have

reported that stomatal conductance is closely coupled with Ileaf
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photosynthesis (Collatz et al., 1991; Wong et al., 1979). In the proposed
model, the stomatal conductance is calculated as a function of leaf
photosynthesis A,, (umol m~2s~1) using Eq. (20) from Ball et al. (1987)

used by Baldocchi and Meyers (1998) and Collatz et al. (1991).

mAyhs

9s=—"—t 30 (Eg. 20)

where m (=) is the slope, g, (mol m~2s™1) is the zero intercept,
and hs and C; (ppm) are the relative humidity and CO2 concentration at
the leaf surface, respectively. In this model, a modified equation is used from
Harley et al. (1992), by using the CO- concentration C, (ppm) and relative
humidity rh (-) in the air as follows, using Eq. (21):

mA,rh

g5 =22+ gy (Eq.20)

Leaf photosynthesis was simulated according to Farquhar et al. (1980)
[60]. The version of the model proposed by Harley et al. (1992) was used,
which calculates photosynthesis without including the potential limitation
arising from the triose phosphate utilization, and is used by Sinoquet et al.

(2001).

an=[1-55

] min(W,, W;) — Ry (Eq. 22)

where W, (umol m~2s71) is the carboxylation rate when the ribulose
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bisphosphate (RuBP) is saturated, W, (umol m~2s™') is the carboxylation
rate when the RuBP regeneration is limited by the electron transport, = isthe
specificity factor for RuBisCO (Jordan and Ogren 1984),
R; (umol m~2s71) is the rate of €O, evolution in light that results from
processes other than photorespiration, and O and C; (Pa) are the partial
pressures of 0, and CO, in the interior leaf, respectively. In the proposed
model, C;/C, = 0.7 isused, where C, (Pa) isthe partial pressure of CO,
in air typically observed with C3 plants under favorable conditions

(Hetherington and Woodward 2003; Prentice et al. 2014; Wong et al. 1979).

W, obeys competitive Michaelis—-Menten Kkinetics with respect to CO,

and 0, as follows, using Eq. (23):

VemaxCi
W, = —=—5~ (Eq. 23)

B c,-+KC(1+K—O)

where Ve (umol m™2s71) is the maximum rate of carboxylation,
and K. and K, (Pa) are the Michaelis constants of RuBisCO for

carboxylation and oxygenation, respectively.

W; is controlled by the rate of electron transport, J (umol m~2s™1),

which depends on PAR. They are calculated as follows, using Egs. (24):

W: = JCi

)

(Eq. 24)
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The coefficients for K., K,, R4, and t are strong, non-linear functions
of temperature (Harley and Tenhunen 1991; Johnson and Thornley 1985).
One temperature function used for K., K,, R4, and t is given by Eq. (25)

from Harley et al. (1992):
Parameter(K., K,, Ry, T) = exp(c — AH,/RT,) (Eq. 25)

where ¢ (=) is a dimensionless, scaling constant, AH, (J mol™1) is
the activation energy, R (8.3143JK 'mol™1) is the gas constant, and

Ts, (K) is the leaf surface temperature.

The stomatal resistance through the stomatal conductance of Eq. (11) is
expressed in biochemical units of m?s mol~1. The conversion to common
units (s m™1) for Eq (31) is obtained as follows, using Eq. (26) from Sellers

et al. (1996).

-1\ Tf Patm 2 -1
r(sm™) = 00724Tsy Pars r:(m“s mol™") (Eq. 26)

Here, T¢= 273.15 (K) is the freezing temperature and Pyipo =

101325 (Pa) is a reference atmospheric pressure.

Tv — Pa(@sat(Ts)—qa) (Eq 27)

Tq+Tp+Ts

where q, (—) is the specific humidity of the air at the reference

height zg:m (M), qsa:(Ts) (=) is the specific humidity at saturation a
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t the leaf surface temperature.

A complete list of the parameters for calculating resistances is presented

in Table 1.

Table 1 Values, units, and sources of the parameters for resistances

Parameter Value Unit Source

m 9.5 — (Ryu et al. 2016)
9o 0.081 molm™2s~1  (Harley et al. 1992)

a 0.22 molmol ™! (Ryu et al. 2016)
c(K) 35.79 — (Harley et al. 1992)
c(K,) 9.59 — (Harley et al. 1992)
c(1) —3.9489 — (Harley et al. 1992)
AH,(K,)  80.47 x 103 Jmol ™1 (Harley et al. 1992)
AH,(K,) 1451 x 103 Jmol~1 (Harley et al. 1992)
AH,()  —-28.99 x 103 Jmol ™t (Harley et al. 1992)

1.4.4. Leaf surface temperature

To calculate transpiration and leaf surface temperature simultaneously,
the slope of the saturation vapor pressure function A (Pa) was used from

Campbell and Norman (1998).

esat (Ts) — esqt(Ty) = A(Ts — Ty) (Eq. 28)
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17.502%X240.97 esqt(Ty)
(240.97+T,)?

A= 1000

(Eq. 29)

The latent heat term can be linearized using the saturation vapor pressure

function as follows:

PaCp (esqe(Ts)—eq) PaC
AE = 14 3 era:rb+ri - Y(T‘a+T‘:+Ts) (€sat(Ts) — €5t (Ta) + €5at(T) —
ey) = —L22__(A(T, — T,) + VPD) (Eq. 30)

y(rg+rp+73)
Using Eq. (10) and (29), Eq. (30) can be written as

R _ (Ts—Tq) _ PaCp
net ~ Palp Ta+7p y(rg+rp+7s)

(A(T, = T,) + VPD) = 0 (Eq. 31)

Subsequently, Eg. (31) can be readily solved for the leaf surface

temperature to obtain

paCpVPD
y(ra+rp+rs) (Eq 32)

1 A
ra+rp y(rq+rp+rs)

Rnet—
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1.4.5. Mean radiant temperature

The MRT is a quantity connecting the radiation transfer between the
human body and surrounding environment (ASHRAE, 2013). The MRT is
calculated as short and longwave radiation received from the surrounding
urban elements for a standing person conceptualized as a rectangular box at a
height of 1.5 m (Hoppe, 1999) using the MRT equation Eq. (10). The six-
directional radiation method, which is a representative and accurate
measurement method for measuring and calculating outdoor MRT, was used
(Du et al. 2020; Thorsson et al. 2007). After simulating the short and
longwave radiation received by the six sides of the box (p;), the radiation term
was weighted using the respective share of the surface facing a given direction
(w;=0.06 and 0.22 are vertical and horizontal surface fractions, respectively).

_ 317025
MRT = [ 6 [wé{}]gzl VFiep, (L | +e, @) + &y ’%}” -

p p

273.15 (Eg. 33)

where i is the six side of the box; &, is the absorption coefficient, and
g, is the emissivity of the pedestrian, which has standard values of 0.7 and

0.97 (Lindberg and Grimmond 2011).
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2. Model validation and application

2.1. Validation

2.1.1. Radiation with sky view factor

3D-USM has the advantage of accurately calculating the view factor and
the sky view factor with a simple algorithm by configuring the city's three-
dimensional space as a square grid and dividing all plane relationships into
vertical and parallel relationships. The performance of the model was verified
in the mid-rise residential area (Daehak-dong, Gwanak-gu, Seoul), targeting
the sky view factor. The sky was distinguished from the photograph measured

by the fisheye lens and compared with the simulated value of the model.

100Meters NN

R T T T N
Rl O 50

Fisheye image

Fig. 6 Validation site for sky view factor
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The validation of the model targeting radiation transfer was conducted in
the high-rise commercial area (Yeoidong, Yongdeungpo-gu, Seoul) and mid-
rise residential area (Daehak-dong, Gwanak-gu, Seoul), targeting the sky
view factor. The incident radiation from the upper side was compared with
the measured value of the week (0900 LST — 1800 LST) and the simulation
value. At each site, CNR4 Net Radiometer (Kipp & Zonen, Netherlands) with
a sensitivity 5 — 20 pV/W/m2was used to measure the short and longwave

radiation.

Fig. 7 Validation site for radiation (a) High-rise commercial area, (b) Mid-rise residential

arca
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2.1.2. Surface temperature

Time

Fig. 8 Validation site for surface temperature.

The validation of the model targeting surface temperature was conducted
in the mid-rise residential area (Daehak-dong, Gwanak-gu, Seoul. The surface
temperature was measured at 6 points of building wall and 2 points of street
trees; Zelkova serrata (Thunb.) Makino, every 30 minutes during the day from
0900 LST to 1800 LST on June 23, 2023. Surface temperature is measured
by a handheld Fluke Ti100 thermal camera (Fluke Systems, USA). The data
have an approx. spatial resolution of 0.06 m and a footprint of 0.006 ha and
albedo from CNR4. Meteorological data including air temperature, relative
humidity, and wind speed are measured at 10-second intervals using the Onset
Hobo S-THB-M002, S-WCF-M003 and logged by the Hobo station (Bourne,
MA, USA). | estimated the key photosynthetic parameters, Vcmax and Jmax,

from leaf gas exchange measurements using a portable photosynthesis system
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(Li-6400); Li-Cor Inc., Lincoln, NE, USA). Vcmax and Jmax area the
maximum rates of carboxylation and electron transport, respectively. First,
the photosynthesis rate (A) responding to leaf internal CO2 concentrations
(Ci) were measured to obtain A/Ci curves. For each leaf, the automated
program mode in Li-6400 to create an A/Ci curve was used by changing leaf
external CO2concentrations (400, 200, 50, 100, 200... 1400 ppm). Second,
Vemax and Jmax from the obtained A/Ci curves we were estimated using a
least-squares curve-fitting method to fit the measured A/Ci curve to the FvCB
model. And Vemax and Jmax were estimated using the Microsoft Excel™

spreadsheet provided by Sharkey et al. (2007).

2.1.3. MRT with Sunlit/Shaded area

Fig. 9 Validation site. MRTs were measured at 14 points (red points)

Sunlit/Shaded areas are very important parameters for urban thermal
environments because they determine the presence or absence of shortwave

radiation from the sun. The study area is E-W Street without trees, a mid-rise
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commercial area in a high-density city (Jangwi-dong, Seongbuk-gu, Seoul).
Shadow was calculated with 3D-USM at an hour interval during the summer
of June to August in Korea and compared with the simulation results using

Hillshade, ArcGIS shadow calculation algorithm.

This area is E-W Street which has been considered thermally
uncomfortable in comparison to the S-N one. The E-W Street consists of
three streets of similar patterns (Street 1, 2, 3) with different rotational angles
(12.5°, 0°, and 6.5°) due to two bends, and is an urban canyon of a fixed width
without trees. To validate the model performance, MRTs were measured at
3-4 points to the north which is sensitive to the length and direction of the
shadow, 1 point to the south, a total of 14 points (Figure 9a). At each point,
CNR4 Net Radiometer was used to measure the short and longwave radiation
in six directions (front, rear, upper, lower, left, and right) for approximately 5
min, and the average MRT values of each point were calculated using Eq.
(10). The MRTs were measured every 1 second for 5 minutes and controlling
the surrounding environment within 2m to minimize errors caused by changes
in the surrounding environment, such as human and vehicle movements.
Meteorological data including air temperature, relative humidity, and wind
speed are measured at 10-second intervals using the Onset Hobo S-THB-

MO002, S-WCF-M003 and logged by the Hobo station (Bourne, MA, USA).
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The accuracy is 0.21°C for temperature, 2.5% for relative humidity, and
1.1m/sec for wind speed. The measurement was measured from 1400 LST to
1600 LST on June 20, 2018, and geographic data, including the height of the
surrounding building, road length, width, and height of trees, were inputted
for simulation. The commonly used strategies for model validation are
statistical analysis and trends comparison (Fabbri & Costanzo, 2020), and this
study utilized the former approach. The statistical analysis of measured and
simulated MRT involved the calculation of the coefficient of determination
(R2), the Root Mean Square Error (RMSE), and the Mean Absolute Error

(MAE).

2.2. Simulation

Fig. 10 Three streets distinguished by the angle of rotation. Red dashed line is northern

sidewalk and blue dashed line southern sidewalks

After model validation, this study focused on difference of thermal
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comfort at pedestrian level from changes in the angle of the sidewalk. The
detailed environmental changes of the E-W street were assessed using MRT
analysis, by dividing the E-W road into three streets according to the rotation
angles (12.5°, 0°, and 6.5°, Figure 10). The change in thermal comfort that a
person feels while walking on a real road along the two sidewalks in the north
and south was analyzed linearly and not in points. It was analyzed at 1300
LST, when the sun was at the highest altitude and solar radiation had the
highest value, 0900 LST, and 1600 LST, which had the same azimuth
difference (approximately £90 °) and same altitude (approximately 43°) from

the north (180°).

Table 2 Meteorological data for simulation

Input data 0900 LST 1300 LST 1600 LST  Units
Air temperature 22.8 25.1 26.6 °C
Relative humidity 77.1 66.2 61.5 %
Wind speed 1.2 1.2 2.2 m/s
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2.3. Qreen infrastructure scenario

2.3.1. Street tree

South North
Street 1-3

Fig. 11 Street tree planting scenario. Trees are planted at southern (1) northern side (2)

To analyze the cooling effect of trees that varies according to the change
in the detailed angle of the road, a simulations of the cooling effect were
performed by two planting scenarios (Figure 11). For the planting simulation,
the shape of the trees was set to spherical, the height of the underground to 2
m, the width of the crown to 4 m, albedo to 0.3, and the leaf area density to
0.5. The decrease in shortwave radiation due to the shadow of the tree crown

and its transmittance were calculated using the method proposed by Welles

% = A2t &k



& Cohen (1996), which takes into account the zenith angle of incidence of

the radiation and the fraction of leaf area.

2.3.2. Green wall

South North

a Street 2

-+ 12m

— 9m

- 3m

Fig. 12 Green wall planting scenario. The number shows each planting area.

Green wall installed on artificial ground has the effect of improving the
thermal comfort of pedestrians unlike green roof. First, in order to evaluate
the cooling effect according to the location, green wall of the same area was
set according to the height and simulated and compared (Figure 12, 1-5).
Since the building of the target site is up to 15m, green wall was installed at

intervals of 3m. Second, in order to evaluate the cooling effect according to
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the area, the height of green wall from the ground was installed differently
and simulated and compared (Figure 12, 6 — 10). For simulation, albedo was

set to 0.3 and leaf area density was set to 0.5.
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3. Evaluation of Effectiveness of storage system with latent
heat flux for maximizing thermal performance of green

roof

This study focuses on the thermal performance and mechanisms of blue-
green roofs. First, to investigate the differences in thermal performance
according to the step-by-step application of the soil layer, blue retention layer,
and greening layer from the gray roof, measurement experiment was designed.
Secondly, statistical analysis was used to evaluate the thermal performance
and synergy according to the type of roof and to analyze the causes. Lastly,
based on the thermal performance of blue-green roofs, the effects on outdoor

and indoor spaces and other environmental benefits were discussed.
3.1. Climate conditions

The study site was located on top of a Seoul National University building
in Seoul, South Korea, which is geographically located in the temperate
climate zone of the mid-latitudes; therefore, the four seasons of spring,
summer, fall, and winter are clearly distinguishable. The summer (July to
September) is characterized by hot weather due to high temperatures and

humid North Pacific high pressures.
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Table 3 Climatic data of Seoul, South Korea (2022)

Input data July August September  Units

Monthly average
27.3 25.7 22.4 °C
daily temperature

Maximum
monthly

31.0 28.9 27.2 °C
average daily

temperature

Minimum monthly
Average daily 24.2 23.1 18.2 °C

temperature

Average monthly
8.13 18.22 6.72 mm/days
daily rainfall

Number of Rainy
14 19 8 days
Days

3.2. Experimental set-up

The experimental group consisted of five roofs: a module with only a soil

layer (Soil), a module with a blue retention layer (Blue), a planting module
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(Green), and a planting module with a blue retention layer (Blue-Green). A
conventional roof (Gray) was set as the control group. The modules of the
experimental group were 50 x 50 cm squares and consisted of a 20 cm soil
layer composed of bottom ash-based lightweight soil, a 10 cm blue retention
layer, and an intermediate plate for separation from the soil layer. To supply
stored water to the soil layer, the lower end of the middle plate was cone-
shaped with a small hole so that the absorbed water was delivered to the upper
layer. The plant used in the experiment was Sedum takesimense Nakai, which
is mainly used as a material for low-management and lightweight green roof,
and highly adaptable to barren environments (Li & Kang, 2013). The
measurement experiment was conducted at a distance of approximately 5 m
or more from other structures and was not affected by shadows considering

the direction of the sun.

- Upper
Surface

Weather station

=
Gray

Lower
Surface

temperature
P Green Blue-Green

Fig. 13 Schematic cross-section of the studied roof types with sensors for

environmental monitoring. Roof types included a soil layer (Soil), a module with a blue
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retention layer (Blue), a planting module (Green), a planting module with a blue retention

layer (Blue-Green), and a conventional roof (Gray) as the control.

3.3. Measurements

The experiment was conducted from July 14 to September 30, 2022 on the
roof of a building on the Seoul National University campus. To evaluate the
thermal performance of blue-green roofs, the surface temperatures at the top
and bottom of each of the five roofs were measured. The upper surface
temperatures of the roof modules, including the roof, were measured every
30 seconds using a COX CG-640 longwave infrared (LWIR) camera with a
video resolution of 640 x 480 pixels and 30 Hz video sampling. The spectral
range of the camera was 8-14 pum, and the surface temperatures had an
accuracy of + 2 %. The lower surface temperatures were measured every 10
seconds using resistance of thermal detector (RTD) sensors that were
connected to data logging temperature recorders with an estimated system
accuracy of 0.15 °C. The sensors were attached to the floor surface, which
was approximately 3 cm from the center of each module. The
evapotranspiration of plants and soil was measured at a 1-second interval
using an SB-100K electronic balance with a capacity of 100 kg and a

resolution of 1/6000. All data were analyzed by averaging at 1-minute
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intervals. Albedo (i.e., the ratio of incoming and outgoing shortwave radiation)
was measured using a net radiometer (CNR4, Kipp & Zonen, NL) above the
gray roof, soil, and greenery. Air temperature and relative humidity were
measured at 10-second intervals using the Onset Hobo S-THB-MO002 and
logged by the Hobo station (Bourne, MA, USA). The data were then averaged

at 1-minute intervals.

Fig. 14 Experimental site. The five roof types and the surrounding experimental set-up

including the equipment for measuring the environmental parameters.

3.4. Statistical analysis

R version 3.3.3 was used for statistical analyses. To investigate the
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difference in temperature reduction between the modules, we conducted an
ANOVA test, excluding rainy days. Normality of the distribution was
checked qualitatively using quantile plot (QQ-plot) and formally with a
Shapiro-Wilk test, which confirmed the non-normality of some variables.
Nevertheless, when the group size is the same, the F-statistics are quite robust
to violations of normality, as is the case with the data in this study (Field,
2009). Also, if the sample size is large enough, test is relatively robust to
moderate violations of the normality assumption (Lumley et al. 2002;
Sawilowsky and Blair 1992). Despite showing some deviation from normality
assumption in the QQ-plot (Figure A.1), we assumed normal distribution and
subjected to Welch’s ANOVA with Games-Howell post-hoc tests for
quantitative effect evaluation due to the same and large sample size. To
understand the relationship between ATs (upper and lower surface
temperature differences) and time or meteorological data, air temperature,
and relative humidity, a Pearson correlation was performed. In all cases, the

means were reported to be significant when p < 0.05.

3.5. Heat balance

Green roof provides cooling effects through the process of

evapotranspiration, and this effect is expected to be amplified when combined
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with a retention tank. This significantly contributes to the energy balance of
green roofs. Thus, qualitative energy estimates related to evapotranspiration
were performed. Daily evapotranspiration was estimated by measuring the
weight change of the module over one sunny day without rain. The latent heat
(LE) caused by the evapotranspiration (ET) in the greening module can be

expressed as follows (Refahi & Talkhabi, 2015):
LE = AXET (Eq.34)

where A represents the latent heat of evaporation (2422 kJ/kg at 35 °C).
The latent heat was compared with solar radiation, which is the main load on
the heat balance in summer. The daily amount of accumulated solar radiation
was obtained from an automatic weather station near the experimental site.
Using the albedo measured according to the surface material (Roof, Soil, and
Green), the reflected solar radiation was calculated and the solar energy
balance was analyzed according to the roof type by modified version of the

equation excluding longwave radiation as follows (Grimmond and Oke 1999):

Incident solar radiation = Reflected heat + Latent heat + Sensible heat +

Storage heat (Eq. 35)
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V. Results

1. Three-dimensional urban surface model

1.1. Model performance

m?
6000 [

y=0.9381x - 0.667
R2=10.9791 60

5000
4000

3000

Simulated

2000

1000

0 1000 2000 3000 4000 5000 6000
ArcGIS calculated

Fig. 15 Sunlit/shaded algorithm validation

As a result of calculating the shadow for the summer three-month period
using ArcGIS and comparing it with the simulated result, it was found that

the sunlit/shaded algorithm of 3D-USM in the three-dimensional space

simulates the shadow well (Figure 15).
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Simulated SVF
b

Fig. 16 Validation of sky view factor. The two pictures of the fisheye lens show the cause
of the error caused by the uneven shape of the building.

According to the statistical analysis, the measured and simulated SVF
showed a high R? value of 0.87 and a positive correlation within the study
area. The shape of buildings often has a polygonal shape different from that
of maps. It is judged that the error of the model for SVF simulation increases

when its shape is significantly different from that of the map (Figure 16).
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Fig. 17 Measured data in mid-rise residential area at 1 June, 2018. (a) Sky view from
fisheye lens (b) Solar path from 0900 LST to 1800 LST (c) Measured and simulated Short

and Longwave radiation

In the simulation conducted on the Mid-rise residential area, SVF was
calculated to be 0.5472, slightly lower than the measured value of 0.5579. As
a result, scattered short waves from the sky would have been underestimated
in the model, and long waves from surrounding buildings with surface
temperatures relatively higher than atmospheric temperatures would have
been overestimated (Figure 17). This pattern was similar in the high-rise

commercial area (Figure 18). The simulated SVF was calculated to be 0.5674,
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lower than the measured value of 0.6122, and as a result of the radiant heat
simulation, the short wave was calculated to be smaller and the long wave
was calculated to be larger. SVF's underestimation is believed to have
occurred because it reflects the shape of the building in the form of a

rectangular parallelepiped, and indicates that the more complex the building

is, the greater the error may be.
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Fig. 18 Measured data in high-rise commercial area at 28 April, 2018. (a) Sky view
from fisheye lens (b) Solar path from 0900 LST to 1800 LST (¢) Measured and simulated

Short and Longwave radiation
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Fig. 19 Validation of surface temperature. Each line shows simulated results and each point
shows measured surface temperature.

According to the statistical analysis, the measured and simulated surface
temperature showed a high R? value of 0.93 and a positive correlation within

the study area. Vcmax and Jmax were 52.9 and 65.4 xmol/m?s, respectively.

The error appears to have occurred because it was a cloudy day with an

average cloudness of more than 0.5.
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Fig. 20 Model validation results showing estimated MRT in sunlit and shaded areas.

The points in yellow and gray box are estimated in the sunlit and shaded areas, respectively

During the MRT measurement time, the average air temperature was
27.2°C, the relative humidity was 47%, and the amount of solar radiation was

741.3W/m?, indicating a clear and sunny day. The estimated MRT ranged

from 34 to 60°C (Figure 20).

The measurements were conducted between 1400 and 1600 LST; hence,
the three points in the southern were blocked by building shadows, resulting
in low MRT values (average 35.9°C). We identified and processed outliers in
the data measured at each location during the 5-minute period. The simulation

results, with an irradiance of 719.2W/m?, direct shortwave radiation of
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600.6W/m?, and scattered shortwave radiation of 118.6W/m?, indicated that
the model successfully simulated the decisive impact of shadows on
temperature. Other measurement points located in the northern region showed
high MRT values (average of 55.0°C) although they were measured in June,
which is not as hot as compared to July—August. According to the statistical
analysis, the measured and simulated MRT showed a high R? value of 0.97
and a positive correlation within the study area. The RMSE (Root Mean
Square Error) and MAE (Mean Absolute Error) were 1.43°C and 1.21°C,
respectively, indicating that the model accurately evaluated MRT in study

area under conditions with a grid size of 2 m.
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Fig. 21 Sensitivity test of averaged MRT in Street 2 at 1300 LST for (a) stomatal
resistance, (c¢) wind speed, and (c) relative humidity. (b) is sensitivity test of averaged leaf

surface temperature for stomatal resistance

In order to calculate the latent heat flux through the transpiration of plants,
3D-USM treated the values of several variables related to pore resistance with

a constant based on previous studies. However, there is an error in the thermal
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environment analysis because it varies depending on the type of plant and the
growth environment. In addition, since this model does not reflect fluid
dynamics, it cannot reflect microclimate fluctuations such as wind speed and
relative humidity inside the space, resulting in errors. As a result of
conducting a sensitivity test to identify errors that may occur due to these
fluctuations, the change in MRT is about 1 degree (Figure 21), and it is judged
that it will not significantly affect the change in MRT according to the angle
of the road and the magnitude of MRT reduction due to tree planting (Figure
24, 26). The leaf surface temperature increased significantly from 25.2°C to
a maximum of 31.7°C as the stomatal resistance changed under the condition
of the air temperature of 25.1°C, but MRT was found to have an impact on an

increase of up to 1.2°C (Figure 21 a, b).
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1.2. Urban heat simulation

Fig. 22 Model output set. (a) surface temperature, which red represents hot, and blue
represents cool surfaces. (b) shaded area, which black indicates building, bright color
indicates a high sky view factor, red line represents northern sidewalk, and orange line

represents southern sidewalk. (c) MRT at the two sidewalks (0800 LST, Street 1).
. 45°C
40°C

35°C

I 30°C

Fig. 23 Three dimensional result of USM (1300 LST, Street 3)

Figure 22 and Figure 23 shows the main result set of the 3D-USM: surface

temperature, sunlit/shaded area, and MRT. At 0800 LST, shadows can be
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seen forming to the west because the sun is in the east (Figure 21b). In contrast
to the relatively low surface temperatures on the ground and rooftop caused
by the building shadows, the surface temperature in front of the east wall is
the highest as it receives high shortwave radiation (Figure 22a). The MRT is
determined using long and shortwave radiations received from the
surrounding environment and is significantly influenced by direct shortwave
radiation owing to the presence or absence of shadows. The MRT (red line)
at the pedestrian walking point on the northern sidewalk was significantly
lower than that at the pedestrian walking point on the southern sidewalk
(orange line) owing to the building shadows, and a slight increase in MRT
was observed in the last section where the building shadow disappeared

(Figure 22c).

1.3. MRT

MRT simulations showed that MRTs were generally higher in the northern
sidewalk (red line) than in the southern sidewalk (orange line) and the highest
at 1300 LST for all the streets (Figure 24). The results provide evidence that
MRT is predominantly influenced by solar radiation rather than other
meteorological conditions. Despite the highest temperature occurring at 1600

LST, the peak of solar radiation was observed at 1300 LST, resulting in the
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highest MRT value at that time.
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Fig. 24 Changes in mean radiant temperature at the sidewalks (red: northern, orange:

southern) according to time and street. Ta is air temperature, RH is relative humidity, WS

is wind speed, and Rc is solar irradiance

The thermal comfort in the three streets with different angles showed

different patterns over time. The MRT of Street 2 with a rotation angle of 0°

was similar to that of the two sidewalks at 0900 LST and 1600 LST; in

contrast, the MRT of Street 3 with a rotation angle of 6.5° was generally low

in the northern sidewalk at 0900 LST and southern sidewalk at 1600 LST.

This pattern evidently appeared on Street 1 with a rotation angle of 12.5°,
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indicating a change in the thermally comfortable sidewalk over time. At 1300
LST, when the sun was at its highest altitude, the MRT was low because of

building shadows on the southern walkway in all the streets.

Street 1 (0900)

Fig. 25 Different shadow orientations formed according to the rotation angles

The 12.5° street rotation also rotated the shadow’s direction by 12.5°,
which can have a significant impact on pedestrians walking close to the
buildings. As shown in Figure 25, direction of the shadow in Street 2 changes
from west to east between 0900 and 1600 LST, which has less impact on
pedestrians; however, Street 1 is sensitive to small angular changes because

there are ups and downs from southeast to northwest.
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1.4. Cooling effect of tree planting scenario

Street 1 Street 2 Street 3

Fig. 26 Changes in average mean radiant temperature with time due to the cooling effect

of trees (yellow, orange, and green bars represent 0900, 1300, and 1600 LST, respectively)

Although the trees provided an overall cooling effect in the pedestrians
walking spaces, which can be caused by a low surface temperature owing to
latent heat, the cooling effect of the trees adjacent to the pedestrian spaces is
dominant because of the tree shadows (Figure 26). Overall, the cooling effect
of the northern sidewalk was higher than that of the southern sidewalk;
however, it was confirmed that the cooling effect received by Street 1
sidewalk varied significantly over time owing to change of shadow direction
(Figure 24). This implies that even small variations in the angle of the street
can significantly impact thermal comfort over time, resulting in different
optimal locations for effective vegetation. Therefore, streets in the same E—

W direction need appropriate strategies depending on the its angle.
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Fig. 27 Mean MRT according to planting height of green wall (Street 2, 1300 LST)

As a result of arranging green wall according to height, the scenario
arranged at the bottom significantly reduced MRT in the north (Figure 27).
On the contrary, the MRT in the south was effective in a 3-6m scenario, but
the reduction effect was not significant due to its long distance. The lower the
height, the greater the MRT reduction effect, and the green wall arranged at
a height of 6 m or more did not provide a significant effect on the pedestrian-

level MRT.
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Fig. 28 Mean MRT according to planting area of green wall (Street 2, 1300 LST)

As the high-position green wall is far from the pedestrian and provides a

small cooling effect, the required planting area may also vary. Figure 28

shows that the cooling effect decreases significantly as the area of green wall

increases, and suggests an efficient planting strategy within a limited budget.
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2.  Effect of storage system of Blue Green roof for

maximizing cooling effect

2.1. Upper surface temperatures

55
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Fig. 29 Variations in upper surface temperature. Upper surface temperatures by roof
type (Gray, Soil, Blue, Green, and Blue-Green) and meteorological data (air temperature

and relative humidity) from 16/08/2022 to 22/08/2022.

Figure 29 shows the upper surface temperatures over a period of one week
from August 16th to August 22nd. During this period, with the exception of
the heavy rain on August 19th (66.1 mm/day), the environment was hot and
humid, with daily maximum temperatures ranging from 30.3 °C to 34.3 °C
and daily minimum relative humidity ranging from 52.7 % to 60.1 %. This

allowed for the observation of the impact of the blue retention layer during
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clear weather conditions on the three days before and after the day with heavy

rain.

The surface temperature of all roofs increased and decreased at a time
similar to the air temperature; however, it was consistently higher than the air
temperature at all times, especially during the day when the difference was
greatly magnified owing to solar radiation. The experimental roofs always
exhibited lower values than the gray roof, and that difference was greater
during the day. Concrete has a low thermal conductivity compared to soil and
water; therefore, it receives a relatively larger impact from solar radiation and

air temperature.
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2.2. Lower surface temperatures
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Fig. 30 Variation in the lower surface temperatures. Lower surface temperatures by roof
type (Gray, Soil, Blue, Green, and Blue-Green) and meteorological data (air temperature

and relative humidity) from 16/08/2022 to 22/08/2022.

The surface temperatures of the experimental roofs showed a much larger
temperature decrease effect compared to that of the gray roof. As the sun's
reflection is a major heat load in summer, the shadows caused by the modules
had a significant impact. Blue-Green consistently had the lowest values,
whereas Soil had the highest. The increase and decrease in the surface
temperature of the experimental roofs showed a delayed pattern of 1-3 h
compared to the ambient temperature, which was considered to be due to the

time it took for heat to enter the upper layer and be conducted to the lower
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layer. Similar results have been reported in previous studies on heat lag

(Kostadinovi¢ et al., 2022).

2.3. Performance evaluation

To quantitatively evaluate the thermal performance according to the roof
type, surface temperatures were assessed using Welch's ANOVA and Games-
Howell post-hoc tests for the entire measurement period because the
homogeneity of variances was violated. The ANOVA test showed that,
concerning the upper and lower surface temperatures, most of the time there
was a low significant error rate (p < 0.05) and 95 % confidence level of
significant difference between the average data of the Soil, Green, Blue, and
Blue-Green roofs (Figure 30). The temperature-reduction effect based on the

roof type exhibited various patterns in the upper and lower parts.
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Fig. 31 Differences in surface temperatures. Mean differences and significance levels of

the (a) upper and (b) lower surface temperatures between the gray roof and the other four

experimental roof types over time.

The effect of reducing the daytime upper surface temperature was highest

in the order of Green = Blue-Green > Blue > Soil, and albedo due to planting

was considered to be the dominant factor. The measured albedo was 0.17 for

the greenery and 0.12 for soil, and the planted modules showed an additional

reduction of up to 2.2 °C over Soil and up to 1.3 °C over Blue (Figure A.2a).

Despite having the same soil surface, it was found that Blue had a lower

surface temperature owing to the high evaporation of acid. The upper surface

temperatures of Green and Blue-Green were very similar, with no significant

difference between them (Figure A.2a). At night, without solar radiation, the
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effect of reducing the upper surface temperature seemed to have played a
major role in the order of temperature changes owing to specific heat and the
amount of heat stored during the day. At night, when there was no solar
radiation, temperatures changed in the order of Soil > Green > Blue > Blue-
Green, and the variability in temperatures due to specific heat and the amount

of heat stored during the day seemed to play a major role.

The effect of reducing daytime lower surface temperature was highest in
the order of Blue-Green > Blue > Soil > Green, and it is believed that the blue
retention layer was the dominant factor. The two roofs with blue retention
layers (Blue-Green and Blue) were effective; Green, which did not have a
blue retention layer, was the least effective until 13:00, after which Soil was
the least effective. In particular, the Blue-Green had an additional reduction
effect of up to 2.1 °C (Figure A.2b). Since the specific heat of water is five
times that of dry soil, it was expected that the temperature increase would be

small compared to the amount of heat introduced.
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Fig. 32 Summary of thermal performance of roof type. Diurnal is from 1200 LST to

1400 LST, and nocturnal is from 0000 LST to 0200 LST.

Notably, Green was the least and Blue-Green the most effective, which
can be interpreted as synergy between the planting and retention layers.
Comparing the sum of the differences in Green~Soil and Blue~Soil and the
values of Blue-Green~Soil, the synergy effect between Blue and Green was
confirmed to be 1.49 °C on average from 11:00 to 14:00 (Figure A.3).
Although there was no significant pattern during the night, the synergy effect

between Green and Blue averaged -0.85 °C from 23:00 to 02:00, contrary to
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daytime results.

Owing to the experimental roof set-up, there was a difference of more than
an hour between the upper and lower parts when the effect of temperature
reduction was maximized. This result is consistent with those presented in
Figure 32, which shows a delayed pattern compared with the increase or
decrease in atmospheric temperature. The upper surface temperatures of the
gray roof, soil, and vegetation increased with increasing solar radiation, but
the lower surface temperature can be interpreted as the delayed conduction of

incident heat resulting from shadows.

2.4. Heat balance
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Fig. 33 Energy partition of solar radiation according to roof type. The daily total solar
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radiation affecting the modules (0.25 m?) and the energy balance of the reflected radiation
measured using albedo and the latent heat from evapotranspiration (!Gray, 2Soil, *Blue,

4Green, and >Blue-Green) during the summer.

The latent heat flux calculated from the daily evapotranspiration through
weight measurements and the reflected shortwaves calculated from the albedo
allowed us to determine the amount of heat absorbed by the roof relative to
the daily solar radiation (Figure 33). The albedo measurement showed that,
with a value of 0.35, that of the Gray roof, was much larger than that of the
Green (0.17) and Soil (0.12) ones, thus reflecting more solar radiation.
However, it is believed that the temperature increased owing to the lack of
latent heat and low specific heat compared to water and soil, particularly

during the week.

On the day after the rain (8/20), the heat absorbed by the Soil roof was the
lowest. Due to the heavy rainfall, all roof modules may have had sufficient
water resources and, owing to the low layer of the Soil roof, a large amount
of moisture may have remained in its upper layer. In addition, studies have
reported that evapotranspiration is greater in the absence of plant cover under
identical soil moisture conditions (Hodo-Abalo et al., 2012). Considering that

rainfall occurred frequently during the measurement period, the thermal
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performance of the soil in this experiment would have been overestimated,
and other modules may have a relatively greater temperature reduction effect

in less rainy climates and regions.

Notably, although the Blue module reflected less solar radiation than the
Green one owing to its low albedo, higher water availability induced more
latent heat flux, resulting in similar absorbed heat; in fact, Blue and Green
showed a competitive relationship at upper and lower surface temperatures
(Figure A.2a and b). In general, the Blue-Green absorbed the least amount of
heat owing to its high reflectance and high latent heat flux, as shown in Figure

32.
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V1. Discussion & Conclusion

This study provides strategies to effectively mitigate the worsening urban
heat environment worldwide. Firstly, a three-dimensional urban surface
model (3D-USM) was proposed to comprehensively reflect complex urban
spaces and evaluate the thermal environment using simple input data.
Secondly, the model was validated by main parameters and result. And
planting strategies for maximizing cooling effect of urban street trees and
green wall were suggested by considering arrangement and area. Lastly,
combination strategy of green roofs and blue retention layers was suggested
by evaluation of the thermal performance and synergies in outdoor and indoor
spaces. To achieve this, various types of roofs for the substrate (soil, retention,
and greening layers) were quantitatively evaluated through experiments on

thermal performance.

1. Developing a 3D urban surface model for accurate

thermal evaluation with simple input

In the face of climate change and deteriorating UHIs, urban heat
monitoring and evaluation are essential for achieving a sustainable society.

The 3D-USM can be used as an evaluation tool when planning green areas in
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urban regions, as it can simulate the effects and changes when heat mitigation
strategies are applied as well as diagnose the status quo. Furthermore, because
the model is made of a flexible domain to simulate most structures, the model
has the advantage of being applied to various cooling strategies, such as living

walls and green roofs.

The 3D-USM model, which realistically reflects complex urban spaces,
has limitations that should be improved upon in future studies. First,
conduction is not considered for the heat transfer process. Using conduction,
it would be possible to calculate the effect on the surrounding environment
more accurately, and the heat value in the entire time zone would be reflected
well in the next time zone (Meili et al., 2020; Z. H. Wang et al., 2011). Second,
the artificial heat caused by buildings was not considered. As the buildings
were not considered to be heat sources, they may have been overestimated as
shadow providers (Taha, 1997). If artificial heat is reflected, buildings
exposed to the sun produce increased artificial heat owing to high cooling
energy demands, which can lead to an increase in surface temperature and
deterioration of thermal comfort. Lastly, additional validation is necessary to
confirm the applicability of the flexible model that can reflect various spaces,

not only urban canyons. This would enhance the utility of the model.

Many studies have used the thermal comfort index received by humans for
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thermal environment analyses (Epstein & Moran, 2006; Salata et al., 2017).
The MRT, an indicator developed to evaluate the heat received by humans,
does not take into account the human thermoregulatory process and therefore
cannot simulate human thermal comfort accurately. However, it is widely
accepted that MRT plays an important role in the objective evaluation of
thermal comfort (d’Ambrosio Alfano et al., 2021). MRT also serves as a key
input for representative thermal comfort indices (PET, UTCI and PMV) and
has been demonstrated to be effective in prior research (Kruger et al., 2011;
Lai et al., 2017; Tan et al., 2013). The simulation MRT results using the
proposed model have shown that detailed conditions of the surrounding

environment can be reflected in the heat received by humans.

This model is composed of a grid of square shapes of a constant size in a
3D space, which allows for the potential to expand through coupling with
various microclimate models. Through this, it is possible to expand from
surface temperature to atmospheric temperature, or to expand to thermal

comfort indices (PET, UTCI and PMV) from MRT.

Complementing these limitations and considering their applicability, the
proposed 3D-USM, capable of accurately and efficiently simulating the
thermal environment and MRT thermal comfort in complex urban

environments using simple input data, holds great potential for guiding the
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development of efficient cooling strategies to foster sustainable cities.

2. Planting strategy for maximizing cooling effect of urban

green infrastructure

When planning to install green infrastructure in your city, you need to
achieve maximum cooling with limited space and budget. Street trees can
provide pedestrians with direct cooling through shadows. Therefore, in order
to maximize the cooling effect of trees, a strategy that considers shadows
according to the direction of the street can be effective. Overall, our
simulation results that the northern street showing a worse thermal
environment than the southern street are consistent with the results of
previous studies (Ali-Toudert & Mayer, 2006; Taleghani et al., 2015). MRT
was reduced by 15-18 °C due to the shading effect of buildings, which is
consistent with a study conducted in Singapore, which has a similar climate

(Mirzaei et al., 2015).

This study further focused on the angular changes in the E-W street and
found that the thermal environment changes even with small changes in the
street direction. The MRT of the northern sidewalk of the street rotated by

12.5° was 2.6 °C lower on an average than that of sidewalk of the street that
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was not rotated (53.6 °C and 56.2 °C in Streets 1 and 2, respectively). Even
under the same conditions under which direct radiation is received,
surrounding urban elements, including nearby south-facing buildings, emit
high longwave radiant heat owing to receiving a large amount of heat,
consequently increasing the MRT level. Depending on the orientation of the
street, the location where cooling was required changed with time, and this
was further confirmed via a street tree-planting simulation. The results imply
that even small variations in the angle of the street can significantly impact
thermal comfort over time, resulting in different optimal locations for
effective vegetation. Therefore, streets in the same E-W direction need

appropriate strategies depending on the its angle.

In the case of green wall, the cooling effect provided to pedestrians has
changed significantly depending on the placement height. As the height
increased, it provided less cooling effect to pedestrians, and this study proved
that there is a cost-effective height and area through analysis of MRT
reduction effect by area. Although green wall provides a relatively small
cooling effect compared to street trees that provide shadows, it can be an
efficient cooling strategy for urban spaces where street trees are difficult to
deploy. This result suggests that spatiotemporal thermal comfort simulations

considering the angle of the streets and simulation based planning are
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necessary for efficiently cooling cities. The flexible 3D-USM developed to
reflect a range of urban spaces and strategies, including gray and green
infrastructure, is expected to become a useful tool in planning for thermally

comfortable urban spaces.

3. Blue green roof strategy for improving thermal

performance in outdoor and indoor spaces

Reducing the roof surface temperature through the greening of buildings
results in indoor cooling energy savings (Berardi, 2016; Refahi & Talkhabi,
2015; Silva et al., 2016; Virk et al., 2015). Akbari (2002) simulated building
energy consumption from green roof in California and confirmed a 30 %
energy saving and a significant CO2 emission reduction effect. The
experimental results of the present study showed that the surface temperature
can be reduced by 15.50 °C between 12:00 and 14:00 by covering shadows
with soil, thereby greatly reducing the amount of heat flowing into the
building. The temperature reduction of the Blue roof was 15.73 °C, which did
not differ much from Soil, and that of Green and Blue-Green was 14.89 °C
and 16.64 °C, respectively, representing the minimum and maximum. It is
possible that the Soil module effect was overestimated because large amounts

of rainfall occurred during the measurement period.
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Cai et al. (2019) evaluated the thermal insulation performance of a green
roof through indoor and outdoor surface temperature measurements, showing
that the green roof reduced the outdoor surface temperature by 15 °C and
caused a 5 °C difference in indoor surface temperature. Considering that this
result is similar to the reduction in the lower surface temperature measured in
this study, the energy-saving effect of the experimental roof could have been
sufficiently significant, and an even larger effect could be expected when

applying a Blue-Green roof.

Urban greening is a representative strategy for improving hot
environments and mitigating UHI effects (Aram et al., 2019; Roth et al., 1989;
Wong et al., 2021). Trees significantly improve hot environments owing to
shading of the pedestrian areas and the transpiration effect (B. S. Lin & Lin,
2010). A study conducted in Toronto also reported a 0.4 °C air temperature
cooling at the pedestrian level (Berardi, 2016). Lin et al. (2021) found that
green roofs play an important role in regulating the thermal environment in
areas without large green or water spaces. In the experiment conducted in this
study, green spaces played an important role in the upper surface temperature,
which affected the outdoor thermal environment (Figure 16a). Considering
the costs, a green roof without a blue retention layer would be a good strategy

for improving the thermal environment in low-rise areas.
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Analyzing the synergies of Green and Blue by comparing the effects of
individual and simultaneous application highlighted different patterns in the
upper and lower surface temperatures and between day and night (Figure A.3).
During the daytime (12:00-14:00), the synergy effect was +1.12 °C in the
upper and an -1.59 °C in the lower surface temperature, and during the night,
the opposite was observed (upper and lower surface temperatures of -0.65 °C
and +0.80 °C, respectively). Considering the period during which the thermal
environment is at its worst, the blue retention layer may be ineffective during

the daytime if the goal is to improve outdoor thermal comfort.

However, if the goal is to improve indoor thermal comfort and reduce
energy consumption, a Blue-Green roof may be an efficient strategy for
generating additional synergies. (Rozos et al., 2013) reported that when both
green and blue technologies are installed simultaneously, the drawbacks of
each can be minimized and the benefits combined, which is consistent with
our conclusion that the Blue-Green roof was the most effective for reducing
both the upper and lower surface temperatures during the daytime.
Additionally, our results showed that the effect of the Blue-Green roof was

magnified in hot and dry climates and regions (Figure A.4).

This study provides strategies to effectively mitigate the worsening urban

heat environment worldwide. A three-dimensional urban surface model was
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developed to diagnose heat status by quickly simulating complex urban
spaces with simple input data, identifying vulnerable areas and evaluating the

effects of various cooling strategies and scenarios.

As a representative green infrastructure, we focused on tree planting, green
walls, and green roof, providing strategies to enhance the cooling effect of
green infrastructure. Trees offer the most significant cooling effect for
pedestrians by providing shade, and their effective placement is essential
considering the varying shadow conditions depending on the orientation of
streets and buildings. Green walls, on the other hand, require appropriate
height selection to ensure cost-effective cooling effects, as the cooling effect
diminishes significantly with increasing height. Lastly, green roof was
proposed as a strategy to effectively improve outdoor and indoor thermal
environments by combining it with a blue retention layer to increase latent
heat transfer. Quantitative experiments were conducted to confirm the

effectiveness of this approach.

This study has the potential to inform urban planners and decision-makers
about the most effective strategies for promoting sustainable cities and help

shape the future of urban environments in a more sustainable direction.
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Figure A.1 QQ plot of experimental roofs (a) Upper surface temperature (b) lower surface

temperature
@ (b)
BG-~S G-~-B BG-~-B BG-~G BG-~S G-~-B BG-~B BG-~G
Time |[Pvalue Tvalue Pvalue Tvalue Pvalue Tvalue Pvalue T value Time |Pvalue T value Pvalue Tvalue Pvalue Tvalue Pvalue T value
00 [ -1.091 00 ns -0.215 il -0.547 *x* -0.497|
01 kel -1.004 01 -0.304 bl -0.591 *** -0.497|
02 [ -0.929 * 0.393 02 -0.316 el -0.600 *** -0.456|
03 ki -0.946 * 0.492 03 > -0.393 il -0.613 *** -0.470]
04 x -0.983 * 0.466 04 el -0.452 ok -0.636 *** -0.502]
05 [ -0.995 05 el -0.483 bl -0.623 *** -0.497|
06 kel -0.923 * 0.479 06 ksl -0.538 bl -0.726 *** -0.536|
07 *x -1.016 *** 0.930 ok -0.776| 07 * -0.451
08 bl 1.109 *** 0.790 08
09 el 1.248 *** 1.241 *** 1.389 09 el 0.492|
10 [ 1.650 *** 1.309 *** 1.300 10 * 0.391 *** -0.444 #xx 0.487 *** 0.931
11 kil 2.089 *** 1.273 *** 12712 1 ks 0.612 *** -0.714 *** 0.664 *** 1.378
12 ke 2.266 *** 1148 *** 1191 12 ok 0.943 *xx -0.858 *** 0.837 *** 1.696}
13 il 2.261 *** 1.039 *** 1.039 13 ksl 1.331 =+ -0.810 *** 0.987 *** 1.797
14 *x 1722 0.921 *** 0.867 14 el 1.746 *** -0.601 *** 1161 *** 1.762]
15 ** 1.020 *** 0.741 *** 0.628 15 % 1.947 **x -0.354 *xx 1228 1.582]
16 bl 0.700 ** 0.427 16 i 2.044 il 1.241 > 1311
17 el -1.154 *xx 0.701 orx -0.546| 17 el 2.067 ok 1,174 #xx 1.021]
18 [ -1.483 ** 0.474 ox -0.554] 18 sl 1746 * 0.266 *** 0.913 *** 0.648|
19 kel -1.520 ok -0.480] 19 ksl 1.034 ** 0.319 *** 0.505
20 ** -1.562 *x -0.446 *** -0.481] 20 % 0.503 *** 0.370
21 ki -1.568 * -0.384 ** -0.486| 21 ol 0.361 * -0.347]
22 Foiokx -1535 *x -0.469| 22 * 0.289 el -0.477|
23 el -1.496 * -0.453] 23 * -0.356 *** -0.557]

***p <001, **p < .01, *p < .05, ns: not significance

Figure A.2 Mean difference and significance level (a) upper (b) lower surface temperature

between the experimental roof depending over time. (BG: Blue-Green roof, G: Green roof,
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B: Blue roof, S: Soil roof)

Time Upper Lower
00 0.682308 -0.82812
01 0.625208 -0.78352
02 0.620972 -0.74
03 0.677389 -0.69056
04 0.683778  -0.6863
05 0.675787 -0.63704
06 0.602485 -0.72465
07 0.393931 -0.36633
08 0.742308 0.204333
09 0.289817 0.610833
10 -0.35747  1.0275
1 -0.81695 1.430333
12 -1.03158 1.590167
13 -1.2212 1.453282
14 -0.90973 1.176245
15 -0.50476 0.863056
16 -0.04129  0.5075
17 0.763031 0.127639
18 0.847497 -0.18514
19 0.690229 -0.34319
20 0.634962 -0.43694
21 0.697688 -0.59722
22 0.686852 -0.79436
23 0.731811 -0.93409

Figure A.3 Synergy of Greening and blue retention layer, where is calculated by subtracting

sum of G-S and B-S with BG-S

@ (b)
Soil Blue Green Blue-Green Soil Blue Green Blue-Green
Temp [P value Tvalue Pvalue Tvalue Pvalue Tvalue Pvalue T value Temp |P value Tvalue P value Tvalue Pvalue Tvalue Pvalue T value
17°C > 4.07 *** 2,01 *** 231 *** 1.69] 1rc |* -0.25 orx 0.51 *** 0.26|
19°C [ 1.96 *x* 0.51 *** 1.01 #x* 0.43) 19°C [ 0.76 *** 0.90 *** 0.93 *** 0.77|
21°C |*** 3.22 *** 2.00 *** 2.24 *** 178 21°C |*** 2.57 *** 2,91 *** 2.98 *** 2.85]
23°C |*** 2.96 *** 2.21 *** 2.62 *** 2.23] 23°C |*** 4.21 *** 4.35 4.43 > 4.311
25°C |*** 2.76 *** 2.57 *** 3.27 *** 2.98] 25°C |*** 6.63 *** 6.92 *** 6.79 *** 7.16]
21°C |*** 3.79 > 3.91 > 4.88 *** 4.66| 21°C |*** 9.95 *** 10.64 *** 10.14 ** 11.24]
29°C |*** 5.42 *** 5.35 *** 6.28 *** 6.17| 29°C |*** 12.58 *** 1322 =+ 12,63 *** 13.76}
31°C |*** 6.30 *** 6.19 *** 7.13 +** 7.10) 31°C |*** 15.29 *** 1572 *** 15.03 *** 16.39)
33°C_|*** 6.86 *** 7.07 *** 7.69 *** 7.62| 33°C_|*** 18.32 *** 18.88 *** 18.06 *** 19.57|
Soil Blue Green Blue-Green Soil Blue Green Blue-Green

RH [Pvalue Tvalue Pvalue Tvalue Pvalue Tvalue Pvalue T value RH [Pvalue  Tvalue P value Tvalue Pvalue Tvalue Pvalue T value

30% [*r* 2.38 *** 5,92 *** 7171 il 7.24] 30% [*** 14.08 *** 14.68 *** 14.33 *** 17.51
40% [*r* 3.38 *** 5.56 *** 6.77 *** 6.71] 40% [*r* 12.87 *** 12.39 *** 12,62 *** 15.18
500% [*** 4.73 > 4.60 *** 5.29 *** 5.03] 50% [*** 10.51 *** 10.73 *** 10.56 *** 12.00
60% [*** 5.29 *** 4.88 *** 5.62 *** 5.33] 60% [*** 10.14 *** 10.85 *** 10.40 *** 11.42
0% |*** 3.84 ** 2,96 *** 3.55 ** 3.21 0% |*** 6.15 *** 6.67 *** 6.48 *** 6.82|
80% |*** 2,95 *** 1.92 % 2.39 *** 1.95] 80% [*** 372 *** 4.05 *+* 4.01 *** 3.67|
90% [*** 1.81 0.93 *** 1.35 *xx 1.03] 90% [*** 3.13 *** 3.33 **x 3.23 *** 272

***p < ,001, **p < .01, *p < .05, ns: not significance

Figure A.4 Mean difference and significance level (a) upper (b) lower surface temperature
between the Gray roof and the other experimental roof depending on air temperature and

relative humidity
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