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Abstract

Walkable and livable cities come under the first priority of people searching for a new
residential space in todayods cont diont . | n
for pedestrians, more focus should be given to shading the pathway. Among many
ideas, the development of an optimum aspect ratio is paramount for imptbeing
walkability of any street. This research is focuseddeveloping and promoting an
optimum street aspect ratio in the hot and humid road section of Lumbini Sanskritik
Municipality through the use of EnWlet software. This research involves the use of
temperatureand humiditydatato simulate B street layoutsn orderto obtainthe
desired resuts in the form of ar temperature,mean radiant temperature and
physiological equivalent temperature as outputs. This research concludes that for east
west oriented streets, the aspect ratio above 2 is favorableashfer northsouth
oriented streetshe aspect ratiof 1.5is the optimum result. The optimum aspect ratio
obtained fronthe simulation reduced the ambient air temperature of the same street by
more than 3.5 °Cmean radiant temperature by more than 20 °C and physiological
equivalent temperature by more than €2 Similarly, orientation from 30° NE/210°

SW to 150 ° NW/330° SE seems better for street orientation in case of Lumbini

Sanskritik Municipality.

Keywords: Aspect Ratio, Street Canyomjean Radianttemperature, Physiological Equivalent
Temperature
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1. Chapter 1: Introduction

1.1. Background

Walkable and livable cities come under the first priority of people searchingiéw a
residenti al space in todayb6s context. Se\
measure to reduce greenhouse gas emissions (GHG), air polanrJrban Heat

Island (UHI) is to promote walkabilitfRodriguezAlgeciras, et al., 2018, Asarpofa

Nadin, 2020) Increasing the walkability in a neighborhood is one of the approaches

that can be used to creatsustainablaeighborhoodAzmi & Karim, 2012) Pedestrian

thermal comfort in streetmfluence walkability and uban livability. Howeverthe

urban planning concept often focuses more towards the vehicular accessibility and lacks

the concept of thermally comfortable pedestrianized street.

Nepal is divided into three climatic regions namely Terai region, Hilly regiwh
Himalayan region where the temperature variation between them is quite high. During
the summer season the daily mean temperature ranges from 22°C to 35°C in the Terai
region of Nepa(Bodach, 2014)Iin hot temperateegions, the use of outdoor spaces is
highly influenced by warm conditions and sunligNikolopoulou, et al., 2001)Lin
(2009)explained that the increased value of thermal indices decreases the number of
people visiting the outdoors during hot seastence, thermally comfortable outdoor
spaces promotes walkability which in turn attract local businesses and economic

activities which results in the development of the area (Nikolopoulou, et al.,.2001)

RodriguezAlgeciras, et al., (2018) states shadasgpne of the best urban strategies in
mitigating heat stress at pedestrian level. Since, the sunlight effects the use of outdoor
spaces, selfshading streets can help to improve the pedestrian thermal comfort. Self
shading streets are feasible in the fofrmanmade canopy that protects the building

and surroundings from direct sunlight in hot and humid clin{idikolopoulou, et al.,

2001) The amount of incident and reflected sunlight radiation is influenced by the ratio
of height of buildings (H) to theistance (W) between thefdohansson, 2006)The

aspect ratio i.e., H/W affect the thermal performance of outdoor spaces. Several studies
have found that the maximum temperature decreases with increasing H/W ratio
(Johansson, @06, Chatzidimitriou & Yannas, 2017, Alioudert & Mayer, 2006)
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Similar to the aspect ratio, orienting streets and buildings in the proper direction can
enhance shading efficiency and improve pedestrian thermal cdiéo& Mukhejee,
2018) Thus, in order to ensure pedestrian thermal comfort, it is important to decide

street orientation and aspect ratio.

Outdoor spaces are important to a sustainable city as they are the spaces that link the
public with the urban built contexthile accommodating daily pedestrian outdoor
activities. Since, the use of urban space has social, cultural and economic benefits, it is
important to enhance outdoor thermal comfort. Furthermore, the appropriate design of
outdoor spaces makes outdoor\atis possible for most of the year in warm climate
(Johansson & Emmanuel, 200&jence, this research aims to suggest an optimum

canyon aspect ratio and street orientation.
1.2. Need of study

Urban form has a significant influenam the urban climate and, consequently, on
outdoor thermal comfort at street leydbhansson & Emmanuel, 2008ence, it is a
promising area for improving the thermal comfort of outdoor environment.
Comfortable and shadedreets promote walkability and sustainability. Thus, street
design is an important issue in bioclimatic urban development to mitigate thermal
discomfort in pedestrian level. In order to establish and sustain walkability, it is
important to make urban stisecomfortable as far as the ambient climate permits
(Ahmed, 2003) Since, the temperature rises ranges between 22°C toiB5¥Cai
region of Nepal, it is difficult to carry out outdoor activities during sunny day.
Johansson and Emmanuel (2006) statesibetasing the height of the buildings that
surround the streets brings a betterment of the pedestrian thermal conditmosling

to De and Mukherjee (2018hé¢ optimization of street geometry has significant
potential to enhance pedestrian thermal comfort in hot and humid climate. Another way
to cool street is to reduce the amount of radiation that it absorbs thusgsbbslireets

can be an effective strategy for pedestrian thermal conffme, et al., 2018)
RodriguezAlgeciras, et al., (2018yonfirms that street geometry has an important
effect on microclimates and consequently on thércoanfort sensation in outdoor

environments.
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Street canyons with higher aspect ratio reduce solar access and air temperature
providing 3.5°C-6°C (Kakon, et al., 2009yooler outdoor spacdébdollahzadé &

Biloria, 2020) Hence, it is possible to create thermally comfortable street through
proper design of street orientation and aspect ratio. However, due to the great
complexity of the outdoor environment, there have been very few attempts to
undersand outdoor thermal conditions. In the context of Nepal, there are not many
research done to prevent sunlight radiation in the street with the help of urban geometry.
Hence, it is imperative to study optimization of canyon aspect ratio and street
orientdion to design shading for hot and humid climate of Nepal sustainably.

1.3. Importance of Study

The research aims to find out optimum street orientation and aspect ratio for hot and
humid climate of Nepal and helps in prevention of sunlight radiation duoingglason.
Hence, this research will help urban planner, energy efficient planpaicyomakers
designers to create thermally comfortable streets in hot and humid region of Nepal. This
research will also help local authority to consider the aspect wtithé new urban
development project. Ultimately, this research aims to help the common people to walk
and conduct business activities in a thermally comfortable gtdelollahzadeh &
Biloria, 2020).

1.4. Problem statement

Improving the quality of life in urdn centers requires not only efficient buildings, but

also climatically sensitive urban streets that can enhance and enrich url{@odice

grifoni, et al., 2013)A comfortable climate is important for wdiking and to atérct

people to public spaces. Studies have shown that prolonged exposure to hot conditions
can have a negative impact on human hdakle, et al., 2018)The risk of heatelated

illness increases with higher temperatures ing an important issue especially in

warm and hot citiegJohansson & Emmanuel, 200§urthermore, uncomfortable

streets and outdoor environment makes the entire urban space unattractive and
inaccessible. Studies have founh at peopl ebs activities in
summer with an increase in air temperature (Lin et al., 2012). Thus, streets lacking

shading and thermal comfort tend to be avoided and remained ufuesedholzer,

3
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2012) The less interaction of people in outdoor activities has negative effect in business
and economic activitigdNikolopoulou, et al., 2001Also, unshaded street discourages
people to walk and encourage them to use vehicle. The preference of people towards

vehicle increases greenhouse gas emissions, air pollution and UHI effect.

Despite the problem, designers are more attracted to the impact of environmental forces

on buildings, indoor climate of the buildings, design strategies, energy requirements for
supporting the thermal comfort, passive solar gé8igafaghat, et al., 2016ther than

outdoor thermal comfort. Most studies on the impact of urban layout emphasized
primarily on solar and i | falwios(Che&ipoollka,eper f or
al., 2015). Improving the thermal comfort of outdoor environments are generally given

little importance in the planning and design processes in the context of Nepal as well.

This has led to hot andhaomfortable streets especially in Terai region of Nepal which

has negative effect on economic and environmental factor of the region.

Urban planning and street development are generally governed by the prevailing
byelaws of individual local government. \hthese bylaws are very useful in proper

|l and use and infrastructur al devel opment
While the architectural and structural elements are quite prominent in these byelaws,

the energy efficient facet are generallyjaged. Due to the lack of consideration for
pedestrian thermal comfort, the prevalent street aspect ratio cannot fulfill prerequisite

of optimum walkability.
1.5. Objectives of Research:

The major objective of this researisio determine optimum aspect rabbstreets for

Lumbini Sanskritik Municipality

Secondary objectives of the research are
1 To prevent direct solar radiation at street level so as to promote walkability.

1 To identify best orientation of streets for hot and humid climate of Nepal.
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1.6. Research Vddation

In the context of Nepal, very few researchers are interested to study the sector of
thermal comfort under the large umbrella of Energy Efficiency and Sustainability.
In addition to that, insignificant amount of attention is provided toattea of
outdoor thermal comfort in the field of academia. Due to ease of observation and
analysis, researchers tend to focus only on the internal thermal comfort while the

larger study area that is the outdoor area is quite ignored.

So, this research ains study the orientation and aspect ratio of the street canyons
to determine whether any sort of intervention results in the change of thermal
comfort to the pedestrians. This research aims to introduce ateanglatform in

the research area in the fiedf Energy Efficiency and thermal comfort.

1.7. Thesis Outline

Chapterone communicates theurpose and focus of the study and explains the
outline of the researchihe research background is briefly explained in this chapter,
along with the justification fochoosing the research area. In addition, the first
chapter describes research frameworks and defines the study purpose and

objectives.

The second chapter is a survey of the literatineeforejt analyzes models and
theoretical frameworks that have beereviously presented to the field of study.
This chapter defines key terminology and describes how to look for secondary data.
Other writers' perspectives on the study topic in general and the research challenge

in particular have been logically providedthis topic.

Chapterthree addresses methodolog¥he chapter discusses themes related to
research philosophy and outlines the research method. Additionally, the
methodology chapter includes explanations of research design and the selection and

use of @ta collection methods.
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Chapter four describes the study afid@e chapter covers the site's available aspect
ratio as well as the structures that are currently osttieet This chapter explains

the layout and a segment of the street in the chosen r&tgidy.

The examination of climatic data from various secondary sources is covered in
chapter five. The results analysis from the questionnaire survey is presented in the
second section of this chapter. Finally, it describes the scenarios and provides

simulation results.

Chapter six addresses the discussion fResults from several scenarios are
compared, and conclusions are reached.

Chapter seven concludes the results of the thesis and provides the recommendation

along with further works that can bergad out in future.
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2. Chapter 2: Literature review

2.1. Outdoor thermal comfort

Thermal comfort is a difficult notion to evaluate in either an indoor or outdoor setting
since it encompasses physical, physiological, and psychological factors. According to
ANSHI/ASHRAE (2017), thermal comfort is the state of mind that is assessed by
suljective evaluation that expresses satisfaction with the thermal environment. In
another word, it is the range of climatic conditions where most people feel comfortable
(Cocci Grifoni, et al., 2013)In generakhermal comfort is achieved when heat gain
through metabolism is dissipated to maintain thermal balance. Any further heat gain or
loss causes significant discomfort. Thermal comfort has a direct influence on occupant
health and productivityAccording to(Lai, et al., 2020)f the occupants feel neutral,

and do not desire to modify or evaluate the outside thermal environment, the outdoor

area can be termed thermally comfortable.

ki,
Natural andfecced >
convection R

~.

Conduction through contact
with surfaces

Figure 2.1 Outdoor human energy balance
(Kenawy, et al., 2010)
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As difficult as it is to measure thermal comfort in a controlled setting, it is even more
difficult to comprehend outdoor thermal comfort since it cannot be described by a single
component such as ambient @mperature. Physical factors like solar radiation and
wind, physiological reactions including skin and core temperatures, as well as
perspiration rate, psychological factors like behavior, culture, alliesthesia, etc. may also
be useful indicators of outdo thermal comfor{Lai, et al., 202Q)Solar radiation and

wind access are influenced by built form whereas energy balance is affected by the
properties of materials usé@hatzidimitriou & Yannas, 20)5Hence, it is difficult to

pick out a single factor and associate it with outdoor thermal comfort. However, the
most significant factor affecting heat gain and loss is total radigienawy, et al.,

2010) Bryan (2001 )elieves that controlling the surrounding surface temperature, also
known as Mean Radiant Temperature (MRT), is a key technique for addressing thermal

comfort.

The outdoor climate is influenced by various factors such as air temperature, mean
radiant temprature (MRT), humidity, wind, etc. out of which air temperature and MRT
are key factors along with the wifdenawy, et al., 201,Bryan, 2001Hwang & Lin,

2007) Because of the complexity of the outdoor conditions, few types of research have
been carrid out in the past and different types of thermal comfort indices and models
have been proposed. According to Potchter et al. (2018) and his comprehensive review,
out of 165 human thermal indices, only four are routinely used for outdoor thermal
perceptionstudies: Physiologically Equivalent Temperature (PET), Predicted Mean
Vote (PMV), Universal Thermal Climate Index (UTCI), and Standard Effective
Temperature (SET).

2.1.1. Factors affecting outdoor thermal conditions

2.1.1.1. Physical Factors
a) Ambient airtemperature

The temperature of the air surrounding the occupant concerning location and time is
the ambient air temperatuir temperature is the temperature of the air that surrounds
a person and is usually expressed in degrees Celsius (°C) or degheeshEit (°F)

(Skilling & Munro, 2016) The convective heat exchange between the human body and

8
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the surrounding outside environment is directly determined by air temperature, while
the radiative, evaporative, and respiratoeathexchanges are indirectly affectédi,

et al., 2020) According toLiu, et al. (2016) air temperature is the most important
microclimatic parameter to outdoor thermal sensat@veral studies evaluated the air
temperatee of streets with varied aspect ratios in order to assess the impact of urban
geometry on thermal comfort (Johansson, 2006:TAlidert & Mayer, 2006; Andreou

& K. Axarli, 2012 and Chatzidimitriou & Yannas, 2017). It was discovered that the air
temperatue of a building's shadowed part is lower.

b) Mean Radiant Temperature (MRT)

Mean Radiant Temperature is a meteorological parameter that governs human energy
balance and thermal comfditan, et al., 2013,)The radiant temperatuie related to

the amount of radiant heat conveyed from a surface and is determined by the material's
capacity to absorb or emit heat, also known as its emissivity. Radiations such as direct,
diffuse, and reflected shortwave radiation, as well as radsatrom built and natural
environments, and longwave radiation tend to form mean radiant temperature (Naboni,
et al., 2019).

- Direct shortwave radiation
Shortwave radiation l

diffused by the sky
«  —- Shortwave radiation reflected
Longwave radiation e~

Evapotianspiration

Figure 2.2 Relevant radiation fluxes and urban entities on the determination of outdoor
MRT
(Naboni, et al., 2019)
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The mean radiant temperature (MRT) is based on the idea that the net exchange of
radiant energy between objects is roughly proportional to their temperature difference
multiplied by their heaemitting and-absorbing abilities (emissivity) (climate adapt,
n.d.). Tmrt is the most important variable in evaluating thermal sensation outdoors
during daylight hours in summéhli -Toudert & Mayer, 2006) The difference of 8°C

11°C of MRT was observed in a sunny and shaded outdemoement by(Middel, et

al., 2017) The mean radiant temperature under the shaded region by a tree was 30K

lower than the unshaded region on a summer(dlayzarakis, et al., 1999)
Calculation of Mean Radiant Temperature

MRT is calculated by determining the radiation profiles of the surrounding surfaces
(temperature of all surrounding surfaces) and the visible area of the sky. Numerically it can be

derived from the equation given below:

1.1 s 108y 00

0.25
o7 — X (T = ]';J}] — 27315
o0

T, = [{Tg + 273.15)* +

Where"YQis the globe temperaturey ¢is the air temperature,is the emissivity of the sphere,
‘Q M4 is the diameter of the sphere, and Va is the air velgiip, et al., 2020)

The MRTcan also be obtained by modeling the entire radiation field using simulation models
approaches, and in response to the growing interest in outdoor thermal comfort analysis, a few
modeling tools such as RayMan, ENiWiket Autodeskk CDF, Grasshopper ping, Ladybug

Tools, and others have been develofi¢aboni, et al., 2019)

c) Humidity

The ratio between the actual amountvaporin the air and the maximum amount

of vaporthat the air can hold at thair temperaturés humidity and it is expressed as a
percentage. The higher thelative humidity the more difficult it is to losheatthrough
theevaporatio of sweat. Humidity has usually been regarded as the least relevant
meteorological condition influencing outdoor thermal comftasi, et al., 202Q)In

Hong Kong, Cheng et al. (2012) regressed the outdoor thermal sensatigprws
linear equations, one with and one without relative humidity and discovered that the

difference between the two regressed lines was minimal.
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d) Wind velocity

The velocity of the air that a person is in contact with is air vel@gity it is measurehim/s
The higher the velocity of wind, the exchange of heat between the person and the air is
greater(Walton, et al., 2007Jiscovered the significance of wind velocity as the major

factor affecting outdoor thermal comfort.
2.1.1.2. Physiological Factors

The link between physiological factors and outdoor thermal comfort begins with heat
exchange between the human body and the surrounding environment, which causes
changes in the temperature of the human Wady, et al., 202Q) When the external
temperature conditions depart from thermal neutrality, the human body will maintain
its comfort level by physiological control, such as shivering in cold weather and
sweating in hot weather. Out of many physiotagifactors, skin temperature is the
most studied in the context of outdoor thermal environments. A study showed that the
mean skin temperature was statistically correlated to the sky view factor since skin
temperature increased from 33.9 °C to 36.0 °Cna\B¥F was increased from 0.082 to
0.940(GS & MA, 2016) The study conducted byleong, et al., 2016howed the
physiological effects of reducing human heat stress by comparing the skin temperature
in forest and urban areas and it was found that the skin temperature in the forest area
was 34°C which was 1°C less than urban area and the people vis@tifgyehbt area

felts more comfortable. Hence, skin temperature is one of the factors affecting outdoor

thermal comfort.

2.1.1.3. Psychological Factors

Psychological factors are associated with the influences of cognitive, social, and
cultural elements, and it dissses how and to what extent habits and expectations may
affect people's perceptions of the thermal environment. Because of psychological
factors, an individual's degree of comfort in a particular setting may fluctuate and adapt
over time. The recollectionf earlier experiences may alter the subjective feeling of
thermal comfort. People who live in a bad thermal environment for an extended period
of time will reduce their requirements, resulting in decreased expectations. People, on

the other hand, graduglincrease their requirements if they live in a comfortable
11
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temperature environment for an extended period of time. On the contrary, if people are
given the control over the thermal environment, they tend to feel more comfortable

(Nikolopoulou & Koen Steemers, 2003)

2.1.2. Thermal comfort indices

For determining thermal comfort, several indices incorporating thermal environmental
factors and the heat balance of the human body are used for e.g. predicted mean vote
(PMV), standard effatre temperature (SET) , OUT_SET, physiologically equivalent
temperature (PET))niversal Thermal Climate Index (UTCd}c.

a) Predicted Mean Vote Method

The PMV isan index that forecasts the mean value 3 oo

votes cast by a large group of individuals usingpmint AP

Warm

thermal sensation scale as in tablé based on human | +1 [Slightly warm
body heat balancdSS0O7330, 2005)It is the average 0 |Neutral

i L ~1 |Slightly cool
of the votes cagiy a wide group of individuals expose 'ghtly coo
-2 | Cool
to the same thermal conditions. 5 oo
- 0

Table 2.1 Sevenpoint
thermal sensation scale

. . . (ISSO 7330, 2005)
b) Physiologically Equivalent Temperature (PET)

The PET comfort index combines meteorological and thgrhysiological
characteristics (clothing and activity) obtained from the humaitia¢ence model. The

PET value in the concrete scenario of the warm and bright outside settings depicted in
Fig. 3 would be 43°C which indicates that an occupant of a room with an air temperature
of 43°C achieves the same thermal state as if they wernd®irighe warm and bright

conditions(Hoppe, 1999)

PET is defined as the air temperature at which the human body's heat balance (work
metabolism 80 W of light activity added to basic metabolism; heat resistance of clothing
0.9 clo) is maintained in a typical indoor setting with core and skin temperatures equal

to those under the conditions being assefidédpe, 1999)

12
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L X "
Sl

5 ) Al
Heat Balancing (MEMI): Summer <. -

T,=30°C, T, =60 °C, RH = 50%, v =1.0 m/s, PET = 43 °C

Internal hest production: 258 W Respiratory heat loss. -27 W

Mean skin tamperature: 36.1 °C Impercaptable Perspiration: -11 W
Body core temperature: 37.5°C Sweat evaporation: <317 W
Skin wettedness: 63 % Convection: -143 W

Water loss: 525 g/h Net radiation: +240 W

Body Parameters:1.80 m, 75 kg, 35 years, 0.5 clo, waking (4 kmvh)

Figure 2.3 Heat balance calculation in outdoor
(Hoppe, 1999)

From the tabl.2, it can be perceived that the PET drops to 29°C from 43°C when the
person moves from sunny region to shaded region. The difference between PET values
in unshaded and shaded sites inlftreg was on average, about 15Matzarakis, et
al., 1999) On hot summer days with direct sun irradiation, the PET value can be more
than 20 K higher than the air temperature, and up to 15 K lower on a windy winter day
(Hoppe, 1999)

Scenario T, T, v VP PET
°C) (€  (mfs) (hPa) (°C)
Typical room 21 21 0.1 12 21
Winter, sunny -5 40 0.5 2 10
Winter, shade -5 -5 5.0 2 -13
Summer, sunny 30 60 1.0 21 43
Summer, shade 30 30 1.0 21 29

Table 2.2 Examples of PET for different climate scenarios
(Hoppe, 1999)
Table2.3 represents the related ranges of PMV and REBIth are only valid for the
assumed values of internal hgabduction and thermal resistance of the clothing
(Matzarakis, et al., 1999)The table shows that the PET value above 41 is very hot
condition which is equivalent to 3.5 scale of PMV vote.

13
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PMV PET Thermal Grade of physiological
(°0) perception stress
Very cold Extreme cold stress
-3.5 4
Cold Strong cold stress
-2.5 8
Cool Moderate cold stress
-1.5 13
Slightly cool Slight cold stress
—0.5 18
Comfortable No thermal stress
0.5 23
Slightly warm Slight heat stress
1.5 29
Warm Moderate heat stress
2.5 35
Hot Strong heat stress
35 41
Very hot Extreme heat stress

Table 2.3 Ranges of PMV and PET
(Matzarakis, et al., 1999)

PET can be calculated with the help of softwares like RayMan;fatietc. which

has been employed in urban buwifi areas with complicated shade patterns and has
produced relble thermal environment predictiofisn, et al., 2010) PET uses the
degree Celsius (°C) as its unit of measurement, making it easier for planners to interpret

for design purposg®\li-Toudert & Mayey 2006)
c) Universal Thermal Climate Index (UTCI)

The Universal Thermal Climatedex isdefined as the air temperature of reference
condition that generates the same model conditions as the actual copditigra Ue j ¢ z y k
et al.,2013) It aims to measure outdoor thermal conditions in the primary disciplines

of human biometeorology as a edienensional variable summarizing the interaction

of ambient temperature, wind speed, humidity, and longwave and shortwave radiant

heat flxes(Brode, et al., 2012) The reference condition 1
135W/m?) ,  wi nd s p 2 atd0 n(h&ighf) a nseanmddiant temperature equal

to air temperature, and humidity of 50% ata constaftP2§ B a Uej czy k, et

14
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UTCI (°C) range Stress Category Physiological responses

above +46 extreme heat stress - increase in Tre time gradient
- steep decrease in total net heat loss
- averaged sweat rate =650 g/h, steep increase

+38 to +46 very strong heat stress | - core to skin temperature gradient < 1K (at 30 min)
- increase in Tre at 30 min

+32to +38 strong heat stress - dynamic Thermal Sensation (DTS) at 120 min =+2
- averaged sweat rate = 200 g/h
- increase in Tre at 120 min
- latent heat loss =40 W at 30 min
- instantaneous change in skin temperature = 0 K/min
+26 to +32 moderate heat stress - change of slopes in sweat rate, Tre and skin temperature: mean (Tskm),

face (Tskfc), hand (Tskhn)
- occurrence of sweating at 30 min
- steep increase in skin wettedness

Table 2.4 UTCI equivalent temperature categorized in terms of thermal stress

(BjaUejczyk, et al., 2013)
Accordingtotablel. 4, t he UTCI value ranges from +2
stress categorys moderate heat stress from-2& to extreme heat
temperatures above 46 . |t starts as i n

sweating and reache state where the core to skin temperature gradient is very low ie
less than 1k.

2.2. Shading

Shading refers to the protection of any surfaces against light and heat. The air
temperature, as well as equivalent temperature, is slightly lower in shadednareas i
comparison to unshaded areas thus, walking through the shaded area is more
comfortable thermally. One study concluded that shaded space provided more
thermally comfortable conditions than unshaded areas since the shaded areas have
longer period of accepble temperature rand®akaremi, et al., 2012,)Therefore,
shading is one of the most effective ways to prevent heat exhaustion and lower outdoor
temperatures, particularly in hot and humid places (Nasrollahi et al., 20dfguRa
Algeciras et al., 2018). Shaded surfaces in a street, such as building facades and roofs,
and seating areas in an outdoor urban setting minimize incident solar radiation, keeping
the temperature down (Vartholomaios & Kalogirou, 2020poorly desiged street is
affected by incident solar radiation, which heats the surfaces around the streets and
makes it uncomfortable for pedestrians to walk on. The main strategy to create
thermally comfortable streets is shading as it reduces the direct soléioradizsorbed

by the pedestrian which results in a reduction of radiant heat factors ultimately
decreasing the mean radiant temperature (Ali Toudert, 2007).

(Lin, et al., 2010)studied the effect of shadowing on thermal comé&truniversity
campus in Central Taiwan and found that suitable shading is required in outdoor spaces

to ensure the thermal comfort either by buildings or vegetations. A study in Hongkong
15
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showed that #t in shades was around 30=34° C whereas withowhading was 50°

C - 60° C and suggested shading as an important feature of urbaiiNgr&aCheng,

2012) (Nasrollahi, et al., 2020also suggested shading as an effective measure to
reduce mean raant temperature and it can be done by increasing aspect ratio of urban
canyon. Hence, shading is an effective parameter that restricts the direct radiation and

doesndét allow the street to heat up creat
a. Shadng by buildings

The streets can be shaded by buildings when the height of building and the width of the
street is kept in proportiolBecause of the high angles during the summer, buildings
must be closer together for considerable shade, so that thevsleadth is to be longer

than the distance between the buildingnmanuel, et al., 2007For all urban
orientation, he street shading fraction increases with increase in aspectluaing
summer and winter with an exception in eastt oriented streets where street shading

fraction is higher in winter and lower in sumniBourbia & Awbi, 2004)
b. Shading by trees

For the streets with lower aspect ratibe vegetations provide shading to the street
ensuring the outdoor thermal comfort for the pedestriansarticular for EW streets,

the trees produce a 20% increase in shade percentages throughout the summer whereas
for N-S streets, the shade percgatsarein between 6%10% (E. Andreou, 2014)

Increasing the amount of tree cover results in cooler air temperature than uncovered
regions. The surface temperature of sitting places under the dense trees has a
temperaturevakl | ess t han 20 (Abdalahnetd. 2@20)open spac

2.2.1. Solar angles
a. Declination angle (U)

The angle formed between the equator and a line drawn from the planet's center to the
sun's center is known as the sun's detion. Due to the Earth's tilt on its axis of
rotation and the rotation of the Earth around the sun, the declination angle, represented
by the symbol, changes periodicalijonsberg & Bowden, n.d.)

16



Optimizationof street aspect ratio for pedestrian comfort in hot hnchid climateof Nepal

» Spring equinox in the northern
Summer so s

hemisphere

stice in the northern
he declination angle (3) is

at its maximum and is 23.45°,

e and autumn equinox in the

is 0°

Figure 2.4 Declination angle
(Honsberg & Bowden, n.d.)

The declination angle can be calculated by the equation:
0 -23.5° x cos {(360/365) x (d + 10)}
whered is the day of the year withJan 1asd =1

b. Hour angle (t)

The angle through which the earth would revolve to bring the point's meridian precisely

under the sun is known as the hour angle, or t, of a point on the surface of the earth.

With each 360/24 or 15 degrees of longitude equaling 1 hour and the afternwsn ho

is referred to as positive hours, the hour angle at local solar noon is 0. The hour angle

is-15° at 11 am and 15° at 1 pm because the earth spins at a rate of 15 degrees each

hour (Kalogirou, 2012)The AST, or the adjustidocal solar time, may also be used to

determine the hour angle:

t=(ASTi 12)15
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c. Solar altitude angle (b)

The solar altitude angle is the angle bet
shown in Fig. 't 1 s r eledtngd tthe tamea | o lbart w
rays and the verticgKalogirou, 2012) Thus:

u + b = /2 = 90A

Figure 2.5 solar azimuth angle and solar altitude angle
(Kumar, et al., 1997)

The mathematical expression for the solar altitude angle is:
sinb = (cos (L) x cos (0) x cos (1
where,

L is local latitude, defined as the angle between a line fr@rcenter of the
earth to the site of interest and the equatorial plane,

U the solar declination (which is a function of the date and the time), and

t is the hour angle. Values north of the equator are positive and those of south

are negative.
d. Sol ar azimuth angle (U)

The solar azimuth angle is the angle of t
from due south (true south) for the northern hemisphere or due north for the southern

hemisphere; westward is designated as pogiaéogirou, 2012)
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The mathematical expression for the solar azimuth angle is:
sinU = (cos (U) x sin (t))/coc:
e. Ground shading factor

The shading factor is defined as the ratio between the global solar radiation received on
a surface ipresence of shading obstacles and in their abg@aseone, et al., 2011)
an eastvest oriented canyon of width W and wall height H, the width of the shade strip

in the street x caused by the south wall is given by
x=(cosU/ t an b) H

where U is the solar azimuth and b is the

4

—‘4\-‘
L x L
A A
/1“ -"y

Figure 2.6 Passive Solar Angle

The ratio of the shade strip width to the street width equals the ground shading factor
(PSA), is given by,

PSA=xW=(cos U/tan b) x H/IW

For PSA = (H/W) tan L
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2.3. StreetCanyon

Simply, street canyon is a rectangular trough (height H, width W) oriented at some
angle (Arnfield, 1990) A street canyon is formed by two typically parallel rows of
buildings separated by stre@yrios & Hunt, 2008) Bakarmanand Chang2015)

claims that the exposure of the urban surfaces is a function of H/W ratio and orientation
of the canyon. The amount of solar radiation receivedbycadye s ur f aces dep
the aspect ratio and orientation of street. The air temperature in the street increases with
decrease in heightidth ratio and vice versa. The street exposure to sun decreases as
the canyon becomes degfrnfield, 1990) The less solar radiation is received by the
street, the less sensible heat is added into the ambient air resulting in decreasing the
street temperature. The low temperature in street leads to comfortable street to the
pedestrian in hotral humid climatic zone. Also, 48 oriented streets are more
comfortable than BV oriented streets.

2.3.1. Street Aspect Ratio

Street aspect ratio (AR) is defined as the ratibeaght of thebuilding surrounding the
street to the width of the street. The mdre height of the building the more will be

the shadow length cast by those buildings, thereby, creating shaded Ftreesnyon
having aspect ratio around 1 is uniform street canyon, similarly, aspect ratio below 0.5
is shallow street canyon and asp&tio of 2 represents deep street canf@imshegar,
2013) Aspect ratio along with reentation affect urban microclimasand solaaccess
outdoor the building thereby affecting the pedestrian thermal cor(®hishegar,

2013)

UNIFORMASPECT RATIO SHALLOW ASPECT RATIO DEEP ASPECTRATIO

Figure 2.7 street aspect ratio

De and Mukherjee (2018) looked at how different orientations and canyon aspect ratios
affected the microclimate at street level in a warm, humid climate, and discovered that
a canyon aspect ratio of 2.5 with taller buildings and more space between thi&agro

the best thermal comfort for people walking around. In Columbo, Sri Lanka, where they
studied various urban geometries on five different sites, Johansson and Emmanuel
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(2006) discussed the impact of street canyon geometry on outdoor thermal comfort.
They found that deeper street canyons provide shade at pedestrian level, creating
comfortable pedestrian streeté\ndreou and K. Axarli (2012)examined the
microclimate of urban canyons in traditional (AR: -0.B) and modern (AR:-2)
settings. He found #t an increase in building height of one story, which corresponds
to an increase in aspect ratio from 0.92 to 1.3, results in a 3°C fall in ground
temperature.

Toudert (2005) looked into different street geometries, including aspect ratios, and
came to theonclusion that wide streets with aspect ratios of less than or equal to 0.5
are thermally uncomfortable for the majority of the day. By increasing the aspect ratio,
PET maxima for NS streets noticeably decrease (by about 58 °C), but still increase by
66 °C for EW canyons. Johansson (2006) compared an extremely deep and a shallow
street canyon in Fez, Morocco, to examine the impact of urban geometry on outdoor
thermal comfort. In the summer, the maximum difference was on avertagné as

great as 10 Kluring the hottest days, indicating that in hot and dry climates, a compact
urban design with very deep canyon is preferred.

(Jamei & Rajagopalan, 201@)vestigated effect of orientation and aspect ratio in
pedestrian thermalomfort under worse thermal conditions and concluded that with
increase in aspect ratio from @185, diurnal temperature decreased by 1 °C and Mean
radiant temperature by 14.2 °C. The deep canyon was found to be cooler than shallow
one with an average kation of 4.3K by(Bakarman & Jae D. Chang, 201, he city

of Riyadh, Saudi Arabia. In subtropical latitudes, the shallow aspect ratio is highly
stressful and almost independent of orientafmn-Toudert & Mayer, 2006)

A canyon aspect ratio of 2.5 with taller buildings and greater spacing in between them
is optimal in terms of human thermal comfort at the pedestrian(leee}. Mukherjee,
2018)The greater vakiof aspect ratio may be able to lower the amount of sun exposure
to the structures, but effective ventilation at the building and neighborhood scales
should be taken into account to ensure that it has no impact on the indoor thermal
comfort.

2.3.2. Street Orientation

The orientation of the street directly influences the solar exposure of anyBtre¢t

solar path, easwest oriented streets are exposed to solar radiation for most of the time
all over the year while a part of a street is shaded for most of the time in case of north
south oriented street®arts of NESW and NWSE streets with an iarmediate
orientation are always shaded during the @gsrollahi, et al., 2021,)
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(Kushol, et al., 20133tudied the effects of orientation on microclimate comfort for the
outdoors and observebat northsouth canyons are cooler than easst canyons by

0.9 K.(Toudert, 2005also observed eastest street canyons less efficient thass M

case of thermal comfortRodriguezAlgeciras, et b, 2018) concluded that N6
orientation streets provide the comfort for pedestrians if the aspect ratio for east facing
side is greater than 2 and fofViE orientation, deep canyon are recommended on the
south facing sideThe NSEW streets are favdoée during summer while NSW

streets are favorable during winter for medium deep and medium wide canyons whereas
for deeper canyons® canyons are better for summer andMNnd NWSE in winter
(Chatzidimitriou & Yannas, 2017)

2.3.3. Relationship between street canyon and urban microclimate

A street is said to have a street canyon if buildings encircle it on all sides. Urban street
canyons have unigue microclimates that work together to influence the climate of the
city. Solar accss and shade conditions, among other factors, have a significant impact
on the microclimate of urban street canyons, which modifies the air and surface
temperatures. The lengtb-height (L/H) ratio of a canyon also influences its
ventilation conditions, wich are determined by the geometry and features of the
canyon, such as aspect ratio (or height to width ratio, H/W), and street orientation (LP,
et al., 2019).

The climate of a small region that differs greatly from the general climate is called the
microclimate. The temperature change in the region as a whole could not affect the
specific area. As a result, both good and bad aspects of the transition are visible. A
favorable microclimate refers to an atmosphere that is more appropriate to ecology and
peope. For instance, a cool climate in an excessively hot location, but a negative
microclimate has a poorer environment than a larger region. The urban heat island may
be the cause of the unfavorable microclimate. However, taking climate into account
while constructing a city surely aids in creating a favorable microclimate.

Microclimatology focuses on the layer of air just above the earth's surface, where
frictions, heating, and cooling are directly felt on temporal scales (Toudert, 2005). The
air and meanemperature, wind, and humidity are the key microclimatic factors in an
urban street canyon. Depending on the climate zone, the climatic characteristics affect
how you feel thermally. One of the most significant natural variables influencing the
microclimate is solar radiation, and latitude determines how intense itis. In cold climate
zones, warm streets are favored; hence, the street canyon is built to maximize solar
radiation. In a hot and humid climate, the situation is the exact reverse. As a result,
climatic factors have a big impact on thermal comfort.
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Mahmoud and Ghanem (2018) claims that air temperature has the largest share of
effects on microclimate in hot arid area. Some studies pointed out solar radiation and
mean radiant temperature as factffecting microclimate of urban cany@Bourbia

& Awbi, 2004). Nakamura and oke (1998) investigated the canyon temperature and
roof temperature in 63 measuring points of urban canyon and found the difference of
0.5-1K betweenwoof and canyon temperature due to well mixed turbulent air within the
canyon and above it.
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Figure 2.8 Isotherm distribution across an EW canyon at selected daytime hours
(Nakamura and Oke, 1998)

The street canyogeometry, in terms of aspect ratio and orientation, is a key factor
affecting exposure to sun and wind, and thus the formation of different street canyon
microclimateqChatzidimitriou & Yannas, 2017 he study also highlightatiat solar
radiation and air velocity are the parameters of the local microclimate which mostly
influence thermal comfort for pedestrians. Hence, maintaining street air temperature at
desired level by creating a mass around it and shading in hot and ¢lumatc zone
results in comfortable street for pedestrians.

2.3.4. Street canyon andPedestrian comfort

The concept of healthier and sustainable city includes people in movement performing
physical activity that promotes sustainability awell-being During ths activity,
people gather multisensory experiences that inform their state of cqidsilikou &
Nikolopoulou, 2019)Comfortable air temperature along with breeze creates thermally

comfortable streets. Thermal comfort iseanf the majoffactorsaffecting the quality
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of outdoors for pedestrianidsing the number of people performing activities on shaded
or unshaded spacshows that sunny and shaded spatfestt he peopl eds wi l
to leave or stayNasrollahi, et al., 2020)

In a study carried out in hot and arid city of Riyadh, Saudi Arabia, it was found that the
street temperature was’6-10 °C less in deep street canyon (2.2) than shallow street
canyon (0.42) during the daytime 34:00 hours(Bakarman & Chang, 2015F.
Johansson (2006) found out during the peak time of summer in city of Fez, Morocco,
the physiologically equivalent temperature (PET) value in the deep canyon were stable
at around 23C and 28°C whereas in shallow canyon the PET value exceedé@ 40
between 11:00 and 17:00 hours. The peak street temperature was found 18.6&2.5
lower than the reference temperature of meteorological station in case of deep canyon
(2) in a study of EOued, Nigeriag(Bourbia & Awbi, 2004) Also, the two thirds of
street of shallowcanyons @.5) was receiving direct solar radiation at the rate of 846
W/m?. A study inRajarhat, Kolkatabserved a canyon aspect ratio of 2.5@tswal in

terms of human thermal comfort at the pedestrian level for the ré@& Mukherjee,

2018)

Hence, several studies that measured PET values and street temperature have reported
a clear correlation between pedestrthermal comfort and aspect ratio. The deeper
aspect ratio constricts direct solar radiation thus shading the streets. Shading has been
reported as main parameter to reduce street temperature and PET resulting into a
comfortable environment for pedestrsamNarrow streets with buildings provide better
shading for sidewalk pedestrians than wide stigetsiei & Rajagopalan, 2019)

2.3.5. Impact of street design on solaradiation

The exposure of direct solar radiation in the street is a critical parameter for pedestrian
thermal comfort. Solar radiation incidet an urban area is received either by building
facades and roof or the streets. The incident radiation during thentaynakes the

street thermally uncomfortable. Hence, urban streets should be designed in a way to
utilize the solar access to improve urban microclimate and pedestrian thermal comfort.

Shishegar (2013) found out that increasing street width from 1528 to increases

the radiation yield with 1¥20%. She also found street orientation hardly influences
the amount of solar radiation of canyon rataspect ratio has great influence on the
guantity of solar energy obtained by street. As discussed eaidjeraspect ratio yield
lower amount of solar radiation. ARNFIELD (1990) emphasized that by increasing the
aspect ratio, solar acess to walls and streets can always be detodasger values

than those appropriate for the temperate latitudes.
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Figure 2.9 Representation of solar incidence on street having different aspect ratio

The above figure shows that the street having deep aspect ratio can shade much of the
street tharstreets withshallow and unifornaspect ratioLow value of aspect ratio and

high sky view factor allows street surfaces to receive highest solar radMtbajeri,

et al. (2019) conducted study in 1600 streets and found out the mean monthly radiation
reaches ighest i.e. 100KWh/rfor aspect ratio bel® about 0.5 in May and August

and below about 1in June and Juhence, street design influences the thermal comfort

at pedestrian level considering the radiation received by street surfaces.

The street in NS canyons limits solar exposure for thajority of the day and lowers
direct solar radiation below 70% from early afternoon for 3 hours in wide canyons and
hours in medium canyons both in summer and winter, wheréaAs danyons are
exposed to solar for the majority of the time all through autanthspring months and
lowersdirect solar radiation below 70% from early morning for more than 10 hours in
wide and medium canyons and 4 hours in deep canyons during summer.

Between aspect ratios of greater than 2 and less than 1, it is possible toanotice
difference in solar intensity of around I2®%2 Wh/m2 from November to February
and 4822147 Wh/m2 from March to October.

2.3.6. Caseof Rajasthan, India

Rajasthan is a state in northwest India that is bordered to the north aneéasirtly

Punjab and Haryan&o the east by Uttar Pradesh and Madhya Pradesh, to the south
east and southwest by Gujarat, and to the west and northwest by Sindh and Punjab in
PakistarandIndia. With very little vegetation or water, and a hot, dry environment, it
has incredibly dificult climatic conditions.
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Chart 2. 1 Climate graph of Bikaner, Rajasthan
(climatedata.org)

January February March April June July August September October Movember December

Avg. Temperature °C (*F) 14.7 °C

Min. Temperature °C (°F) 7.8°C  11.1°C

(46.1)°F  (52)°F (49.5) °F

Max. Temperature °C
(°F}

Chart 2. 2 Temperature of Bikaner, Rajasthan
(climatedata.org)

The chart shows that the temperatur®ajasthan, Bikaner reaches £C3luring the

month of May. The city experiences hot weather during the daytime for 8 months with
maximum temperature above 30 °C. Despite the harsh temperature, it is observed that
the streets are considerably a few degmeser than the overall temperature of the
region due to the shadow cast by the buildBigabnaprarthana & Bhansali, 202ILhe
streetscape houses building up to two or three storeys high and often share a wall
between the bldings.
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Figure 2. 10 Streets of Jaisalmer,
(Timbukutu travel)

The streets are generally narrow not more than 8m wide. The buildings cast a shadow
onto the street thus saving pedestrians from harsh overhedgsliscm every house on

both sides of the street follows this in harmony, the street achiewesra climate

which is significantly cooler than the averag

&

microclimate of the region. The temperature of t 'F'gr;_, ¥
—_—

street is pleasant as

making the air sufficiently cool and moist.

Mawa patti street lies in old Bikaner. The stre &
width is appraimately 3m to 3.5m wherea: 5"
building height varies from 9m to 15¢Suthar,
2020) The aspect ratio of the streets of Mawa p:
varies from 3 to 5. The street canyon developet
deep canyon hence provides maximum shading
the street leading to comfortable streets i

pedestrians.

Figure 2.11 Street of Mawa Patti,
Bikaner
(Suthar, 2020)
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2.4. Building Byelaws

While carrying out building construction operations, a precise set of regulations must
be observed, as is true of any type of development. This precise collectstrigtions

that builders must follow in real estate is known as buildinglays, and they are
intended to provide orderly growth in citie€ities will face excessive coverage,
encroachment, and unplanned expansion in the absence of buildifayisyeesulting

in chaotic situations, annoyance for users, andegé#sd for building aesthetics.
Building byelaws, which are largely formulated by a central body, guarantee that
projects are not only safe but also meet aesthetic criteria. In that sensgotrezsghe
construction and architectural components of building activity. Buildingdoye also
control open space allowances in a project, with the goal of preventing developments

from turning the city into a concrete jungle.
2.4.1. Ground Coverage

The ratioof the building area divided by the land area is ground coverage by building.
Building area means the floor space of a building when looking down at it from the sky.

It is calculated by
Ground coverage (%) = (Building area/Land area) x 100
2.4.2. Floor Area Ratio

The ratio of total floor area divided by land arethisfloor area ratio. Here, total floor

area refers to the total amount of floor space in a buildling calculated by:
FAR = Total floor area/ Land area
2.4.3. Height of building

Building height is defined as the average maximum vertical height of a building or

structure measured at a minimum of three equidistant places along each building
elevation from completed grade to the highest point on the building or structure

(division, n.d.)
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2.4.4. Relationship between Ground coverage, FARand Height of building
Ground coverage (%) = (Building area/Land area) x 100
Maximum ground coverage area = (Ground coverage (%) x Land area)/100
FAR = Total floor area/ Landrea
Total floor area = FAR x Land area
Area of one floor = Total floor area/ allowable ground coverage Area
No . of storey = Total Floor Area/ Area of one floor
2.4.5. Setback

The term "building setback" means the required separation between a street line

(and/a right-of-way line) and a building or structufPevelopment, n.d.)

2.4.6. Bylaws of Lumbini Sanskritik Municipality

Building Type Land Area Maximum FAR
ground coverage

Residential Upto 250 sg.m 70% 2.5

Residential More than 25Gq.m 60% 2.5
Commercial cum Residentig  Upto 250 sq.m 60% 3
Commercial cum Residentig More than 250 sq.n 50% 3

School, College 40% 1.25

Polyclinic, Nursing Home 35% 1.25
Hostel 50% 2

Table 2.5 FAR and Ground Coverage
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Setback

The minimum setback for highwagadsis 6m while forinner roads the minimum

setback is 1.5 m.

Building Type Minimum Setback (m
Front| Sides and bac
Residential 1.5 1
Educational 5 3
Institutional 5 3
Theatre, community ha| 15 6
Commercial 5 2
Hotel 5 2
Star Hotel 10 3

Table 2.6 Setback for Lumbini Sanskritk Municipality

The minimum storey height for residential type is 2.9rtre maximum permissible
height ofthebuilding is 17m.

Shadingdevices used for rain and sun protection must be less than 1m in length and

must be placed under setback.

The height of the boundary wall shall not exceed 4 feet when built with brick or stone
masonry. If necessary, a 3ft height may be added with wire.mesh

2.5. Classification of Roads

Roads can be simply classified into four categories regarding the function and traffic

and they are:

2.5.1. Arterial Roads:

For arterial highways, the right of way extends up to 50 meters and includes a bicycle
lane in addition tdour lanes for vehicles. Separate pedestrian pathaveyesvailable

30



Optimizationof street aspect ratio for pedestrian comfort in hot hnchid climateof Nepal

howevercrossingare allowedonly at certain locations. Activities including parking,

loading, and unloading are often regulated and limited.
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Figure 2.12 Typical section of arterial roads
(Nepal Urban Road Standard 2076)

For sub arterial highways, the right of way extends up to 30 meters and includes a
bicycle lane in addition to two lanes for vehicles. Separate pedestriangyat are
available however crossing are allowed only at certain locations. Activities including
parking, loading, and unloading are often regulated and limited.

ERIA

Figure 2. 13 Typical section of sub arterial roads
(Nepal Urban Road Standard, 2076)

31



Optimizationof street aspect ratio for pedestrian comfort in hot hnchid climateof Nepal

2.5.2. Collector Roads

A collector road is one that is designed to both provide access to arteratisudl
roads and to collect and distribute traffic to and from local rdddemally, collector

roads are found in residential zonedosiness areas.

Figure 2. 14 Typical section of arterial roads
(Nepal Urban Road Standard, 2076)

2.5.3. Local Road

A local road is one that is primarily designed to provide access to nearby homes,
businesses, or othproperties.

Figure 2. 15 Typical section of arterial roads
(Nepal Urban Road Standard, 2076)
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2.6. Previous research findings

Kushol, et al., (2013studiedthe effects of street morphologstreet orientation and
aspect ratiopn the microclimate comfort criteria for outdoors in warm humid Dhaka
and found out deep streednyonsare suitable for N5 streets and shallow street
canyons foE-W streets wit theprovision of tree shading. Alséront setbacks should

be minimum to ensur@eep canyon along the-8ldirection while front setbacks should

be maximum tocreate wide canyon along the EW direction. They suggested to place
the open space adjacent to the street for plots alongsieet creating canyon of low

H/W ratio while at the rear side of the building in plots adjacent to tBerdhad.

Mohajeri, et al. (2019) concluded that the street surfaces receive the highest solar
radiation when the aspect ratio is ldtvwwas observed that the thermal comfort at the
pedestrian level is highly influenced by street design due to amount radiation received
by streetsurfaces.

The study carried out in hot and arid city of Riyad, Saudi Arabia evaluated the thermal
performance of urban canyons with H/W ratios of 2.2 and 0.42. Bakarman and Chang
(2015) concluded that the exposure of the urban surfaces to the solaroradsat
function of H/W ratio and orientation of canyon. The aspatio and orientation
determines the quantity of solar radiation incident thus affecting the ambient surface

temperature of street. The temperature increase with the decrease of &ispect ra

(Nasrollahi, et al., 202@n their study talevelop strategies to mitigate heat to improve
pedestrian comfort found mean radiant temperature has the greatest effect on outdoor
thermal comfort among other factors such as wind speed and humidity. Hence,
strategies that reduce mean radiant temperatuote as shading are more effective way

ti improve pedestrian comfort.

The effect of street design on pedestrian comfort was experimentally investigated by
JameiandRajagopalarf2019).They reported that diurnal air temperature is decreased
with the incease in aspect ratio. However, it is more perceptible in$BAbriented
streets and least perceptible iW\Eoriented streets. Similarly, they suggested shading
through building is the key strategy for promoting pedestrian comfort because it leads

to redution in the ansorbed radiation by a standing person.
33



Optimizationof street aspect ratio for pedestrian comfort in hot hachid climateof Nepal

Johansson (2006hvestigated the influence of urban geometry on outdoor thermal
comfort by comparing an extremely deep and a shallow street canyon in Fez, Morocco.
The continuousneasurements showed that, by day, the deep canyon was considerably
cooler than the shallow onn summer, the maximum difference was on averal§e 6

and as great as X0during thehottest days. It indicatébat inhot and dry climates, a

compact urban ésgn with very deep canyon jseferable

De and Mukherjee (201&)vestigated the impact of different orientations and canyon
aspect ratios to improve strdevel microclimate in a warm humid climaté canyon
aspect ratio of 2.5 with taller buildingmdgreater spacing in between them is optimal

in terms of human thermal comfort at the pedestrian level.

Muniz-Gaal, et al. (2020) studied whether geometric parameters of urban street canyons
affect their microclimates and pedestrian thermal comfort amdated thatcanyons

with higher aspect ratio increase the wind speed and shading by buildings, thereby
improving the thermal comfort at the pedestrian level.

Ali-Toudert and Helmut Mayer (2006) discusdbé contribution of street design
towards the devefament of comfortable microclimate at street level for pedestrians.
They concluded that in subtropical latitudes, shallow aspect ratio is highly stressful and
almost independent of orientatiolm contrast, high aspect ratio combined wittSN

orientation povides much better thermal environment.

Shishegar (2013) analysed the effects of street geometry and orientation on airflow and
solar access in urban canyarsd concluded that aspect ratio affects the quantity of
solar energy obtained by street facadescrBasing the aspect ratio increases solar
access in the street and street orientation hardly influences the amount of solar radiation
of the canyon.

Chatzidimitriou and Yannas (2017) studied the influence of canyon aspect ratio and
orientation on micrdanate andoutdoor comfort and observed differences upto 22K
due to canyon orientations ans 4K due to aspect ratio in summer midday while 4K and

7K respectively during winter.
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Johansson and Emmanuel (2006) discussed the influenced ofcaimgeh geometry

on outdoor thermal comfort i@olumbo, Srilanka wherdhey studied different urban
geometry on five sites of Columbo. Thelyserved deeper street canyons provide shade
at pedestrian level creating comfortable pedestrian street howevercategms are

seen not preferable in polluted areas since dispersion is less effective in shallow

canyons.

RodriguezAlgeciras, et al., (20183tudied the effect of asymmetrical street canyon
profilesin warmthumid climate of Cubaimulating urban settingsith five different

aspect ratio and four street axis orientation. They found o«& dxentation provide

the best comfort for pedestrians if the aspect ratio for east facing side is greater than 2.
Similarly, for EW orientation, deep canyon are recomdehon the south facing side

Andreou and K. Axarli (2012) investigated urban canyon micrclimate in traditional and
contemporary environment experimentally and parametrieaitydiscovered that the
increase of building height by one storey which equaisd@ase of aspect ratio from

0.92 to 1.3 leads to decrease on ground temperature by 3°C.

Lee, et al., (2018) performed a detailed evaluation and comparison of three shading
strategies: shade from building, from tree and from an umbrella and found duigsha
by building as the most effective strategy and recommend the cities to de designed in a

way to have deeper canyons.

Toudert (2005) investigated street geometries including various aspect ratios, solar
orientation and number of design detail$-neiburg, Germany and Ghardaia, Algeria.

He concluded that wide streets which has less or equal to 0.5 aspect ratio are thermally
uncomfortableduring the largest part of daytime. By increasing the aspect ratio, PET
maxima decrease noticeably fé+S streetsgbout 58 °C) whereas still by 66 °C for E

W canyons.

(Muniz-Gaal, et al., 2020ytudied whether geometric parameters of urban street
canyons affect their microclimates and pedestrian thermal comfoneagdled that
canyons with higher aspect ratios had increased shading from buildings, which
decreased the variation in thermal corm&ensation during the day and lowered the

peak PET values, thereby improving thermal comfort at pedestrian level, especially in
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summer. Furthermore, they claimed that the increase in the aspect ratio decreases the

maximum air temperature.
2.7. Methodological review

The majority of research investigations have taken one of two methodologies, or a

combination of these two approaches:

I.  Experimental studies

ii.  Numerical modeling studies

Field studies in the area of outdoor thermal comfort are limited in quantity dbe to
large number of urban elements and processes involved in street design. As a result,
numerical methods outperform large field measurements, which are limited by a
multiplicity of variables and processes. Arnfield (2003) agree that numerical
simulation which is defined as a methodology perfectly adapted to dealing with the

complexities and ncfinearities of urban climate systems, is gaining in favor.

In addition to the urban microclimate changes, only few microclimate models examine
the resulting thenal comfort. This is primarily due to the difficulty in determining the
radiation fluxes from a human body's surrounds in complicated urban locations. The
problem of modeling outdoor thermal comfort is thus frequently addressed using
simplified methods,n which many climatic processes are omitted and substituted by
data entered by the user (for example, daily wind speed, air temperature, or humidity)
(Ali-Toudert & Mayer, 2006) Several researchDe & Mukherjee, 2018;
Abdollahzadeh & Biloria, 2020; AllToudert & Mayer, 2006; Chatzidimitriou &
Yannas, 2017; Jamei & Rajagopalan, 2019; Makaremi, et al., 2012; 1@aaiz et al.,

2020; Qaid & Ossen, 2016ave used the CFD tool Erwiet since it is one of the first
modelsto attempt to simulate the primary atmosphgsiocesseghat determine

microclimate

Only a small percentage of studi@akarman & Chang, 201%ucceed in achieving

their goals through experimental research. A series of merasuats were taken on

specific days to investigate the influence of aspect ratio and shading effect. The ambient

air temperature was the key climatic parameter measured. In order to determine the
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aspect ratio, the detail of the street section was alsouneehd_in, et al., 2010}Yook
field measurements in a variety of sites with varying levels of shadowing and also

conducted a questionnaire survey to assess thermal comfort.

Both experimental study and numerical simulation weed in some of the researches.
Field surveys were conducted Bjohansson & Emmanuel, 200&hd (Johansson,
2006) who used RayMan software to calculate PET and M&Rmilarly, many studies

(De & Mukherjee, 2018; Abdollahzadeh & Biloria, 2020; Aloudert & Mayer, 2006;
Chatzidimitriou & Yannas, 2017; Jamei & Rajagopalan, 2019; Makaremi, et al., 2012;
Muniz-Gaal, et al., 2020; Qaid & Ossen, 2015) included field surveys as well as

simulations utizing the Envimet software.
2.8. Software used

In order to carry out research projects in the field of architecture, there are basically two
methods: Experimental Setup and Simulation Research. In the experimental setup, a
real case model is developed and within constrained conditions experiments are
performed, whereas, in simulation research virtual modelling of the real case scenario
is done and simulation is carried out in digital framework. In simulation research, the
real time data can be collected and used for accurate results. Experimentehraseéar
simulation research both have their pros and cons which decide their use in a certain
field.

Advantages

a. Experimental Research
a. It gives more accurate results as compared to simulation research
b. Multiple scenarios with different variables can utdized at the same
time
c. ltis versatile in nature and can be used in multiple sectors
d. The results can be verified easily and also be duplicated multiple times
b. Simulation Research
a. Requires less investments than experimental research
b. This research can barmried out with just a computer in any location
c. No foreign elements can affect the experiment
d. The experiment and research can be obtained faster than experimental
research
e. Doesndt requi r eobjectsororiganismme nt of r eal
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Disadvantages:

a. Experimenal Research
a. Requires high investment throughout the research
b. The external variables are very difficult to control
c. Requires a standard laboratory condition to be carried out
d. Same results may not be obtained in each iteration which increases the
workload.
e. The accuracy depends upon the human precision which is not always
100%.
f. The results are affected by the subjectivity of the human participants.
b. Simulation Research
a. The accuracy of the result is heavily dependent on the computation
power.
b. The results alwayseed to be validated through either numerical or
experimental modelling
c. Heavily reliant on the information provided by the developers of the
software.
d. It cannot comprehend real life response of living subjects in research.

2.8.1. ENVI-met

ENVI- Met, a tridimensional model that models the interactions of the surface
vegetatioratmosphere and provides simulations for the microscale dimension, is one
of the most welknown tools for urban climate modeli{@usson & Duae, 2016,) It

is a Computational Fluid Dynamics (CFD) model that simulates the interaction between
the built form, green cover and microclimate of urban setup in three dimensional grids
(De & Mukherjee, 2018)ENVI-met models microclimatidynamics in complex urban
structures, such as buildings of varied shapes and heights, as well as vegetation,
throughout the course of a day cy(hi -Toudert & Mayer, 2006)

Through simulation, this program enables for tk@ngination and measurement of the
impacts of urban planning and architecture on outdoor microcli(@Batese & Fleer,
1998, ) EnviMet is remarkable for its capacity to mimic variations in solar radiation
by constructing buildigs and materials in a specific location's surround{iiddel,

et al., 2014) This program also calculates the impacts of vegetation, such as the
potential temperature of leaves, by taking photosynthetic rates, soil moighieatc

and local evaporation rates irdocountBruse & Fleer, 1998; Bruse, 2004)
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One of its key advantages is that it reproduces the main atmospheric processes that
determine microclimate, such as wind, turbulence, radiation fluxes, air temperadure, an
relative humidity, utilizing fundamental thermodynamic and fluid mechanics rules
(Duarte, et al., 2015; McRae, et al., 202&rpm a microclimate standpoint, the models
analyze daily cycles in complex urban structures, including buildings and plants of
various forms and sizd€ardenas & Silva, 2018; Alfoudert, 2021)ENVI-Met has

been used in a number of studies to simulate- gieamd air temperatures and to better
understand the influence of urban design on microclimate (Toudert et.al.,2006; Aslam
& Rana, 2022; Tsoka et.al.,2018; Salata et.al.,2017). This program may be used to
simulate scenarios, often evaluating the advantages of NBSs, and its results can be used
as a reference for urban design, with the goal of reducing the impacts of heatirsland
urban settings and enhancing user thermal comfort (Maleki et.al.,2016; Evola
et.al.,2017; Tsilini et.al.,2015; Morakinyo and Lam, 2016; Lobaccaro and Acero;
2015).

ENVI-met is a microclimate modelling system with high resolution. It is a three
dimensonal microclimate model developed to replicate surfdlaatair interactions

in urban contexts, with a typical spatial resolution offd.and a temporal resolution

of 1- 5 sec. Architecture, Landscape Architecture, Building Design, and Environmental
Plaming are just a few examples of typical applicatidasvi-met can calculate air
temperature, surface ground and wall energy budgets, wind velocity, andvakiert
radiation flux(Qaid & Ossen, 2015)The input data foenvimet software are:

position and height of buildings

position of plants

distribution of surface materials and soil types

position of sources

position of receptors

geographic position of the location on earth (Emé&t 3.1 manual contents)

=2 =4 4 4 -4 A

ENVI-met, abhreedimensional microclimate simulation model, enables users to create,
simulate, anénalyzethe influence of various NBS on the urban microclimate for any
urban environment in every temperature zone throughout the world, from the tropics to
Central Eurpe and the northern regions. ENMeet has been verified in over 3.000
scholarly articles during the last 20 years. ENW8t is a prognostic model based on
the fundamental laws of fluid dynamics and thermodynamics. The model includes the
simulation of:

1 Flow around and between buildings

1 Exchange processes at the ground surface and at building walls
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Building physics

Impact of vegetation of the local microclimate
Bioclimatology

Pollutant dispersion (MET, 2022)

= =4 =4 A

It is the most frequently used urban environmeaotieh, with climate researchers using

it in a variety of climate areas, including tropical climates and has been used in many
aspect ratio researches (De & Mukherjee, 2018; Abdollahzadeh & Biloria, 2020; Al
Toudert & Mayer, 2006; Chatzidimitriou & Yann&§17; Jamei & Rajagopalan, 2019;
Makaremi, et al., 2012; Muni@aal, et al., 2020; Qaid & Ossen, 2015).

Simply put, the software requires fewer parameters and estimates all critical
meteorological characteristics such as air and surface temperaturésspggd and
direction, air humidity, shonvave and longvave radiation fluxes, and the mean
radiant temperature required for comfort studfds-Toudert & Mayer, 2006)

2.8.2. Sketchup

SketchUp is a usdriendly 3D modelling toothat allows you to create and edit 2D and

3D models using a proprietary "Push and Pull" approach. Designers may use the Push
and Pull tool to extrude any flat surface into 3D forms. All you have to do is click an
object and pull it till you like what youeg. SketchUp is a 3D modelling application

that may be used for a variety of tasks such as architectural, interior design, landscape
architecture, and video game design, to mention a few.

The software offers drawing layout capability, surface renderirtdycampatibility for
third-party Extension Warehouse plugins. The program has several uses, including
architectural, interior design, gardening, and video game design. Sketchup is also
popular among users who wish to create, distribute, or download 3D srfodeise

with 3D printers.

@Last Software invented Sketchup in 1999. Google purchased SketchUp in 2006 after
@Last Software built a Google Earth plugin that piqued Google's interest. Trimble
Navigation (now Trimble Inc.) purchased Sketchup from Googk®i? and enhanced

the software by introducing a new website hosting plugins and exter(Siane,

2018,)
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Solar Analysis in Sketchup

Any structure may be solar analyzed in Sketchup by first creating a 3D model of it via
the user interface. Geolocation is used to input the location and solar angle into the
program. The site's GIS coordinates, a satellite picture, and associated landscape are
integrated into the model. Sketchup has a feature that allows users to prajegisha

at different times of day and on different days of the year, which may be used to do

solar research.

3. Chapter 3. Methodology

3.1. ResearchFramework

The researcls carried out in three phases basically, starting from literature review
which includes a geal description of street design and its relationship with
microclimate, aspect ratio and solar access. The second phase deals with the field study
and computational simulation using data from existing urban configuration. The

findings will be evaluatedral validated using field data.

‘ Literature Review ‘

|

Case Study
Identifying existing Urban Configuration
I

! '

Field Study and measurement Questionnaire Survey
Air Temperature Thermal Assessment
Aspect Ratio
Existing Shadings
Street Section Detail

Parameter Setting
Climatic Condition
Simulation Time
¥
Computational Simulation

Envi-met

Validation

F 3

Chart 3. 1 Flowchart of Methodology
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To carry out the research, both qualitative and quantitative data will be examined. A
gualitative analysis will be performed to review and develop theorgicakptions of
street design and aspect ratio. Individual perceptions of outdoor thermal comfort and
thermal sensation will be included in qualitative dat@anwhile, the research will
conduct both an experimental study and a numerical simulation toniteteihe results.

3.2. Research Methodology

This study employs a mixed methodology that includes a literature review, survey
research, and simulation research. A thorough examination of the literature was
conducted, referring to prior research articles and papers published on the issue. The
survey esearch is the process of doing research by conducting surveys to targeted
respondents and then evaluating statistically to get significant study results. Thus, a
structured questionnaire survey was administered to pedestrians in the selected street
of Lumbini Sanskritik Municipality. A total of thirtwo samples were gathered over

the course of two days in June.

Another methodology used was simulation research. Simulation research stand for the
researchdone by replicating exact same conditionsn compute assisted virtual
environment to determine the results. This research used-BENVBE.03 software

student version for the process of simulation.

3.3. Research methods

3.3.1. Questionnaire survey

A structure questionnaire survey was conducted with the pedestritims selected
street of Lumbini Sanskritik Municipality. Total diirty-two samples were collected
for two days June 16 and 17he first of two days was partially overcast, while the
second was sunny. The questionnaire consisted of three sections a@mmodetails,

thermal sensation survey and location related parameters.
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Figure 3.1 Conducting questionnaire survey

3.3.2. Field Survey

On the 1% and 18" of June, a complete field

inspection was conducted along the selected ro:
section. The field measurement primarily _
consisted of measurement of road sectio
(length, width, and topography) with the help of
laser measure (NOYAFA NF 271) and a standar {f
50 m measuring tape (Fibreglass Measuring
Tape) along with the surrounding building |
height. The temperature and humidity of the sit |
were measured from 17th June at 7:00 hrs to 1

minute of the 24 hrs. timegpiod. The data logger logger

used was Onset Data logger (model no: MX2302A). The data logger was placed in the
premise of a grocery shop due to safety and security region at a height of around 3m
with the sensor hanging around 50cm below the device in theraiefasurement of

the required atmospheric data.
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3.3.3. Simulation

To determine the resultthe exact conditions of the sias simulated using ENVI

met 5.3 student version. The simulation time was determined by analyzing the climatic
conditions and the recordéeimperature humidity data from the site. The other input
variables were exactly the same as the street section. For the improved results, different
scenarios were created and simulated accordingly. The simulation was run for several

times to ensure the egracy.
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4. Chapter 4: Study Area

The research site was chosen in Nepal's Lumbini Province, Rupandehi District, which
is located in the Hot and Humid Climatic Zone. The stimbk place at a street right
outside the Lumbini Masterplan Area, where a street section of 10@8nselected
Thefirst 300m of street is oriented towarddNEdirection whereas the remaining 700m

is oriented NESW.

4.1.Introduction to site

Lumbini which is the birthplace of Siddhartha GautaBaddha in the 7th century BC,

is located 22 kilometers west of Siddharthgara(Bhairawa). In 1967, U Thant,
SecretaryGeneral of the United Nations, visited Lumbini and urged that it become a
significant pilgrimage and peace destination. U Thant, a devout Buddhist from
Myanmar, also felt that Lumbini should be built as a megpiage for religious and
secular leaders to collaborate in order to build a world free of hunger and strife. As a
result, the United Nations established a-mi@&mber International Lumbini
Development Committee. The Master Plan was designed by renownedcrklenzo
Tange and was approved in 19E$SF, n.d.) The Lumbini Master Plan, spread in an
area of 1x3 square mile, oriented along the nsadilth axis, encompasses three zones
(1) the Sacred Garden, (2) the Monastic Zone, and (3) the New Lumbini Village, based
on the notion of the path to enlightenmerdck of the zones covers an area of a square
mile (LDT, n.d.)

@f¥aeht s A6 (Lumbini Master Plan)

Figure 4.1 Lumbini master plan
((LDT, n.d.)
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Lumbini Sanskritik Municipality is one of the municipalities that is predicted to grow
fastin the future due to the development potential of housing the world heritage site of
Buddha's birthplace.umbini Sanskritik Municipality was founded by merging the
existing Lumbini Adarsha Village Development Committee with six additional Village
Developnent Committees, namely Bhagawanpur, Tenahawa, Ekala, Khudabazar,

Madhuwani, and Masina.

Lumbini Sanskritik Municipality L

mwee B 3'180E

North coverage :
27°23°40"t027 32" 30

East coverage
83°13°0"1083°20" 0"

Figure 4.2 Lumbini Sanskritik Municipality Map
(source: Lumbini Sanskritik Municipality)

The location is on the eastern edge of the sacred garden area. The roadway runs from
Gate No. 5 to Mahilwar Chowk and goes to Lumbini's villagédse street near the
Lumbini masterplan is made up of hotels and lodges with very few residences. The
street wilth is13.7m (45)), with a2m (6.5) pedestrian sidewalk, while the surrounding
buildings have 1 to 5 storeys. Because the average height ofsdoopestructure is

3.3m @0-1 0 ,dhe maximum height of a building on the stregtGm 64').
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, -

Figure 4.4 street view towards
north
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Lumbini
Masterpl:

Figure 4.6 Street map

The residential and commercial houses around that particular street was considered for
aspect ratio calculation and further study. The sectionfAigtaken from the building

which is the tallest among the 100 mestr section considered for this study.on the
southern side of the road has two storey building of height around 6m which is the
average height of building around that area.

% 15m

i
5
I
I
—_—

Figure 4.7 Section at AA
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4.1.1. Aspect ratio Calculation

Storey | height of | Street Pedestrian Aspect
Building (in m) | width (m) | Walkway (m) ratio

1 3.3 13.7 1.9 0.19

2 6.6 13.7 1.9 0.38

3 9.9 13.7 1.9 0.5%6

4 13.2 13.7 1.9 0.75

5 16.5 13.7 1.9 0.4

Table 4.1 aspect ratio available in the street

The aspect ratio in the roadway is fairly low, and the canyon forms a shallow canyon.
The shading on the street is determined by the aspect ratio. The greater the value of the
aspectatio, the more shade in the street. However, because the aspect ratio is low on
this specific street, shading by the building is not conceivable if the aspect ratio is

maintained as it is.
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5. Chapter 5: Analysis and Findings

5.1 Climate Analysis of Lumbini

Climate data for the Lumbini region are acquired from a variety of sources. Secondary
data sources included the Department of Hydrology and Meteorology (DOHM) in
Nepal, as well as data from World Weather Online and Meteoblue, whicblketed

and analyzed. The Department of Hydrology and Meteorology does not have data for
2019 or 2020. Hence, data from 2010 to 2021, except 2019 and 2020, is utilized for

climate analysis.
5.1.1. Data from Department of Hydrology andM eteorology

a) Temperature

o 20102021

35.0 342 342 337 359
30.1
30.0 29.0

25.0
21.4 g2->

20.0
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5.0
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e \||N MAX

Chart 5. 1 Temperature from DOHM

The maximum average temperature of 10 years is 36.8°C in May and the minimum
average temperature is 8.47°C in January. From March through October, the maximum
temperature exceeds 30°C, and thedst temperature exceeds 15°C. From November

through February, the temperature falls below 15°C, while the maximum temperature

rises beyond 20°C.
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From March to October, the region has a hot climate since the temperature here exceeds
30°C. In June and Mayhe average maximum temperature is 36.8°C. In January, the
average low temperature is 8.5°C. The appendix contains extensive temperature data

for the last ten years.
b) Humidity

In January, the region's average maximum humidity is 91.47 percent, whileiin Apr
the average lowest humidity is 66.79 percent. The appendix contains humidity data for

the last ten years.

Average Monthly Humidity (202D10)
87.67

100.0091.48 91.01 8699000 86:65 88.72

82.29
90.00 86.50 27.30 89.21

5.39
80.00 84.54 81.19
70.00 75.89 79.47 79.50

60.00 83.98 74.84 81.94 NN
69.92 ;
50.00 S5

40.00 66.79
30.00
20.00
10.00
0.00

90.82
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Chart 5. 2 Humidity data from DOHM

c) Rainfall

The region has rainfall above 80mm from May through September. Duringtidel
average maximum rainfall is 379.3mm which is the highest. In November, there is no

rain. The appendix contains rainfall data for the last ten years.
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Average Rainfall for the year 202010

400 379.3
350 332.11

300
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150 90.
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16.88
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Average Rainfall

Chart 5. 3 Rainfall data from DOHM

5.1.2. Data from World Weather Online

a) Temperature

Lumbini Garden

Max, Min and Average Temperature (°c)
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Chart 5. 4 Temperature data from World weather Online

According to the graph, the highest temperature exceeds 40°C. Throughout the year,
the average temperature ranges from 39°C to 19°C. Throughout the 10 years, the
average temperature did not go below 10°C.
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Average Temperature (°c) Graph for Lumbini Garden
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Chart 5. 5 Monthly Average Temperature data from World weather Online

The graph indicates that the hot climate in the Lumbini region begins in March and lasts
until October. May hadie highest average maximum temperature of 40°C. In January,

the lowest average temperature is 13°C. It indicates that temperatures in the region
exceed 20 degrees Celsius for nearly eight months, from March to October. Throughout

the year, the temperatudees not fall below 10°C.

b) Rainfall

Average Rainfall (mm Graph for Lumbini Garden)
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Chart 5. 6 Monthly Average Rainfall data from World weather Online
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The chart indicates that the region receives more than 4&9maim in July. From June
through October, the area receives more than 10mm of rain. From November through

March, there is no or very little rain.
c) Wind Speed

Lumbini Garden
Average and Max Wind Speed and Gust (kmph)
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Chart 5. 7 Wind speed data from World weather Online

Maximum wind speeds in the area exceed 20 kilometers per hour. The average wind
speed is between 15 and 5 kilometers per hour. The greatest average gust speed is

greater than 15kmph.
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d) Humidity and cloud

The region's average humidity level surpasses. 7l0% humidity is high from July to

September and low from March to May.

Lumbini Garden
Average Cloud and Humidity (%)
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Chart 5. 8 Humidity data from World weather Online

e) Sun hours and sunny days

Average Sun Hours (Graph for Lumbini Garden)
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Chart 5. 9 Monthly Average sun hours and sunny dgs data from World weather Online
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Every month of the year, the sun shines for more than 320 hours. The average number
of bright days is more than 240 hours from November to March and less than 160 hours

in July and August.

5.1.3. Data from Meteoblue Weather

a) Temperature

meteoblue
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Chart 5. 10 Monthly Average Temperature data from Meteoblue weather

From late February to early November, the weather is scorching. From April through
June, the temperature approaches 40°C. During thes¢hsnotine temperature
fluctuates from 20°C to 40°C. Temperatures vary from 35°C to 25°C from July to
October. In January and December, the temperature drops below 10°C on some days.

This region's climate is generally hot.
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b) Windspeed
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Chart 5. 11 Monthly Average Temperature data from Meteoblue weather

The average wind speed is between 2kmph to 4kmph throughout the year.

The climate in the Lumbini region is hot, with temperatures above 20°C for eight
months of the yeagccording to all three meteorological data sets. May through July
are the warmest months, and January and December are the coldest, with temperatures
seldom falling below 10°C. Throughout the year, the sunlight hour exceeds 320 hours
and theaverage humidy is greater than 70%. In July, the region receives more than
480mm of rain, however in June, there is nil or little rain between November through
March.

5.2. Questionnaire survey

The questionnaire survey was conducted over the course of two days in Jers(Jun
and17). A total ofthirty-two samples were obtain&chere all of the respondents were
pedestrianswith thirteensamples collected in the morning{{ five samples collected
between @am and 1@m, eleven samples collected betwegmRand 3om, ard three
samples collected after@n. The first of two days was partially overcast, while the

second was sunny.

When asked how they felt at that very moment, those who responded in the morning
felt cool, slightly cool, neutral, and slightly warm, wherdasse who responded after

9 a.m. felt neutral, slightly warm, and hot. In replies received in the afternoon, 6 were
for hot, 4 were for warm, and 1 was for somewhat warm. After 6 p.m., respondents

reported feeling slightly cool.
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Thermal Feeling

Cool Slightly cool ~ Neutral  Slightly Warm ~ Warm

N W A~ 01O

=

® Morning (6-7) m Morning (after 9) m Afternoon (after 2) m evening (after 6)

Chart 5. 12 Thermal feeling survey data

The respondents perceived an acceptable temperature environment in the morning and
evening, while after 9 a.m., the acceptance range was greater than-ieraptance
range, and after 2 p.m., it wagpposite. Six respondents found the temperature

environment intolerable.

Thermal Acceptance
14
12

10

o im ll a

Morning (6-7) Morning (after 9)  Afternoon (after 2)  evening (after 6)

A O 0

N

m Acceptable m Not Acceptable

Chart 5. 13 Thermal Acceptance survey data

Few individuals find Lumbini's thermal condition to be comfortable. The majority of
the respondents' responses were unpleasant. There were just a few persons who felt
completely at ease.
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Comfort Level

B

= Just right = Little uncomfortable= Very uncomfortable

= uncomfortable = comfortable

Chart 5. 14 Comfort level survey data

Only four respondents said their outside stay was unaffected by the temperature outside,
while 27 said the temperature interfered with their outdoor visit. They like to spend

their time outside in the evening or the morning.

Temperature interference in outdoor stay

= Indifferent = Detrimental = Very detrimental

Chart 5. 15 Temperature Interference in Outdoor stay survey data

Respondents did not wattt go outside in the afternoon. The majority of them prefer
to walk outside in the morning, but there was also a positive reaction in the evening.
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Preference time for outdoor visit

= Morning = Evening

Chart 5. 16 Preference time for outdoor visit survey data

According to the respalents, the warmest months are Baisakh and Jestha. They have
a scorching environment for over 5 months, beginning with Baisakh. Poush and Magh
are the coldest months, with temperatures remaining mild for five months beginning
with Kartik. The findings forChaitra were divided; respondents reported a warm to

somewhat cold thermal climate.

Thermal Sensation By Month
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EHot mwarm m Slightly Warm = Less Warm m Slightly Cool m Cool mCold

Chart 5. 17 Thermal sensation by month survey data
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5.3. Simulation

5.3.1. Simulation scenarioson basis of Aspect Ratio

There are nine scenarios developed in all to establish the optimal aspect ratio for Nepal's
hot and humid climate. The aspect ratio of the streets is increased from 1 to 3 in two
directions regarding the streets. Although the base case or actual oneofatie
selected street is east and west, the best aspect ratio is determined for the north south

orientedstreet forgeneral usage of aspect ratio in future design and planning.

Scenario Name Aspect ratio Orientation of street
Base case 0.190.96 East-West

AR1 (a) 1 East-West

AR1.5 (a) 15 East-West

AR2 (a) 2 East-West

AR3 (a) 3 East-West

AR1(b) 1 North- South

ARL1.5 (b) 15 North- South

AR2 (b) 2 North- South

AR3 (b) 3 North- South

Table 5.1 Simulation scenarios

5.3.2. Sensitivity Analysison basis ofOrientation

With an interval of 10° counterclockwise, the optimal aspect ratio is simulated in
several orientations. By turning the model 180 degrees counterclockwise while
maintaining the same aspect ratio of 1.5, a total of eighteen scenarios were created.
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Figure 5.1 scenario on the basis of orientation

The street layout was firstly simulated in 0/180 degrees and 90/270 degrees. The
remainingangles were calculated to cover all four quadrants of angular distribution,
meaning, each angle is supplemented with another efiégfee angle. So, by covering

180 degrees of angles we can cover the remaining 180 degrees at the same time. So,
keeping thain mind, 18 simulation scenarios were introduced to analyze the best street
orientation for the site area.

5.3.3. Simulation Settings

The simulation process is carried out in Emat 5.3 Software Student version. The

simulation setting is same for all the scenarios.

a) Simulation Materials

The model is a block model of the location. The road is asphalt, while the pedestrian
walkway is coicrete gray block pavement. The building' s walls are made of burned
brick, while the roofs are made of concreteorder to simulate the model as a real case
scenario, the materials of the involved objects are taken as same as that in the field.

Default Settings for Walls and Roofs

Wi all b aterial: |E [01008 2] Brick wall [burned] e |

Floof Materia: | B3 [0000CS] Corcrete 'wall [cast dense) |

Figure 5.2 Default settings for walls and roofs
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a) Simulation Date
The 24th of June was chosen as the simulation date since it had dtesigre
temperature measured during the field visit. The simulation lasted 13 hours,

beginning at 6:00 a.m. and ending at 18:00 p.m. The following are the day's

Air Temperature and Humidity Manually adjust values
= Ajr Temperature| Time T rH

-=- rel. Humidity 00:00 30,52 78.39

01:00 30,14 7768

02:00 29.55 81.16
03:00 29.59 81.46
04:00 29.27 83.46

e, . 05:00 2929 8436
0012 3 45 867 8 810 1:10:1? 13 14 15 16 17 18 19 20 21 22 23 06:00 29.45 84,55

Temp ("C)

07:00 31.50 76.08
08:00 3297 68.75
09:00 34.51 61.68
10:00 36.38 55.62
11:00 37.62 51.66
12:00 38.60 48,77
13:00 39.60 45.28
14:00 39.79 45.47
15:00 37.86 50,18
16:00 35.94 55.47
17:00 32.43 69.21
18:00 32.15 71.56
19:00 32.16 71.49
20:00 32.13 72,63
21:00 32.06 73.02
22:00 3197 73.20
23:00 30.83 73.73

Figure 5.3 Temperature and humidity data for simulation

Lumbini Garden

Historically, June M is one of the hottesi Historical Weather on 24™ June over the years
I “mm
2%

jeather
2000 ¢ Gkmh  02mm  33% 17% 1000
hyix E mb

days in the case of LumbinSanskritik

2010 29°c 11 kmh 2.4 mm 53% 29% 999 mb

ESE

3% 14 kmrh 54% 31% 998 mb
ESE

Municipality. The minimum temperatur .

recorded was 27°C in 2021. Th *®

2013 2% 7 kmh 42% 28% 999 mb

temperature was above 41fe€ four years. — L el
SSE

This indicates that the temperature == P

mostly high during the 22June according o = o

. ESE mb

tO the hIStOI’y Of 14 yearS 2018 30°c 9kmh - 49% 21% 999 mb
ESE

2019 30 HEkSnéfh - 47% 30% 1:35,4

2020 28°c 17 kmrh 64% 61% 1004

E mb

2021 e 11 kmh = 75% 65% 1000

E

Figure 5.4 meteorological data history for
24th June
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b) Wind setting for simulation

The wind considered was light breeze of 2 m/s from the North west direction.

Wind and Radiation

Windspeed

Constant windspeed at Inflow border [m/s): 2.00 :
Wind direction

Constant wind direction at inflow () 270.00 :

Roughness Length

Microscale roughness length of surface (mp | 0.010
Figure 5.5 Wind setting for simulation

c) PET calculation

A 35-yearold guy with a height of 1.75m and a weight of 75 kg was assumed for PET
calculations. The clothing insulation is 0.4 (shorts arshitts), and the work

metabolsm is 80W since the guy is supposed to be walking.

Set personal human parameters

Body parameters
Age of person [y 35 Gender:  Male kd
Weight [ka): 75.00 Height (m}: 1.75

Clothing parameters
Static Clothing Insulation [clo): 0.40

Body metabolism
Basal Rate [W): 24,49
Work Metabolism (W)  20.00 Calculate

Calculate from walking speed [m/s 1.21

Sum metabolic work (W): 164.49

Figure 5.6 Setting for PET calculation
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5.3.4. Software User Interface

a. ENVI-met Headquarters

ENVI-met  DataandSettings  System  Help a
ENVI-met 3
D_’ Student
Monde Spaces ENVI-guide ENVI-core BIO-met Leonardo Exit Student License 3
Check for the latest Version
Edit Simulate Process visualize Bye Version

Figure 5.7 envi-met headquarter interface

This is theiirst user interface that the users get once you start the software. This
part of GUI, allows the user to reach multiple cores of the software for different
parts of the simulation such as ENstire, BIOmet, Leonardo, etc.

b. Data and Settings

Current Workspace:
D:\envi-met Changs Workspace..

]
g
T

cts ENVI-met Settings

¥ BaseData

Project Name:

@ @ @ =
& & w & I
a S

o a = =1 a5
& 2 & Iy &
& & =) @ 2
H H F B =l
F a a m H
m A

=
a
a

<5et Project Name >

Description

<Set Description >

&
3

g
25 degree 35 degree ey
Home Folder within Workspace:

<5Set Home Folder>

&
a
&

8
o
&

¥ Database

Using a Project Database will replace the global
userdatabase with a local database stored in the project
home folder.

Project uses a Project Database

60 degree 70 degree

¥ Your folders

UHEﬂtﬂtiTUﬂ ew Folder ENVI-met USER data: CAENVImetS\sys userdata
* Folder personal files (Scripts ect):  C:\Users\A66u\AppData\Roaming!ENVI-met

ENVI-met System Folder: CAENVImetS

-~ w ' [~ H
o ] % 5 53 g
H o o o a e
g 2 a a8 2 2
@
b &S
o
> -
5 2

EW AR1 EW AR2 Modify...
Create Project Import Project...
Do

Figure 5.8 data and setting interface

After, clicking the Data and settings in the ENWiEt headquarters interface,
we reaching this screen where we create a project for the start of our simulation.
We enter the projedtetails and start.
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c. Spaces

Figure 5.9 envi-met spaces interface

Here, we start our 3D modelling process of the real case scenario. We acquire
the simulation weather data through geolocation and if necessary, assign
vegettions and building materials according to need.

T

d. ENVI-guide

G2 120 degree

Meteorology: Simple Forcing

¥ set 24hour cyde of Ax Temparature and Humdity

e Temperature and micty
e | 1 Tee 1
e b - i ovoo [NEE 723
5 ® N y o o100 | o 78
e » .. Bl
§ \ w s0n | mss suis
i )’ o a0 | ms e
2 e \-\ 58 os00 | 2027 8348
% ssae | 23 s
o= y .
i = "—/ a8 06:00 2945 8455
PR R e 7 e % 1 arss | nm em
How 08:00 3277 88TS
Create 24-hour cyde by automatic linear interpolation 03:00 3451 6168
" oo | wa sser
Time of A Temperste: [16 B R e | xa na
Time of Min Ais Temperature: 5 B 1200 i B
100 | me sas
e | mm asar
Time of Min Rel Humidity: L Min reiative Humaty reial gy 75 % 15:00 386 5018
Time of Max Rel Humidity: 1688 e 54
e | 4 en
woe | 2 m%
% Upgate 1900 | 16 T4
won | nn s
200 | s 7
Humidity In 2000 m 22:00 nm Mo
Soeciic umiany in 500 m gk (538 ¢ s | ws 7
¥ Set Boundary Candibans for 'Wind and Radiabion
Wind.ond Radition
v— Lowlouds
Constant windspeed at inflow border (misk 2 00 . Cloud cover of low douds (0.35
[rap—— [——
Constart wind direction at inflow [k mm 2 Clowd cover of medium douds 15 0
Roughness Length High clouds
Microscale roughness length of surfsce fmi: 0010 Cloud coves of high douds I0-8)

Figure 5. 10 envi-guide interface

Here, we enter the weather data as measured in the field in the form of temperature,
wind, humidity and also set the time of simibn as required by the user.
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e. ENVI-core

ENVI-core  Help (&0 140 degree 2@
Open SIMX-File Check Simulation  pun Simulation
Load Simluate
ENVI-met [oh 57min 43¢ | New fow: 2 Steps [101 SOR Sieps] du:0.032 dv:0.026 dw10.032 afer 17.60 s ioial
wrien by Michas! Bruse and Helge Smon | Maximum divergence in fow field= 0.53584 (@ 34,1,29 (absoluie}/34,1,29 (wihout nesing grids)
Kww envi-met.com [on 58min 26 | New fow: 2 Steps [101 SOR Steps] du:0.030 dv:0.024 dw:0.030 ater 17.80 5 total
I Maximum divergence in fow field= 0.53817 @ 34,1,28 (absolute)/34,1,20 (wihout nesing grids)
Worker node [0h 59min 25 ] New fiow: 2 Stzps [101 SOR Sieps] du:0.029 dv.0.022 dwi0.027 afer 18.00 s toial
Compuiername. M| Mazximum divergence in fow fiekd= 0.53073 @ 34,1,20 (absoluie)/34,1,20 (wihout nesing grids)
Workspace: D-lenvi-mat [0h 59min 355 ] New fow: 1 Steps [101 SOR Steps] du:0.031 dv:0.023 dw:0.030 afier 18.10 5 ol

N Maximum divergence in flow field= 054088 (@ 34,1,28 (absoluie)/34, 1,20 (wihout nesing grids)
ENVI-met Student License
Licensed to: Ar Apekshya Ghimirs [221:11 PM] ENVI-met at 26.06.2022 [17.00.01] Sun: h=16.73" 3=148.03° TOre=308.311 qOref=20.056
Vaiid undl end of. 5/10/2022 [0h 59min 425 ] Time execuied in prognosic fow equaion; 18.10s
Days remaining: 20
Commercial use is not allowed with this | [1h Omin 135 ] New fow: 1 Sizps [101 SOR Sieps] du:0.027 dv.0.021 dw:0.024 afer 18.20 s toia
icense. If you have doubts about your | Maximum divergence in flow fieki= 0.54199 @ 34,1,20 (absoluie)/34 1,20 (wihout nesing grids)
personal state, contact office@envi- [1h Omin 445 ] New fow: 1 Stps [101 SOR Seps] du'0.025 av:0 020 dw0.024 afer 18.30 s total
met.com Maximum divergence in fow fieki= 0.54207 @ 34,1,28 (absoiuie)34,1,29 (wihout nesing grids)
. [1h 1min 163 ] New fow: 1 Steps [101 SOR Sieps] du:0.023 dv:0.018 dw:0.026 afer 18.40 s foial
ENVI-met CPU Parallelization Seftings: | Maximum divergence in fow field= 0.54405 @ 34,1,29 (absolui)/34, 1,28 (wihout nesing grids)
Number Cores Installed: 12 [2:23:26 PM]*

Number Cores/Threads Avalatle: 1/ 1 Cleaning up memory.
Sorry, ENVI-met STUDENT does not [2:23:26 PM)*
support Multi-Core usage 5 1 am fnished ||
. $$ Simulason summary:

Finaized on 9/14/2022@2:23:26 PM

Time needed for Ini Oh 4min 1ds

Time needed for Main: Oh 57min 43s
‘Toial Time needed: 1h 1min 58s

[ U0 —

Simulation wil finish around:
2022/03/14 14:00 £0 hrs

Log simuiation as finished: MS|_9/14/2022_1.21.28 PM I

17:59:59 | 26.06.2022

core
it)

2.97° | Ti 0s | Toref=3 )
STUDENT

Figure 5. 11 envi-core interface

In this interface, we start the simulation process the file exported from the
ENVI-guide. We can also check the simulation progress reports alongrwith
errors faced during the simulation.

f. Leonardo

e e AT )

Figurs 1: 100 degres 07.00.01
26002022

W On ot Sl

on e e wm

Figure 5.12 Leonardo interface

This is the final interface where we obtain the results of the simulation in the
form of 2D graphs. The results are presented in a multiothart with
appropriate legends beside it. Also, we can simulate the 3D results in the form
of animation if required. The main function of Leonardo is to interpret the obtain

results from simulation.
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5.4. Base Model

The base model is the exact replication of the selected site. However, due to the
constraints of software only 100 street section has been selected for the simulation
process. The aspect ratio of the building is maintained as This.aspect rai is

different for different sections throughout the road and varies from 0.1 to 0.9.

Legend
1 storey
2 storey
| 3storey

4 storey
5 storey

JHEND

Figure 5. 13 base model representation for storey

The figure 22 shows the base casenario with difference in height of the building
indicatedby different colors. The building height varies from 3.3 m to 16.5 m. The
section below shows the width of the street and height of the building in the base case

scenario. The aspect ratiodgferent for each building the case of base case.

e— — 4
2m 13.7m 2m

Figure 5. 14 section of the base case
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The figure 24 is the 3d model designedEmvi-met software. The red color of the wall
represents the burnt brigkall thatwaschoserfor simulation and the grey color of the

ceiling is representation of material concrete.

Figure 5. 15base model designed in Envnet

5.4.1. Solar analysis of thebase model

September October November ‘ December

Figure 5.16 Shadow condition on 24th of each month
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The figure21 depicts the site's shadow status on2# of each month. Because the

sun angle is normally low throughout the winter, the southern side of the road is entirely
shaded frmm October to February. During the summer, from March to August, the sun
angle is high and the streets arenod6t she
temperatures, a shaded street is an essential component of that location in order to

provide a comfdable pedestrian route and to encourage walkability.

Figure22 displays the shadow situation of the location from 6 a.m. to 6 p.m. on June
24" The northern side of the road appears to be shaded4ftno8rs in the morning,
yet the streets are open toetit sun radiation during the daylight when necessary. Thus,

it shows that some intervention is required at the location to prevent direct sun radiation

and create pedestrian thermal comfort.

HH ML&L@

9AM | 10AM |

balb e

711AM‘

4PM |

2PM | 3PM |

Figure 5.17 Shadowcondition of 24th June for 12 hours

According to solar analysis, the streets of the Lumbini Sanshvitikicipality are
exposed to direct solar radiation throughout the day during the summer months. During
the winter, the southern section of the streets is shaded by the buildings. The direct sun
radiation that strikes the street has made it hard for pémpiavel during the day.
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5.4.2. Simulation Results

The simulation was run with the abereentioned variables, and the software detected
the probable air temperature surrounding the building and in the streetsrasthidve

ground.

a) Ambient Air Temperature

Potential Air Temperature. Potentiol Air Temperature
B velow 21.04 °C B below 21,29 °C
IRy I 2129t02263°C
= B [ 263t023.57°C
2230 BAaC =
. 2397102531 °C
[ 2342t02461°C 3000 [ 25310026855
B 24,61 to 25.80 :c 3 [ 2s65t027.99°C
> ] ssowasssec > [0 778912033
[ 26.99t028.18°C Hl 25331030.67°C
Bl 26502357 C 3057032015
Bl 29037103056 °C I 2vove3201°C
I above 30.56 °C
Min: 1095 °C
Min: 19.86 °C Max: 33.35 °C
Max: 31.75 °C 0-
%000 000 00 0 o000
X (m)
8:00 hrs.
Potential Air Temperat Potential Air Temperature
B belov 2178 °C B below 2248 °C

Bl sst2nc
B 329t024.81°
B <sit02633° 30,00

[0 2633t027.85° ¢

24202
B 2azosmscc
B 57sw027.405C
B 274010 29.035C

B [ 278st020.370 > C wewxnerc
[ 2937t030.88° [ s067t03231°C
Il sos9t03240° N 3231t03395°C
Bl 20t n0e W 3395103559 °C

. - [ above 3559 5C
B sbove 33.92 5C
Min: 20.84 °C
Min: 20.26 °C Max 37.23°C
Max 35.44 °C 000
00 000 000 S0 000
X
9:00 hrs. 10:00 hrs.

Figure 5.18 Potential Air Temperature from 7:00 hrs. to 10:00 hrs. at 1.5m above ground
level

Thefigure shows that the temperatuselower than 31.75 °C at 7:00 hrs but increases
slowly by at least2°C in every twohours At 10:00 hrs, the temperature @&ound
37.23C from 3544°C at9:00 hrs. The temperature is quite high for the morning time.
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Figure 5.19Potential Air Temperature from 11:00 hrs. to 14:00 hrs. at 1.5m above ground
level

The temperature is rising at least a degree Celsius from 11:00h@ademperature
reached 38.73°C at 11:00urs and reaches 39.93°C at 12:@@rs. The temperature
risesup t041.02°C at 13:00 hrs and 41.36°C at 14:00 hrs. The temperature is maximum

during this time period.
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Figure 5.20Potential Air Temperature from 15:00 hrs. to 18:00 hrs. at 1.5m above ground
level
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The temperature begins to fall from the western end of the street at 15:@Behrs.
maximum temperature is 40.32 °C at 15:00dnwd gradually decrease to 39.03 °C on

next hour.The graph shows the change in temperature from the western side of the

street. The temperatudeopsdown to 33.75 °C ~ # X
405 7~

at 18:00 hrs. 0

385

39

The graph illustrates that the temperature pe . o

around 14:00 hours antldn drops to roughly 1
40 °C the following hour. From 9:00 a.m. unt 32: 3

17:00 p.m., the temperature rises over 35 ', 353'2

According to this graph, the streets are a lit 353—2 4 |

more pleasant in the morning between 7:00 345
34

9:00 a.m. and after 17:00 p.m. The stisdbo ...
33
325
32
3.5

&y
07.00.01 10.00.01 13.00.01 16.00.01

hot for pedestrians to walk all day.

Graph 5. 1 Potential air
temperature predicted by Envimet

b) Mean Radiant temperature

The mean radiant temperature rises sharply after 8:00 hours and reaches 70.9 °C by
14:00 hours. At 17:00 hours, the temperature drops to 34.3 °C. This table also illustrates

that thestreets are thermally uncomfortable for pedestrians.

Time Mean Radiant
Temperature (°C)
07.00.01 29.215
08.00.01 55.344
09.00.01 58.992
10.00.01 60.26
11.00.01 61.021
12.00.01 64.469
13.00.01 68.842
14.00.01 70.912
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15.00.01 68.776
16.00.01 62.841
17.00.01 34.309
17.59.59 26.587

Table 5.2 Mean Radiant temperature predicted by Envimet

c) PET calculation

The temperature is very higliter 8:00
hours since the PET temperature °
above 43 °C. The PET temperatu .
drops only after 17:00 hours. Thi #

means the streets are extremely I°

throughout the day. o
.
35
34
33
32
3
30
29
d) UTCI calculation Graph 5.2 PET temperature predicted by
Envi-met
The temperature starts to rise right after 7: iz
hours and reach to = at
a7
hours. After 15:00 hours the temperatu
drops gradually anc # at

hours. This reans the streets are extreme ,
hot throughout the day.The UTCI _ «
temperature is also similar to base ce
scenario. %

34

33
07.00.01 08.00.01 11.00.01 13.00.01 15.00.01 17.00.01

Graph 5. 3UTCI temperature
predicted by Envi-met
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5.5. Scenario 2: AR1 (a)

The streets width is kept as itis but tF -
height is improvised maintaining th
aspect ratio 1. The height of th

building is same as the width of th

street and the canyon formed is calli==——
uniform canyon. In this case H=W an ' Figure 5.21 Scenario AR (a), H=W

aspect ratio is 1.

Figure 5.22 3d model cesigned for scenario AR1 (a) by Envinet

5.5.1. Solar analysis

7:00 AM 8:00 AM 9:00 AM 10:00 AM

11:00 AM 12:00 PM

13:00 PM 14:00 PM

15:00 PM 16:00 PM 17:00 PM 18:00 PM

Figure 5. 23 solar analysis of scenario AR1 (a)
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When the building height is equivalent to the street width, the northern half of the street

is shaded in the morning, while the southern section of the street is somewhat shaded
between 12:00 and 2:00 p.m. After 15:00 p.m., the streets are not evelyréded.
From 17:00 hours, the northern section of the strieeggnsto become shadedhe
street is not shaded at 11:00 hours, and 16:00 hours at all. The shading during 15:00

hours is not enough for comfortable streets.

5.5.2. Simulation Results

a) Ambient airtemperature

Potential Air Temperature

I below 21.06 °C

B 21.06t022.36 °C
B 2226t 23.47°C
I 2347t024.67C
[0 24.67to25.87°C
[ 2587w027.07°C
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B 20.48 to 30.68 °C
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30.00 60.00

X(m)
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90.00

Potential Air Temperature
I below 2181 °C
B 21s1t02332°C
I 2332102484 °C
B 2484 t02635°C
B 2s3sw2ns7ec
€ [ weorwpmsc ©
> [0 2938t 30,90 °C

3090 t03241°C

Bl 241t033.93°C

[ sbove 33.935C

Min: 20.29 °C

Max: 35.44 °C

60,00
X (m)

9:00 hrs.

90.00

Potential Air Temperature
B below 21,30 5C
B 2130t 2264 °C
B 2264 to23.98 °C
B 2a9sw2s320C
[ 253210 26.67 °C
[ 2667w28.01%C
I 28.01t029.35°C
B 2935 to 30.69 °C
B 506903203 °C
B obove 32.03°C
Min: 19.96 °C

Max: 33.37 9C

000

60.00
X tm)

8:00 hrs.

Potential Air Temperature
B velove 22.52°C

Bl 252t02405°C
Bl .15t 25.77°C
B 2577t 27.405C
[0 27400203
] 2.3 3065°C
[ 30.65to32.285C
B s225003390°C
Bl 590t C
Bl cbove 3553 °C

Min: 20.90 °C
Max: 37.15 °C

30.00.

6000 90,00

)
10:00 hrs.

Figure 5. 24 Potential Air Temperature from 07:00 hrs. to 10:00 hrs. of scenario AR1 (a)

Thefigure shows that the temperature is lower than 31.89 °C at 7:00 hours but increases

slowly by atleast 2°C in every two hours. At 10:00 hours, the temperature is around
37.15 °C from 35.44 °C at 9:00 hrs. The temperature is still quite high for the morning

time.
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|
|

Potential Air Temperature
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Figure 5. 25 Potential Air Temperature from 11:00 hrs. to 14:00 hrs. of scenario AR1 (a)

The temperature is rising at least a degree Celsius from 11:00 hrs. The temperature
reached 38.62 °C at 11:00 hours and reaches 38.8812:00 hours. The temperature
rises up to 41.58 °C at 13:00 hours and 41.47 °C at 14:00 hours. The temperature is

maximum during this time period.
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Figure 5. 26 Potential Air Temperature from 15:00 hrs. to 18:00 hrs. of senario AR1 (a)
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The temperature begins to fall from the western end of the street at 15:00 hours same

as in base model. the maximum temperature

40.43 °C at 15:00 hours and gradually decreas: A
38.85 °C on next hour. The graph shows t 32 r |
changesn temperature from the western side of t 3:2 4
street. The temperature dsogown to 3369 °C at 3:2 1
18:00 lours. 37 X
35

I 35
The graph illustrates that themperature peaks sss N
around 14:00 hours and then drops to roughly 40 3:.: A
the following hour. From 9:00 a.m., until 17:0 3::
p.m., the temperature rises over 35 °C. Accord B .
to this graph, the streets are a little more pleasar
the morning between 7:00 to 9:@0m. and after *'°®

. ) 07.00.01 10.00.01 13.00.01 18.00.01
17:00 p.m. The street is too hot for pedestrians

] Graph 5. 4 Predicted Potential air

AR1 (a)
b) Mean Radiant temperature

The mean radiant temperature rises sharply after 8:00 hours and reaches 70.28 °C by
14:00 hours. At 17:0(hours, the temperature drops to 47.01 °C. This table also
illustrates that the streets are thermally uncomfortable for pedestrians and the

temperature is similar as in base model.

Table 5.3 MRT temperature predicted by Envi-met for scenario AR1 (a)

Time Mean Radiant Temperature (°C)
07.00.01 49.844
08.00.01 55.478
09.00.01 59.249
10.00.01 60.028
11.00.01 60.378
12.00.01 64.309
13.00.01 68.731
14.00.01 70.286
15.00.01 68.206
16.00.01 62.63
17.00.01 47.014
17.59.59 26.375
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c) PET calculation o

The temperature is very high after 8:C =
hours since the PET temperature is above
°C. The PET temperature drops omlfter
17:00 hours. This means the streets ., ;
extremely hot throughout the day. The PE «
temperature is also similar to base ce .

scenario. 35

07.00.01 09.00.01  11.00.01 13.00.01 150001  17.00.01

Graph 5.5 PET temperature predicted
by Envi-met for scenario AR1 (a)

d) UTCI calculation

The temperaturstarts to rose right aftel ,,
7:00 hours anceachtoth@ e a k 40
14:00 hours After 15:00 hours the
temperature drops gradually and reach
32.9 at 1 Bhis Gm@anshtie” *
streets are extremely hot throughout t
day.The UTCI temperature is also simila

to base case scenario. 3

34

33
07.0001 090001 11.00.01 13.00.1 150001 17.00.01

Graph 5.6 UTCI temperature predicted
by Envi-met for scenario AR1 (a)
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5.6. Scenario 3: AR1.5 (a)

The height of building is 1.5 times th~ - P——

width of the street in this scenario. TF e

aspect ratio formed is 1.5.

Aspect ratio = H/W

1.5=H/W
Ie W A
H=Wx1.5 Figure 5.27 section of street of scenario AR
1.5 (a)

For the street of 17m, the building
height should be 25.5 m in order to create canyon of aspect ratio 1.5.

5.6.1. Solar analysis

8:00 AM 9:00 AM 10:00 AM

7:00 AM

12:00 PM 13:00 PM 14:00 PM

15:00 PM 16:00 PM 17-00 PM 18-00 PM

Figure 5. 28 solar analysis of scenario AR1.5 (a)

When the building height is 1.5 times the width of the street, the shddwyvion of
the street is somewhat more than the base case and street with aspect ratio 1. The
northern section of the street is shaded until 10:00 a.m., while the southern portion
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begins to gain shade around 12:00 p.m. At 11:00 a.m. and 16:00 p.ntreétaessnot
shaded at all. During the remaining hours, at least one section of the roadway is shaded

making the streets thermally comfortable during those hours.
5.6.2. Simulation Results

a) Ambient air temperature

Potential Air Temperature Potential Air Temperature
R below 21.06 °C B below 21.27 °C
I 2106t 2227 °C B 2127t 22.61°C
[ 2227t023.47°C [ 2261 t0 23.95°C
I 23.47to 24.68 °C [ 2395t 25.20°C
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B 25300 2051 °C B 2530 to 30.64 °C
B 20.51t030.71 °C I 064 031,98 °C
[ above 30.71 °C B above 31.98 °C
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Max: 31.92 °C Mo 35,32 o€

60.00 90.00
X (m)
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8:00 hrs.
7:00 hrs.
Potential Air Temperature Potential Air Temperature
B beiow 2163 °C B below 22.25°C
Bl 21631023.08°C Bl 22.25t02385°%C
I 23.08t024.53°C B 2385102544 °C
30.00. [ .53t025.98°C 000 B 2544t027.03°C
0 w24 ¢ 27.03 to 28.63 °C
[ w4swasescc > [ 263030225
28,6810 30.33 °C 30.22 to 31.82 °C
Bl ontws7scc 3182103341 °C
Bl i7so33230C I 3341103501 °C
I above33.23°C I wbove 3501 °C
Min: 20.18 °C Min: 20.66 °C
010 Max: 34.68 °C 000 Max: 36.60°C
0.00 30.00 60.00 90.00 0 000 0.0 0.00
X{m) ™
10:00 hrs.
9:00 hrs.

Figure 5. 29 Potential Air Temperature from 07:00 hrs. to 10:00 hrs. of scenario AR1.5
(@)

Thefigure shows that the temperature is lower tha®31C at 7:00 hours but increases
slowly by atleast 2°C in every two hours. At 10:00 hours, the temperature is around
36.60 °C from 3.68 °C at 9:00 lburs which is 1 °C less than the base moddie

temperature is still quite high for the morning time.
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Figure 5. 30 Potential Air Temperature from 11:00 hrs. to 14:00 hrs. of scenario AR1.5
(a)

The temperature is rising at least a degree Celsius from 11:00 hrs. The temperature
reached 385 °C at 11:00 hours and reachess3&C at 12:00 hours. The temperature
rises up to 429°C at 13:00 hours and 4R °C at 14:00 hourg/hich is similar to base

model The temperature is maximum during this time period.
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Figure 5. 31 Potential Air Temperature from 15:00 hrs. to 18:00 hrs. of scenario AR1.5
(a)
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The temperature begins to fall from the western end of the street at 15:00 hours same
as in base modeThe maximum temperature is 86.°C at 15:00 hours and gradually

decrease to 381 °C on next hour. The grapt X

. s
shows the change in temperature from t zes \
western side of the street. The temperature dr  * 7

35
38

down to 3375°C at 18:00 hours.

375

The graph illustrates that the temperature pe
385 ¥

around 14:00 hours and then drops to rougBly =

°C the following houmwhich is almost 1 °C less” 35;
X

than the base moderhe temperature is les 35 x
34

than 34.5 °C before 10: 00 am in the mornir i35

The temperature drops below 35 after 17: J

hours.The temperature is 0.5 °@ °C less than =
5
base model throughout theyda 31

07.00.01 10.00.01 13.00.01 16.00.01

b) Mean Radiant temperature Graph 5. 7 Potential air
temperature predicted by Envimet
The mean radiant temperature rises sharply aner for scenario AR1.5 (a)
8:00 hours and reach9.45°C by 14:00 hours. At 17:00 hours, the temperature drops
to 33.79°C. The mean radiant temperaturdig °C-2.5 °C less than base model after
10:00hours to 15:00 hours. There is slight change in mean radiant temperature when

aspect ratio is increased to 1.5.

Table 5.4 MRT temperature predicted by Envi-met for scenario AR1.5 (a)

Time Mean Radiant Temperature
°C)
07.00.01 28.451
08.00.01 34.079
09.00.01 56.502
10.00.01 59.224
11.00.01 59.847
12.00.01 63.798
13.00.01 67.726
14.00.01 69.458
15.00.01 67.322
16.00.01 42.806
17.00.01 33.779
17.59.59 26.174
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PET calculation

ThePETtemperatureeache4.5 °C at 9:00
hours whichis very hightemperatureThe
PET temperature drops 34.34 °Conly after
17:00 hours. This means the streets
extremely hot throughout the day. The PE
temperature i9.3 °C-2.6 °C less than the

base model during the noon.

5.7. Scenario4: AR2 (a)

The aspect ratio is 2 in this scenario tr
means the height of building is twice tr
width of streetFor the street of 17 m, th
building height should b&4 m in order to
create canyon of aspect rafio

[3)

41
T 40

07.00.01 09.00.01  11.00.01 13.0001 15.0001  17.00.01

Graph 5. 8 PET temperature
predicted by Envi-met for scenario
ARL.5 (a)

N
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Figure 5. 32 Street section for scenario
AR2 (a)
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5.7.1. Solar analysis

7:00 AM 8:00 AM 9:00 AM 10:00 AM
11:00 AM 12:00 PM 13:00 PM 14:00 PM

15:00 PM 16:00 PM 17:00 PM "~ 18:00 PM

Figure 5. 33 solar analysis of scenario AR 2(a)

The time of shaded street is increased with increase in aspect ratio. The streets are

completely shaded during two hours starting from 7:00 hours. The northern portion of

streets are shaded till 10:00 hours and from 12:00 hours to 15:00 hours, the northern

part of the street is completely shaded. The streets are not shaded for only two hours

throughout the dayDuring the remaining hours, at least one section of the roadway is

shaded making the streets thermally comfortable during those hours.
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5.7.2. Simulation Results

a) Ambient air temperature
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Figure 5. 34 Potential Air Temperature from 07:00 hrs. to 10:00 hrs. of scenario AR2 (a)

The graph shows that the temperature is lower th&53C.at 7:00 hours but increases
slowly by at least 2 °C in every two hours. At 10:00 hours, the temperature is around
3647 °C from 3458 °C at 9:00 hours which is 1 °C less than the base model. The

temperature is still quite high for the morning time.
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Figure 5. 35 Potential Air Temperature from 11:00 hrs. to 14:00 hrs. of scenario AR2 (a)
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The temperature is rising at least a degree Celsius from 11:00 hrs. The temperature
reached 3.97°C at 11:00 hours and reachesZ8C at12:00 hours. The temperature

rises up ta10.48°C at 13:00 hours arntD.98°C at 14:00 hours which 5°C less than

base modelThe temperature is maximum during this time period.

Potential Alr Temperature Potential Alr Temperature

B belove 26.15 °C B velow 25,85 °C
El 26.15t027.69°C 2 39C
I 27.sot020235C =
B s23ww077°C 000 — -
z 0 wrwaac g [0 s071t03199°C
- % =, c - [ 3199t033.28°C
— B . [ 33.28t03457°C
- B 3573585 °C
B 36.93t0 38.47°C
B 358510 37.14°C
[ above 38.47 °C
[ zbove 37.14 °C
Min: 24,61 °C
Max: 40.02 °C Min: 25.56 °C
000 000 Max: 36.43 °C
000 3000 ) o000 oo anoe von
X(m) xim)
15:00 hrs 16:00 hrs.
Potential air Temperatu Potential Air Temperature
Il beow27.28°C B below 27.83 5C
Bl 2725024 C Bl voomescc
I 14t02839°C I eswsisec
B 2859 to 29.84 °C 30,00 I 2.15t023.81°C
e [ 2ssw3068°c g [0 2981t03047°C
£ ocx [ ss7wsriec
I s113w39ec
5 % B 3:79t03245¢C
Bl 250340 Bl 245t03301°C
B cbove 3410 °C B obovena1oc

Min: 26.43 °C Min: 27.16 °C
Max: 34.95 °C Max: 33.77 °€

ey 3000 6000 90.00
000 30.00 s0.00

X(m) X(m)
17:00 hrs. 18:00 hrs.

Figure 5.36 Potential Air Temperature from 15:00 hrs. to 18:00 hrs. of scenario AR2 (a)

The temperature begins to fall from the weste
end of the street at 15:00 hours same as in t 35
model. The maximum temperature isGE’C at
15:00 hours and gradually decrease tagt38C 37
on next hour. The graph shows the change

temperature from the western side of the stre 255

g 3

The temperature drops down to 38°C at 18:00  _, .
hours. 34
335

33

The graph illistrates that the temperature pee .,
around 14:00 hoursame as in other scenaric =
and then drops to roughhy83% °C the following 21

hour which is almost.b °C less than the bas 07.0001  10.0001 1300.01  16.00.01
Graph 5. 9 Potential air

temperature predicted by Envimet

before 10: 00 am in the morning.dtemperature for scenario AR2 (a)

model. The temperature is less than 34.5
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drops below 35 after 17:00 hours. The temperature is 0:8 “Cless than base model

throughout the day.

b) Mean Radiant temperature

The mean radiant temperature rises sharply after 8:00 hours and re@die<Cy

14:00 hours. At 17:00 hos, the temperature drops to 33°C. The mean radiant

temperature is @.°C -4 °C less than base model after 10:00 hours to 15:00 hours. There

is change in mean radiant temperature when aspect ratio is incredsed to

Table 5.5 MRT temperature predicted by Envi-met for scenario AR2 (a)

Time

07.00.01
08.00.01
09.00.01
10.00.01
11.00.01
12.00.01
13.00.01
14.00.01
15.00.01
16.00.01
17.00.01
17.59.59

c) PET calculation

The PET temperature reaches 445 °C at 9 =
hours which is very higtemperature. The PE1 a
temperature drops to 34.34 °C only after 17: .
hours. This means the streets are extremelyo o
throughout the day. The PET temperatureis ®
°C -3 °C less than the base model during t 5

noon.

Mean Radiant Temperature (°C)
28.105
33.772
56.196
58.803
59.898
60.678
64.51
68.11
66.522
60.067
33.355
26.073

29
28

07.00.01 09.0001  11.00.01 13.00.01 15.00.01  17.00.01

Graph 5. 10 PET temperature
predicted by Envi-met for scenario AR
2(a)
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d) UTCI calculation

The UTCI temperature reach@9.8°C at 9:00 .,

46

hours which is high temperature. TherCl

45

temperature drops 186.17°C only after 17:00 «

43

hours. This means the streets are extrgret .
throughout the day. TheTCI temperature is
0.4 °C -6.2°C less than the base model durir” *

38
the noon. 7
35
35
34
33

32

31
07.00.01 090001 11.00.01 13.00.01 15.00.01  17.00.01

Graph 5. 11 UTCI temperature
predicted by Envi-met for scenario AR
2(a)

5.8. Scenario 5: AR3 (a)

The aspect ratio is 3 in thi€enario that means th
height of building is thrice the width of street. Fi
the street of 17 m, the building height should be
m in order to create canyon of aspect ratio 3. Asf

ratio 3 is quite high for the context of Nepal.

[

w

Figure 5. 37 Street section for
scenario AR 3 (a)
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