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Abstract

The thermal comfort of pedestrians in the outdoor spafagban areas has deteriorated
due to the urban densification. Street being major outdoor gpateanpromote
physical activity, and especially with the emerging concept of walkable cities, thermal
comfort in streets should be given utmost importance. Thermal comfort for pedestrians
is the absence of any sense of discomfort when interacting with theoottegomal
environment.This study aims toevaluate the effectiveness whrious landscape
measures to enhance pedestrian thermal coniibe.study adopted the quantitative
approach and used the simulation and questionaire survey as methodological tools t
mmet its objectivesThe studywas conducted on both sidewalks of Durbarmarg, one
of the dense and busy streets of Kathmarithe microclimatic modeling software
ENVI-met 5.03was used to create different interventions in landscape (trees and
pavement}o see its effect on the thermal environment of sidewalksresuts of the
simulation showed that increasing the leaf area density, tree canopy size and height can
reduce the air temperature by0.2 and Mean radié4a.nd 6Amegper at L
the varous pavement materials in various scenarios for the simulation, the light
concrete pavement showed the highest decrease in terms of the air temperature (0.579
) however the mean radiant temperature was highest (3.8 the same material.
Hence,for the high reflective surfaces, the surface /air temperature is reduced but it
increases the mean radiant temperature and hence might not be appropriate for the
thermal comfort of the pedestrianBhe study concludes thatroper selection of
pavement mafrials and high leaf area density of trees can enhance the thermal comfort

for the pedestrians in sidewalks.

Keywords: Pedestrian thermal comfort, Sidewalks, BNk
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1 CHAPTBORH NTRODUCTI ON
1.1 Background

Urban areas has expanded its boundaries due to the rapid population growth which is
changing the urban morphology: density of buildings, built geometry, vegetation
percentage and nature of ground cq¥#aragallah & Ragheb, 2021This has also led

to the phenomenon called urban heat island effect. The heat island effect elevates city
temperatures, increases cooling energy demand, and degrades urban comfort
conditions. In cities, the outdoor environment is extremely importachuse it
includes a variety of activities for pedestrians. The comfort level of pedestrians in
outdoor spaces directly affects the presence of people outside. The pleasant feeling
people have when interacting with their surroundings is a rough defioftfedestrian
comfort. The concept of pedestrian thermal comfort falls under the umbrella concept of
pedestrian comfort. ASHRAE defines human thermal comfort as condition of the mind
that expresses satisfaction with the thermal environment which is deterrby
environmental and individual variables. Outdoor thermal comfort is mainly related to
thermaphysiology, i.e. physiology and heat balance of the human body (Hoppe, 2002)
that is directly affected by meteorological conditions.

The thermal comfort oftreets is particularly important because they have a high
potential to promote physical activity. This is evidenced by the fact that they are
frequently used for walking and other outdoor activities. Sidewalks are pedestrian paths
that run along a streethe primary purpose of a sidewalk is to provide pedestrian
mobility and access to buildings, parks, and other attractions. There are three zones on
sidewalks: the clear zone, the service zone, and the transition zone. The transition zone
is the space bewen the free zone and the building entrance, while the service zone
contains street furniture such as benches, streetlights, and trash cans.

Traditionally, streets are constructed with an impermeable pavement layer. The amount
of solar radiation absorbed Btreet surfaces, as well as their orientation and geometry,
create their own microclimate. The microclimate of streets affects the comfort of
pedestrians walking. Walking is the most natural way of getting around and therefore
the most common way of getty around in cities like Kathmandu. Walking for short

distances in communities could be one of the promising strategies to reduce Vehicle



Miles Traveled (VMT), transpontelated energy consumption, and associated
environmental impacts. Walkability, or trease with which pedestrians can move
around a city, is cited by many urban planners as the factor that makes a city livable.
Improving outdoor thermal comfort enhances walkability. Microclimatic design of
streets requires a conceptual understanding of laomscape factors can strongly
influence microclimatic components such as wind and solar radiéoown &
Gillespie, 1995)

Green spaces or properly designed landscapes are one of the most important bioclimatic
design elemds for thermal comfort. There are two types of landscape design elements:
soft landscape design elements and hard landscape design elements. Soft landscaping
elements on sidewalks generally include trees and grass, while hard landscaping
elements includegvers and street furniture. Natural environments in neighborhoods,
such as trees and grassy areas along sidewalks, can help create comfortable thermal
conditions that encourage pedestrians to engage in healthy outdoor activities. Trees
provide direct shadey intercepting sunlight through their canopy, providing welcome
relief to pedestrians (Sun et al., 2021). In addition, the shade provided by street trees
minimizes maintenance requirements for sidewalks by reducing fatigue cracking,
rutting, shoving, anather surface damadg&im, et al., 2018)Paving materials also

have a strong effect on the street microclimate and represent one of the main
contributors to the increase of urban heat isigatagallh & Ragheb, 2021)As per

EPA (Environment Protection Agency)Conventional pavers can reach peak
temperatures of 12050°F (4867°C) in summer and release the excess heat into the
air above them. Many studies have suggested the use of cool pavémaémeslect

solar radiation instead of storing it.

Improving microclimatic conditions helps in development of cities asrieegy use of

the surrounding buildings is affectéBanagopoulos, n.d.sreenspacedike trees,
bushe, gras€an help to coditiesand save energyrees provides shade to individual
houses during summer andvapotranspiration from trees can reduce urban
temperatures. Akbari et al. (1997) found that by ad@8itrges per house in one storey
buildings n US cities can reduce the cooling load between 17% and 57%. He also noted
that the direct effects of shading account for3E0percent of total cooling energy
savings This contributes to higher energy efficiency in cities.

The Kathmandu Valley, with agstimated population of 2.54 million, is growing at an

annual rate of 6.5%, making it one of the fastest growing metropolitan areas in South
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Asia (Timsina, et al., 2020) Mishra, et al, (2019%tudy of the urban heat island in
Kathmandu found an average temperature difference of 5°C between forested and
urban areas in the Kathmandu Valley. Moreover, an annual increag@©@i@as found

over the last 18 years. This means that Kathmandu is getting hotter day by day. The
current urbanization and motorization in Kathmandu does not provide a safe and
pleasant environment for walking. Most streets do not even have sidewalks, and those
that do exist are either poorly maintained or occupied by parked vehicles and street
vendors. Electeity and telecommunication poles were placed indiscriminately
throughout the city, often in the middle of sidewalkad Kathmandu Post, 2022)n

some of the sidewalks, there is not a single tree or vegetation to be seen, and the paving
of the sidewalksis mostly concrete blocks, which does not make for a pleasant
microclimate. In such an environment, thermal comfort for pedestrians on the sidewalks
is a distant prospect. Therefore, the study aims to study the existing structure of the
sidewalk landscapeonsidering the microclimate of the selected street section in
Kathmandu and propose the necessary interventions in the landscape that will improve
the thermal environment and increase the thermal comfort of the pedestrians.

1.2 Need of Research

For many yearsoutdoor thermal comfort research has been one of the most important
topics in urban planning, seeking solutions for a more satisfactory thermal environment.
Because outdoor environments are more complex than indoor environments, less
studies has been deron thermal comfort in open spad@kasrollahi, et al., 2020)

Since the sidewalk makes up most of the street and outdoor space, it is of utmost
importance to provide thermal comfort there. Comfortable sidewalks promote the
walkability of the streets. More empirical research is needed to reduce the risks of heat
exposure to pedestrians while walking (Kim, et al., 2017).

Many studies have been conducted to show how landscape elements in urban design
and planning can improvestloor microclimate and thermal comfort. Heigbiwidth

ratio and street orientation relative to the sun are-kvelvn parameters for street
microclimate. In addition, shading appears to be an effective strategy to reduce heat
stress in summer. Previoussearch has found that street greening, such as shade trees
and green spaces, can help reduce uncomfortable thermal conditions for pedestrians.
However, quantitative data on the effects of altering various landscape components on

sidewalks is still lackig.



No significant studies have been done to improve the thermal environment of the
sidewalks of Kathmandu. Many straetprovement projects carried out under the
Municipal Infrastructure Improvement ProjédlIP), Kathmandu Sustainable Urban
Transport Prect( KSUT P) have focused on vehicul &
convenience rather than pedestrian comfort, convenience and (&fetgtha, 2011)

In order to promote a walking culture, several streets have been converted into
pedestrian walkwayg$Asia, 2013) Sidewalks were widened and built considering the
durability of paving materials, but without considering the thermal impact on the
microclimate of the street. Most of the trees along the streets panted
indiscriminately and only for beautification, without considering their impact on the
microclimate of the street. Therefore, it is necessary to study the necessary landscaping
measures to create a pleasant environment for pedestrians on sigdexadksaffects

the comfort of walking outdoors.

1.3 1 mportance of research

The urban landscape is dominated by concrete and asphalt. Landscaping can have a
significant impact on outdoor temperature regulation and pedestrian thermal comfort.
This study examirgethe effects of changing various landscape elements on the thermal
environment of sidewalks in a selected street section in Kathmandu. The results of this
study will help urban planners, landscape architects, energy experts, and policy makers
in developig measures/strategies to improve pedestrian comfort in the streetscape. The
results of the study will also help researchers and academicians to conduct further

research.

14 Probl em Statement

Roads are a significant component in urban outdoor spg&eetransprtation these

days is vehicle orientednge the widespread use of persordliicles.Cities have dense
road networks, traffic efficiency might have been improved. However, the thermal
environment of urban outdoor space has been deteriorated. As aaeguitjution,
noise, and temperature stress limit social interactions and economic activity on
sidewalks(Lin, et al., 2021) Since a large part of the streets are covered with
impermeable black pavements such as asphak@mttete, which are commonly used

as pavements, high surface temperatures are genéfatedjallah & Ragheb, 2021)



They are heat accumulators on the surface and not reflective. For this reason, urban
temperatures have beesing steadily for at least the last two decades. Higher summer
temperatures in cities can increase the energy required to cool buildings. The higher
thanaverage temperatures in cities cause people to feel excessively hot in the summer.
The streets of Kathandu are narrow, crowded and confusing. Many national
newspapers, including the Kathmandu Post, have noted that walking in Kathmandu is
a nightmare and that the city is not designed for pedestrians. Kathmandu ranks last in
terms of walkability in the cityAccording to a 2010 Pedestrian Friendliness Study (an
assessment of pedestrian infrastructure and services), 94 percent of street segments in
Kathmandu were rated "not walkable." Most streets do not have sidewalks, and those
that do exist are in poor cdition. The city's sidewalks are mostly paved with concrete
blocks. According to the Road Department, there is no space to plant trees in the
Kathmandu Valley due to the crowded roads and sidewahles.lack of open, green
spaces has a daily impact on tives of residents who have little space for walking or
other social activitiesThe expansion of sidewalks has been prioritized over trees
planting and vegetation in streetdis leads to the outdoor discomfort which reduces

the power of thinking and coentration of pedestriarislasrollahi, et al., 2020}t also
negatively affects people's health and discourages them from walking. Less walkable
streets also mean more use of transportation systems, which increases the energy
consumption of the transportation sector. Therefore, improper design of sidewalks in
the streets without regard to pedestrian comfort is one of the biggest problems in

Kathmandu.

15 Objectives of the Study

The main objective of the study is to demonstraie d¢ffectiveness of different
landscaping measures to improve thermal comfort on sidewalks considering
microclimate of selected area in Kathmandu metropolis.

The subobjectives include:

1 To identify the outdoor comfort parameters and indices and assdbgtimal

environment of selected area without any alteration.

1 To evaluate and compare the impact of modifying various landscape elements

on improving thermal comfort for pedestrians.



16 Li mitations

Kathmandu being a temperate climate, the thermal comfolhteopédestrians should

be evaluated during the summer and winter as Wellvever, the research has studied

and evaluatethe thermal comfarof pedestrianenly during summerAlso, the number

of respondents of the survey is only limited to 36 since ammajmber of people did

not want to take part in survey due to various reasohs. software used for the
simulation for the research ENMhet have certain limitations likeThe albedo and
thermal resistance of the building surfaces @yastant and canndte varied.The
building blocks have no thermal mass and only a single constant internal temperature.
In addition to that, thalbedo values and thermal transmittance of the various pavement
materials used in the simulation has been taken from the various sources/sites apart

from those which are already in thebnilt setting of ENVimet.
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21 Si dewalhnkiscape, Pedestrian t her mal

efficiency

Outdoor space is extremely important in cities as it provides a variety of activities for
pedestrians. Maximizing the use of outdoor space in summer helps to save energy by
reducing the need fandoor cooling. Pedestrian comfort in outdoor spaces has a direct
impact on the presence of people outdoors. Pedestrian comfort is the pleasant feeling
people experience when interacting with the environment. The generic term of
pedestrian comfort is theah pedestrian comfort. The thermal comfort of outdoor
streets is particularly important as they have a high potential to encourage physical
activities such as walking.

Many studies have shown how landscape elements in urban design and planning can
improveoutdoor thermal comfo(Li, et al., 2021) Sidewalk treatments and features of
landscape affect the pedestrian thermal comfort can make a significant difference in the
perceived walkability of a street. Encouraging walkingstoort distances could be one

of the promising strategies to reduce: Vehicle Miles Travelled (VMT), transglated

energy consumption and associated environmental impacts.

Landscaping is considered as one of the besttemg investment for reducing &ing

and cooling costs. Clearly vegetative landscaping can be an extremely effective energy
conservation technique. According to Akbari (2002) planting trees in cities can reduce
energy consumption for cooling and heating in urban areas by 25%. To eachiev
maximum efficiency, the trees must be placed scientifically, because the shape, size
and foliage of the trees directly influence their shade and the penetration of the sun's
rays. The extent of the savings indicates that trees and shrubs reduce tlier need
cooling not only by providing shade, but also by reducing the penetration of warm air
and creating a cool microclimate in the immediate vicinity of the buildiarker,

1978) The materials used for urban pavements andmpants also have a significant
impact on pedestrian comfort. During the day, dark materials absorb solar radiation and
radiate it again at night. Cool materials, on the other hand, are often suggested to
mitigate UHI problems due to their high albedo. Tiedps to maintain a comfortable

microclimate in the streets.



Generally, urban microclimate and comfort are given little importance in the urban
design and planning processes. Future attempts to improve energy efficiency in cities
should not focus on theuidding alone, but should include landscaping as an integral

component.

2.1.1 Walkability

Walkability is an important feature of pedestrian sidewalks. It is a concept that
emphasizes the importance of creating paths that encourage people to walk. This type
of non-motorized travel is crucial for sustainable communit{@ayed, 2018)
Walkability, or the ease with which pedestrians can move around a city, is cited by
many urban planners as the factor that makes a city livelewalkability of an area
is a measure of how suitable it is for walking. Improving walkability helps people's
health, the economy and the environment. Basically, walkability refers to the extent to
which the built environment facilitates pedestrian mhilGreen infrastructure in
cities and towns is an important component and tool for creating peddatiaily
streets and environments. Urban greenery affects all aspects of the walkability of cities,
including the attractiveness, safety, environmeqtallity and walking comfort of a
street.
Cities that are green are walkat
cities. The walkability of a plac
seems to be a complex interaction
the microlevel characteristics of a
individual street and the maectevel
characteristics of the neighthamrod
around that streefTiemann, et al.
2012) Different sidewalk treatment
and different features of sidewa |

landscape can make a significe

difference in the perceive

walkability of a street. Figure 2-1 Attractive landscape inspire people to walk
Source: Pinterest



22 Chronol ogy of Study of Outdoor th

Several studies have been conducted to improve the thermal comfort of pedestrians.
The research dates back to the last decades of the twentieth century. The first studies
on the effects of microclimate on outdoor activities were conducted in (C3&h &
Edward, 2012)The number of people sitting on shaded or unshaded benches showed
that sunny or shaded conditions affected their willingness to stay or leave. This led to
the conclusion that the physical conditions of a pkftect people's thermal comfort.

One of the first studies in the field of outdoor thermal comfort based on human behavior
was conducted in 2001. In this study, Nikolopoulou e(24101)investigated thermal
comfort in open spaces in Cambridge, United Kmg. Thorsson et al. (2004)
investigated the impact of Dbiological Colt
guestionnaire survein a parkin Sweden. Lin et al. (2010) studied the effect of
shadowing on thermal comfort in outdoor environmeifitisey evaluated thermal
conditions on campus using RayMan software to calculate the index PET. It was found
that shading from trees and buildings provides a thermally comfortable microclimate in
Taiwan's very hot summers and mild wintdrs2012,Wu and Kriksicdescribed the
methodologies for microclimate assessment and provided strategies to create pedestrian
comfort conditions that are responsive to the local clinfatecolieri, et al., (2015)
studied the effectiveness in redng thermal stress in urban spa by incorporating

green infrastructure (trees) in urban spaSeswusi, et al., (2016&¢udied three similar
north-south orientated streets with three different tree species possessing different
canopy andleaf characterisitics in summeruang et al. (2016)investigated
temperature differences within a university in northwestern China considering different
scenarios with increased green spaces, water elements, and highly reflective surfaces
using ENVImet. It was concluded that increasiggeen spaces led to aarimal
reduction of temperatureSalata et al. (2017) measured air temperature within the
campus of Sapienza University of Rome, Italy. They found that concrete pavements
had higher albedo and lower thermal capacity than those balaspnd this could
improve thermal conditionslamei & Rajagopalan (2018)vestigated the effect of

street design towards the development of a comfortable microclimate at street level for
pedestrians through numerical simulation using City North, Meti®as a case study.
Taleghani 2017 concluded that, among different climatic factors, mean radiant

temperature has the greatest impact on thermal comfort in outdoor environments. He



also found that using vegetation in urban environments is better than highly
reflecive surfaces. Kasim et al. (2018) investigated and measured the physical
properties of the landscape setting and its surrounding environment for pedestrians.
According to the study's findings, different types of landscape settings have t
potential to improve campus environments and lifestyles. Kim et al. (2018) looked into
the effect of sidewalk trees and grass on air temperatures. This study found that street
trees and vegetated ground help reduce air temperatures, resulting in enoralyh
comfortable environments for both child and adult pedestrians in hot climates.
Fadhlurrahman and Nasrullah set out in 2020 to investigate the effects of shade from
various canopy forms at various distances from the trees.

Lin et al. (2021 ytudiedthe thermal environment of sidewalks within varied urban road
structuresGachkar, et al2021)evaluated outdoor thermal comfort conditions in the
microclimate of the urban historic garden of Urmia, Iran for both summer and winter.
In 2022, Speak and Saitano quantified the different microclimates and thermal
comfort conditions in six classes of urban morpholaiscriminatingland typeswith

or without trees.

Studies in recent decades have mainly focused on the effects of green infrastructure
(different tree species, canopy size, and leaf characteristics), pavement, and street
orientation on pedestrian thermal comfort. These studies investigated the causes and
effects that influence human thermal comfort outdddesvever few studies have been

done which combines the effect of pavements and vegetation on outdoor thermal
comfort. The studies were based on measurements, questionnaire surveys, and
simulations. In recent decades, outdoor simulation tools have revatetothe
development of these studies. In many studies conducted in recent years, the evaluation
of outdoor thermal comfort was based on the PET (Physiological Equivalent
Temperature) index. In these studies, there is a table that defines the relationship
between the thermal perception and the PET index or the acceptable temperature in the

climate.

23 OQutdoor ther mal comfort

ASHRAE (American Society of Heating, Refrigerating and -@onditioning
Engineers) defines human thermal comfort as condition of the thatdexpresses

10



satisfaction with the thermal environment which is determined by environmental and
individual variables.

The six factors affeamg thermal comfort are both environmental and personal.
o J
@ \ Metabotic §

"~

c\.m-

Figure 2-2 Factors of Thermal Comfort
Source: (hse.gov.uk)

Table 2-1 Factors of Thermal Comfort

Environmental Personal

Air temperature Clothing Insulation
Radiant temperature Metabolic heat

Air Velocity

Humidity

Air temperature
This is the temperature of the air surrounding the body. It is usually given in degrees
Celsius (°C).

Radiant temperature

Thermal radiation is heat that radiates from a warm object. Radiant heat can be present
when there arbeat sources in an environment. The radiant temperature has a greater
influence on the heat loss or gain in the environment than the air temperature.
Examples of radiant heat sources are: the sun, fires, electric fires, cookers, oven walls,

ranges, dryerg)ot surfaces and machines, molten metals, etc.
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Air velocity
It is described as the speed of the air moving through the environment and can help cool
people if the air is cooler than the environment. Air velocity is an important factor in

thermal comfort.

Humidity

The amount of water in the air that results when water is heated and evaporates into the
surrounding environment provides humidity. Relative humidity is defined as the ratio
of the actual amount of water vapour in the air to the maximum ambwater vapour

that the air can hold at that temperature. Relative humidity levels between 40% and

70% have no effect on thermal comfort.

Clothing insulation

Thermal comfort depends largely on the insulating effect of clothing on the wearer.
Wearing too rach clothing can be one of the main causes of heat stress, even if the
environment is not perceived as warm or hot: Clothing is both a potential cause of
thermal discomfort and a means of controlling it as we adapt to the surrounding

climate.

Work rate/metabolic heat

The more physical work we do, the more heat we produce. The more heat we

produce, the more heat must be dissipated so that we don't overheat. The influence of
metabolism on thermal wellleing is crucial. A person's physical characteristics

shauld always be taken into account when considering their thermal comfort, as

factors such as height and weight, age, fitness level and gender can have an impact on
their comfort, even if other factors such as air temperature, humidity and air speed are

congant.

Outdoor thermal comfort is mainly related to therpigysiology, i.e. physiology and
heat balance of the human body (Hoppe, 2002) that is directly affected by
meteorological conditiong here are various parameters fordmgr thermal comfort.
They @n be categorized into subjective and objective

12
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Figure 2-3 Parameters for outdoor thermal comfort
Source:(Mukherjee & Mahanta, 2014)

There are three approaches to defining thermal comfort. To begin, the psychological
aspect refers to the mental expression of satisfaction with the outdoor thermal condition.
Second, the thermphysiological aspect influences biological reactions and thlerm
receptors on the skin in response to the external environment. Third, the energetic
aspect is concerned with the flow of heat from and to the human body.

Thermal comfort is one of the most important factors influencing pedestrian health, and
increasingthermal comfort improves walkabilitgNasrollahi, et al., 2020Jhermal
comfort plays an important role in encouraging people to use outdoor spaces. The
outdoor spaces is of high importance in cities because it inclaideus pedestrian

activities.

2.3.1 Thermal comfort Indices

Several Indices are available to evaluate thermal comfort. While thermal comfort
indoor is well documented, assessing outdoor thermal comfort is less understood.
Assessment methods for outdoor thdrowmnfort has been originally conceived from

those of indoor thermal comfort. A large number of thermal indices are available and

most of them have common features, they can be classified as: empirical or rational.
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Empirical Indices are based on measuremewith subjects or on simplified
relationships (ASHRAE, 2001a). These are often limited to estimating the combined
effect of air temperature, humidity, and air speed on people engaged in sedentary
activity. These empirical indices disregard the importan€ehuman physiology,
activity, clothing, and other personal data (height, weight, age, sex). Rational indices
are more recent, owing to recent advances in computing techniques, and are based on
the human energy balance. In this case, heat transfer themsd as a rational starting

point to describe the various sensible and latent radiation flux exchanges, along with
some empirical expressions that describe the effects of known physiological regulatory
controls (ASHRAE, 2001a).

Among these, the importaoutdoor thermal comfort indices are:

Physiological Equivalent Temperature (PET): According to Mayer and Hoppe
(1987), "PET is defined as the equivalent air temperature at which the human body's
heat balance exists in a typical indoor condition" (workaielism 80 W of light
activity, and clothing of 0.9 cloRET has advantage in terms of applicability because

it can be calculated in degree celsius. PET is also applicable to evaluate outdoor thermal

comfort. The figure shows the PET in different climates

Table 2-2 Neutral physiologically equivalent temperature (PET; acceptable temperatures) in different

climates. Source:(Nasrollahi, et al., 2020)

Geographical Region Climate Temperature Range (*C)
Malaysia Temperate 18-23
Malaysia Subtropical 26-30

Isfahan, Iran Hot and dry 23.06-29.73
Central and western Europe Temperate 18-23
Taiwan Tropical 26-30
Crete, Greece Mediterranean 20-25
Athens, Greece Mediterranean 18-23
Hong Kong Hot and humid 28
Nis, Serbia Temperate 18-23
Sao Paulo, Brasilia Hot and humid 27.2
Hong Kong Tropical 25-29
Sydney, Australia Subtropical 26.2
Belo Horizonte, Brasilia Tropical 19-27
Belo Horizonte, Brasilia Tmpical 16-30
Freiburg, Germany Continental 18-28
Ibadan, Nigeria Tropical 23-27
Dhaka, Bangladesh Tropical 28.5-32.8
Singapore Tropical 26-31.7
Guangzhou, China Subtropical 28.54-31
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Predicted Mean Vote(PMV): Initially PMV has been developed by Fanger (1972) for
indoor spaces . Later on Jendritzky and Nubler (1981) developed a model called Klima

Michel Model (KMM) for applying the PMV index to outdoor environment.

Outdoor Standard Effective Temperature (OUTSET):Gaggeet al.(1986) proposed

the new standard effective Temperature (SET) by improving ET. SET is defined by
ANSI/ASHRAE Standard 52010 as the air temperature at which the total heat loss
from the skin ofan imaginary occupant with an activity level of 1.0 met and a clothing
level of 0.6 clo is equal to that from a person in the actual environment, with actual

clothing and activity level.

Universal Thermal Climate Index (UTCI): UTCI gives an evaluationf®he outdoor
thermal environment in the bio meterological applications. It is developed by Hoppe in
2002. UTCl is in degree Celsius scale and it gives imformation about how the weather
feels with factors such as wind,solar radiation and relative hunadibe public.It can

also be calculated online

Table 2-3 Based on Fazia Ali TOudert.; (2005),Givoni ,B., Noguchi,M.,
Saaroni,H.,Pochter,0.,Yaacov,Y.,Feller ,N.,& Becker,S. (2003)

1987,1999

NDICES
PMV PET OUTSET
FACTORS
Introduced Fanger in 1972 Mayer and Hoppe in | Pickup and De Dear in

1999

Parameters Considered

Clothing and Activity
levels as variables.

Earlier, it did not
consider Clothing and

Clothing and Activity
levels as variables

regulations of a human
body. Hence not very
accurate for extreme
conditions (typically
outdoors).Thus  mainly
used for indoor areas.

human body. Hence
more  accurate for
extreme conditions
(typically outdoors).
Hence better than PMV.

Activity levels as
variables. But in the
Rayman Model, these
variables are added.

Range Limitations in the range | Assumes RH=50% in | Assumes Vapour
of its upper and lower | the reference indoor | Pressure of 12hPa which
limits. (Temperature | situation which actually | is constant water content
only from 10° C to 30°C | changes with T, in |in the air independent
) Not suitable for | outdoor situations. | from T,.. Hence more
tropical climate (extreme | Hence less accurate. accurate.
temperature).

Applicability It does not take into | It takes into account the | It takes into account the
account the thermo- | thermo-regulations of a | thermo-regulations of a

human body. Hence
more  accurate for
extreme conditions
(typically outdoors).
Hence better than PMV.
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Figure 2-4 Usage percentage of various indices to assess outdoor thermal comfort conditions
Source:(Nasrollahi, et al., 2020)

Among the variougndices,PET is mostly used to assess the outdoor thermal comfort

conditions.

2.3.2 Human energy balance

The energy exchange take place between human and the surrounding environment
and the process is expressed by the following equation known as heat energy balance
equdion:

M+W+Q+Qh+Ql+Qsw+Qre=S

where,

M: Metabolic rate (i.e internal energy production by oxidation of food)

W: Physical work output

Q: Net radiation budget of the body

Qh: Convective heat flow (sensible)

QI: latent heat flow for diffusion ofvater vapour

Qsw: Latent heat flow due to evaporation of sweat

Qre: Respiratory heat flux (sum of heat flow for heating and humidifying the inspired
air)

S: Storage heat flow for heating (positive value) or cooling the body (negative value)
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Figure 2-5 Components of Human heat balance
Source: (Houghton ,1985)

2.3.3 Mean Radiant Temperature

Mean radiant temperature is important parameter in assessing the human comfort
outdoors. It sums up all the short waared long wave radiation fluxes absorbed by a
human bodyRegardless of the comfort index used, Tmrt is the key variable in
evaluation thermal sensation outdoffsudert, 2005)Tmrtis regarded as the

primary driver of human thermal comfort and the most humséevant heat metric
(Middel et al. 2016).
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ASHRAE defines mean radiant temperature as th
uniform temperature of an imaginary black ?7

enclosure in which an occupant would excleatige

same amount of radiant hear as in the actual non —

uniform enclosure. Theoretically, Tmrt applicable AM>

outdoors is given by the formula (Fanger,1970): /=

AN

Tp o=l 7

0m2s
T = {HJB{Z EF, +%Y DF +% fﬂ!ﬂ
i=1 i)

Figure 2-6 Mean Radiant Temperature

Source:designingbuildings.co.uk
Where, n: no of isothermal surfaces in the

surrounding Ak: absorption coefficient of the

Ei:: long-wave radiation component irradiated boy surface for shert

Di: Diffuse and diffusely reflected short wave wave radiation

radiation component Ep: emissivity of the human bod:

Fi: angle weighting factor a : Stefan boltzman constant
I: direct solar radiation impinging normal to the

Fp: surface projection factor
surface

24 Landscape design

The built environment has impact the outdoor thermal conditions. Landscaping plays
significant role in modifying the outdoor temperature. Landscaping can have major
influence on various outdoor microclimate parameters like solar radiation, temperature,
relative humidity, wind speed, windirection and glareVegetation influences urban
climate by primarily providing shade, evapotranspiration, and directing wind, either as

a windbreak or as a wind funnel (McPherson et al. 199Hading by volume, shape

and leaf density is the importantachcteristics of tree.

The major concept in landscape in influencing the outdoor thermal comfort is: Sun
being the major source of heat gained by various elements in a landscape, the amount
of heat gained by them can be controlled by selecting and placing the landscape

elementsaccordingly.

Control of Solar radiation: The sun emits solar radiation that warms the elements of

a landscape. When the rays of sun falls perpendicular to the surface of any object, it
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receives the highest amount of solar radiation. The object witlatkerdsurface absorb

more radiation and the hotter it gets, it will reflect the less solar radiation toward the
other surfaces. On the other hand, it will absorb less heat and reflect more solar radiation
if the object is lighter in cooler. Hence for rethgcthe air and surface temperature and

for controlling radiant temperature, shading provided by vegetation, trees, shrubs can
be the important technique for controlling the microclimate in street. Also the light

colored pavements can be used.

Control of Air temperature: Air temperature in evapotranspiration =
transpiration + evaporation

parks is comparatively lower than that of the ot transpiration

areas in urban areas which is dominated by cont wlls oMb

PR, evaporation

and asphalt. Shading by trees is a significant mee
in regulating the air temperature because of evi
transpiraibn process. It is the process in which pla
collect the water from ground and evaporates
water through the leaves. It causes the cooling ef

groundwater

A 4 recharge A 4

Control of humidity: Trees and vegetation increa rigyre 2-7 Evapotranspiration

the humidity of any site. During hot and dry seasc  Source Wikipedia

they can balance the humidity and thus helpsi&intain thermal comfort in a place.
The relative humidity increases where plants and treaseanby but it reduces the air

temperature.

Control of Speed and of wind Wind is the most efficient method of cooling objects.

Wind speed varies with the season, but it can be reduced by strategically placing
landscape elements. In general, windbreak tedige with a porosity of around 50%

can be successful in the landscape. Vegetation has been shown to be an effective means
of controlling wind velocity. A pattern of rows of trees can be an effective way to filter
dust and reduce wind speed. Trees andlshelso help to direct the wind's direction

towards or away from the site.

Control of Reflectance (Albedo) and Surface Absorptivity Landscaping elements

can be used to control the rate in which surfaces absorb and reflect solar radiation. To
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control theamount of solar radiation absorbed or reflected, vegetative ground cover,

proper selection of pavement materials can be beneficial.

25 Street mi crocl i mat e

A Street is defined as a "thoroughfare, particularly in a city, town, or village that is
wider than aralley or lane and usually includes sidewalks." According to research, the
aspect ratio of streets, the proportion of greenery, and the ground surface materials all
have a significant impact on the physical environment of a streetscape in terms of the
urban street microclimate (Shashiar, et al., 2004, Pearlmutter, et al., 2006,
Emmanuel, et al., 2007). Various landscaping elements can be used to control the
microclimate in the street. Outdoor climate variables that can be controlled by
landscaping includeambient temperature, relative humidity, solar radiation, wind
speed, wind direction, and glare. The microclimate of streets influences pedestrian

walking comfort.

26 Si dewal ks

Sidewalks are pedestrian paths that run parallel to a street. Sidewalks andysaikev
"pedestrian ways" that allow people to move within the public +adtway while
remaining separated from vehicles on the street. Sidewalks should be provided on both
sides of all streets in all urban areas. They improve connectivity and encoatkine

by serving as conduits for pedestrian movement and access. Concrete, crushed stone,
asphalt, and other materials are commonly used to construct sidewalks. Greening of
sidewalks can be done independently or in conjunction with other streetscapatslem
such as street trees, biological detention basins (rain gardens), or permeable paving.
Attractivesidewalk design can encourage people to walk. Sidewalk width, shrub width,

tree height, and tree width are design elements for sidewalks.
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SIDEWALK TRAFFIC LANES

Figure 2-8 Sidewalks
Source: nacto.org

2.6.1 Sidewalk zones

Generally the sidewalks consists of the following zones.
Frontage Zone: The frontage zone is a section of the sidewalk that serves as an
extension of théuilding and includes both the structure and fagade of the building that

faces the street, as well as the space immediately adjacent to the building.

Pedestrian through zone It is the main accessible pathway parallel to the street. The
zone ensures thaedestrians have a safe and adequate space to walk in residential

settings and-42 ft wide in commercial settings.

Street Furniture/Curb Zone: It is the section of the sidewalk between the curb and
the pedestrian through zone that includes street fuergind amenities such as lighting,

benches, and bicycle parking.

Enhancement/Buffer zone:lt is the area immediately adjacent to the sidewalk that
contains a variety of elements such as curb extensions, parklets, and storm water

management features.

In case of urban areas of Nep&ldewalks comprise three zones; free zone, service
zone and transition zone. The free zomaasn pathway for pedestriarend the service
zone is where street furniture like benches, street lamps and trash bins atk fowhte

the transition zone is the space between the free zone and building entrance.
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Commercial Context Residential Context

| +— Pedestrian Zone—>| | +— Pedestrian Zone— |
Figure 2-9 Sidewalk zones in Commercial and Residential context
Source: Access Minneapolis; Design guidelines for Straed Sidewalks
As per Urban Road Standard 78) for comfortable movement of people with
disabilities, the minimum clear width of a footpath should be 2.0 m, but 2.4 m is
desirable, at least along arterial and secondary roads.
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Figure 2-10 The eight principles of the sidewalk and its elements
Source: (Santos, et al., 2019)
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Table 2-4 Contribution of the eight principles to improving the quality of sidewalks
Source:(Santos, et al., 2019)

Prover sizin Sidewalk width compatible Provides pedestrians with
P 9 with the use of the area comfort and safety
Universal accessibility Use of elements to facilitate Contributes l_]).' ma_klng urban
access for everyone space more inclusive

Elements that interlink sidewalks

Safe connections and help 1o build 2 network Facilitate and prioritize walking
. Series of signs that guide Provides information about the
Clear signage pedestrians within urban spaces city at the scale of pedestrians
Attractive spaces Elements that contribute to Mativate people to walk and
P making spaces more pleasant occupy urban public spaces
Permanent security Asugcts that_prl_wlde improved Increases the sensation of
public security in urban spaces security while walking
. Techniques to ensure a firm and Provide pedestrians with
Quunilty surfaces regular sidewalk surface comfort and safety
Efficient drainage Technigues to ensure the flow of rain water C_Untrlhutes t malftaining
sidewalk functionality
2.6.2 Street as a walkable ® ©
environment
ANT
Le',-
o SIRIP FL goé‘fl %
Buildings, open spaces, streets and pat ﬁgﬂ\mu %45
- . . > #,
are important urban design elements in 5 & 3
T faP= Co, Gy
; PRTE %5 | X Y W O\ o
neighbourhood. The legibility and 5 fé‘ ; % o gé
. = o = = 2
interconnectedness of these elemen = o JT
%@) Prg—=, %? é
<
SUppOI’tS ease of movemenand Q?%o& ARQUTE ¢ &
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Q@ ¢ R @

ACTIVITIES

@

pedestrian accessibility. Sidewalks an
streets not only facilitate easy movemer
for pedestrians, but are also considered
) . ) Figure 2-11 Variables of walkability
the most important public spaces in a (Source{(Zayed, 2018)

city.
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Streets not only facilitate vehicular traffic, but also provide pedestrians wittlieing,

safe, aesthetically pleasirand accessible environmentith sufficient facilities for
pedestrians. The elements of a street along with the overall image of the streetscape
contribute to the quality of the walking environmégdher, et al., 2016)

Pavements and walkways are considered key elements of pedésndly streets

and should provide pedestrians with safety, accessibility, comfort and efficient mobility
when walking on them. Pavements are intendeduf® by pedestrians. However,
pedestrians have to share this space with a long list of obstacles and street furniture,
many of which are necessary for traffic regulation. Different pavement designs and
different features of the pavement landscape can malkgndicant difference in the
perceived walkability of a stree€onsidering landscape architecture for sidewalks
helps to improve the area, potentially encouraging more people to walk it.

2.6.3 Landscaping elements in sidewalks

There are two types of landscagesign elements: soft landscape design elements and
hard landscape design elements. Soft landscaping elements on sidewalks generally
include trees and grass, while hard landscaping elements include pavers and street
furniture. The microclimates of pedeatr walkways are closely related to the
environment of the walkway's landscape, such as the types and species of trees. Trees

are used as shading devices in pedestrian walkways to protect pedestrians from solar

radiation.
Landscape elements
A
| J 4 L 3 L 3
‘ Man-made Shade Pedestrian Walkway Seats Trees
Roofing Pavement Benches | Evapotranspiration

material . Material . material :
’ X ) evaporation
design * design * location

Transpiration
Shade

canopy form
tree size

canopy
density

Figure 2-12 Various landscaping elements on sidewalks
Source:(Kasim, et al., 2018)

24



V13

AN iﬁ’

V11

’_‘N_o. of seats along path
Qo VYO o
/

Path-floor height

V1

—
Area of Ground cover
elements

Figure 2-13 Landscape related variables of walkability on sidewalks
Source:(Zayed, 2018)

2.6.3.1 Sidewalk paving materials

Pavement is essential component of sidewdlke materials used on city sidewalks

and pavements have a significant impact on pedestrian comfort. Dark materials absorb
solarradiation during the day and-radiate it at night. Because of their high albedo,
cool materials are frequently proposed for mitigating UHI issues. The temperature of
the ground cover has a significant impact on pavement duralffityagallah &
Ragheb, 2021)

When compared to vegetated areas, ground covers for roads, pavements around
buildings, and so on make up a large percentage{80%) of a city's land cover in

many urban areas. Paving materials have a large impaatban climate and are a
major contributor to the rise of urban heat islands. The amount of solar radiation,
released infrared radiation, convection heat transmitted to the ambient air, heat trapped
in the material's mass, and heat conducted to the groetedndne their thermal
equilibrium. Paving materials should be chosen for reflectivity, green manufacturing,

and permeability to dweve a comfortable streetscap&non., 2004)

2.6.3.2 Modification of thermal properties of pavementmaterials

Thermal behavior of pavements depends on the thermal properties of pavement
materials like thermal conductivity, specific heat capacity, density, solar reflectivity
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(albedo) and thermal emissivity. Modification of thermal properties could help ke

pavements and near surface air cooler.

Reflgction

Coniction

Air @ Temperature,
Humidity

A Evapdration

~

—Pavement A

Condyction

Soil %

Figure 2-14 Energy balance on pavement surface

Source ascellibrary.org

There are some of the ways to modify the thermal properties of the pavement materials.

They are:
Reduce pavement thermal
conductivity
Pavements  with low  therm:
conductivity may heat up at the surfa
but will not transfer that heat as quick
as pavements with higher therrr

conductivity.

Increase pavement heat capacity
Thick Pavements with increase
specific heat capacity as well as dens

and could increase tragfective heat

Area (m2) —\

Temperature 1 (K) ——

Heat energy

Thi

>

Thermal
’ conductivity
(W/(m.k))

Temperature 2 (K)

Figure 2-15 Thermal Conductivity

Source: byjus.com

pecific heat
capacity

Change in

S| temperature

capacity and helpeduce the daytime high temperature and increase the nighttirr

temperature.
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Increase pavement surface
reflectance

The percentage of solar energy reflec
by a suface, known as albedo. Sin:

less heat is available at the surface tc

transferredinto the pavement layetr

below the surfaceggavements witthigh  Figure 2-16 Surface reflectance of Dark and Cool
pavement

albedo may also help to redu SourceSustainapedia.com

pavement subsurface temperatures.

Increase pavement thermal emissivity

A material s ther mal emi ssivity determine
at a given temperature, that is, how readily a surface emits heat. According to research,
albedo andcemissivity have the greatest influence on how a conventional pavement

cools or heats up, with albedo affecting maximum surface temperatures and emissivity

affecting minimum temperatures.

2.6.3.3 Cool Pavements

The United States Environmental Protection Agency (RiSEecently defined cooling
pavement as "pavements that offer a range of existing and emerging technologies that
communities are investigating as part of their heat island mitigation efforts." The term
refers to "Pavement surfaces that are more refleofigelar radiation, improve water
evaporation, or have modified thermal properties that allow them to be cooler than
traditional pavements" as of recently. They may be able to improve urban
microclimates by using advanced cool pavements that are redl€btgh albedo) and
permeable. These cool materials have changed their properties to lower their surface
temperature.

Cool pavements can be achieved using both traditional paving techniques (such as
asphalt and concrete) and newer approaches such aggsoatigrass paving. Cool
pavement technologies are not as advanced as other strategies for reducing heat islands.
They do, however, have different properties than regular ones in orasveo their

surface temperature.
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0 %

Figure 2-17 The effect of cool pavements on solar radiation.
Source:(Faragallah & Ragheb, 2021)

2.6.3.4 Types of Cool pavements

Permeable pavements

Permeable pavemengdso known as cool pavements, are made of either a porous
material that allows storm water to flow through it or nonporous blocks that are spaced
apart to allow water to flow between them. Permeable pavement surfaces include
pervious concrete, porous asfthpaving stones, and interlocking pavékhen these
pavements are wet, they can aid in temperature reduction through evaporative cooling.
Water flows through the voids and into the soil or through the supporting materials
beneath.
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Permeable Asphalt

Stormwater on surface seeps
through permeable asphalt

Stone or other storage media
provides structural support
and stormwater storage

Permeable Concrete

Stormwater on surface seeps
through permeable concrete

Stone or other storage media
provides structural support
and stormwater storage

Permeable Paver

Stormwater on surface seeps
through permeable pavers

Stone or other storage media
provides structural support
and stormwater storage

Figure 2-18 Permeable Pavements
Source:(Anon., 2014)

Reflective Concrete Pavements

Reflective pavements reduce surface temperature during the day. They are intended for
to cool the pavement imot regionssubjected to high levels of solar radiation. Concrete
pavements can be most reflective when mixed with whitish cementitious materials.
Several experiments have been conducted to investigate the solar reflectance of a
variety of regular reflective pavements, such as dgghor coatingAs per the repoyt

the solar reflectance of newly installed asphalt paving is around 0.05. Depenttieg on
type of aggregate used in the asphalt mix, aged asphalt pavements have a solar
reflectance of 0.1i®M.18. A lightcolored concrete with an initial solar reflectance of
0.35 0.40 that will age to about 0.28.30.Hashem and Damon (2012) advidedise

cool pavement materiatsaving albedo value of 0.15.

Colored pavements
Color pigments and seals are additives that can be blended with asphalt. They can alter

the color of an asphalt binder to make the surface look lighter and more reflective. There
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is awide range of pigments that provide several colors. They are commonly used for
driveways, walkways and bike patfiek, et al., 2018)
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Figure 2-19 Sections through different cool paving materials.
Source:(Faragallah & Ragheb, 2021)

2.6.4 Soft landscaping elements in sidewalks

It includes the plant components of landscaping (herbaceous plants, trees, shrubs,
grassesetc) that are natural in a landscape. Trees can play various roles in urban areas
including: aesthetic quality, visual screening and shelter, solaess, screening and

wind breaksThe soft landscape can contribute to healthyrenwment by cooling air,

increase in relative humidity providingelsh air supplyand roise absorption

2.6.4.1 Vegetation and thermal comfort

Urban vegetation as a heattigation strategy is considered better than using high

al bedo materials on the gr ¢aomfort(Taleghanij mpr ov
2018) Vegetation affects outdoor thermal comfort through evapotranspiration, solar
reflection, solar shading (shading), and alteration of wind flow. In particular, vegetation
provides cooling through trapiration as absorbed solar energy leads to an increase in

latent heat (water from vegetation evaporates into the atmosphere), cooling leaf
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surfaces and surrounding aflants absorb solar radiation fainotosynthesis and for
evaporative heat loses. Engiigalance on a leaf speieifl in the is in the order of 20

40% evaporation,-20% reflection, 10.5% heat, 830% light transmission andZ0%
photosynthesigRamesh, 2016When the sun's radiant energy hits objectspnverts

to heat. Plants reflect back some of these solar rays before they are converted into heat.
They retain some of these rays on the surfaces of leaves and branches. As a result, they
provide shade and the lower parts of the plants become coolezffébis of plants on

the microclimate through @&ir leaves are shown in Figurn addition, vegetation
increases the total shortwave reflectivity of the city. Therefore, vegetation absorbs and
retains less heat than building materials. In addition, the€lisg prevents air and
surface temperatures from rising becawses intercept solar radiatigunawardena,

et al., 2017)

incoming solar radiation
(100% visible +100% solar infrared)

reflected radiation
7 7 : (10% visible +
ranspirdlion 50% solar infrared)

transmitted radiation absorbed radiation
(10 % of visible + (80% Vmb’.‘ +
30 % of solar infrared) 20% solar infrared)

Figure 2-21 Sun rays absorbed (green),

reflected (blue) and transmitted (Yellow) by
plant leaves

Figure 2-20 Shade provided by tree on outdoor
Source:(Kong et al, 2017)

environment Source: https://whitearkitekter.com

Main characteristics of vegetatiaffecting outdoor thermal comfort:

Foliage shape and dimensions

The thermal conditions of the environment in terms of cooling and air filtration depend
on the amount of foliage. Tree leaves/foliage obstruct the passage of solar rays and
consume radianénergy through the process of photosynthesis, thus achieving the
desired cooling effecon the thermal environmer(¥ogel, 1989) The literature
indicates that around 80% of the incident solar radiation is controlled withiolidge

and only 5% penettes and reaches the groudd Spangenberg, et al., 200 Holiage

affects plants evapotranspiration, which results in reduced air temperatures and

increased air humidity. Row/group of trees caratee barrier or increase air flow.
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Figure 2-22 Shape and tree canopy
Source:(Sayad, et al., 2021)

Height of trunk

In terms of mean radiant temperature, the height of the trunk, depending on the site
latitude, determines shadow area. The trunk's height should be reduced to protect it
from the winter wind. Trees with a narrower spread and a height-8D2@te useful

for directingbreezes in a specific directigRamesh, 2016)
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Figure 2-23 lllustration of tree crown radius (Larsen,2020) and canopying degree variation due to
different trunk height (TH1<TH2);TH1 causes higher canopying intensity than TH2, for T2 <T1

Leaf area density (LAD)

A leaf area index (LAI) expresses the le — 0032‘,’:3%5',3‘;"‘,_,_... .

area per unit ground or trunk surface are:i
a plant.LAl is a complicated variable th¢
influences not only the size of the canoj
but also its density and the angle at which

Plant A Plant B

leaves are oriented towards kauther and s pr e vkl
(leaf area index = 0.4) (leaf area index = 0.8)

towards the light sourcesdigh valuesof
Figure 2-24 Leaf Area Index estimation
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LAI reduce the solar radiah transmitted Source : www.slideshare.net/hayabranko

during summer.

LAD determines the air flow through the foliage (low or high). LAD affects plants
evapotranspiration, which results in reduced air temperatures and increased air

humidity.

Seasonal Cycle

Evergreen trees have the following advantages: places requiredtshtadghout the

year, strong visual screening, and part of windbreak or shelter planting. Using
evergreen plants in pedestrian areas serves as a windbreak and creates a favorable
environment for pedestrians by preventingexde climatic conditions (Tandag &

k i kK ma n ,Usirg) Bohiferpus trees which break the wind or reduce heat loss in open
spaces and increase thermal comfort in urban areas has imporfreeeciduous

trees are quite suitable for composite climatech allows solar radiation ibuilding

during winter and avoid directidiation during summers.

Table 2-5 Categorization of trees suitable for different

climatic zones

Source:(Simmons, 1996)
Sl. | Common name Height [m] Climate zone [ l‘
E)Occiduous trees <X
1 | Florida Elm 15 cC [

2 | GumboLimbo 15 HD.MO Declausurs Evergesn

3 | Mulberry 18-24 HD.MO

4 | Laurel Oak 18-24 cc Figure 2-25 Deciduous and Evergreen tree
5 | Red Mulberry 15 COMO

6 | Sweet Gum 24 WH

7 | Sycamore 30 WH

Evergreen trees

1 American Holly 12 CC,CS

2 | Cherry Laurel 9 COMO

3 | Dahoon Holly 12 CC.MO

4 | Loblolly bay 15 CC.MO

5 | Pitch apple 9 WH

6 | Red mangrove 22 WH, CO

7 | Magnolia 24 CC.MO

8 | Red cedar 9 WH, CC . . .

5 sprace pine o o o Figure 2-26 Deciduous trees covering the southern

side facade,

Note: CC: Cold and Cloudy; CO: Composite; CS: Cold Source:(Ramesh, 2016)

and Sunny; HD: Hot and Dry; WH: Warm and Humid;
MO: Moderate
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Daily transpiration

High levels of daily transpiration keep the air flowing through the trees cool.
Transpirationentails the absorption of thermal energy, which can reduce summer
overheating and increase air humidity. Vegetation, through evaporative cooling, helps

to lower the air temperature of the surrounding environment.

27 Si mul ati omors od utwéhao @rf otrhter ma | com

Thenature ofradiation fluxes received by the human body from its surroundings in an
urban environments very complex and henamodelling outdoor human thermal
comfort is a difficult taskAs seen from the chart, EN\het and Rayman are mostly

usedsoftwares as the simulation tools regarding outdoor thermal comfort.

B ENVI-met

M Rayman

mCFD
Design-Builder

M Fluent

M Solone-microclimate

Figure 2-27 Usage percentage of various simulation tools regarding outdoor thermal comfort
Source:(Nasrollahi, et al., 2020)

2.7.1 RayMan

RayMan stands for Radiation on the human bdtis developed by Matazarakis in
2007.RayMan estimates radiation fluxes as well as the effects of clouds and solid
obstacles on shevrave radiation fluxes. The modebhich takes complex structures

into account, is appropriate for local and regional utilization and planning. The
calculated mean radiant temperature, which is required in the energy balance model for
humans, is the model's final outplihe three thermanhdices PET, SET and PMV can

be calculated in RayMan model.
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2.7.2 ENVI-met

ENVI-met is a 3D software thanalysesmicro-scale thermal connections in urban
settings. The model incorporates both thermodynamic procedures that occur at the
ground surface, walls, ofs, and plants, awell as fluid dynamics featureS.he
software takes into account all types of solar radiation, including direct, reflected, and
diffused radiation. The average radiant temperature is estimated by-ra&tVIThe
calculation of radiationlfixes takes into account plant shading, shielding, and radiation
absorption, as well as-radiation from other plant layers. It also has the advantage of
incorporating different types of vegetation to estimate the temperature, vaporaand he

exchange inte air canopyAlbdour, et al., 2019)

Advantages of ENVImet

Because it has several advantages over other simulation software, this simulation
software will be used in this study. This model simulates the dynamics of the
microclimate over a 2our period. All exchange processes, such as wind flows,
turbulence, radiation fluxes, temperature, and humidity, are predicted by the model.
The model allows for the creation of various vegetation types. Eh&tlconsiders
vegetatin as a physiological process that includes evapotranspiration and
photosynthesis rather than a porous barrier to wind and solar radiation. The soil in
ENVI-met is a volume made up of several layers. A detailed representation of
microclimatic changes is psible due to the high spatial (up to 0.5 m horizontally) and
temporal resolution (up to 10.9)jo run the model with a large number of outputs, a
small number of inputs are required. Tmrt, the most important parameter for calculating

thermal comfort, canébcalculated by ENVinet.

Limitations of ENVI -met

ENVI-met has certain limitations, however. The tools to create the urban environment
are limited to buildings, floors/coverings and trees/vegetation. There are no tools to
create other objects such as shadtructures independently of the building blocks.
Another major limitation is that the building blocks have no thermal mass and only a
single constant internal temperature. In addition, the albedo and thermal resistance of

the building surfaces are coast and cannot be varied (Emmanuel &rféerdo 2007).
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Table 2-6 List of influential studies conducted on the outdoor thermal comfort relating to the trees, pgements and landscape design

performed to analyze the meg
differences in air temperaturey
between the two sidewalk
settings in each pair.

S.N| Title, Authors and yea| Study Area | Methodology Main findings
1 Study of the thermal | Taipei City, a) This study considered road a) Different road structures had similar ]
environment of Taiwan orientation, number of but varied Tmrt ad PET thermal
) o planting strips, andAl of environments.
sidewalks within trees to develop alternative b) A significantly synergistic cooling effeq
varied urban road road structures. of road orientation, number of plantir
structures b) The road orientations were strips, and LAI of
. either NorthSouth (NS) or Tmrt and PET was identified.
(Lin, et al., 2021) EastWest (EW),
2 Sidewalk Landscape | City of a) Ten sidewalk segments were a) After controlling for all other key
Structure and Thermal College selected based on havingeth physical emironmental conditions,

- , ) same street orientation {IS) sidewalks with more trees or wider grag
Conditions for Child | Station, TX, ard similar/adjacent locations, buffer areas had lower air temperatures
and Adult Pedestrians| USA, but different vegetation than those with less vegetation. Childre
(Kim, et al., 2018) conditions. were exposed to higher temperatures d

b) A series of pairedtests were to their greater exposure to or proximity

to the pavement surface, iwwh emits
more radiant heat.




Microclimate benefitg Melbourne, a) ThreeNorth-South oriented a) The benefibf microclimate increased
that different street tre| Victoria, residential streets in three sul] with i.ncreasing PAI for all threg .tree
_ i i urbs. species, but there was no significant
species  provide Y Australia difference in undecanopy microclimate
sidewalk  pedestrian among tree species when PAI was simi
relate to differences i b) Microclimatic measuremental  p) Differences in PAI are paramount in
| streets with tree species of determining the microclimatic and PE
Plant Area Index. different leaf and canopy benefits.
(Sanusi, et al., 2016) characteristics. c) Certain tree species have a maximum F
that should be considered when choosil
h | fort § or comparing tree species for shading ¢
C) Humgnt ermal com ort from cooling benefits.
Physiological Equivalent
Temperature (PET) estimates
Thermal comfort Guangzhou, a) Three enclosethyout a) Thehigh-reflection ground reduced the
interventions of China residential ¢ thermal acceptgble condition of the
land | . ABo and ACO) - i outdoor space in the summer while
andscape elements in layout residential community improving it in the winter.
a humid and were selected. b) In the case of vegetation, trees provide
subtropical residential b) Field surveys were conducted cooling effect when solar radiation was
. at eight sites in four resideat high; as solar radiation decreased,dvin
area in Gina o .
communities in Guangzhou. speed attenuation became more
(Li, et al., 2021) c) The physical parameters Ta, noticeable, and the heating effect of tre

RH, global radiation (G), wind

speed (v) and global

appeared.
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d)

temperature (Tg) nexbtthe
interviewee were measured.
Development of intervention
scenario and environment
simulation using ENVimet

Use of landscape
environmental setting
for pedestrian to
enhance campus
walkability and healthy
lifestyle

(Kasim, et al., 2018)

Malaysia

Theoriesand gathering
knowledge of landscape
environment setting attributes
Field study to investigate
characteristics available in
various existing tropical
campus environment.

The landscape environment
setting attributes are calculate
based on thaumber of
landscape elements in the
pedestrian environment. The
final stage involved comparing
shading to assess thermal
comfort on pedestrians.

a) A sustainable campus environment mus
include shaded walkways, either rman
made or shaded by trees, to encourage
walking and cycling among campus
citizens.

Study of Thermal
Comfort under The
Shade of Varied Tree

Indonesia

Observation was carried out t
determine the availability of
trees that are possible to be

observed by selecting tree

a) The findings revealed a relationship
between tree canopy density, as meast
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Canopy Form and

Distance from The

species with the appropriate
shape of the canopy.

by the Leaf Area Index (LAI), and
distance from the tree, as well as

b) Air temperature and humidity temperature and humidity.
Stem were measured using a Thern
(Fadhulurrahman & hygrometerWind speed b) Trees with dense canopy has lower
Nasrullah, 2020) measurments werearried out temperature and highbumidity by
using an anemometer. equation y =2.0337x + 37.19 for
c) Correlation analysis is used tg temperature and y = 8.1354x + 48.247 |
determine the strength and humidity. Meanwhile, the further the
direction of the relationship distance from the tree, the higher the
between the Leaf Area Index temperature and the lower the humidity
(LAI) and the distance from th
tree to the t¢
humidity (%).
d) Linear RegressioBetween
Variables
The effect of pavemen Yonge a) The microclimate a) According to this study, while increasing
characteristics on Dundas characteristics durg the pavement reflectivity lowers air
o hottest day of the year is temperature, it decreases thermal comf
pedestrians’ thermal | square assessed in YoegDundas at the pedestrian level.
comfort in Toronto ,roronto square;Toronto
(Taleghani & Berardi, b) Three scenarios are simulateg

2017)

to assess the possible
improvements of the

microclimate of the square.
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c) Thesimulationsresults are
later used in RayMan) to
generate and discuss the
Physiological Equivalent
Temperature (PET).
Evaluation of thermal | El Mosheir a) Selection of the case study
comfort and urban hed Street b) Modelling analyzing the a) The asphalt had a major impact on the
) _ current situation of street temperature increase of the urban form
island through cool Alexandria, c) Simulating and analyzing the but the basalt had a considerably reduc
paving materials using Egypt current thermal performance effect.
ENVI-Met d) Proposing different matexis
e) Simulating and evaluating the
(Faragallah & Ragheb results(Choosing best case)
2021)

Effects of Landscape | Singapore | Two residential quarters at Bedok in a) The highalbedo pavem# materials and
Design on Urban southeast Singapore Selected. water bodies are ineffective in reducing
) ) ) heat stress in hot and humid climate

Microclimate and Parametric Study and Urban Thermg conditions.
ThermalComfort in Comfort Assessment: parametric stu b) The most effective landscape strategy f

Tropical Climate
(Yang, et al., 2018)

consists of a base case aptien

design scenarios.

Other scenarios investigated are

designed based on changing differer

cooling the microclimate is the
combination of shade trees and grass.
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landscape elements such as paveme

materials (brick, concrete, wood, ang

light-color granite) and amount of

trees, grass, and water bodies.

10. | Improving Outdoor El-Golu Park | Four different scenariosreated
Thermal Comfortin a |, Tabriz,lran A case 1: current scenario a) The results show that while water body
Steppe Climate: Effec (vegetation + water body); evaporation without trees reduces air
of Water and Trees in A case 2: no vegetation scenari temperature, it also increases humidity,
an Urban Park (water pody without reducing the positive impact on thermal
vegetation, replaced by bare comfort.
(Teshnehdel, et al., soil); b) The combination of water bodiesd
2022) A case 3: no water body scenar trees performs better in terms of
(vegetation without water regulting urban microclimate and
body, replaced by granite thermal comfort.
pavement);
A A case 4: soil
scenario (without vegetation
andwater body)
11 | Towards green design Rivierenwijk a) Structurednterview a) In streets with large tree crowns on botf
b) Cargaebicycle equipped with sides, the mean radiant temperature

guidelines for
thermally comfortable

streets

Neighbourho
od, located in

the city of

micrometeorological
measurement sensors;

(Tmrt) was 2.5 K lower than in streets
without greenery.
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(Klemm, et al., 2013)

Utrecht, The

Micrometeorlogical data
analysis

b)

Tmrt values were observed to be greate
on streets with fewer trees and smaller

Netherlands
c) Air temperature (Tair), front gardens. People perceived thermg
humidity (h), wind speed (u) conditions in streets with greenery to b
and solar radiation more comfortable than in streets withou
measurements to calculate greenery
mean radiant temperature
(Tmrt) and PET (physlogical
equivalent temperature) using
the human thermal energy
model RayMan
12 | Outdoor Thermal Guelma city, a) Two main parameters were a) Ficus Nitida is the mosignificant
Comfort Optimization | Algeria investgated, species and tree species to blockolar radiation and
, layout, provide shadvith a maximum reduction
through Vegetation b) Firstmicroclimatewasdata of Ta = 0.3 UC ano
Parameterization: collectedof a sunny summer 13:00 p.m.
Speces and Tree day. b) Tree layout is a determining parameter
Layout c) Secondreal microclimate data the creation of shaded paths, based on
in differentwas used guality of the shadows cast by the treeg
(Sayad, et al., 2021) simulations using the ENVI namely, their size.
met atmospheric model.
13. | Numerical Study on | Busan, South a) Based on field measurement a) The results indicated that the orientatiol

Microclimate and

Outdoor Thermal

Korea

results, seven factors were
selected, and 32 scenarios wé
generated using the Taguchi

method.

of the main street should be consistent
with the prevailing wind direction of
Busan.
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Comfort of Street
Canyon Typology in
Extremely Hot
Weathed A Case
Study of Busan, South
Korea

(Wu, et al., 2022)

b) Using ENVImet to sinulate
the microclimate and thermal
comfort of 32 scenarios in
extremely hot weather, the
importance and variation
characteristics of different
factors of pedestrian height of
the microclimate and thermal
comfort were analyzed.

b) Tree height had a greater impact on the

street environment than other tree
configuration factors, particularly when
the tree hight increased from 9 m to 12
m.

According to the study, thermal comfort
in streets with shallow street canyons c;
be improved by dynamically adjusting tf
relationship between planting distance
and tree height.
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2.8.1 Methodological review

The methodology adopted for the study of the outdoor the
comfort includes the use of simulation software, fieldwork
measurement and combination of simulation software and field
as showin in the figure -28.3 articles were selected for t
in t

methodobgical

articles,site selection,days of measurement and other detai

tabulated below.

review. The parameters considered

Frequency
N W B U o N ® W
o (=] (=] (=] (=] (=] (=] o

=
o

o

fieldwork and measurement

simulation software

38

24

simulation software &
fieldwork

Figure 2-28 Research Methodology regarding outdoor thermal comfort
Source:(Nasrollahi, et al., 2020)

Methodological parameter

Study of the thermal
environment of sidewalks within

varied urban road structures

Evaluation of thermal comfort
and urban heat island through
cool paving materialsusing ENVI-
Met

Thermal comfort interventions of
landscape elements in a humid
and subtropical residential area

in China

Parameters considered

Road orientation, number of

planting strips, and LAI of trees

Pavement materials

Tree, shrubs, reflectiveurface and

pervious ground
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Site selection

Aerial photographs and isitu
surveys were used to categorize
the road structure of 4M-wide
roads into ten types.

The road structure type with the
highest percentage (20.8%) of th
ten types was chosen.

A large number of population with
high density buildings.
Vehicle use

Vibrant and a central street

(1) All new high rise residential
communities that have been
primarily built in the last decade; ;
2) High population density, with
more than 5000 residents évery
residential community;

3) Greening rate greater than 309

with some spots for outdoor

activities.
Microclimatic Ta, relative humidity, and wind | Air temperature was taken on the § Air temperature, solar radiation,
measurement speed , globe temperature of August 2020 (a day in the hot dif and wind speed, Globe temperatu
season). Global radiation
a) Device used A Watchdog Model 2550 Weathg N/A HOBO Pro V2 U22001, HD32.3,

Station, A TR31B

LP 471 PYRA 02.5

a) Time period of
microclimatic

measurement

08:00 to 18:00 on July 14, 2017

typical hot summer day in Taipei

city).

8th of August 2020 (a day in the hg
dry season) at 2:00 p.m. (one of th

peak temperature hours).

At 1- min intervals during 8:00
19:00 in winter and 7:0@0:00 in

summer

Questionnaire survey

N/A

N/A

First part:
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Conduction duration:

Demographic age and gender
Primary activities throughout the
day in outdoor spaces

Reasons for visiting particular
place

Clothing worn, Activity level.
Second part:

Thermal sensation

Thermal comfort

Thermal acceptability

January to September 2015 18 dg
81to 12, 1418 in winter

Time frames: 7-12 and 37 in summer when
outdoor spaces more frequently
used.

Simulation Envi V4 Envi V4 Envi V4

a) Duration 24 hours twelve hours extending from 6:00 | 5:00/20:00
b) Domain 100 mi 100 mi 40 m with 100 |a.m. until 6:00 p.m
i 100; 30 grids
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c) Grid sizes

d) Biomet setting

1 mat X and Y direction and
vertical grids, the lowest 10 grids
were 1 m, and the remainder griq
were set as increasing with a
telescopindgactor of 10 %.

35 years old male, 75 kg and 1.7
m tall, having a clothing insulatio
value of 0.5 clo and a 164.7 W

metabolic rate.
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29 Nati Guiatdel i nes
2.9.1 Nepal Urban road standard

This is in line with the Nepal Urban Road Standard 2076, which aims to achieve

uniformity, especially in the design and construction of urban roads.

2.9.1.1 Types of Urban Road

For the purpose of geometric design urban roaglslassified into four categories

considering function of the road and traffic level.

Arterial roads (Path)

These roads are often designed for heavy traffic on a continuous route. Together with
the motorways (if any), they form the main network for tcaffow through the city.

This facility serves innecity traffic, e.g. between the city centre and remote residential
areas or between large suburbs. Parking, loading and unloading is restricted and

regulated in most cases.
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Figure 2-29 Typical Arterial Road Sections option 1 and option 2



Sub-arterials roads (Sadak)

These are roads with a lesser level of travel mobility than arterial roads. These roads place a
greateremphasis on access to the surrounding area than arterial roads. Loading and unloading
are frequently restricted and regulated in parking lots. The spacing varies from 0.5 km in the
CBD to 3.5 km to 5 km on the outskirts of town. Only at junctions or masi@ssings are
pedestrians permitted to cross.

4 : -
[
.
Y .

Figure 2-30 Typical Sub-Arterial Road Sections option 1 and option 2

Collector roads (Marg)

A collector road collects andistributes traffic from and to local roads, as well as providing

access to arterial and salterial roads. They can be found in residential areas, commercial
regions, and industrial locations. Normally, adjoining properties have full access to these
roadvays
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Figure 2-31 Typical Collector Road Section
Local roads (UpaMarg)
A local road is one that is primarily used cL
. < ROW=10.00m 4
access a home, business, or other ne 75 5
=9 ) | P >
property. Normally, such a road does not se E“***‘“"*‘ N
lot of traffic. Along its length, the traffic carrie ?L’ i i
e £ P = £
either starts or terminates. Depending on & . A ¥
o2 2 O3
. 7 E < £
prominent use of the nearby area, a local r h'lg & -
z & Z

l

may be residerdl, commercial, or industrial.
Figure 2-32 Local road section

2.9.1.2 Elements of Urban road

While planning or designing urban road, focus shall be made not only to develop
carriage way but to provide esseng@ments. ThereforeJementgshat shall be
considered at least in built up areshiére is availability of landCarriage wayfoot
path/Walk wayCycle track Street light Utility space (undeyround or above the

ground depending on space) Signage, and Other essential road furniture

2.9.1.3 Pedestrian facilities

Footpaths

A good fatpath should have the certaiharacteristicsNo breaks or obstructions at
property entrances and side stre€mntinuous shaderovided throughree cover.

To accommodate dead width, the width in commercial and shopping areas should be
increased by anmetre. Footpaths adjacent to shop fronts should be at least 3.5 metres
long, and at least 4.5 metres for longer shop fronts. When determining the width of the

footway and grass verge, consideration should be given to the width required to
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accommodate urelground services clear of the carriageway. On slopes or ramps, the

capacity should be reduced accordingly.

2.9.1.4 Aesthetics and Landscape design

Regarding the aesthetics and landscape design in sidewalks, certain guidelines are
mentioned such aBepending on he individual trees, canopy size astthpeadequate
spacing between trees is required to ensure continuous shade. In dry climates, where
plants do not grow as quickly, closer spacing is requivketlium height vegetation
should be trimmed directly adjadeto formal crossing to improve the visibility of
pedestrian and cyclists. Trees with high branching structure are prefefable.
accommodate roots at full development, tree pits should be at least 1m by 1m in size.
On narrow sidewalks, 0.5m by 2m treentthes can provide the same surface area.

210l nt er n@ui oelil nes
2.10.1 Street Design Guidelines for Delhi

These are the guidelines conceived by Delhi Urban Art Commitsiorake streets
ACompl ete Streetso. It i s an attempt to
movement t o @& &Smpletestrestshalbconsist of idéntifiable zones,

which have distinguished uses depending on factors includireg stre
surroundings/context, street use and width of the street. Primarily, a street may be

divided into the following zones:

Pedestrian zone : Vehicular zone:

A  Frontage Zone A Carriageway

A wal kway A NMotorizedVehicle

A M-wtility zone (MUZ) A Road Shoulders
A Edge Zone A Medians

A Refuge I sl ands

Key principles
Design Street should be designed such that the space encourages people to walk &

engage in social activities.
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Figure 2-33 Complete Street Design
Source: Street Design Guidelines

Ecology: Along with the basic necessity of a good design & unhindered movement of
pedestrians, it is very important to consider the ecological aspect. The design should
focus on maximizing natural drainage systems using pervious paving materials,

reducing heat isind effect, and providing for planting for shade and beauty.

Safety / comfort Pedestrian safety & comfort shoudd kept on a fore front. The
design should address differentiipled by providing accessibility ramps and tactile
paving and also focus on areas for trees & -hadibedo materials in order to ensure

optimal climatic comfort.

ontage 10, L _Walkway =) |
1 ! !

PEDESTRIAN ZONE S
4 VEHICULAR ZONE

Figure 2-34 Pedestrian zone and Vehicular zone in street
Source: Street Design Guidelines

2.10.2 Street Trees
Spacing of AvenueTlrees
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Some recommendations for tree spacing are provided. Some mgdiontrees
require a spacing of 5 to 6 meters, but in most designs, a minimum spacing interval of
10 to 15 meters is required. Where adequatsetffand is available on the side loét

road, the nearest row of trees should be at least 4.5 to 5 meters from the edge of the
carriageway to be built in the long run. When it is possible to plant two consecutive
rows of avenue trees with adequate land width, the row closest to the caryiagewa

be of ornamental flowering trees, while the one away from it can be of shaded trees.

Planting Design (General Considerations)

Fastgrowing trees should be prioritized in urban areas because they have a better
chance of survival and growthpopulated areas. Nurturing a tree to full maturity takes
time, and frequent replacement is not an option. Trees with long life cycles are thus
preferred. Species for urban plantation should be smog resistant and tough enough to
withstand harsh environmengzarticularly vehicular pollution.

Trees that shed a lot of leaves should be avoided because it is difficult to keep the roads
clean in cities. Trees with umbrella or suimbrella crowns (such as neem, mohua, imli,

and mango) are better suited for plaiotain open areas than trees with linear elongated
crowns.Trees that are evergreen all year or almost all year, or that shed their leaves at
times other than summer, usually get preference in selection in hot summer regions. As

a result, ornamental foliagrees are ideal for @ss shade trees along highways.

o

Figure 2-35Plantation along footpath; Figure 2-36 Green Strip along footpath
Source: Source :
https://www.semcooutdoor.com/columbus/ http://www.raisethehammer.orgarticle/1684/turning_cannon

to_a_complete_street
oduct/brussekblock

Trees with dense but deciduous foliage should be preferred for pedestrian roads. These

will allow sun rays to penetrate while providing deep shade during the summer.
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Otherwise, the area may become dark and desolate during the winter, and pedestrians

may awid it.

2.10.3 Permeable Pavements

:
!
§

Y
A s
' 18

O g

Figure 2-37 Honeycomb Pavers allow water permeation
Source: 2017 State of New Jersey Complete Streets Design Guide

Permeable pavement reduces rainwater runoff. It is knogreas pavement it allows
water to run off instead of damming it up. It captures and stores rainwater by filtering
it through voids in the pavement surface into a stone reservoir below and returning it to
the drainage system or infiltrating into the grouflde underlying stone or gravel acts

as a natural filter, removing impurities from the water and improving its quality. It is
often used in car parks, walkways, loraffic areas and driveways. This efceendly
pavement is suitable for hot climates likelBi, high traffic areas and less trafficked

areas.
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3 CHAPTHRREEESEARCH METHODOLOGY
31 Conceptual Framewor k

Every research project is governed by a paradigm. A research paradigm is a model or
method ofresearch that has long stood the test of time and is considered standard by a
large number of researchers in the fiddsitivist paradigm highlights thatientific

inquiry should rely on observable and measurable facts rather than on subjective
experiencesPostpositivism is a philosophy that rejects positivism and presents new
assumptions in order to unravel the trddence the paradigm shift takes place from
positivism to pospositivism. The research falls under the passitivist paradigm
Ontological claims of this research is certain landscape interventions in the sidewalks
helps to enhance the thermal comfort of the pedestrians which promotes walkability
thereby helps to decrease the energy consumption of the cities.

Epistemological posion of this research is: The results can be obtained from the

guantitative data obtained from the simulation.

32 Met hods and tool s
The methodology for this project will be quantitative approach. There are various
outdoor climatic simulation software availabemong them ENVinet will be used.

The study will be comprised of following methods:

Articles/Documents review:The initial phase of any research involves an extensive
literature review, mainly focused on the area of study. Various aspects of outdoor
thermal comfort, as well as soft and hard elements of landscape design, are examined.
Many research articles on the topic of outdoor théwcoefort in streetscapand its

findingsareexamined. Thifielpedto get & overview of the study domain.

Field Study: This consistedf studying the microclimate of the seledtstreet section.

This includedmeasuing the width of the sidewalks, trees height and canopy Biee.
temperature and relative humidity of the site was also measured using the Hobo data
logger (Model number: )for 12 days on both sides of the sidewalks.-SQe

photographs were also taken.
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Questionnaire Survey. The thermal comfort survey was done to gain the perception
about the thermal environment of the selected street sestimmdom ample of 36
pedestrians was taken for the survBye questionaire was divided into 6 parts where
first part was to be filled by the surveyor by observation. The rest of the 5 parts
consisted of demogrpabhic details, purpose of visit, past thermal exqeeribermal
sensation, thermal comfort and thermal adaptability and preference for microclimate.

The full questionaire survey can be found on the AppeAdix

Thermal sensation

1) How do you feel right now?

Very Hot[] Warm Neutral Cool Cold Very cold
L] D+2|:| +1|:|a0|:|-1|:|-2|:| -3

hot +3

2) How is your Skin in terms of wetness?

|:| Sweaty |:| moist DJust right |:|Dry |:|Very dry

Preference for microclimate

a) How do you wish for the air temperature to be?

|:| Cooler (-1) DNO change (0) |:| Warmer (+1)

b) How do vou wish for the Sun to be?
|:| Weaker sun (-1) |:|N0 change (0) |:| Stronger Sun (+1)

¢) How do you wish for the Wind to be?
|:| Weaker wind (-1) |:| No change (0) |:| Stronger Wind (+1)

Figure 3-1 Part of Questionnaire for the Survey
Simulation with ENVI -met software For the outdoor comfort simulation of the
sidewalks, ENVImet5.03will be used. The main reasons for selecting EM\ét as

the preferred modelling system are explained as below:

This model simulates the microclimatgnamics within a daily cycle.
Different vegetation forms can be generated in the model. Eh&fIconsiders
the physiological processes of evapotranspiration and photosynthesis rather
than vegetation as a porous barrier to wind and solar radiation.

1 A limited number of inputs are required to run the model with a large number
of outputs.

1 ENVI-met can calculate Tmrt (Mean radiant temperature), the most important

parameter in thermal comfort calculations.
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Measurements of Site

Microclimatic Data

Measurement

In-situ Site Observation

Questionnaire Survey

To understand the perceptio
of pedestrian thermal comfor|

of existing condition.

Propose and Compare different
Scenarios

V Existing Scenario

V Change of pavement
materials

V Change of different
vegetation parameters.

Validation

Figure 3-2 Flow diagram of Summary of research method

The figure 32 sums up the flow of the research carried out in this research. The research
method is broadly categorized as documents/articles review, field study and simulation
with ENVI-met Software. The validi@n of the results of ENVinmet software will be

done through the comparisontb& dataobtained from the microclimatic measurement
andfrom the base case scenario results obtained from the-BENY$oftware 5.03.
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4 CHAPTERURESEARCH AREA: KATHMA

METROPOLI TAN CITY
41 Background

The Kathmandu Valley, with an estimated population of 2.54 million, is growing at
6.5% annually, making it one of the fastest growing metropolitan areas in South Asia
(Timsina, 2020). The rapid increase in population and timebeu of cars, as well as

the densification of limited urban areas, including the haphazard conversion of
buildings, have led to conflicts between vehicular and pedestrian traffic, more
congestion and traffic accidents, and increased air and noise polkigttmandu has
made great efforts in the last decade to make the citfrieadly by widening roads

and building multlane highways. People, especially pedestrians and cyclists,
increasingly find the city unfriendly. Everything else is being displagealbomobiles

and motorbikes (Khanal, 2020).

According to a study conducted by Clean Air Network Nepal and Clean Energy Nepal
(CEN), pedestrian facilities in Kathmandu are in disrepair. The field survey was
conducted in commercial, public transportatiathy@ational, and residential areas and
covered 48 road sections totaling 59 kilometers in length. According to the survey
results, Kathmandu City has a walkability index of 559. (Safe streets challenge, 2012).
Bangkok's index is 121 when compared to othies A city with a single number
index is considered more pedestrfarndly. Residential areas from Baneshwor Height

to Lazimpat have the highest walkability scores in the following variables: availability
of walking paths with maintenance and cleagdis, availability of crossings per stretch,
safety at level crossings, motorist compliance with traffic rules, and safety from crime.
The Ason Street commercial area has the lowest walkability scores in almost every
variable: availability of walking pathsyvailability of intersections per route, safety at
railway crossings, motorist compliance with traffic rules, amenities, disabled

infrastructure, and crime safety.
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42 Street Typology in Kathmandu Vall ey

9 Street network and hierarclyided into 3 i
i types: P

9 Streets surrounding Durbar Square (festeE

procession route) ; K|

i Streets connecting various Neighborhoodsg

(for general public) q

:  Streets at me back of town (Funeral routes§

Malla period Rana Period

‘IT Streets large and straight

‘IT After 1934 earthquake streets in the historic core
were realigned and widened with sidewalks built ('
both sides. :

9 Streets developed during this period basically
facilitated vehicular movement ontgther than a
place of socialization.

Narrow pedestrian alleys

Streets with various shapes, siaesl configurations
with no obvious hierarchy

Streets as result of remaining areas between the
boundary walls of private residences.

Streets get muddy and saturated during rainy season
making pedestrian mobility difficult

plabiaiejcecabes Planned urban areas

Areas

1 Land pooling projects comvted irregular plots into regula
and provided car access to each property. :

1 The plot configuration, street network layout and
infrastructure provision were project customized

1 No sidewalks or other open spaces at regular intervals,§
these roadways are lessnducive tesocializing :

Figure 4-1 Based on(Shrestha, 2011)



43 Conaint iof pedestirni aknatphantahnwlauy s

The streets of Kathmandu are narrow, crowded and confusing. It has been mentioned
in many national dailies that walking in Kathmandu can be a nightmare. When it comes
to walkability, Kathmadu is at the bottom of the list. A walkability study (assessment

of pedestrian infrastructure and services) conducted in 2010 found that 94% of the road
sections surveyed in Kathmandu were classified as 'not walkable'.
Less walkable roads also mean more o§ transport systems, which increases the

energy consumption of the transport sector.

THE KATHMANDU POST

Pedestrians struggle to walk on the footpath at Chabahil-Chuchhepati road in Kathmandu. Both people and
vehicles have been forced to suffer due to the delay in the construction of the road stretch. ~Elite Joshi /TKP et

/TRP

Figure 4-2 Condition of Pedestrian walkwaysin Kathmandu
(Source: The Kathmandu Post)

There are no sidewalks most streets, and those that exist are either poorly maintained
or crowded with parked cars and street vendors. But that's not all. Electricity and
telecommunication poles have been placed indiscriminately all over the city, often in
the middle of the @vement. Dangerous cables dangle from these poles and are scattered
across the streets, forming a tangle. As if that weren't bad enough, pedestrians in
Kathmandu suffer most during the rainy season, whesttieets become a puddle trap

and occasionally stream of sewage.

-
THE KATHMANDU POST

People walk beside a partially slanted telephone wire pole at Narayan Gopal Chok, Kathmandu, Kabin
Adhikari /TKP

Buddhist monks walk beside the concrete pipes kept for building drainage system at Boudha, Kathmandu.
Biju Maharajan /TKP



Figure 4-3 Condition of Pedestrian walkways in Kathmandu
(Source: The Kathmandu Post)

Sidewalks are widened and built with the durability of the paving material in mind,
but withoutconsidering its thermal properties. Most of the trees along the streets are
planted indiscriminately and only for beautification, without considering their impact
on the microclimate of the street.

The KMC components include activities of (i) side walk rmgement and (ii)
pedestalization/walkability including walkability in heritage site in different part of
Kathmandu city.

44 Cl i maft eKat hmandu

Kathmandu lies in the tempeeatone and has a mild climate most of the year. The
warm season lasts for aroundh®@nths from April 5 to October 10, with an average
daily temperature above 80 F (26.6 C) The cool season lasts for around 2.1 months
from December 9 to February Illhere are main five seasons in Nepal summer,

monsoon, springautmn and winter respectively

Temperature
The monthly average maximum temperature is around 31°C in June, and the monthly

average minimum tempeature is around 5°C in January as shown in the chart below.

Monthly avg max and min temperature

35

30

25

20 Monthly average
15 maximum

10 temperature

a1

=0-—Monthly average
minimum temp

o

Temperature (Degree Celsius)
January
February
March
April
May
June
July
August
September
October
November
December

Year 2012022

Chart 4-1 Monthly average maximum and minimum temperature from year 2012 to 2022
Source: Department of Hydrology and Meteorology

63



12 AM 12 AM
10 PM 10 PM
8PM 8PM
6 PM 6 PM
4 PM 4 PM
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12 PM 12 PM
10 AM 10 AM
8 AM 8 AM
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2 AM 2 AM
12AM Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 12AM
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15°F 32%F 45°F 55°F 65°F 75°F 85°F 95°F

Chart 4-2 Average hourly temperature in Kathmandu Source: (weathersparks.com)

The figure above shows the compact characterization of the entire year of hourly
average temperatures. The horizontal axis is day of the year and the vertical axis is the

hour of the day, theoloris the average temperature for that hour and day.

Relative Humidity
The graph below shows the relative humidity throughout the y@ar.average,
November is with 85.0% the most hum@n average, April is with 53.0% the least

humid monthThe average annual percentage of humidity is: 74%

o,

L '| = Humidity

B0 % s __‘-"'"’"—_"“H_
z e .
b= o
E 60% o /
3 “‘""‘"J—-"”\"
2 0% -
o
[}
= 20% -

0% T T T T T T T T T T 1
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nowv Dec
Average relative humidity in Katmandu, Nepal Copyright © 2022 weather-and-climate.com

Figure 4-4 Relative Humidity in Kathmandu
Source: weatheand-climate.com

The dew point determines whether perspiration evaporates from the skin, cooling the
body, and thus the humidity comfort level. Higher dew points make younfesd
humid, while lower dew points make you feel drier. Unlike temperature, which changes
rapidly between night and day, dew point changes more slowly, so while the
temperature may drop at night, a warm and humid day is usually followed by a muggy

night.
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Chart 4-3 Humidity comfort levels in Kathmandu
Source: weathersparks.com

Wind speed and wind direction

The wind at any given location is determined by the local topography and a variety of
other factors. Théourly averages are less variable than the instantaneous wind speed
and direction. The windier season in Kathmandu lasts approximately 5.1 months, from
February 15 to July 19, with a value of 5.0 miles per hour. The windiest month of the

year is April, wth a value of 6.2 miles per hour. The wind is mostly blowing from the
southwest and west.

NY NE & E« SE ¥ S A SW+ W » NW 4
Northern Northeastern Eeastern Southeastern Southemn Southwestern Westemn Northwestern
3.9% 1.8% 7.3% 3% 25.2% 1% 44% 3.8%
N
NW NE
25
W 0.8 E
SW SE

w

Figure 4-5 Wind rose for Kathmandu
Source: worldweather.info
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Wind Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
speed
(mph) 43 50 58 62 58 54 50 45 41 39 39 38

(m/s) 192 223 259 277 259 241 223 201 183 174 174 1.69

windy

12 mph 12 mph

10 mph 10 mph

8 mph 8 mph

6 mph

6 mph
4 mph 4 mph

2 mph 2 mph

0 mph 0 mph

Jan  Feb Mar Apr  May  Jun Jul Aug . Sep Oct  Nov Dec

The average of mean hourly wind speeds (dark gray line), with 25th to 75th and 10th to 90th percentile
bands.

Chart 4-4 Average wind speeds throughout the year in Kathmandu
Source:weathersparks.com

(All the climatic informaton comes from weatherspark.com, worldweather.info and

Department of Hydrology and Meterology).
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45 Site Area
45.1 Selected Street Section

The selected street stretch is located in Durbarmarg. The selecteld strabout 300

metres and oriented-S.

Durbar marg informally known as Kingods wa
It leads to the Royal palace of Narayanhiti. Bmil1961 by then crown prince Birendra

Bir Bikram Shah DevDurbar marg was well known for travel business center having

airlines offices, travel agencies, restaurants and tourist shopping destination. Slowly it

has flourished as the commercial area being the shopping and entertainment destination

for the peopleDurbar Marg is regarded as one of the vkelpt and clean areas in

Kathmandu, and a green belt has been established on the side street.

Legend

$ Durbar Marg
@ Garden of Dreams

9@ Narayanhiti Palace Mu

Figure 4-6 Site mapSource: Google maps
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Figure 4-7 Point 2 Figure 4-8 Point 1 View of Durbar Marg
Picture Credit: Author Source thenepalipost.com

-4 1'.,-_9"‘_-@"'}’ S

Figure49Bi rddés eye view
Source: Saurav Agrawal (Kathmandu KingswayDrone film 4Kk)

Figure 4-10 Different views of Durbarmarg Picture Credit: Author
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4. 5.2 Pedestrian movement

There is immense amount of flow of pedestrians in the site. Below is the table of the
no of pedestrians passing by at certain point in 15 minutes. The flow of pedestrians is
more in east facing sidewalk than west facing sidewalk since the east facinglkidew
seems more vibrant fromest facing sidewalkThe flow increases in the evening.

The table below shows the pedestrian movement in different times and different days.

Table 4-1 Pedestrian movement as observed in site by author

Date and Time | Time span East facing West facing
Sidewalk Sidewalk

June 23, 6 pm 15 min 224

June 26, 3 pm 15 min 134

June 27,4.30 pm | 15 min 250 132
36 pplin 1 min

July 1, 10.30 am | 15 min 110 ppl

July 3,9.00 am 15 min 76 pl
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4.5.3 Selected Stretch Plan

/\_

Sidewalk paver Road: Asphalt

Figure 4-11 Site plan of Durbar Marg



46 Vol umetric 3d of Sel ected Stretch

Café, Restros, Bar and
hotels

Shops

Offices and banks
Malls

Traffic Building

Figure 4-12 Durbarmarg building uses map
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Legend No of storeys

ok

Figure 4-13 Durbarmarg building heights map
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4.6.1 Section of Selected Stretch

East facing Sidewalk

The street consists of the vehicular zone and pedestrian\zeimieular zone casists of the 4 lane3he sidewalks are on both sides.
For convenience: they are named East facing sidewalk and West facing Sidewalk

Figure 4-14 Section at XX

73

West facing Sidewalk




4.6.2 Sidewalks in Durbarmarg

Sidewalks in Durbarmarg consists of building frontage zone. Pedestrian through
zoena and Street furniture/curb zone. The pedestrian through zone is around 2.8
metres curb zone is around 1 metr@sd building frontage varies from 2 to 2.5m.
The figure below shows the east facing sidewalk and west facing sidetlaliheir
respectivdrontage zone, pedestrian through zone and street furniture/curb zone.
There are few street furniture on east facing sidewalk whereas the west facing

sidewalk does not have street furniture.

,

Street 3
B furniture/”
curb zone .~

Figure 4-15 East facing and West facingSidewalk Picture Credit: Author



4.6.3 Tree species irSidewalks JacarandaMimosifolia

[Ra= S

Figure 4-16 Tree Spcies : Jacaranda Mimosifolia in Durbarmarg

Jacaranda mimosa is planted as the street tree in Durbar®weg.the last four
decades, the spread of jacaranda has been consistent in Kathmandu. Rana aristocrats
brought this plant to Kathmandu in the late nineteenth and early twentieth centuries,
accoding to Nepali botanists and hostorians. Sur Shamsher Rana, a member of former
Prime Minister Bir Shamsher's family, brought the plant to Nepal in the 1920s from
Darjeeling or any hilly area of India, according to one historian with extensive
knowledge oNepalese plants.

He planted the flower in his private garden near the later location of Hotel Yak and Yeti

in Durbarmarg, and it was the first jacaranda plant in Nepal. In his book, he also claims
that King Tribhuwan planted the second jacaranda treetimkandu. He planted it in

front of the Narayanhiti Palace's southern gate

Jacaranda is a deciduous tree with spreading branches and a light crown that can reach
heights of 10 to 20 meters. The arched branches of the jacaranda form a canopy
resembling ampturned umbrella. With its feslike leaves that can grow up to 20 inches

in length, the jacaranda tree makes an excellent shade (or stredt)niaees an ideal

street tree since it creates the spectacular sight in full bloom.

4.6.3.1 General information

Scientific name Jacaranda mimosifolia
Common name Jacaranda

Family Bigoniaceae

Plant type Flowering tree
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Origin Native to southern and central South
America

Height 25-50ft

Spread 15-30ft

Soll type: Sandy, weHldrained

4.6.3.2 Favourable conditions forJacaranda
Light

It needs at least 6 to 8 hours of sun per day for the best blooBrmaller jacaranda

trees can tolerate light shade if necessary, but a lack of sunlight can reduce the quantity
and vibrancy of their blooms.

Soil

Jacaranda trees thrivewrell-draining, mediurrsandy soil with a slightly acidic pH. It
tolerates clay and loamy soils but should not be planted in any mixture that is heavy,

wet, or poorly draining. Waterlogged soil can increase the risk of root rot.

Temperature and Humidity

Sone jacaranda trees can withstand cold weather (down to 20 degrees Fahrenheit), but
this species does not thrive in climates with frequent freezing temperatures. This plant
prefers heat and humidity, but it is susceptible to trunk scald in areas with high

temperatures all year.

4.6.3.3 Foliage

Jacaranda has fefike foliage which usually allows diffuse light to pass though, hence
it is possible to grow grass under the tree. Jacaranda leaves and flowers can create litter
when they drop and hence can make ground ihéissy arenot swept up quickly, it

can rot and cause the slimy slippery ground.
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Figure 4-17 Flowers of Jacaranda
Source:askifas

Figure 4-18 Leaf of Jacaranda
Source:askifas

Leaf arrangement

Alternate

Leaf type Bipinnately compound,oddinnately
compound; made up of 20 secondary
leaflets per primary leaflet

Leaf shape Obovate,rhomboid

Leaf type and persistence

deciduous

Leaf bladdength 9-18 inches, primary leaflets are 5 ince
secondary leaflets are ¥4 inch

Leaf colour green

Fall colour No colour change

Flower colour

Lavender to violet purple

Flower characterisitics:

Very showy; lightly fragnant; emerges

on numerous 12 8 0 g paniates

Flowering Spring and Summer
4.6.3.4 Fruit
Fruit Shape Round, disKike capsule
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Fruit length 3inches
Fruit Covering Dry or hard
Fruit colour Brown

Fruit characterisitics

Doesnot attract wildlife;not showy;
fruit/leaves a litter problem

Figure 4-19 Fruit - Jacaranda mimosifolia Figure 4-20 Fruit Open- Jacaranda mimosifolia

Source: UF/ IFAS

Source: UF/IFAS

4.6.3.5 Trunk and branches

Trunk/branches

Bark

Breakage

Current year twig

color

Branches droop; typically
one trunk ;no thorns
Light brown, smooth,
becoming blocky and
rough with age
Susceptible tkoreakage

Gray,brown

Figure 4-21 Jacaranda mimosifolia
Source: Gritta Hasing, UF/IFAS
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4.6.4 Distance between trees:

The di

sizeis.5 2 0

stance between

X 520

4.6.5 Canopy size and tree height

tYyrore @6 0 i Crhedreeypiy i n g

There were trees of various canopy size and height in the selected Stoetch.

approximatelyknow he tr ee

hei ght,

one of helxte

to the tree and the height of the tree was approximately calculated. Similarly to

measurehte canopy size, android phone app called ARuler was used.

\\\‘

Figure 4-22Tree 1, Tree 2, Tree 3
Picture Credit: Author

Tree 1 Tree 2 Tree 3
Tree height 2 2 .(648n) 13 (49@) 27 .(8.3m)
Canopy Size 2 3 . (0.Blid) 10 . (B.(God) 29 . PDIEM)

4.6.6 Pavements

There are different kinds of pavements in the selected street sétctiares in the

building frontageand in different street segmenitéost of the paverthrough

pedestrian through zoraee interlocking blocks and stone pavers.
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Figure 4-23 Sidewalk pavement
Picture credit: Author

Figure 4-24 Different kinds of pavements along the sidewalkRicture Credit: Author
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51 Mi croclimatic measur ement

The climatic parameters air temperature, relative humidity was measured with Kobo
data logger for 12 days starting from June 29 2022 to July 10 2022. The device was
calibrated with device on DHM (Department of Hydrology and Meteorology) and it
was placed o the coordinates 27.7116667 N, 85.31747799E on site. Also the relative
humidity and air temperature was taken next to every respondent by tigrtabs

hygrometer HTG2.

(L4

ot v g

Figure 5-2 Hobo MX series data logger
Source: onetemp.com.au

a{;mda Hotel

/,
l/ﬁor\ ‘A

Figure 5-3 Location of data-loggers in Site
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Temperature

The average daily temperature for 12 days of measurement is shown in thekhart 5

Average daily temperature

NN W
o o1 O

15
10
0 { @ @ @ @ @ 4 4 4 4 @ @
v v v v v v v v 2 v v v
3% v 3% {V 3% 3% Vv 3% v v {V 3%
o)\q'g 0\’»Q '\,\q'g '»\"’Q ’b\r& v\q'g <o\q’0 ‘o\,@ '\\’LQ qn\q’Q q\fLQ Q\f&
AU A\ A\ A\ A\ A\ A\ A\ A\ A\ A

Temperature (Degree Celsius)
(6]

Date of Measurement

Figure 5-4 Average daily temperature for 12 days of measurement (June 2Rily 10)

Temperature: Measured and DHM
30.00
= S == B — =
20.00
15.00
10.00
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’19\ (o\’bg\ /\\x'\ /\\q,\ /\\0’\ /\\b‘\ /\\<°\ /\\b\ /\\/\\ /\\q"\ /\\o’\ ,\\\9\

—=@-—T-measured ==@=T-DHM
Figure 5-5 Average daily temperature for 12 days of measurement (June 2R1ly 10) (Measured and
Department of Hydrology and Meterology)
The highest average daily temperature was on 7/1/2022 and 7/7/2022 with the value
of 26.67°C and 26.45 respectively. Between these two dates, 7/7/2022 was chosen

for the simulation in Envinet.
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Average hourly Temperature
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Figure 5-6 Average hourly temperature for 12 days of measurement
Temperature : Measured and DHM
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Figure 5-7 Average hourly temperature for 12 days of measurement (Measured and Department of
Hydrology and Meterology)

The average hourly temperature for 12 days are shown in the ebiafh® maximum
temperature was found on 1 pm with the value of R%Bereas the minimum

temperature was found on 5 am with the value of 22.19.

Relative Humidity
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