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Abstract

In the context of urban microclimates, thermal comfort serves as the key indicator to describe people's
subjective impression of temperature in open spaces. It gives a general review of how the sun, wind, air
temperature, and humidity affect the ability to perceive heat. But nowadays human thermal comfort is being
compromised due to the urban heat island effect. The phenomenon known as the urban heat island (UHI)
occurs when the temperature in metropolitan regions is higher than in the nearby rural areas. Urban heat
islands are a source of growing concern since they can have an impact on communities by worsening air
pollution and greenhouse gas emissions (due to increased air conditioner use), increasing the likelihood of
heat-related disease, and possibly even raising mortality rates. For this purpose, evaluating the human thermal
comfort level would be a significant step in adapting feasible solutions to reduce the adverse effect of the
urban heat island. The goal of this study is to simulate the microclimate using the ENVImet (V4) computer
and the RayMan model to increase albedo, or the ratio of reflected incoming radiation, for the human thermal
comfort index. The ENVImet (V4) software is validated using air temperature and solar radiation data
gathered in several USA locations. The microclimate simulator ENVImet can be used to determine the high-
resolution geographical and temporal distribution of microclimate variables within an urban region .The
RayMan model was created for the physiological equivalent temperature measurement and the estimation of

the mean radiation temperature along with thermal indices in simple and complex situations .



Historical information about places with changeable seasonal circumstances was used for simulation and
analysis after the necessary inputs and limits for the models are determined. The results of the simulation
was used to assess the level of thermal comfort for both adults and children and recommendations would be

provided to improve human thermal comfort.

The study conducted on microclimate simulation of four scenarios of asphalt and concrete pavement using
Envimet and optimization with Rayman has led to the conclusion that an optimal albedo value of 0.15 is
ideal. Although the study was conducted based on data from two months, June and July, further research can
improve the accuracy of the findings. The results of this study are valuable as they provide insights into the
effects of different pavement types on the microclimate and can help in the design and planning of sustainable
urban environments. It is essential to consider the impact of pavements on the microclimate and the resulting

effects on the urban ecosystem, especially in the context of global warming and climate change.
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Chapter 1 Introduction

The urban heat island (UHI) is a phenomenon whereby temperature levels in urban areas are higher
than in surrounding rural settings. Urban heat islands are a matter of increasing concern since they can
affect communities by exacerbating air pollution and greenhouse gas emissions.The use of air
conditioning is increasing which contributes to the increase of global warming. And there is also the
occurrence of heat-related illness,that may lead to higher levels of mortality (1). There will probably be
more heat waves in many places as a result of the summer heat load brought on by climate change, and

they'll probably last longer and be more intense (1).

Urban heat islands depend not only on the character of physical processes but also on urban planning
approaches (2). There exists a strong relationship between the UHI effect and urban configuration (3).
The wind and thermal regimes of the cities depend on the land cover and land-use character of the urban
territory (4).Urban heat island effect reduction can be achieved because of increased evapotranspiration:
as the vegetation cover releases latent heat and at the same time reduces the amount of energy available
for heating, green areas can potentially cool the surrounding area (5). The natural process of tree
transpiration lowers the temperature (6).The green cover of vegetation also reduces the intensity of
direct solar exposure and helps to transfer the received solar radiation into latent heat. Water bodies are
another feature that can help to reduce thermal load due to a transpiration effect and higher specific heat

(7). The heat island effect can also be reduced by decreasing anthropogenic heat (8).

The environmental implications connected to each stage of the life cycle of various civil infrastructures
are receiving more and more attention. Roadways and pavements, as a significant component of the
built environment and the transportation infrastructure system, are essential to the advancement of

society and the economy. Researchers, organizations, businesses, and other stakeholders in the field of



roads and pavements are collaborating to lessen the environmental implications of these structures while
fostering economic and social development.
One environmental impact that pavements can help reduce is the heat island effect, which is

considerable due to the local climate and urban density (6).

1.1 Heat Island Effect:

UHI is a phenomenon when urban areas experience higher temperatures compared to their surrounding
non-urban areas (9). The adverse effect of UHI has been widely documented in the literature. For
example, it increases the temperature of cities; contributes to global warming (10); initiates
storms/precipitation events (11); increases the energy demand of cities (12); and contributes to heat-
related mortality (13). These devastating effects necessitate devising ways to mitigate the UHI effects
(14). As a result, it is critical to know what factors cause the UHI effect, so that these factors can be

targeted to lessen the effect through appropriate policy interventions (15).

Studies have derived the UHI effect in three ways depending on their measurement altitudes: boundary
UHI, canopy UHI and surface UHI (16). Boundary UHI is measured from the altitude of the rooftop
to the atmosphere (17). It is generally used to investigate the UHI effect at mesoscale (i.e., 1-10,000
km”2) and is derived using, radiosondes (18). Canopy UHI is measured at the altitude that ranges from
the ground surface to the rooftop (18). An assessment of canopy UHI is most suitable for a microscale
study and is generally derived based on weather station data (19). Surface/ skin UHI (SUHI) is measured
at the earth’s surface level. Researchers often used satellite images (e.g., thermal bands of Landsat
TM/ETM/ OLI) to derive the surface UHI effect. It is measured by calculating the difference in land
surface temperature (LST) between urban/built-up and non-urban areas (e.g., waterbody and vegetation
areas). NASA (20) defined LST as “how hot the surface of the Earth would feel to the touch in a
particular location”. Further information about LST is available on ‘Comprehensive Remote Sensing’

Textbook (21).



The urban heat island (UHI) effect is widely recognized as a heat accumulation phenomenon, which is

the most obvious characteristic of urban climate caused by urban construction and human activities.

In the early 19th century, scholar Lake Howard first measured and discussed UHI effect when studying
urban climate in London, England. Since then, many scholars around the world conducted deep research
on the characteristics of UHI effect reaching that UHI effect has close relationship with urban heat
release, properties and structure of underlying surface, vegetation coverage, population density and
weather conditions. Meanwhile, the scale and intensity of UHI effect will be increasingly serious with
the on-going urbanization. It is studied that UHI effect of Szeged(Hungary) and New York are 3.1°C
and 8.0°C respectively. Meanwhile, it is found that China is also experiencing severe UHI effect in
many modern cities, especially the average temperature difference on the outskirt of Beijing reaches
3.3°C from 1961 to 2000, and UHI effect of Shanghai reaches 7.4°C. Urban temperature, especially
surface temperature, is the energy balance center of urban surface and one of the most important factors

affecting urban climate, regulating, and controlling various ecological processes(2).

Urbanization has become increasingly intensive, leading to a constant rise in surface temperature and
altering the flow of urban resources and energy. More importantly, the structure and function of the

urban ecological system will also be changed, affecting urban residents health.

Late afternoon temperature °C

Rural Suburban  Commercial City Urban Park Suburban Rural
Residential Residential Residential  Farmland

Source: World Meteorological Organization

Figure 1.1: Urban heat island (UH]I) effect



In addition, the UHI effect (Figure 1.1) has received great attention from urban meteorologists. But,
due to the complexity of the research object, little research on ecological and environmental effects
caused by the UHI effect has been so far conducted from the perspective of the ecosystem (2). So, in

this context, assessing Human Thermal Comfort is a major factor.

Many studies have been conducted to understand the urban thermal climate or the potential for heat
island mitigation using this framework of simplified algorithms. In more recent efforts, researchers have
incorporated more sophisticated parameterization schemes that have included distributions of
demography, policies, and behavior of government; ecological variables and ecosystem services; land
use and land cover change patterns; and social and economic factors to represent the complicated effects

of UHI (22).

1.2 Potential effects of heat island:

The benefits of the heat island's wintertime warming are recognized in colder cities at higher latitudes
and/or elevations. Summertime cool spots in urban locations can be created by high-rise buildings'
surrounding shade. But the consequences of the summer heat island are viewed as a problem in most
cities, particularly high-density cities (6). The talk that follows is centered on areas with scorching
summers and wet winters.Urban heat islands' elevated temperatures can have an impact on a
community's environment and quality of life, especially in the summer. While the effects of heat islands,
such as extending the growing season for plants and requiring less heating energy in cold locations,

appear to be favorable, the majority are negative, as noted below:

1.2.1 Impact on human comfort and health:
By causing general discomfort, respiratory issues, heat cramps and exhaustion, non-fatal heat stroke,
and heat-related mortality, higher air pollution levels, increased daytime pavement and near-surface air

temperatures, reduced nighttime cooling, and associated conditions can have an adverse effect on
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human health. The effects of heat wave, which are periods of extremely hot and frequently humid

weather, can also be exacerbated by heat islands. Children, older people, and people with preexisting
medical disorders are sensitive populations that are particularly at risk from these incidents. Extremely
risky and associated with a higher risk of untimely death, excessive heat episodes or sudden and sharp

temperature spikes could result in above-average mortality rates.

The discomfort brought on by the pavement's heat stress will likely deter people from walking or
bicycling, which will lessen the possibility that they will choose to travel short distances by walking or
biking rather than by driving and would also influence their health. This will harm efforts to develop a
community that is sustainable, livable, and walkable. So, ensuring Human thermal comfort has been a

challenge now a days (23).

1.2.2 Increased Energy Use:
Summertime temperatures in cities may result in an increase in the amount of energy needed to cool

buildings in hotter climates (e.g., Figure 1.4).

40

Figure 1.2. Example of electrical load versus air temperature for New Orleans, LA(24).

Figure 1.2 shows that electricity demand for building cooling increases 1.5-2.0% for every 1°F (0.6°C)
increase in air temperatures, starting from 68—77°F (20-25°C). This finding implies that 5-10% of the
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community's overall electricity demand is used to offset the heat island effect. In addition, the findings
suggested that to increase energy consumption for cooling buildings, long periods of parking or driving

on hot pavement may result in increased energy demand for cooling automobiles (23,24).

1.2.3 Emissions of Air Pollutants and Green House Gases:

Urban heat islands, as before mentioned, increase summertime electrical energy consumption.
Electricity providers often rely heavily on fossil fuel power plants to service a large portion of this
demand, especially in China and India. As a result, air pollution and greenhouse gas emissions rise.
Sulfur dioxide (SO), nitrogen oxides (NO), particulate matter (PM), carbon monoxide (CO), and
mercury (Hg) are the main pollutants produced by fossil fuel power plants (25,26). In addition to being
dangerous to human health, these pollutants have a role in complicated air quality issues such the
production of ground-level ozone (smog), fine particulate matter, and acid rain. Carbon dioxide (CO),
a greenhouse gas that contributes to global climate change, is one of the greenhouse gases whose
emissions are increased by the increased use of fossil fuel-powered plants.Elevated temperatures can
directly accelerate the pace of ground-level ozone production in addition to their effect on energy-
related emissions. NO and volatile organic compounds (VOCs) combine in the presence of sunlight and

warm weather and thus ground-level ozone is created (27).

1.2.4 Impact on pavement life:

The temperature of the pavement can have a significant impact on how long it lasts. If asphalt pavements
in tropical climates are not properly built, high summer temperatures can considerably increase the risk
of rutting (permanent deformation), aging, and cracking (28, 29). The likelihood of thermal stress-
induced cracking in concrete pavements can be greatly increased by high temperatures and temperature
gradients (30, 31). The effects of temperature on pavement durability, however, vary depending on the
type of pavement. Furthermore, it's still unclear exactly how certain pavements, including permeable

pavements, would be affected.



As a result of reducing thermal deteriorations, such as rutting and/or cracking caused by the pavement's
temperature and temperature gradient, cool pavements and related cooling technologies may increase

the pavement's durability.

Cities must adapt to this phenomenon, prioritizing the improvement of outdoor environmental quality.
Urban materials have a significant impact on outdoor environment quality, energy demand, citizens’
well-being, and human thermal comfort. Optimizing the albedo (ratio of reflected radiation to incoming

radiation) might lead to improving human thermal comfort.

1.3 Albedo and the necessity of its optimization for human thermal comfort

Albedo is the measurement of the reflectivity of sunlight by any object (32). Objects reflecting more
sunlight have high albedo while those reflecting less have a low albedo. It is measured on a scale of 0—
1 or given in percentage, with 1 being a perfect reflector (100%) and 0 (0%) absorbing all incoming
light (33).Since the variation of solar radiation might affect human thermal comfort and can cause

thermal distress, it is important to optimize albedo for achieving the desired human thermal comfort.



Chapter 2 Literature Review

2.0 Methodology of literature survey:

The literature survey is a critical aspect of any study that seeks to investigate a specific research
question. It is critical to provide a thorough understanding of the research area, including the current
state of knowledge, research gaps, and potential avenues for further research. It also helps to ensure that
the study is based on a solid foundation of existing knowledge and can lead to more robust research

findings.

The methodology of the literature survey involves a systematic and comprehensive search for relevant
literature to identify existing research gaps and establish a foundation for the study. In this study, the
literature search was conducted using keywords such as 'Albedo," 'Optimization,' 'Urban Heat Island,
‘Human Thermal Comfort’, 'Scientific Study’ etc. These keywords were used to identify relevant
scientific papers that addressed the research problem. The primary source of scientific papers used in
this literature survey were journal articles, books, and chapter of books. The literature survey involved
a comprehensive review of relevant literature, which included both theoretical and empirical studies, to
provide a broad understanding of the research area. The literature search was conducted using several
electronic databases, including Google Scholar, Web of Science, and Scopus, to ensure that all relevant
literature was identified. The literature survey provided the foundation for the study and helped to

ensure that the research question was adequately addressed.



2.1 Albedo and human thermal comfort:
The study's primary goal is to simulate microclimates in order to optimize albedo for human thermal
comfort. People will experience a heated environment in the summer, especially in tropical climates.
When outside of a range of maximal human comfort, in structures, and in vehicles, this contributes to
general discomfort on streets and parking lots (if air conditioning is not being used). In addition,
discomfort from the heat, heat-related illnesses such heat exhaustion, heat cramps, and non-fatal heat
stroke may also develop. The thermal discomfort could be lessened by concentrating on human thermal
comfort. The reduced pavement surface and near-surface air temperature could help improve thermal

comfort without increasing cooling-energy demand.

In addition, improved human thermal comfort could potentially encourage more outdoor activities
(34), including potentially more walking and cycling over driving for short-distance trips. Thus

improving thermal comfort will help to improve the quality of life.

The effectiveness of high-albedo materials at improving outdoor thermal comfort is currently being
studied, and the findings may vary depending on the urban layout and latitude (2) (le., solar angle).
Numerous research suggested that enhancing road reflectivity would reduce the intensity of UHI and
improve outdoor thermal comfort (35). The usage of highly reflecting materials, on the other hand, has
been shown in the studies to potentially have a detrimental effect on summertime thermal comfort (36).
However, very limited studies were found that assess the effects of optimization of albedo measures on
improving human thermal comfort. So, comprehensive models should be used to assess the

optimization of albedo pertinent to the thermal environment and thermal comfort indices.



2.2 Thermal comfort index: Thermal comfort is influenced by many factors, such as the surrounding
thermal environment (temperature, humidity, radiation flux, air flow), human activities, clothing, and

perception of how hot an area is.

Assessing comfort outdoors is not simple due to the complexity and methodological differences
observed in the related literature, which make any comparison with available results difficult.
Generally, comfort can be assessed by means of comfort indices. There are many different indices
referred to in the literature, such as Predicted Mean Vote (PMV), Perceived Temperature (PT),
Operative Temperature (OP), Standard Effective Temperature (SET), Mean Radiant Temperature

(MRT), Physiological Equivalent Temperature (PET) (e.g. 39-54).

But most of these indices have been developed from and for uniform indoor thermal environments,
mostly using a single factor, and therefore might not be suitable for spatially and temporally severely
non-uniform outdoor thermal environments. Hence, a rational index that combines several significant
factors (e.g., temperature, humidity, radiation flux, air flow, etc.) into a single variable, which
sums up their simultaneous effects on the sensory and physiological responses of the body, should

be identified and chosen for the assessment of outdoor thermal comfort.

Moreover, considerable variability exists in the tolerance levels of different people (with age, health,
and gender being the of the variables (54). Consequently, criteria for the thermal comfort index also
need to be based on the form of population mean or on the tolerance levels of more sensitive members
of the population. One research paper by Ahmed (55) presents findings on defining outdoor comfort
based on field investigations conducted in Dhaka, Bangladesh, a city in the tropics. Findings from a
survey conducted on many randomly selected people from urban spaces are presented. The findings
include factors affecting comfort outdoors for Dhaka and a comfort regime based on environmental

limits for urban outdoors.
10



2.3 Different studies related to albedo and human thermal comfort:

To understand the impact of albedo on thermal climate, the studies are being discussed below.

2.3.1 Study 1: Impact of albedo in heatwave conditions in London (37):

Location and methodology:

This study was based on microclimate simulations using the software ENVImet (V4.4.3), validated
with air temperature and solar radiation data measured in a residential area of London. ENVI-met is a
microclimate simulator able to calculate the high-resolution spatial and temporal distribution of

microclimate variables within an urban domain.

a) Radiation measurement points in three roads (K_Rd, S_Rd and L_Rd); b) albedometer and
radiation measuring at eaves level; c) installation of the temperature sensor on the lamppost; d) cherry
picker,used for radiation measurements. (37)

Figure 2.1: A Study of heatwave conditions in London

Process:
An air temperature sensor was installed in a radiation screen at 5m height on a lamppost in the case

study area (Figure 2.1 c).
11



A Bluetooth temperature, humidity, and dew point sensor beacon and data logger were used with a
temperature resolution of 0.1°C and accuracy of 0.3°C, with a greatest 0.4°C at -10°C to +75°C.
Spot measurements of the incoming and reflected solar radiation in different points within the canyons
of the study area were performed on the 23rd of May 2019 under clear sky conditions (Figure 2.1 a,
,2.1b and 2.1d).An albedometer composed of two pyranometer pointing one upward and the other one
downward was used to measure the incoming radiation from the upper hemisphere and the reflected
radiation from the lower hemisphere at three levels within canyons: at the street level (1.2m height), at

the 2"-floor level (5m height) and at the eaves level (10m height).

Analysis:

An ENVImet model of the area was built to simulate the microclimate and thermal comfort implications
of changing the reflectance of roads and facades in the case study area. A base model (Table 2.1)
corresponding to the current situation was built based on field surveys, GIS data and satellite data

(Google Earth) for urban geometry and vegetation.

Material & reflectivity coefficients K_rd S_Rd L_Rd
Facade (divided by orientation) ESE WNW SSW NNE SSE  NNW
Red Bricks r=0.32 9% 40% 69% 8% 4%
Yellow bricks r=0.43 25% 33% 31% 33%
painted brick r=0.2 9%
Dark paints r=0.08 3% 1%
White painted bricks r=0.56 38% 35% 40% 17% 33% 42%
Clear glass r=0.05 19% 25% 24% 13% | 28% 22%
Roads
Tarmac r=0,19 100% 100% 100%
Table 2.1: Envimet base model material reflectivity and coefficients (37)
Al- High reflectivity | A2 - Low reflectivity | A3 - High reflectivity | A4 - Combined
Scenarios p
facades facades Roads scenario
Facades r=0.6 r=0.1 as base case r=0.1
Roads as base case as base case r=05 r=0.5

Table 2.2: Envimet scenarios evaluated (37)

12




A survey of materials was conducted to estimate the reflectivity and emissivity properties of facades,
paving and road materials to be used in the ENVImet model. Some scenarios were simulated, changing
the surface albedo of facades and roads as reported in table 2.4. The surface albedo values for the
scenarios “high reflective facades” and “high reflective roads” were set to 0.6 and 0.5 respectively;

these are common values found in the scientific literature on high albedo materials for microclimate

mitigation.
Results:
S_Rd- Albedo measurements 23th May 2019- 11:20 - 13:50
— 1200 0.5
5 1000 - eee o04%0 0
< () B o '
S mi{ee®e0e®®%, o o
€ ° - 03 8
© 600 - ° w
= o
- 0.2
% 400 - =
: 200_ '0.1
° 00..!.O....OO.......O..!....00
52 51 2 13 12 1 K3 K2 K1

ALBEDO e Incident radiation (upper) @ Reflected radiation (lower)

Figure 2.2: The measured incoming and reflected radiation within the three case-study urban canyons.
(37) In Figure 2.2, The three canyons have the same geometry ratio (i.e., ratio of the building heights
to the street width) of approximately 0.75 and different orientations and material distribution as reported

intable 2.1 .
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Table 2.3; Variations of albedo:

the greatest and minimum values of 0.08

and 0.07 and an average value of 0.08.

The UA varied between 0.1 and 0.08,

with an average value of 0.09.

The highest values of UA (0.1) were
recorded at point L2, namely in the street
with the facade that received more
radiation at the time of measurements
(South-Southeast oriented fagade).

Findings:

In the first study, the researchers discussed that increasing the surface albedo of urban materials may
have countering effects on urban microclimate and outdoor thermal comfort. On the one hand,
increasing the albedo of surfaces determines a decrease in surface temperatures. On the other hand, the
consequent increase of reflections within complex urban geometry leads to an increase in solar radiation

received by urban surfaces, which may have a negative impact on outdoor and indoor thermal comfort.

In terms of air temperature, changing the albedo of facades does not influence the air temperature. A
significant decrease in air temperature is instead obtained with the increase in road albedo (scenario
A3). On the other hand, for the studied geometry, increasing the reflectivity of facades (scenario Al)
has a negligible impact also on the mean radiant temperature. Conversely, a substantial decrease in

facade albedo (scenario A2) allows a reduction of the mean radiant temperature at the street level.

14



2.3.2 Study 2: Influence on albedo under Mediterranean hot summer climate conditions (38):
The study uses simulation results to evaluate the impact of different surface albedo on the thermal
performance and comfort of a courtyard in Seville. To do so, the simulation tool ENVImet, one of the
most widely used for outdoor spaces, is validated through a comparison with monitoring results.
Based on the monitoring and simulation stages, the study recommends the best albedo configuration
for a specific courtyard condition in terms of thermal performance and user comfort, as well as a set of

recommendations for consideration when designing this kind of space.

Methodology:

To achieve the aim of this study, the methodology followed comprises both monitoring and simulation.
stages(Figure 2.3 ). Two different monitoring campaigns were performed in this courtyard, in two
stages of the configuration of the courtyard. The subsequent simulation stage of the methodology also
had two parts. The monitored data was used to validate the software to then simulate greater albedo

modifications in the courtyard.

1. MONITORING
5. OPTIMAL COURTYARD

For validation: CONFIGURATION

Outdoor temperature
S Outdoor relative humidity - And design
Outdoor wind speed and direction recommendations

Courtyard temperature—]_, —

CASE STUDY
ANALYSIS

2, VALIDATION SIMULATIONS 3. VALIDATION/ 4. ALBEDO
CALIBRATION SMULATIONS
ENVI - Courtyard temperature
" MET — R —  Surface Temperatures
MAPE Mean Radlant Temperature
Courtyard Temperature RMSE PET (user comfort)

Figure 2.3: Methodology Workflow (38)
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Location:

The case study selected was the courtyard of an educational building in Seville, in the south of Spain.
The case study selected is the only inner courtyard in the building, built in 1976 and refurbished in
2017. The courtyard’s main modifications were the enlargement of windows, the white coating added
to the walls, and the floor covered with white gravel instead of soil with vegetation. A green facade was

later installed on the southwest wall.

Process:

The first monitoring campaign was developed in October 2017, after the building refurbishment and at
once before the installation of the green facade. The second, in August 2018, was carried out after the
installation of the green facade in the courtyard. Both campaigns were over a weeklong and the building
was unoccupied to limit external variables due to users. The data used for the validation of the
simulation software were one day chosen for Test 1 (T1) from the first campaign and one day for Test
2 (T2) from the second. The campaigns were developed during warm days of the year when
temperatures close to 38 °C were reached. This is common in August (summer) but was an anomaly

for this year to reach those temperatures in October (autumn).

Simulation:

ENVImet v4.4.5, one of the most widely used Computational Fluid Dynamics (CFD) software for urban
microclimate simulations on a global scale, has been used for the simulation.

The simulation process had two stages (Figure 2.4). First, a given day was selected from each
monitoring campaign for the comparison of monitoring and simulation data in different scenarios to
confirm and calibrate the software. Once it was validated, it was used to analyze different albedo

configurations to set up the optimal design for the courtyard.
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T1. Air temperature - October 3" - T2. Air temperature - August 14
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Figure 2.4: Analysis of Outdoor and courtyard monitored air temperature. Left: October 3, 2017
(without green facade). Right: August 14, 2018. (With green facade). (38)
Findings:
Two aspects relating to these results were further analyzed. The first of these is the shift between the
peak temperature outside and inside the courtyard. While the greatest temperature inside the courtyard
appears when the sun is at its zenith, outdoors, the greatest temperature is reached a few hours later.
Inside the courtyard, the temperature peaks when the highest solar radiation is hitting the walls and
floor. After this point, the courtyard geometry results in a decrease in solar radiation, and it starts
cooling. Outdoors, the heat continues to accumulate after the zenith time, so that in the exterior the peak
temperature is reached later. The second aspect is the relative increase in outdoor temperature observed
at night in October. This causes the courtyard temperature, which is generally higher than nighttime

outdoor temperatures (because of the heat absorbed by the walls), to fall below the outdoor temperature.

Key results
o Albedo played a minor role in air temperature and a larger role in MRT and PET. But, the MRT
and PET value results obtained in this study remain quite high and would still cause a person

to suffer from strong heat stress inside the courtyard.
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o Walls with high albedo reflect solar radiation, affecting user comfort, while a low albedo on
the walls absorbs radiation and increases surface temperature and air temperature. Although the
recommendations on albedo helped to increase comfort, they are not enough to reach comfort
in extreme conditions. To achieve comfort, the researchers concluded that the strategy of
selecting an adequate albedo must be combined with other strategies such as the use of shading

or evaporative cooling, especially in this kind of low Aspect Ratio courtyard.

2.4 Summary of research and knowledge gaps

Although the amount of research work has been completed or is being conducted by different research
institutes and groups around the world, there are still several knowledge gaps related to the albedo
optimization technique, as well as human thermal comfort level concepts for different scenarios. Some
major research and knowledge gaps are identified from the literature review above and summarized as

follows:

2.4.1 Environmental Performance

(1) Studies related to the impact of the albedo of different materials on human thermal comfort are still
very low.

(2) Studies related to fundamental material properties (thermal property) of pavement, such as albedo,
thermal conductivity, and heat capacity, are very limited.

(3) The seasonal effects on the local microclimate of pavements have not been fully investigated, especially
the variable effects in different seasons under different climate conditions.

(4) The relationship between Mean Radiant Temperature, Physiological Equivalent Temperature, and

albedo is lacking in the investigation.
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2.4.2 Implementation issues
(1) Comprehensive recommendations for implementation and further research on human thermal
comfort are missing.
(2) Use of software and the latest updated technologies have been implemented very little practically to

perform comparative analysis.
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Chapter 3 Problem Statement and Study Methodologies

3.1 Problem statement

This study was based on microclimate simulation through the software ENVImet (V4) and RayMan
modelling software for the purpose of optimizing albedo. ENVImet (\V4) software is validated with air
temperature and solar radiation data measured in different areas of the USA. ENVImet is a microclimate
simulator able to calculate the high-resolution spatial and temporal distribution of microclimate
variables within an urban domain (56). In the context of urban microclimates, thermal comfort is the
key indicator to describe people's subjective experience of temperature in open spaces. It summarizes
the impact of sun, wind, air temperature, and humidity on thermal sensation. Thus, a simulation software
Envimet and Human body energy balance model will be used to calculate the thermal comfort. The
RayMan model, developed for the calculation of the mean radiation temperature and thermal indices in
simple and complex environments, is only based on data of air temperature, air humidity and wind
speed (57). RayMan can be used for the assessment of urban bio climate and thermal indices such as
Predicted Mean Vote (PMV), Physiologically Equivalent Temperature (PET) and Standard Effective
Temperature (SET). The model is developed based on the German VDI-Guidelines 3789, Part 11(58):
Environmental Meteorology, Interactions between Atmosphere and Surfaces; Calculation of the short-
and long wave radiation and VVDI-3787(59): Environmental Meteorology, Methods for the human-bio
meteorological evaluation of climate and air quality for the urban and regional planning at the regional
level. Part I: Climate(60).The detailed calculation for thermal comfort and human energy fluxes is based

on the Munich Energy Balance Model (MEMI)for Individuals.
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3.2 Study goal and scope
After identifying the required inputs and limits for the models, historical data of specific locations
were used from weather websites. Data were used for analysis and calculation by considering Adult
Human Thermal Comfort Index for both Adults and Children. Finally, albedo was optimized for the

human thermal comfort index.

3.3 Methods:

Environmental limits, Human Thermal Comfort inputs, and relevant inputs and limits required for the
models were identified first, following the selection of experimental data that were used for the models.
A Different thermodynamic model in ENVIMET allowed a holistic evaluation of steady-state and

transient thermal comfort conditions.

The human thermal comfort index and PET were calculated using the RayMan model. MRT (Mean
Radiant Temperature) (61) were used to calculate the net heat gain. The human body energy balance
model (61,62) was used to calculate the energy gain or losses. The total energy gains or losses of a
human body were calculated by the energy balance equation. The equations played an important role
in calculating the value of PET. Simulation and Analysis were computed through EnviMET and

RayMan. Next, Rayman was used for optimizing the albedo through ‘additional pre-setting option’.

The questions to be answered by the study are:

(i)Can the EnviMet model give the desired result/output that can be used for albedo optimization?
(ii)Can EnviMet/RayMan allow albedo to be changed?

(iii)Can Envi-Met/RayMan predict the pavement temperature and other microclimate factors?

(iv)Can Envimet & RayMan measure and evaluate the human thermal comfort level for adults and

children?
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(v)Can I know the height that is required from/for PET (physiological equivalent temperature) model?

(vi)Is there an optimum albedo, or does it monotonically affect human thermal comfort ?

3.4 Study objectives:

To achieve the study goal above, the specific research objectives are listed as follows:
(i)Use of historical data and conducting microclimate-based simulation.
(if)Using the outputs for optimizing albedo to get a value indicating better human thermal comfort.

For human thermal comfort, adults (35 years) and children (3-9 years) were considered.

Types of different built environment scenarios: Playground/Parking lot like the flat area: Asphalt

and Concrete Pavement.

3.5 Tasks:

1. A literature review was conducted

2. Background study was performed.

3.Historical data collection was performed.

4. A situational analysis were undertaken with the inclusion of the field notes, relevant data, and inputs.
5. Data was analysed, and Results were collected.

6. A research report was written that combined the understanding of the relevant theory and previous
research with the results of the current research.

7. Finally recommendations/findings were provided, and possible implementation

possibilities based on future needs were given.
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3.6 Organization of the following parts of this Thesis:
This thesis is organized as follows. Chapter 4 presents the simulation technique. Chapter 5 will discuss
the optimization technique of albedo for human thermal comfort. While chapter 6 will give the

summary, conclusions, and recommendations.
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Chapter 4: Simulation

4.1 Introduction:

Pavement heat can influence near-surface air temperature profiles and consequently influence human
thermal comfort and air quality in recent periods. Besides the thermal impact on near-surface air,
pavement heat can potentially affect the temperatures of the surrounding surfaces as well as produce
reflection of solar radiation and albedo that can be absorbed by surrounding surfaces, consequently
affecting human thermal comfort.

The objective of the study presented in this chapter was to understand the basic process of conducting

microclimate analysis and to evaluate human thermal comfort through the simulation process.

4.1.2. Pavement Surface Details: Asphalt and concrete(hardscape) pavement surface (flat areas like a

parking lot, and playgrounds) was considered for the simulation.

4.1.3 Pavement Thermal and other Properties: There are important properties of pavement that are

significant for the study as well as for performing the simulation.

Heat Capacity:

Heat Capacity is the energy needed to raise a unit mass of a substance by one unit of temperature,
typically expressed in units of J/kg*K. The heat capacity of dense-graded asphalt and concrete are very
similar, being about 900 J/kg*K which was also considered for the simulation purpose as the default
value. (63).For the analysis, the value of heat capacity and thermal conductivity were kept constant for

both asphalt and concrete conditions with the standard values mentioned above.
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Thermal Conductivity:

Thermal conductivity is a measure of the ability of a material to conduct or transmit heat. It is the ratio
of heat flux (power per unit area) to temperature gradient, and is expressed in units of W/meK. A
material with a high thermal conductivity will transfer heat at a higher rate than a material having a low
thermal conductivity. The thermal conductivity of pavement in the reported literature was mentioned
as 2.0 W/me<K, for asphalt and concrete. (42).The same value was also considered as default value for

the simulation in Envimet and Rayman.

Albedo: It is the measurement of the reflectivity of sunlight by any object (64). Objects reflecting more
sunlight have high albedo while those reflecting less have a low albedo. It is measured on a scale of 0—
1 or given in percentage with 1 being a perfect reflector (100%) and 0 (0%) absorbing all incoming
light (33).An albedo of 0 means no reflecting power on a perfectly black surface, while an albedo of
100% means perfect reflection of an entirely white surface. There are different albedos at different light
wavelengths, and that albedo measured with an albedometer is the sum of all of those. The simulation

would be conducted to measure the values of Albedo and to optimize it.

Physiological Equivalent Temperature(PET): It is defined as the physiological equivalent
temperature at any given place (outdoors or indoors) and is equivalent to the air temperature at which,
in a typical indoor setting, the heat balance of the human body (work metabolism 80 W of light activity,
added to basic metabolism; heat resistance of clothing 0.9 clo) is maintained with core and skin
temperatures equal to those under the conditions being assessed (65). Clo is a value that describes the
degree of insulation provided by an article of clothing. The simulation would also calculate PET which

would be a great indicator of human thermal comfort.
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Mean Radiant Temperature (MRT): It is defined as the uniform temperature of an imaginary
enclosure (or environment) in which the radiant heat transfer from the human body is equal to the
radiant heat transfer in the actual nonuniform enclosure (or environment) (66). MRT was also used to

assess human thermal comfort and can be calculated through simulation.

Predicted Mean Vote (PMV): It is an index that aims to predict the mean value of votes of a group of
occupants on a seven-point thermal sensation scale. (67). PMV is an important factor that would be
required to compare human thermal comfort with the other values calculated from the simulation.
The predicted percentage of dissatisfaction (PPD) index: Provides an estimate of how many occupants

in a space would feel dissatisfied by the thermal conditions.
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Figure 4.0: Predicted Mean vote and Predicted Percentage of Dissatisfaction

Source: The American Society of heating, refrigerating and air-conditioning engineers(ASHRAE) (67)

4.2 Different limits of human thermal comfort: General Concepts
Although there are many factors that are related to human thermal comfort, not every factor can be

discussed due to study limitations. Some of the significant factors are discussed below:
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4.2.1 Importance of Mean Radiant temperature (MRT) on human thermal comfort model:
MRT is the most important parameter governing human energy balance, especially on hot sunny days.
MRT also has a powerful influence on thermos physiological comfort indexes such as physiological

equivalent temperature (PET) or predicted mean vote (PMV) ( (61,62).

Difference between MRT and air temperature

Radiant heat can play a significant role in achieving thermal comfort, promoting a healthier
environment, and lowering building heating costs in winter. To understand how radiant heat makes
these benefits possible we must first clarify the difference between ambient air temperature as opposed
to the mean radiant temperature. The ambient air temperature is a measure of the average air
temperature in the environment while the mean radiant temperature is a measure of the net radiant

heat gain and heat loss in the environment.

Most people are familiar with how fluctuations in air temperature affect their perception of comfort,
but relatively few people are conscious of how their comfort is affected by mean radiant temperature
differences. Living human skin has extraordinarily high emissivity and absorptivity, making it very
sensitive to radiant heat loss and gain. Radiant heat loss or gain is not dependent on the air
temperature. For example, when you stand in the sun on a cold winter day you feel radiant heat gained
from the sun even though the air temperature is cold. On the other hand, when you open the freezer
door on a hot summer day you feel radiant heat loss to the interior of the freezer. In both cases, thermal

comfort is largely affected by the difference in radiant heat gain or loss, not air temperature.

Further, it is important to understand that one can experience heat gain from a warm surface and heat
loss from an icy surface at the same time from different parts of the body. In other words, one’s skin

can simultaneously absorb heat from a warm surface and emit heat to an icy surface.
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Depending on the strength of the radiation of heat from the warm surface to someone’s skin and the
absorption or heat from someone’s skin to the icy surface, he will feel either a net gain or loss of
heat energy. The mean radiant temperature measures this combined net radiant heat loss and gain

(61,62).

4.2.2 Calculation of MRT in the human thermal comfort model:

To calculate the MRT (Tmrt, in °C), the relevant properties and dimensions of the radiating
surfaces and the sky view factors as well as the posture of the human body (e.g., seated or
standing, etc.) need to be known. The entire surroundings of the human body are divided into ri
thermal surfaces with the temperatures T, (in °C) and emissivity c,, to which the view factors N,

are to be assigned as weighting factors (i=1,2,3, ...,n) (61,62).
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(4.1)

ahb is the absorptivity of the human body surface for the short-wave radiation (standard value 0.7);
ghb is the emissivity of the human body surface (standard value 0.97); SVFhb is the sky view factor

of the human body. Fhb is the human body surface projection factor, which is a function of the
incident radiation direction and the body posture. For practical application in human biometeorology,
it is generally sufficient to determine Fhb for a rotationally symmetric person standing up or walking.
Fhb ranges from 0.308 for 0° of the solar angles and 0.082 for 90°(50,51) where, E; is the emitted long-
wave radiation from each surface, which can be calculated as (o is the Stefan-Boltzmann constant, 5.67

10" W/m?K#:
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Di is the diffuse short-wave radiation from each surface, mainly the diffusely reflected global.
radiation. It can be calculated through equation 4.3 (I is the total global radiation; SVFi is the sky view

factor of surface i; ai is the absorptivity of the surface i for the short-wave radiation.).

Sky View Factor can be calculated using Rayman Modelling Software by providing the albedo input.

For this purpose, fish eye images of pavements are generally used in RayMan software. The fisheye
images equidistantly follow linear transects to cover a range of SVF values and to analyze the reaction
of the methods to a continuously changing environment (68).The "Sky View Factor" (SVF) gauges how
much sky is visible from a certain location. One would have a 100% sky view factor if they could see
a whole half dome of sky in an infinite plane. A portion of the sky is obscured as soon as something is

placed on the infinite plane, such as trees, buildings, or hills.

More details associated with determining the view factors N; are discussed in ASHRAE literature(67).
In the case of large flat surfaces without any restriction of the horizon, for instance, a larger paved
parking lot, the problem of determining VF; is reduced to an upper and a lower hemisphere with a view

factor of 0.5 for each (61,62).
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Some important Thermal Comfort Factors based on ASHRAE:

(i)Airspeed:

The rate of air movement at a given point in time regardless of the direction.

(if)Clothing insulation factor: Clo is a value that describes the degree of insulation provided by an article
of clothing.The unit used to represent thermal insulation from clothing, where 1clo = winter clothing and
0.5 clo = summer clothing. There is a difference between clothing insulation (Icl), which includes even
parts of the occupants’ body uncovered by clothing, and garment insulation (Iclu), which only refers to

heat transfer obtained from skin to clothing contact.

(ili)Metabolic Rate (M):

The rate of transformation of chemical energy into heat and mechanical work by metabolic activities
within an organism, usually expressed in terms of unit area of the total body surface. In this standard, the
metabolic rate is expressed in met units. This unit is accounted for as the personal activity of occupants,

where one met is a person at rest.

(iv)Relative Humidity (RH):
The ratio of the partial pressure (or density) of the water vapor in the air to the saturation pressure (or

density) of water vapor at the same temperature and the same total pressure.

(v)Mean Radiant Temperature (tr):
The uniform surface temperature of an enclosure where an occupant would exchange the same amount
of heat as in the actual non-uniform space, calculated from the weighted temperature average of each

surface divided by the total area of the space.
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4.2.3 Thermal comfort index:

Generally, thermal comfort is influenced by many factors, such as the surrounding thermal
environment (temperature, humidity, radiation flux, air flow, etc.), people's activity, clothing,
perception of how hot an area is, etc. Assessing comfort outdoors is not simple due to the complexity
and methodological differences observed in the related literature, which make any comparison with
available results difficult. Generally, comfort can be assessed by means of comfort indices. There are a
large number of different indices referred to in the literature, such as Predicted Mean Vote (PMV),
Index of Thermal Stress (ITS), Perceived Temperature (PT), Operative Temperature (OP), Mean
Radiant Temperature (MRT), Standard Effective Temperature (SET), and Physiological Equivalent

Temperature (PET) (69-71).

Compared to other thermal comfort index such as ITS, PT and OP, which are more suitable for the
indoor thermal environments, the SET and PET are more rational for evaluating the outdoor thermal
environments. Both SET and PET are based on the human body energy balance, which use a two-
node model (skin and core nodes) to model the thermal conditions of the human body physiologically
relevantly. Both SET and PET are defined as the air temperature at which, in a typical indoor setting,
the heat budget of the human body is balanced with the same core and skin temperatures as under the
complex outdoor conditions to be evaluated. To better understand these two indices, the human body

energy balance modeling should be first introduced and understood.
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4.2.4 Human body energy balance modeling
The heat exchange between the human body and the thermal environment is illustrated in
Figure 4.1. The total energy gains or losses of the human body can be described by the heat

balance equation (61,62):

M + W + C + R + EX\\‘ + Cl'(‘l' + El'(’S = S (4.4)

M is the metabolic rate (W/m?). W is the rate of mechanical work (W/m?). C is the sensible heat gain
or loss by convention (W/in?). R is the sensible heat gain or loss by emitted radiation (W/m°®). Esw is
the total evaporative latent heat loss from the skin by sweat (W/m'). Cres is the convective heat gain
or loss by respiration (W/m°®). Eres is the evaporative heat loss by respiration (W/in"). S (W/m°®) is the
total storage heat flow in the body. All the terms are positive (body heating) when heat that is produced
in the body and gained from the environment and negative (body cooling) when heat is lost to the

environment.

In the heat balance equation, the storage flow of heat in the body, S, means body heating when positive
and cooling when negative. When S is equal to 0 the amount of heat produced in the body and
gained from the environment is the same as that lost to the environment, and the body temperature is in

a steady state
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Heat Budget on Human Body

Respiration convective heat, C,z, and T3, SR, WS, AH, SVF

evaporative heat, Bz Y=,
~

~
Sweat evaporative heat, Ev 3
~

& Incoming (solar) radiation
~

Convective heat, C —3

Figure 4.1. Illustration of heat budget on human body(66). (Ts, « and ¢ are temperature, albedo and
emissivity of pavement or other vertical surfaces, respectively. Ta, SR, WS, RH and SVF are air.

temperature, total solar radiation, wind speed, relative humidity and sky view factor, respectively.)

For the two-node model, the energy balance at the core and shin nodes may be written as follows

(Equation 4.5 to 4.9):
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4.5
S = S+ Sk ( )
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Ser = (48)

A it '

; m_c dT.

S (49)
A, dt

. where, Scr is the net heat flow to (positive, heating) or from

(negative, cooling) the core in (W/m”2).

o Ssk is the net heat flow to (positive, heating) or from (negative,
cooling) the skin in (W/m”2).

. Mcr and msk are the masses of body core and the skin,
respectively in (kg). c is the body heat capacity in (J/kg °C).

° Ahb is the body surface area in (m2).

o Tcr and Tsk are the transient temperatures of the body core and the
skin, respectively in (°C).

o tis the exposure time for assessment of human body in the thermal

environment in (sec).
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4.25 The mass and body surface area

The mass at the core and skin nodes are calculated using the fraction of the total mass, also called the

effective shell thickness (n), following Gagge et al.(61,62):

m.=(1- a) Wt 4.10

ma=aWwt 411

where Wt is the total body weight (kg).Mcr and Msk are mentioned in eq (4.8) and (4.9)

The body surface area is calculated from (72):

Au=0.203H"" Wi
4.12

where Ht is the body height (m).

4.2.6 Thermal signals of human body

The thermoregulation processes are controlled through feedback thermal signals by deviations in the

skin, core, and body temperatures.

The thermal signals for the skin (7S, , in °C), core (7S,,. in °C) and body (FSt, in °C) are calculated
following Gagge et al.:

ISa=T4—34.1
4 .13

ISq=T5—36.6 4.14
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TSy =aTSx+ (1— a) TS, 4.15

The numeric values (34.1 and 36.6) in the above equations are the set-points for the skin and core

nodes in the two-node model. The thermal signals from the skin and core are warm (positive) or cold
(negative) signals to control vasodilation, vasoconstriction, blood flow and shivering, while the body
thermal signal is used only when indicates warmth to regulate sweating along with the skin thermal

signal for warmth.

4.2.7 Metabolic rate

By the oxidation of the constituents of food (carbohydrates, fat, or proteins), energy is transformed
into heat in the body. The metabolic heat production rate (M) is primarily dependent on the

physical activity. Some examples for metabolic rates are listed in Table 4.1(73).

Table 4.1. Metabolic rates at different activities

Actrvity Metabolic rate (met) Metabolic rate (W/m®)
Reclining 0.8 46

Seated, relaxed 1.0 58

Standing, hight activity 1.6 93

Standing, medium activity 2.0 116

Walking on level ground, 2kmh 1.9 110

Walking on level ground, 3kmh 24 140

Walking on level zround, S kmh 34 200

I metabolic unit = 1 met = 58 Wm'.

With the system of the equations above, all relevant heat fluxes and thermo-physiological body
limits can be calculated for any given climatic conditions considering all relevant
meteorological limits. Also, comfort indices, such as SET and PET, can be calculated from
these models for steady state or dynamic state.
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The ASHRAE’s SET index is defined as the equivalent air temperature of an isothermal
environment at 50% RH in which a subject, while wearing standardized clothing for the activity
concerned, would have the same heat stress (skin temperature Tsk) and thermoregulatory strain
(skin wittedness, w) as in the actual environment being evaluated. The isothermal environment
refers to the environment at sea level, in which the air temperature is equal to the mean radiant

temperature and the air velocity are zero.

The PET is developed by a German research group headed by Peter Hoppe and is recommended
as a thermal index by the German Association of Engineer’s VDI guidelines (German guidelines
for urban and regional planners). PET is defined as the equivalent air temperature at which, in a
typical indoor setting (Tmrt=Ta; VP=12 hPa; v=0.1 m/s,), the heat balance of the human body is
maintained with core and skin temperatures equal to those under the actual complex conditions

being assessed.

Both SET and PET have a thermo-physiological background and therefore they give the real

effect of the sensation of climate on human beings. Moreover, they both have the unit degree.

Celsius (°C) and can therefore be more easily related to common experience and interpreted by
planners for design purposes. So, both SET and PET can be used to evaluate the outdoor

thermal environment. For this study, the PET is selected as a main thermal index to evaluate its

effect on human thermal comfort. Analysis are done using two different software’s through EnviMet

And RayMan.(Chapter 5)
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4.3 Example calculation of PET:

To demonstrate the heat balance model of a human body, through a study published in a

research paper by Dr.Hui Li (66) can be discussed below:

The heat flux, body temperatures and PET were calculated for a typical hot outdoor condition and

illustrated in Figure 4.2. In this case, an adult of 1.80 m height, 75 kg weight and with light wearing of

0.5 clo (1 clo=0.155 m2K/W), is walking at the speed of 2 km/h on a street paved with black asphalt

and without shading. The weather conditions are Ta=38°C, RH=50% and vw=0.5 m/s. The Mean

Radiant Temperature (Tmrt) of the surrounding is equal to 55 °C, which is very hot. The clothing

temperature Tcl is up to 41.85 °C; the mean skin temperature Tsk is 37.94 °C, and the core temperature

Tcr is 38.44 °C. The sweating rate Rsw is estimated as 0.14 g/m2s. The Physiological Equivalent

Temperature (PET) the adult feels are 42.0 °C for this assumed context, which is very hot.

Heat Balance on Human Body

Activity: walking at 2 k/h (1.9 met =110 W/m®). exposure time: 60 min
Weather: 7,,,~55°C, IT,=38°C. RFF=50%. v,=0.5 m's

im[,
Metabolic rate Af: 110 W/m® (\ ¢
Rate of mechanical work #: 0 W/m® /_) g gt S
Convention heat C: -2 W/m? / Clothing temperature T 41 85 °C
Net emitted radiation R- 76.1 Wim?2 / A A \, Mean skin temperature T ;- 37.94 °C
Sweat evaporative heat E, - -227.4 Wim? [ s | } - A A jC
Respiration convective heat C,_,: -0.62 W/m? f \ ety rbe Koy 014 ghis:
Respiration evaporative heat E,_.- -4 84 W/m” va‘ ( n Mj' S “ .
Skin heat storage heat S;: -173.6 W/m~ H ) \‘-\ | Skisi blood Sow vir 90°F oot
Core heat storage heat S_,- 103.0 W/m® | l K \
Total heat storage heat S: -70.6 W/m~ l { \

|
) -
<A
Body parameters: 1.80m_ 75 kg. 0.5 clo

Figure 4.2. lllustration of energy balance model on human body (66)
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Thermal sensation or subjective thermal perceptions are related to PETSs. Previous studies (e.g.
[38-40]) indicated that occupant thermal sensations and preferences vary for different regions
due to the differences in behavioral adjustment, physiological acclimatization, and psychological

habituation or expectations. This may lead to different thermal comfort ranges.

Table 4.2 lists the thermal sensation classification for different regions. The PET range for Taiwan and
Western/middle European countries are from the survey studies conducted in these regions (74,75).

The comparison of the thermal sensation classifications for these two regions demonstrates that the
thermal comfort range in Western/middle European countries (18-23 °C PET) is lower than that of
Taiwan (26-30 °C PET). People living in Western/middle European. countries cannot tolerate
temperatures as high as those tolerated by people living in Taiwan with a tropical climate. The climate
in Davis, California is not as hot as that in Taiwan but is hotter than that of in Western/middle European
countries. so, the thermal sensation classification is. estimated for Davis, California based on those for
Taiwan and Western/middle European Countries, as listed in Table 4.2. More accurate local thermal
sensation classification for Davis, California could be obtained from outdoor field study and survey

(e.g(74,75)to set up the correlation between thermal sensation and PET for local occupant.

Themmal sencation | PMV PET range for PET range for PET range for

Tawan® (°C PET) | WestemMiddle Davis, CA(°C
European’ (°C PET) | PET)

Very hot 3.5 42 41 40

Hot 25-35 38-42 35-41 35-40

Wam 15-25 34-38 29-35 30-35

Shightly wamm 05-15 30-34 23-29 26-30

Neutral 05-05 26-30 18-23 19-26

Shghtly cool -15--05 22-26 13-18 16-19

Cool -2.5--13 18-22 §-13 12-16

Cold -3.5--25 14-18 4-8 6-12

Very cold -3.5 <14 4 6

a* Lin and Matzarakis, b* Matzarkis and Mayer, Davis (Hui Li,2012)

Table 4.2: Thermal sensation classifications for different regions
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4.4: General Pavement limits:

Heat Capacity:

Heat Capacity is the energy needed to raise a unit mass of a substance by one unit of temperature,
typically expressed in units of J/kg*K. The heat capacity of dense-graded asphalt and concrete are very

similar, being about 900 J/kgeK (71) which was also considered for the simulation purpose.

Thermal Conductivity:
Thermal conductivity is a measure of the ability of a material to conduct or transmit heat. It is the ratio

of heat flux (power per unit area) to temperature gradient, and is expressed in units of W/me<K.

A material with a high thermal conductivity will transfer heat at a higher rate than a material having a
low thermal conductivity. The thermal conductivity of pavement materials were considered as 2.0
W/meK for asphalt and concrete (71).The value was also be considered for the simulation.

For the analysis, the value of heat capacity and thermal conductivity were kept constant for both asphalt

and concrete conditions.

General Pavement thickness Design:

After selection of the type of concrete pavement type of subbase if needed, and type of shoulder (with
or without concrete shoulder, curb and gutter or integral curb), thickness design is determined based on
four design factors:1.Flexural strength of the concrete (modulus of rupture, MR)2.Strength of the
subgrade, or subgrade and subbase combination (k)3.The weights, frequencies, and types of truck axle
loads that the pavement will carry 4.Design period, which in this and other pavement design procedures

is usually taken at 20 years, but may be more or less.
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For the study, a heavy-duty parking lot was considered and the value of 4 inch in the thickness option(y

grid)in simulation was considered for the simulation in Envimet and Rayman.

Large flat paved area (e.g. parking lots.) was used to evaluate and compare the effects of two different
pavement surfaces (asphalt and concrete) through microclimate analysis in Envimet and Rayman for
summer climate (Sacramento region). Standard parameters (mentioned in table 4.3 to 4.6) for asphalt
and concrete were used and Weather data for summer (June and July) climate were considered for the

simulation scenarios.
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4.5 Models followed by Envimet and Rayman Software

4.4.1 ENVI-met Details:

ENVI-met v5, one of the most widely used Computational Fluid Dynamics (CFD) software for urban
microclimate simulations on a global scale, has been validated in many countries.In addition to
considering variables such as solar radiation, wind, soil, and vegetation, it uses the Biomet tool to
calculate comfort indexes and allows the definition of materials by thermal characteristics, such as
albedo and emissivity, which makes it appropriate for the analysis of the impact of albedo on the
thermodynamic performance of the selected area and on users’ comfort in this study. ENVI-met uses
the Finite Difference numerical method to solve the multitude of partial differential equations (PDE)
and other aspects in the model. Its accuracy has been tested in terms of the thermal performance of the
outdoor environment, particularly on a large scale. Envimet simulates the surface-plant air interactions
in an urban environment(56). It is validate and compared to onsite measurements(76)..Envimet
calculation of MRT is defined by the following equation (56).

The surrounding environment consists of the building surfaces,the atmosphere and the ground
surface.All radiation fluses,i.e. direct irradiance 1t(z),diffuse and diffusely reflected solar radiation
Dt(Z) as well as the total long-wave radiation fluxes Et(z) from the atmosphere, ground and walls, are
taken into account(73).At street level, Et(z) is assumed to be originated 50% from the upper hemisphere
(sky and buildings) and 50% from the ground. This approximation is valid only at street because of the
influence of longwave radiation of the ground decrease with the increased height. The temperature of
each building surface viewed from the face of a target point is calculated as a weighted temperature,

where the weight is defined by how much surrounding surfaces are viewed by the face of a given point.

0.25
4.16
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In equation 4.16, o is the Stefan- Boltzmann constant, 1= direct irradiance = Non-scattered
solar radiation D=Long Wave solar rggation E=radiation from the atmosphere, ak=body

absorption coefficient, ep (-) is the emissivity of human body.
The Stefan-Boltzmann constant, (5.670374419 x 10 ° watt per square meter per kelvin to the

fourth (W / (m2 X K4) symbolized by the lowercase Greek letter sigma (o), is a physical
constant expressing the relationship between the heat radiation emitted by a black body and
its absolute temperature. ¢ represents the constant of proportionality between these two

variables.

4.6 Envimet simulation

Envi-met Modelling software input and Methodology:

The ENVI-met is a three-dimensional micro-scale thermal model that analyzes the interactions of
various elements within an urban environment. The software inputs various limits such as building
structure, vegetation, ground surfaces, climatic conditions, and soil, and simulates the changes from
proposed building forms, shading, orientation, and other modifications. The ENVI-met model takes
into account the fluid dynamics of air flow and turbulence, as well as thermodynamic processes
occurring at various surfaces such as the ground, walls, roofs, and plants. The software considers all
types of solar radiation and calculates the mean radiant temperature, including the effect of plant
shading, absorption, and re-radiation. The cell area for simulation can vary from 0.5 meters to 10 meters
and the simulation is processed using both the input and configuration files. The output data is then
imported into the LEONARDO 3.0 visualization program where it can be visualized in plan, section,
or 3-D axonometric views. The main layers used for visualization include data layer for continuous data

display, special layer for singular data display, and vector layer for wind display.
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Methodology:
e Microclimate simulation was conducted in Envi-met for the purpose of using the information into

Rayman for albedo optimization.(Figure 4.3 to Figure 4.6)

|
Yy

Figure: 4.3 Location for Asphalt based Analysis (A hypothetical location similar to Sacramento

bridge area parking lot was considered for the simulation area in EnviMet)

Figure 4.4 Location Concrete-based Analysis(A location similar to Davis/Sacramento concrete area
parking lot was considered for the simulation area)

Figure:4.5 Building 3-D model in Envimet
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Figure 4.6: Simulation in Envimet

The hypothetical sites in Sacramento were simulated using ENVI-met models (v5) based on the actual

environment.

ENVI-met modelling software was used to establish a numerical model of pavement sections,
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incorporating temperature, wind speed, humidity and pavement properties.(figure 4.3 to figure 4.6).

For simplification, Two pavement sections of asphalt(table 4.7 and 4.9) and concrete (table 4.8 and
4.10) were selected for the analysis in EnviMet and in RayMan and specific inputs(table 4.3 to 4.6)
were provided for the simulation for the date June 21% to June 24" and from July 15" to July 18"
2022.So in total four different scenarios will be part of the simulation and analysis process as follows:

Analysis of Asphalt based flat (parking area) for June 21% to June 24" 2022 Simulation input Table 4.7
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B. Analysis of Concrete based flat (parking area) for June 21 to June 24" 2022 Simulation input Table

4.8

C. Analysis of Asphalt based flat (parking area) for July 15" to July 18" 2022 Simulation input table 4.9
D. Analysis of Concrete based flat (parking area) for July 15" to July 18" 2022 Simulation input
table 4.10

e Table 4.3 to 4.10 mentioned in this chapter shows the input details in EnviMet,3D model building,
simulation.

e The pavement simulation area was defined as a 40*40*30 m square and implemented with an open
boundary condition and a terrain height of 3 m. No building height was considered as a flat parking
lot was selected, without vegetation.

e After simulation was run, it was processed using both input and configuration files and the output
data was imported and visualized in LEONARDO 5 (Shown in appendix tables A-1 to A 10,B1 to
B 10,C1 to C10 and D1 to D 10).

e After conducting the simulation, results were collected for further analysis in RayMan where
optimization of albedo was conducted (mentioned in chapter 5).

Simulation inputs for different scenarios for Envimet:
Table 4.3 Asphalt Pavement Input details: For Date:21%t June to 24" June and 15" July to 18™

July
Pavement Property Value
Roughness length .01
Albedo .2 (Envimet uses the default albedo value and
does not allow to change the albedo value)
Emissivity 9
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Table 4.4:Concrete Pavement Inputs:For Date:21%t June to 24" June and 15" July to 18™ July

Pavement Property Value
Roughness length 01
Albedo 5
Emissivity 9

Altitude: .2 to 10 m (For both asphalt and concrete)

Heat Capacity: 900 J/kg*K(For both asphalt and concrete)

Conductivity: 2.0 W/meK  (For both asphalt and concrete)

Personal Data

Values

Height 1.75m for adult, .9m for child
Weight 75 kg for adult,15kg for child

Age 35 for adult (3 to 9 for child)

Sex Male and Female (adult and child)

Table: 4.5 Personal Data Input

Clothing and activity(for adult and child) Values
Clothing 9
Activity 80 W
Positioning Standing

Table 4.6: Clothing and activity input
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Input details Asphalt

Date of Analysis
Simulation Duration
Start time

End time

Weather Parameters used

Rest of the settings

06-21-22 to 06-24-22
72 hours

9:00 am,06-21-22
8:59 am,06-24-22

Min  temp-19degree(66F,5:53am 22
June),Max-39 degree(103F,3:53pm21st
June)

Min  Rel  Humidity:7%(5:53pm),Max-
459%(11:53pm)

Default (40*40*30)

Table 4.7 Input for Scenario A in Envimet : asphalt condition (June 21%t to June 24™",2022)

Date of Analysis

Simulation

Duration
Start time
End time

Weather

Parameters used

Rest of the

settings

06-21-22 to 06-24-22

72 hours

9:00 am,06-21-22
8:59 am,06-24-22

Min temp-19degree(66F,5:53am 22nd June),Max-39
degree(103F,3:53pm21st June)
Min Rel Humidity:7%(5:53pm),Max-45%(11:53pm)

Default (40%40*30)

Table 4.8 Input for Scenario B in Envimet: concrete condition (June 21% to June 24™",2022)
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Date of Analysis 07-15-22 to 07-18-22

Simulation Duration 72 hours

Start time 9:00 am,07-15-22

End time 8:59 am,07-18-22

Weather Parameters used Min temp-19degree(66F,5:53am 22"

June),Max-39 degree(103F,3:53pm21st June)
Min Rel Humidity:7%(5:53pm),Max-
45%(11:53pm)

Rest of the settings Default (40*40*30)

Table 4.9: Input for Scenario C in Envimet: asphalt condition(July 15 to July 18™,2022)

Date of Analysis 07-15-22 to 07-18-22

Simulation Duration 72 hours

Start time 9:00 am,07-15-22

End time 8:59 am,07-18-22

Weather Parameters used Min temp-19degree(66F,5:53am 22" June),Max-
39 degree(103F,3:53pm21st June)
Min Rel Humidity:7%(5:53pm),Max-
45%(11:53pm)

Rest of the settings Default (40*40*30)

Table 4.10 Input for Scenario D in Envimet: concrete condition (July 15% to July 18™, 2022)
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Simulation Output: Output of the Envimet simulation are shown in appendix A-1to A-10,B-1 To B-
10,C-1 to C-10 and D-1 to D-10. The output of the simulations were later used in Rayman Modelling

for optimizing albedo.

4.7 Sample Simulation:

Elevation/Altitude: .2 to 10m range were selected (default value of envimet) to incorporate standard
simulation timeframe and accuracy of the models in Envimet. The default elevation range of 0.2 to 10
meters used in these models is based on the fact that most outdoor activities occur within this height

range and the range enables the model to capture the effects of vertical mixing and turbulent transport

of heat and moisture (56).

PPD(Predicted
Albedo percentage of | Satisfaction
Value dissatisfaction | Percentage

0.2(Asphalt) | 85 15
0.5(Concrete) 75 25

Table 4.11 Sample Envimet Simulation

4.8 Sample Simulation Result

From sample simulation of Envimet (Table 4.11), it can be understood that with different values of
albedo used for the simulation, the predicted percentage of dissatisfaction was achieved and thus the
satisfaction percentage was found. For Example,For Envimet Simulation,when the asphalt albedo was
.2,predicted percentage of dissatisfaction was found to be 85% meaning the satisfaction percentage as

15%.
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And for concrete simulation, when the concrete albedo was .5,the predicted percentage of
dissatisfaction was found to be 75 and the satisfactions percentage was 25%.The results indicate that

with variation of albedo, satisfaction level also changes. Thus indicating the relationship of albedo with

human thermal comfort.

Thus the Enivmet sample results suggest that albedo of concrete could result in higher thermal comfort
for human beings rather than Asphalt. Overall, the findings suggest that the variation albedo of surfaces

in urban environments can significantly impact the levels of human thermal comfort.

4.9 Use of Envimet Simulation results for optimization in Rayman

parameters and pavement

Providing input{weather
properties) in Envimet

i

Creating microclimate simulation

using the inputs in Envimet

3

Obtaining output from Envimet

|

Providing input in Rayman (Using
the weather parameter, pavement

properties, and output from
Envimet simulation)

| Running optimization technique
(using the same inputs and by

changing the albedo values in
Rayman)

Figure 4.7:A flowchart showing interaction between Enivmet and Rayman

Some of the the Envimet simulation outputs(PET,MRT) were used for conducting optimization

process in Rayman to be showed in chapter 5. Figure 4.7 shows the interaction between Envimet and

Rayman. 51



Chapter 5: Analysis and Findings: Optimization of Albedo for Human Thermal

Comfort using Rayman Modelling software:

5.1 The RayMan model:

The goal of the chapter is to discuss the process of albedo optimization for human thermal comfort.
Since Envimet does not allow to change albedo, another microclimate simulation called Rayman would
be used for the optimization technique. Developed for the calculation of the mean radiation temperature
and thermal indices in simple and complex environments, is only based on data of air temperature, air
humidity and wind speed (68). RayMan can be used for the assessment of urban bioclimate and thermal
indices such as Predicted Mean Vote (PMV), Physiologically Equivalent Temperature (PET) and
Standard Effective Temperature (SET*). The model is developed based on the German VDI-Guidelines
3789, Part Il: Environmental Meteorology, Interactions between Atmosphere and Surfaces; Calculation
of the short- and long wave radiation and VDI-3787: Environmental Meteorology, Methods for the
human-bio meteorological evaluation of climate and air quality for the urban and regional planning at
regional level. Part I: Climate. Detailed calculation for thermal comfort and human energy fluxes based
on the Munich Energy Balance Model for Individuals (MEMI)(68). Some of the output values of
Envimet simulation such as PET,MRT(Mean radiant temperature) would be used for the optimization
process in Rayman .Since, PET and MRT values were not found from any other source, Envimet
simulation output values were used for the purpose to run the optimization in Rayman.

5.1.1 Input details for Rayman:
Table 5.1:Concrete Pavement Inputs for Date:21% June to 24" June and 15" July to 18" July

Pavement Property Value

Roughness length .01

Albedo .05,.1,.15,.2,.25,.3,.35,.4,45,.5
Emissivity 9
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Altitude: .2to 10 m
Heat Capacity: 900 J/kg*K
Conductivity: 2.0 W/m<K

Other Inputs:

Weather Inputs

Table Number(All tables are in Appendix)

Air Temperature Table AAl, AA2
Humidity Table AA3, AA4
Surface Temperature AAT to AA10
Wind Velocity AA5 and AA 6

Mean Radiant Temperature

Al1,B1,Cland D1

Table 5.2: Weather Input

Personal Data

Values

Height 1.75m for adult, .9m for child
Weight 75 kg for adult (15kg for child)
Age 35 for adult (3 to 9 for child)

Sex Male and Female (adult and child)

Table: 5.3 Personal Data Input
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Clothing and activity (both adult and child)

Clothing 9
Activity 80 W
Positioning Standing

Table 5.4: Clothing and activity input

5.2 Optimization of Albedo:

After getting the PET and MRT values from Envimet simulation, RayMan software was used for the
optimization Technigue ,keeping heat capacity and conductivity constant, only albedo was optimized
for human thermal comfort.

Methodology: Optimizing Albedo for Human Thermal Comfort using RayMan Model

Albedo inputs were provided into the RayMan model with values ranging from 0.05 to 0.5 with an
interval of 0.05.(Figure 5.1 to Figure 5.3)

Individual Pavement properties were provided for concrete and Mean Radiant Temperatures, Wind
Speed, Relative Humidity and Air Temperature were kept constant during the simulation, only surface
temperatures of Asphalt and Concrete were changed.(Table 5.1 to Table 5.4)

3.Heat Capacity: Heat Capacity is the energy needed to raise a unit mass of a substance by one unit of
temperature, typically expressed in units of J/kgeK. The heat capacity of asphalt and concrete are very

similar, being about 900 J/kg*K which was the default value for the simulation purpose. (35)

Thermal conductivity is a measure of the ability of a material to conduct or transmit heat. It is the
ratio of heat flux (power per unit area) to temperature gradient, and is expressed in units of W/m+K. A
material with a high thermal conductivity will transfer heat at a higher rate than a material having a
low thermal conductivity. The default thermal conductivity of asphalt and concrete pavement

materials was 2.0 W/meK and was kept same for both for the simulation.
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5.The simulation was constructed for 3 day duration for each month of June and July ( 21st to June

24th and July 15 to July 18™).

6.The optimization process was performed by observing the peak Predicted Percentage of

Dissatisfaction (PPD) changes for different inherent albedo values.

"W
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Figure:5.1 Simulation Input
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Figure 5.3: Optimization of albedo

56



5.3 Initial Simulation output:
Scenario A:Concrete: Condition: June 21 to June 24" (For both adult and children)

The following table shows the albedo values from .05 to .5 with an increment of .05.

PPD(Predicted
Percentage of | Satisfaction
Albedo Value Dissatisfaction) | Percentage
0.05 85 15
0.1 76 24
0.15 68 32
0.2 81 19
0.25 84 16
0.3 85 15
0.35 89 11
0.4 90 10
0.45 88 12
0.5 90 10

Table 5.5: PPD Vs Albedo, (Concrete: Condition: June 21%t to June 24™)

Scenario B:Concrete Condition: July 15" to July 18th (For both adult and children).The following
table shows the albedo values from .05 to .5 with an increment of .05.

PPD(Predicted
Albedo Percentage of Satisfaction
Value Dissatisfaction) Percentage
0.05 89 11
0.1 80 20
0.15 68 32
0.2 81 19
0.25 85 15
0.3 88 12
0.35 91
0.4 93
0.45 88 12
0.5 86 14

From sunrise to sunset (from 6am to 8pm)

Table 5.6: PPD Vs Albedo, (Concrete Condition: July 15" to July 18th )
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5.4: Findings from the optimization :

The Rayman model optimization results provide important insights into the optimal albedo value for
achieving maximum thermal comfort. The graphs presented in figures 5.4 to 5.5 show the relationship
between the albedo value and the percentage of dissatisfaction value. The x-axis represents the albedo
value, and the y-axis represents the percentage of dissatisfaction value.

Upon analyzing the graphs, it becomes apparent that the optimal albedo value is 0.15, where the
lowest amount of dissatisfaction was observed. This result indicates that at an albedo value of 0.15,
people will experience the least amount of thermal discomfort, resulting in the highest level of
thermal comfort. Furthermore, the results show that at this optimal albedo value, a maximum thermal

comfort of 30% was achieved for the 72-hour duration.

PPD (Predicted Percentage of
Dissatisfaction)

o 2 ° °

® PaL Albedo in X axis ,PPDinY axis

Figure:5.4 :Individual PPD percentage for concrete condition for June 21% to June 24":
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Figure: 5.5 Individual PPD percentage for concrete condition for July 15" to July 18th

5.5: Limitation of the optimization technique:

1 Inability to determine the exact time when the satisfaction percentage was achieved - The
simulation was only able to provide the greatest value of ppd that can occur within a 72-hour
period, which means that the exact time when the satisfaction percentage was achieved is not
known.

(1 Limited time period - The optimum albedo value found in the simulation was only based
on the findings from June and July of 2022. It is unclear whether the albedo values for other
months would be the same, which limits the generalizability of the findings.

[ Limited scope - The study only focused on the impact of pavement albedo on pedestrian
comfort, and other factors that can affect pavement performance, such as durability, safety,

and cost, were not considered.
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5.6 Recommendation regarding the optimum albedo: There are some of the limitations of the
study, such as the limited time period and correlation of data, make it difficult to generalize the
findings to other months of the year when weather parameters may be different. Future studies that
take into account a wider range of weather conditions and pavement materials may help to provide a

more comprehensive understanding of the optimal pavement albedo values for different contexts.

5.7 Discussion based on the optimization processes in Rayman: While the results of this study
suggest that optimizing pavement albedo can have a significant impact on pedestrian thermal comfort,
it is important to note that other factors may also play a role. Mean radiant temperature, surface
temperature, physiological equivalent temperature, and humidity are all important variables that can
affect human thermal comfort. Mean radiant temperature, for example, measures the average
temperature of all surfaces surrounding a person, while surface temperature is the temperature of the
ground or pavement. Physiological equivalent temperature is a measure of how hot or cold a person
feels based on the combined effects of air temperature, humidity, radiation, and air velocity, while
humidity can affect how much moisture is evaporated from the skin, which can impact thermal comfort.
Therefore, in order to fully understand the impact of pavement albedo on human thermal comfort, it

may be necessary to take these other factors into consideration in future studies.

Further research for different time with additional data and continuous development of Envimet and
Rayman software is required to fully understand the relationship between albedo and human thermal
comfort.With the development of the softwares will lead towards conducting the simulation in faster

time and receiving quicker results. Thus, it will be highly beneficial for future studies.
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5.8: Correlation analysis:

Correlation analysis is an important tool for understanding the relationship between variables, including
the relationship between human thermal comfort and variables such as mean radiant temperature,
physiological equivalent temperature, and albedo.

Mean radiant temperature, physiological equivalent temperature, and albedo all have a significant
impact on human thermal comfort, as they are all related to the amount of heat that a person perceives
in their environment.

Researchers can make predictions and create interventions aimed at enhancing comfort by using
correlation analysis to evaluate the degree and direction of the association between these variables to
predict thermal comfort.

For example, if a high correlation is found between mean radiant temperature and human thermal
comfort, this could show that controlling mean radiant temperature is an effective way to influence
comfort levels. Conversely, if a low correlation is found, it may suggest that other factors are more
important in determining thermal comfort.

In summary, conducting a correlation analysis between human thermal comfort and variables such as
mean radiant temperature, physiological equivalent temperature, and albedo is important for

understanding the factors that impact thermal comfort and for developing strategies to improve it.

5.9 Wind Speed and Correlation:

Wind speed is an important factor to consider in evaluating human thermal comfort because it can have
a significant impact on how a person perceives the temperature of their environment. Wind can increase
heat loss from the body and can increase the evaporation of sweat, leading to a feeling of coolness and
discomfort. On the other hand, too much wind can cause discomfort due to turbulence and air

movement.
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A correlation analysis between wind speed and human thermal comfort can help to understand the
relationship between these two factors and the impact of wind speed on comfort levels. If a strong
correlation is found, it can show that wind speed is a key factor in determining thermal comfort and
should be carefully considered in the design of environments where people spend time. On the other
hand, if a weak correlation is found, it may suggest that wind speed is not a significant factor in thermal

comfort and that other factors should be given greater consideration.

In conclusion, considering the impact of wind speed on human thermal comfort is important as it can
significantly influence how comfortable a person feels in their environment. Correlation analysis can
help to understand the relationship between wind speed and thermal comfort and inform design

decisions to improve comfort levels. It can be understood that wind speed is an important parameter
for human thermal comfort, and its impact on thermal sensation has been extensively studied.
Research (67) shows that as wind speed increases, people can tolerate higher air temperatures
due to the evaporative cooling effect on the skin. This knowledge has important implications

for designing and managing built environments, especially in hot climates.

Along with optimization of albedo, correlation analysis was conducted to find the influence of mrt, pet
and wind speed on human thermal comfort.The Pearson correlation method was used to perform a
correlation analysis between human thermal comfort and the factors of Physiological Equivalent
Temperature (PET), Mean Radiant Temperature (MRT), and Wind Speed. This method allows for the
assessment of the linear relationship between two variables. By using the Pearson correlation method,
the researchers aimed to gain a deeper understanding of how these factors contribute to human thermal
comfort and to determine which variables have the strongest relationship with it.

The results of this analysis can offer valuable information for improving the outdoor environment and
enhancing the thermal comfort of occupants.
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This approach using statistical analysis can help make data-driven decisions and improve the comfort
of people in different environments.

Data for correlation:

Table AA5 and AA6 of wind speed for both asphalt and concrete condition and table A5,B5,C5 and
D5 were used for the PET adult condition, table A6,B6,C6 and D6 were used for PET child
condition. Table A1, B1, C1 and D1 were used for MRT data.Table A-5 and Table A-6 has been
shown here. Analysis was conducted using these tables for finding out the correlation.

Table A-5

PET(Adult): The following table shows PET values for the time 215 June,9:00 am to 24™ June 9:
have been plotted. We can see the variation of values hereby in the table. The values increase in the
early morning to reach peak value around 5 pm.

Time 215 June-22" June 22" June-23" June 23 June-24" June
(Temp in Degree C) (Temp in Degree C) (Temp in Degree C)

9am 13.3 13.6 13.6
10 am 18.9 18.8 18.9
11 am 23.6 23.7 23.8
12 pm 30.5 30.2 30.4
1pm 32 33 33.2
2 pm 33 33.4 33.5
3pm 33.5 335 33.6
4 pm 34.5 34.7 34.8
5pm 34.6 34.8 35
6 pm 34.4 34.9 34.1
7 pm 32 32.4 33
8 pm 31 31.4 32,2
9 pm 21.8 21.9 22.3
10 pm 20 20.4 20.6
11 pm 19 19.5 19.7
12 pm 19 19.4 19.7
1am 18 18.5 18.8
2am 17.5 17.6 17.9
3am 16 16.4 17.1
4 am 17 174 18.1
5am 17.5 17.6 18.2
6 am 19 19.6 20.1
7am 20 20.6 20.8
8 am 22 22.4 22.6
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Table A-6
PET(Child)

The following table shows PET values for the time 21% June,9:00 am to 24™ June 9: have been
plotted. We can see the variation of values hereby in the table. The values increase in the early
morning to reach peak value around 6 pm.

Time 215 June-22" June 22" June-23" June 23" June-24"™ June
(Temp in Degree C) (Temp in Degree C) (Temp in Degree C)

9am 13.5 13.8 14.1
10 am 19.1 18.9 19.2
11 am 23.7 23.9 24.2
12 pm 30.6 30.8 31.4
1pm 32.1 32.5 33.7
2 pm 33.4 33.9 34
3pm 33.9 33.8 34.1
4 pm 34.8 34.9 35.1
5pm 34.9 35.2 36

6 pm 34.7 35.3 34.6
7 pm 32.4 33 33.4
8 pm 31.4 31.8 32,7
9pm 21.9 22.4 22.8
10 pm 20.5 20.9 20.8
11 pm 19.4 20.1 20.4
12 pm 19.9 19.7 20.2
1am 18.4 19.1 20.3
2 am 17.7 18.2 18.5
3am 16.8 17.2 17.6
4 am 17.5 18.2 18.4
5am 17.9 18.4 18.8
6 am 19.2 20.3 20.9
7am 20.5 20.9 21.3
8 am 22.8 22.8 22.9
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For Table 5.7, MRT data were used rom Appendix Al, B1, C1 and D1

Human Thermal Comfort Data were used from Appendix table A-9, B 9, C9 and D-9

Date Correlation between Relationship Positivity/negativity
MRT and Human
Thermal Comfort
June 21% to -.46 Weak Negative
June 24" 2022
June 215 to June 24" | -.47 Weak Negative
2022
July 15'" to July 18%" -.51 weak Negative
2022
July 15" to July 18™" -.53 Weak Negative
2022

Table:5.7: Correlation between MRT and Human Thermal Comfort (Adult)

For table 5.8,PET data for adult were used from appendix Table A5,,B5,C5, and D5

Human Thermal Comfort Data were used from appendix table A9,B9,C9 and D9

Date Correlation between Relationship Positivity/negativity
PET and Human
Thermal Comfort
June 21% to -.993 Strong Negative
June 24" 2022
June 21t to June 24" | -.992 Strong Negative
2022
July 15" to July 18™" -.997 Strong Negative
2022
July 15" to July 18™ -.976 Strong Negative
2022

Table 5.8: Correlation between PET and Human Thermal Comfort (Adult)

For table 5.9, Wind speed data were used from Appendix AA5 (21% June to june24th) and AAG(15"

July to 18" July).Human Thermal Comfort Data were used from Appendix A9, B9, C9 and D9
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Date Correlation between Relationship Positivity/negativity
Wind Speed and
Human Thermal
Comfort
June 21% to -.723 Moderate to Strong Negative
June 24" 2022
June 21 to June 24" | -.721 Moderate to Strong Negative
2022
July 15" to July 18" -75 Moderate to Strong Negative
2022
July 15" to July 18™" -.76 Moderate to Strong Negative
2022

Table 5.9: Correlation between Wind Speed and Human Thermal Comfort (Adult)

Wind can affect human thermal comfort in several ways:

Cooling effect: Wind can help to dissipate heat from the body, leading to a cooling effect. but, if the
wind is too strong, it can also cause the body to lose heat too quickly, leading to a decrease in thermal
comfort.

Evaporation: Wind can also increase the evaporation rate of sweat on the skin, which can help to
regulate body temperature and increase thermal comfort. but, if the wind is too strong, it can also dry
out the skin and reduce its ability to regulate temperature, leading to a decrease in thermal comfort.
Air movement: Wind can also create air movement that can disrupt the layer of still air surrounding
the body, which helps to insulate the body and keep thermal comfort. If the wind is too strong, it can
mix warm and cool air, reducing the insulating effect and leading to a decrease in thermal comfort.
Overall, wind can have both positive and negative effects on human thermal comfort, and the net
impact will depend on the wind speed, temperature, and humidity conditions. Generally, moderate
wind speeds can help to improve thermal comfort, while extremely high wind speeds can have the
opposite effect.

Thus, it’s important to understand the effect of wind speed on human thermal comfort.
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For Table 5.10, MRT data were used rom Appendix Al, B1, C1 and D1

Human Thermal Comfort Data were used from Appendix table A-10, B 10, C10 and D-10

2022

Date Correlation between Relationship Positivity/negativity
MRT and Human
Thermal Comfort

June 21% to -.48 Weak Negative

June 24" 2022

June 21 to June 24" | -.49 Weak Negative

2022

July 15" to July 18" -.53 Weak Negative

2022

July 15" to July 18%" -.54 Weak Negative

Table:5.10: Correlation between MRT and Human Thermal Comfort (Child)

For Table 5.11, PET data for child were used from appendix Table A6,,B6,C6, and D6

Human Thermal Comfort Data were used from Appendix table A-10,B 10,C10 and D-10

2022

Date Correlation between Relationship Positivity/negativity
PET and Human
Thermal Comfort

June 21% to -.994 Strong Negative

June 24" 2022

June 21t to June 24" | -.993 Strong Negative

2022

July 15" to July 18™" -.997 Strong Negative

2022

July 15 to July 18™" -.978 Strong Negative

Table 5.11: Correlation between PET and Human Thermal Comfort (Child)
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For Table 5.12, Wind speed data were used from Table AA5 and AAG.
Human Thermal Comfort Data were used from Appendix table A-10, B 10, C10 and D-10

Date Correlation between Relationship Positivity/negativity
Wind Speed and
Human Thermal
Comfort
June 21% to -73 Moderate to Strong Negative
June 24" 2022
June 21% to June 24" | -.723 Moderate to Strong Negative
2022
July 15" to July 18™" -.76 Moderate to Strong Negative
2022
July 15™ to July 18" 77 Moderate to Strong Negative
2022

Table 5.12: Correlation between Wind Speed and Human Thermal Comfort (Child)

Correlation analysis findings

1.Three Variables were considered for the purpose MRT and PET and Wind.

2.Next, correlation analysis was done for MRT with human thermal comfort and PET with human
thermal comfort also with Wind Speed with human thermal comfort.

3.MRT is poorly correlated with Human Thermal Comfort (Inverse Correlation -.46 to -.53, Highest for
July).(table 5.7 and 5.10)

4.PET is strongly correlated with Human Thermal Comfort(Correlation -.97 t0-.985).The lower the
value of PET, The higher the human thermal comfort is.(table 5.8 and 5.11)

5.Wind speed is moderate to strongly correlated with human thermal comfort. Human Thermal Comfort
increases with decreased wind speed. (Table 5.9 and 5.12)

Designers may use such correlation results with computational tools and simulation models to evaluate
different design options and optimize the thermal comfort of their designs. Ultimately, the correlation
between these variables and human thermal comfort can guide pavement designers in creating outdoor

spaces that are not only functional but also promote the health and well-being of pedestrians.
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5.10: Overall Results from environment and Rayman:

1..Based on envimet results(Appendix, table A-9,A -10,B-9,810,C-9,C10,D-9 and D-10),it can be
found that human thermal comfort of an adults are higher than human thermal comfort of children The
ratio of body mass to surface area, also known as body surface area, could have affected the amount of
heat transfer between the body and the surrounding environment. Children generally have a larger body
surface area about their mass, compared to adults, meaning that they are more susceptible to heat
transfer and may feel more discomfort in tropical environments. In addition to body surface area, other
factors such as clothing, activity level, and personal tolerance for heat could also affect an individual's
level of discomfort in a given environment. It is important to consider all these factors when evaluating
comfort levels for different populations.

2. Based on rayman results(table 5.6 to 5.9,)Human thermal comfort of adults and children did not show
any significant differences.

3..Elevation or Model height(from ground surface to above) did not play any significant effect on
human thermal comfort(for the considered height of .2m to 10m).

4.The optimization technique provided the value of .15 as the optimum value for albedo.

5. The study found the optimum albedo value as .15.But the study has some limitations, such as the
short time span and correlation of larger set of quantitative data, make it challenging to extrapolate the
results to other months of the year when weather parameters may differ. Future studies that take into
account a wider range of weather conditions and pavement materials may help to provide a more

comprehensive understanding of the optimal pavement albedo values for different contexts.
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6.Based on the analysis, it can be seen that human thermal comfort is also affected through PET and
wind speed . Higher wind speeds result in less water evaporation and lower humidity. Low humidity
can cause dry skin, irritate the nasal passages and throat, and make the eyes itchy. Thus, creating thermal
discomfort. So wind speed is an important factor in human thermal comfort along with PET for human
thermal comfort.

5.11 :Finally The study successfully found answers for the following questions:

(i)Can the EnviMet model give the desired result/output that can be used for albedo optimization?

The environment model gave radiation and PET values which played a significant role in optimizing

Albedo in RayMan software.

(if)Can EnviMet/RayMan allow albedo to be changed?

The models allow a peak sunlight albedo and then estimate how albedo changes with sunlight angle

through rest of day. But they gave output that helps to measure PPD and PMV value.Envimet does not

allow albedo to be changed. Rayman allows the albedo to be changed. After providing inputs(weather
parameters, pavement properties in Envimets, outputs such as MRT and PET values were collected and
used in Rayman as the inputs(Value of PET and MRT from Envimet, pavement properties with different
values of albedo) which were required for the optimization process. A flowchart (figure 4.7) has been
shown in chapter 4 (methodology, section 4.9)to state the interaction between Envimet and Rayman.
(iii)Can Envi-Met/RayMan predict the pavement temperature and other microclimate factors?

Envi-Met can predict factors like MRT,PET,Albedo and RayMan could optimize them

(iv)Can Envimet & RayMan measure and evaluate the human thermal comfort level for adults and

children?Yes,they were successful in measuring and evaluating human thermal comfort by calculating

the values of Percentage of thermal satisfaction and dissatisfaction.

(v)Can I know the height that is required from/for PET (physiological equivalent temperature) model?

The height was used as .2 to 10m as the default value of the software.
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(vi)ls there an optimum albedo, or does it monotonically affect human thermal comfort ?

The current study that utilized the Rayman software to look at thermal comfort vs peak albedo to
understand what peak albedo results in best thermal comfort. The results provided .15 value as the

optimum albedo.

The results of the current study suggest that an albedo value of .15 is the optimum level for achieving
the highest level of human thermal comfort in microclimate scenarios based on the current study inputs
and outputs. This finding was based on the lowest level of predicted percentage of dissatisfaction
observed when the albedo value was .15. In other words, the microclimate scenarios with an albedo
value of .15 resulted in the least amount of thermal discomfort among the study participants. This
information can be useful for designers and planners who are interested in creating outdoor spaces that

promote human comfort and well-being.

5.12: Study limitations: The limited scope and use of software might be one of the limitation of the
study time is another constraint .Future development of the software’s are required for getting accurate
results .For achieving accuracy of the study, multiple simulation scenarios were conducted for the study.
Each simulation took around 5 hours to 12 hours to complete. For future development, the simulation

time can be reduced through software improvement ,thus making the software faster.
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Chapter 6: Summary, Conclusions and Recommendations

6.1 Summary and conclusions
Experimental sections were designed and constructed in EnviMet and Rayman, including asphalt

pavement, and concrete pavement. The sections (with the other existing pavements)in the software were
used to measure the fundamental materials properties, along with other values such as albedo, mean
radiant temperature and physiological equivalent temperature. The results of which were presented in

Chapter 5 are summarized here and in other sections following, respectively.

EnviMet was used to conduct the simulation of asphalt and concrete pavement and RayMan software

was used to optimize albedo for pavement-based scenarios to improve human thermal comfort.

The study utilized Rayman software to determine the optimum albedo value for thermal comfort.
Rayman used the values of MRT,PET ,Surface temperature ,other weather parameters along with the
albedo values to calculate PPD. And thus with variation of albedo value, optimization value was
achieved. The results demonstrated that optimizing albedo could provide an optimum value for thermal
comfort, but the study has limitations as albedo solely might not impact on human thermal comfort.
Additional factors such as mean radiant temperature, surface temperature, physiological equivalent
temperature, and humidity must be considered to find their impact on human thermal comfort. Overall,
the study highlights the importance of albedo in thermal comfort and the need for further research in
this area to provide more accurate results.

Future software development can contribute towards supporting the current study findings and in

calculating peak albedo values by incorporating new methodologies and procedures.
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6.2. Recommendations and possible application of the study:
The study might offers numerous chances for pavement and applied climatology research. The
provided thermal indices can characterize and quantify mean circumstances. Moreover, extremes like
heat waves and other climatic and health problems from the perspective of human biometeorology can
also be addressed through thermal indices. The model can generate data by using results from regional

and global climate models to quantify bio-climate conditions for future scenarios.

With the limitations, the study tried to find the scope for optimizing albedo for improving human
thermal comfort. The findings suggested .15 as the optimum albedo value at which highest level of
thermal comfort have been achieved based on current study inputs and outputs. With future
improvements, such as the scope to change albedo in Envimet will support the study to use for the

comparison between experimental and modeling studies in teaching and human thermal comfort study.
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AppendiX:The appendix consists tables and figures as a reference of Chapter 4 and 5 . Table AAl
TO AA10 shows the input values and Al to A10, B1to B10,C1 to C10 and D1 TO D10 denotes the
output values of the simulation.

Table AAL: Showing the Temperature values from 21% June to 24" June with 72-hour period
Table AA2: Showing the Temperature values from July 15th to July 18th with 72-hour period.
Table AA3: Showing the Humidity values from 21 June to 24™ June with 72-hour period

Table AA4: Showing the Humidity values from July 15" to July 18" with 72-hour period

Table AA5: Showing the Wind Speed values from June 21% June to June 24th with 72-hour period
Table AAG:: Showing the Wind Speed values from July 15" to July 18th with 72-hour period

Table AA7 to AA10: Showing the Surface Temperature values from July 15™ to July 18" with 72 hour
period

Table Al: Showing the MRT Values from June 21% to June 24" 2022with 72-hour period for asphalt
zone

Table A2: Showing the Direct Radiation Values from 21 June to 24" June 2022with a 72-hour period
for asphalt zone

Table A3: Showing the Reflected Radiation Values from 21t June to 24™ June 2022 with 72-hour period
for asphalt zone

Table A4 Showing the albedo Values from 21 June to 24™ June 2022 with 72-hour period for asphalt
zone

Table A5 5: Showing the PET (adult) values from 21% June to 24" June 2022 with 72-hour period for
asphalt zone

Table A6: Showing the PET (Child) values from 21 June to 24" June 2022 with 72-hour period for
asphalt zone

Table A7: Showing the PMV (Adult) values from 21% June to 24" June 2022 with 72-hour period for
asphalt zone

Table A8: Showing the PMV (Child) values from 21%t June to 24" June 2022 with 72-hour period for
asphalt zone

Table A9: Showing the Percentage of satisfaction and dissatisfaction rate (DS) of adult from 21 June
2022 to 24" June 2022 with 72-hour period(asphalt)

Table A 10 : Showing the Percentage of satisfaction and dissatisfaction rate (DS) of child from 21 June
2022 to 24" June 2022 with 72-hour period(asphalt)

Table: B1 Showing the MRT Values from June 21% to June 24" 2022with 72-hour period for concrete
zone



Table B2: Showing the Direct Radiation Values from 21° June to 24" June 2022with a 72-hour period
for concrete zone.

Table B3: Showing the Reflected Radiation Values from 215 June to 24™ June 2022 with 72-hour period
for concrete zone

Table B4 Showing the albedo Values from 215 June to 24™ June 2022 with 72-hour period for concrete
zone

Table B5: Showing the PET (adult) values from 21% June to 24" June 2022 with 72-hour period for
concrete zone

Table B6: Showing the PET (Child) values from 21% June to 24" June 2022 with 72-hour period for
concrete zone

Table B7: Showing the PMV (Adult) values from 215 June to 24" June 2022 with 72-hour period for
concrete zone

Table B8: Showing the PMV (Child) values from 21% June to 24" June 2022 with 72-hour period for
concrete zone

Table B9: Showing the Percentage of satisfaction and dissatisfaction rate (DS) of adult from 21 June
2022 to 24" June 2022 with 72-hour period(concrete)

Table B10: Showing the Percentage of satisfaction and dissatisfaction rate (DS) of child from 215 June
2022 to 24" June 2022 with 72-hour period(concrete)

Table: C1 Showing the MRT Values from July 15th to July 18™ 2022with 72-hour period for asphalt
zone

Table C2: Showing the Direct Radiation Values from July 15th to July 18™ 2022with a 72-hour period for
asphalt zone

Table C3: Showing the Reflected Radiation Values from July15 th to July 18" 2022 with 72-hour period
for asphalt zone

Table C4 Showing the albedo Values from July 1 th to July 18" July 2022 with 72-hour period for
asphalt zone

Table C5: Showing the PET (adult) values from July 15th to July 18™ 2022 with 72-hour period for
asphalt zone

Table C6: Showing the PET (Child) values from July 15th to July 18" July 2022 with 72-hour period for
asphalt zone

Table C7: Showing the PMV (Adult) values from July 15th to July 18" July 2022 with 72-hour period
for asphalt zone

Table C8: Showing the PMV (Child) values from July 15th to July 18™ July 2022 with 72-hour period
for asphalt zone

Table C9: Showing the Percentage of satisfaction and dissatisfaction rate (DS) of adult from 15 July
2022 to 18" July 2022 with 72-hour period(asphalt)



Table C10: Showing the Percentage of satisfaction and dissatisfaction rate (DS) of adult from July 15%
2022 to July 18" 2022 with 72-hour period(asphalt)

Table: D1 Showing the MRT Values from July 15th to July 18™ 2022with 72-hour period for concrete
zone

Table D2: Showing the Direct Radiation Values from July 15th to July 18™ 2022with a 72-hour period
for concrete zone

Table D3: Showing the Reflected Radiation Values from July 15th to July 18™ 2022 with 72-hour
period for concrete zone

Table D4 Showing the albedo Values from July 15th to July 18" July 2022 with 72-hour period for
concrete zone

Table D5: Showing the PET (adult) values from July 15th to July 18™ 2022 with 72-hour period for
concrete zone

Table D6: Showing the PET (Child) values from July 15th to July 18" July 2022 with 72-hour period
for concrete zone

Table D7: Showing the PMV (Child) values from July 15th to July 18" July 2022 with 72-hour period
for the concrete zone

Table D8: Showing the PMV (Adult) values from July 15th to July 18" July 2022 with 72-hour period
for concrete zone

Table D9: Showing the Percentage of satisfaction and dissatisfaction (DS)rate of adult from July 15%
2022 to July 18" 2022 with 72-hour period(concrete)

Table D 10: Showing the Percentage of satisfaction and dissatisfaction rate (DS) of child from July 15™
2022 to July 18" 2022 with 72-hour period(concrete)



Appendix:
Table AAL:

Unit: Temperature in Degree Celsius

Time 215t June-22" June 22" June-23" June 23" June-23" June 24
9am 26 26.1 27
10 am 30 28.8 30
11 am 33.88 30.5 31
12 pm 355 32.7 32.7
1pm 36.6 35.5 33.8
2 pm 37.7 36.1 35.5
3pm 38.8 36.1 36.1
4 pm 394 37.2 35.5
5 pm 40 37 35
6 pm 394 35 34.4
7pm 394 32.2 33.3
8 pm 36.6 32.2 31.6
9pm 32.7 28.8 294
10 pm 28.3 26.6 27.7
11 pm 25.5 23.8 28.3
12 pm 24.4 22.7 26.6
1am 244 22.2 255
2am 24 21.6 25.5
3am 23.2 21.1 24
4 am 21.1 20 24.4
5am 20 19.4 23.8
6 am 18.8 19 25
7 am 21.6 20 25
8 am 26.1 22.230 24.4




Table: AA-2

Air Temperature: asphalt/concrete

Time (Height:2m to

15" July -16'™ July

16" July-17" July

17" July-18™ July

10m) Degree C Degree C Degree C
9am 22.726.1 20 19.4
10 am 26.1 22.7 22.2
11 am 28.8 26.1 25.5
12 am 32.2 29.4 28.3
1pm 34.4 33.27 30.5
2 pm 36.1 35 31
3pm 37.7 37.2 33.8
4 pm 38.81 38.3 35
5pm 39 38.5 35

6 pm 37.27 37 33.8
7pm 33.8 37.2 31..6
8 pm 30.5 33.8 28.8
9pm 27.7 30 26.1
10 pm 26.1 28.7 27.74
11 pm 27 26.1 21.6
12 am 23.8 24.4 20.5
1am 22.7 22.2 19.4
2am 22.7 21.6 18.8
3am 21.6 21.1 17.7
4 am 21.6 20.5 17.2
5am 20 19.4 17.2
6 am 20.1 18.8 16.6
7am 19.4 16.1 16.1
8am 20.5 17.2 17.2




Table AA-3: Humidity asphalt/concrete

Unit: Humidity Unit: in %

Time (Height:2m to 215 June-22" June 22" June-23" June/ 23 June-24" June
10m)

9am 30 32 42
10 am 23 28 35
11am 17 26 30
12 pm 13 24 26
1pm 11 22 21
2pm 10 18 19
3pm 9 19 19
4 pm 8 21 17
5 pm 8 22 18
6 pm 7 23 18
7 pm 8 27 24
8 pm 11 31 25
9 pm 16 28 30
10 pm 27 34 32
11 pm 39 32 40
12 pm 45 32 11
1lam 48 32 42
2am 36 32 42
3am 41 36 42
4 am 51 37 43
5am 53 39 39
6 am 47 36 36
7 am 46 37 40
8am 36 43 48




Table AA-4
Humidity unitin %

For asphalt/concrete

Time (Height:2m to

150 July -16™ July (%)

16" July-17" July (%)

17" July-18™ July (%)

10m)

9am 66 63 55
10 am 57 55 45
11 am 46 47 38
12 pm 43 37 32
1pm 37 30 30
2 pm 37 24 24
3 pm 29 16 21
4 pm 19 14 12
5 pm 23 14 12
6 pm 23 16 17
7 pm 30 12 25
8 pm 33 17 28
9 pm 39 32 32
10 pm 48 35 38
11 pm 55 38 43
12 am 57 43 40
1am 61 52 44
2 am 63 51 46
3am 68 53 49
4 am 70 55 49
5am 73 61 57
6 am 73 63 57
7 am 78 63 59
8 am 75 59 51




Table AA-5

Wind Speed Unit: m/s for asphalt/concrete

Time (Height:2m to 215 June-22" June 22" June-23" June/ 23 June-24" June
10m)

9am 4 3.1 2.7
10 am 5.8 4 2.7
11am 5.8 3.5 2.2
12 pm 4.4 3.5 2.2
1 pm 5.3645 35 -

2 pm - 4.4 3.12
3 pm 4.4 5.81 2.2
4 pm 4.4 5.81 4.02
5pm 4.4 2.7 4.02
6 pm 3.1293 2.7 4.4
7pm 4.4 3.5 4.4
8 pm 3.12 3.5 5.3
9 pm 2.68 5.3 2.7
10 pm - 4.4 2.7
11 pm - - 2.7
12 pm 1.34 2.21 2.2
lam - 2.7 2.2
2am 1.34 1.34 2.2
3am 2.23 3.5 2.2
4am - 4.2 2.2
5am 3.12 3.12 2.2
6 am - 3.12 2.2
7 am 2.23 2.7 1.34
8 am 2.21 3.12 3.12

*- Denotes the wind speed as calm (close to 0)




Table AA-6

Wind Speed: asphalt/concrete

Time (Height:2m to

15" July -16'™ July

16" July-17" July(m/s)

17" July-18" July(m/s)

10m) (m/s)

9am 3.12 - 3.12
10 am 2.2 1.34 3.12
11 am 2.7 2.2 2.7
12 am 3.5 1.34 3.5
1pm 2.7 2.7 3.12
2 pm 2.2 2.7 3.5
3pm 2.7 2.2 3.5
4 pm 3.12 1.7 5.8
5 pm 3.12 2.2 6.2
6 pm 4.02 3.12 4.4
7 pm 3.5 4.4 4.4
8 pm 3.5 3.12 4.4
9 pm 3.12 3.12 3.5
10 pm 3.12 2.2 5.3
11 pm 3.12 3.12 1.34
12 am 1.34 3.12 3.12
1am 2.2 2.7 2.2
2 am - 2.2 2.7
3am 1.34 2.2 -

4 am 1.34 2.2 2.7
5am 2.2 1.34 2.2

*- Denotes the wind speed as calm (close to 0)




Table: AA-7

Surface temperature of asphalt for June 21t June to June 24"

Unit:Degree
Celsius
. 21 220 23"
Time . June- june- June-
(Height:2m to 2ond 23rd 24th
10m) june june june
9:00 am 48 49 50
10:00 am 55 57 o8
11:00 am 61 62 63
12:00 pm 64 65 66
1:00 pm 66 67 68
2:00 pm 68 69 70
3:00 pm 70 71 72
4:00 pm 71 72 73
5:00 pm 72 73 74
6:00 pm 71 73 75
7:00 pm 71 73 76
8:00 pm 66 67 68
9:00 pm 60 62 63
10:00 pm 52 53 54
11:00 pm 47 48 49
12:00 pm 45 47 49
1:00 am 45 47 48
2:00 am 45 46 47
3:00 am 43 45 46
4:00 am 40 41 42
5:00 am 38 39 40
6:00 am 36 37 42
7:00 am 41 42 43
8:00 am 48 49 50

Table AA-7: Surface temperature of asphalt for June 21% June to June 24"



Table AA-8:
Surface temperature of asphalt for June 21t June to June 24

Unit:Degree Celsius

21st 22nd 23rd

Time June- | june- | June-
(1|E)|§1|§|ht:2m to oond | g | ogth

June | June | June
9:00 am 28 28 30
10:00 am 42 41 43
11:00 am 55 52 54
12:00 pm 61 58 60
1:00 pm 65 63 65
2:00 pm 68 67 68
3:00 pm 72 68 69
4:00 pm 74 71 72
5:00 pm 76 72 73
6:00 pm 74 70 72
7:00 pm 74 70 72
8:00 pm 65 63 65
9:00 pm 52 48 51
10:00 pm 36 35 37
11:00 pm 26 25 27
12:00 pm 23 21 23
1:00 am 23 21 23
2:00 am 21 20 22
3:00 am 19 18 21
4:00 am 11 10 11
5:00 am 8 7 9
6:00 am 20 18 21
7:00 am 23 21 23

8:00 am 28 25 28
Table AA-8: Surface temperature of concrete for June 21% June to June 24"




Table AA-9:
Surface temperature of asphalt for July 15" to July 18"

Unit:Degree Celsius

Time 15- 16- 17-
(Height:2m to | 16" 17t 18t
10m) July July July

9:00 am 42 39 39
10:00 am 48 46 46
11:00 am 53 51 50
12:00 pm 59 56 55

1:00 pm 62 61 60

2:00 pm 65 64 63

3:00 pm 67 64 63

4:00 pm 69 67 66

5:00 pm 70 68 67

6:00 pm 67 69 68

7:00 pm 60 58 57

8:00 pm 56 54 53

9:00 pm 51 49 48
10:00 pm 48 47 46
11:00 pm 50 47 47
12:00 pm 44 41 40

1:00 am 42 39 37

2:00 am 42 38 36

3:00 am 41 38 37

4:00 am 41 37 36

5:00 am 41 38 37

6:00 am 38 36 35

7:00 am 37 35 34

8:00 am 39 38 37

Table AA-9: Surface temperature of asphalt for July 15" to July 18"



Table AA-10:
Surface temperature of concrete for July 15" to July 18"

Unit:Degree Celsius

Time 15- 16- 17-
(Height:2mto | 16" [ 17" [ 18"
10m) July | July | July

9:00 am 17 16 16
10:00 am 29 28 27
11:00 am 38 37 36
12:00 pm 49 47 46

1:00 pm 56 55 54

2:00 pm 63 62 61

3:00 pm 68 66 65

4:00 pm 72 71 70

5:00 pm 73 72 71

6:00 pm 67 65 64

7:00 pm 55 54 53

8:00 pm 44 43 42

9:00 pm 34 33 32
10:00 pm 29 28 27
11:00 pm 32 31 30
12:00 pm 21 20 19

1:00 am 17 16 15

2:00 am 17 16 15

3:00 am 13 12 11

4:00 am 13 12 11

5:00 am 8
6:00 am 8
7:00 am 7

8:00 am 20 19 17
Table AA-10: Surface temperature of concrete for July 15" to July 18%"




Scenario A For Asphalt pavement region,21% June to 24" June 2022

(Note: Table A-1 to Table A-10 are the output from Envimet.Table A-11 is the output from Rayman.)

Table A-1

MRT Values: MRT values for the time 21 June,9:00 am to 24™ June 9: have been plotted. We can see
the variation of values hereby in the table. The values increase in the early morning to reach peak value at
4 pm and start to decrease after that and reach lowest value at mid night.

215t June-22™ June

Time (Degree C) 22" June-23" June 23" June-24"™ June
(Degree C) (Degree C)

9:00 am 59.72 61.41 61,56
10:00 am 62,15 62.15 62,28
11:00 am 63.16 63.16 63,27
12:00 pm 65.73 65.83 65,88

1:00 pm 68.77 68.77 68,87

2:00 pm 70.96 70.96 71,05

3:00 pm 71.53 71.53 71,63

4:00 pm 67.5 67.5 67,62

5:00 pm 58.48 58.48 58,62

6:00 pm 35.8 35.8 36,04

7:00 pm 29.71 29.71 29,87

8:00 pm 27.72 27.72 27,88

9:00 pm 25.87 25.87 26,03
10:00 pm 24.08 24.08 24,24
11:00 pm 22.32 22.32 22,48
12:00 am 20.58 20.58 20,74

1:00 am 18.36 18.86 19,02

2:00 am 175 175 17,3

3:00 am 15.45 15.45 15,59

4.00 am 13.75 13.75 13,9

5:00 am 36.98 36.98 37,09

6:00 am 49.48 49.48 49,45

7:00 am 56.08 56.08 56,14

8:00 am 59.86 59.86 59,92




Table A-2 (For Asphalt pavement region)

Direct Radiation:

Direct radiation is also sometimes called "beam radiation" or "direct beam radiation”. It is used to

describe solar radiation traveling on a straight line from the sundown to the surface of the earth.

Time 215t June-22" 22" June-23" 23" June-24™
June(W/m"2) June(W/m"2) June(W/m"2)
9am 1028 1028 1028
10 am 1050 1050 1049
11 am 1059 1059 1058
12 pm 1056 1056 1056
1pm 1042 1042 1042
2 pm 1013 1013 1013
3 pm 961 961 961
4 pm 985.4 854 854
5 pm 644 645 645
6 pm 81 83 83
7pm 1 1 1
8 pm 1 1 1
9 pm 1 1 1
10 pm 1 1 1
11 pm 1 1 1
12 pm 1 1 1
1lam 1 1 1
2am 1 1 1
3am 1 1 1
4 am 1 1 1
5am 533 532 530
6 am 794 794 793
7 am 918 918 918
8 am 981 986 986




Table A-3 (For Asphalt pavement region)

Reflected Radiation:

Reflected radiation describes sunlight that has been reflected off non-atmospheric things such as the

ground.

Time 215t June-22" June 22" June-23" June 23" June-24™ June
W/m”2) W/m”2) W/m”2)

9am 196.91 196.71 197
10 am 220 220 221.5
11 am 230.80 230.80 231
12 pm 228.647 228.5 229
1pm 213.24 213.25 214
2 pm 186.24 186.3 186.5
3pm 149.26 149.27 149.27
4 pm 163.99 162 162
5pm 55 72 55.31
6 pm 9 8 9
7pm 1 1 1
8 pm 1 1 1
9 pm 1 1 1
10 pm 1 1 1
11 pm 1 1 1
12 pm 1 1 1
1lam 1 1 1
2 am 1 1 1
3am 1 1 1
4 am 1 1 1
5am 25.46 25.05 25.45
6 am 73.05 72.63 73
7 am 120.27 119.88 120.21
8 am 162.53 162.19 163.21

Table A-3: Showing the Reflected Radiation Values from 21 June to 24" June with 72-hour period.




Table A-4 (For asphalt pavement region)

Albedo Values :

(Found by dividing reflected radiation to direct radiation)

The following table shows Albedo values collected from EnviMet/RayMan simulation for the time 21
June,9:00 am to 24™ June 9: have been plotted. We can see the variation of values hereby in the table. The

values increase in the early morning to reach peak value around 5 pm.

Time 215t June-22" June 22" June-23" June 23" June-24" June
9am 191 192 192
10 am 21 21 21
11 am 217 215 217
12 pm 214 .20 214
1pm .20 182 .20
2 pm .183 154 182
3pm .155 24 .155
4 pm 120 A2 12
5pm 24 242 24
6 pm A1 A2 12
7pm 1 1 1

8 pm 1 1 1

9 pm 1 1 1

10 pm 1 1 1

11 pm 1 1 1

12 pm 1 1 1
1am 1 1 1

2 am 1 1 1
3am 1 1 1

4 am 1 1 1
5am .04 .041 .042
6 am .09 .092 .093
7 am 13 131 132
8 am .165 .1652 .1653




Table A-5 (For asphalt pavement region)

PET(Adult): (Asphalt) The following table shows PET values for the time 21% June,9:00 am to 24" June
9: have been plotted. We can see the variation of values hereby in the table. The values increase in the
early morning to reach peak value around 5 pm.

Time 215 June-22" June 22" June-23" June 23 June-24" June
(Temp in Degree C) (Temp in Degree C) (Temp in Degree C)

9am 13.3 13.6 13.6
10 am 18.9 18.8 18.9
11 am 23.6 23.7 23.8
12 pm 30.5 30.2 30.4
1pm 32 33 33.2
2 pm 33 33.4 33.5
3pm 33.5 33.5 33.6
4 pm 34.5 34.7 34.8
5pm 34.6 34.8 35
6 pm 34.4 34.9 34.1
7 pm 32 32.4 33
8 pm 31 314 32,2
9pm 21.8 21.9 22.3
10 pm 20 20.4 20.6
11 pm 19 19.5 19.7
12 pm 19 19.4 19.7
1am 18 18.5 18.8
2 am 17.5 17.6 17.9
3am 16 16.4 17.1
4 am 17 17.4 18.1
5am 17.5 17.6 18.2
6 am 19 19.6 20.1
7 am 20 20.6 20.8
8 am 22 22.4 22.6




Table A-6 (For asphalt pavement region)

PET(Child)

The following table shows PET values for the time 215 June,9:00 am to 24" June 9: have been plotted.

We can see the variation of values hereby in the table. The values increase in the early morning to reach

peak value around 6 pm.

Time 215 June-22" June 22" June-23" June 23 June-24" June
(Temp in Degree C) (Temp in Degree C) (Temp in Degree C)

9am 13.5 13.8 14.1
10 am 19.1 18.9 19.2
11 am 23.7 23.9 24.2
12 pm 30.6 30.8 31.4
1pm 32.1 32.5 33.7
2 pm 33.4 33.9 34
3pm 33.9 33.8 34.1
4 pm 34.8 34.9 35.1
5pm 34.9 35.2 36
6 pm 34.7 35.3 34.6
7 pm 32.4 33 33.4
8 pm 314 31.8 32,7
9pm 21.9 22.4 22.8
10 pm 20.5 20.9 20.8
11 pm 19.4 20.1 20.4
12 pm 19.9 19.7 20.2
1am 18.4 19.1 20.3
2 am 17.7 18.2 18.5
3am 16.8 17.2 17.6
4 am 17.5 18.2 18.4
5am 17.9 18.4 18.8
6 am 19.2 20.3 20.9
7 am 20.5 20.9 21.3
8 am 22.8 22.8 22.9




Table A-7 (For asphalt pavement region)

PMV (Adult) The following table shows PMV values for the time 21% June,9:00 am to 24" June 9: have

been plotted. We can see the variation of values hereby in the table. The values increase in the early
morning to reach peak value around 5 pm.

Unit: None (Unit less)

Time 215 June-22™ June 22" June-23" June 23" June-24" June
9am 1.15 1.51 1.51
10 am 1.52 1.53 1.57
11 am 1.83 1.85 1.87
12 pm 2.2 2.25 2.27
1pm 2.37 2.41 2.43
2 pm 2.42 2.42 2.44
3 pm 2.5 2.51 2.54
4 pm 2.54 2.55 2.56
5pm 2.54 2.55 2.59
6 pm 2.55 2.57 2.59
7pm 2.37 2.41 2.43
8 pm 2.31 2.33 2.37
9 pm 1.71 1.72 1.75
10 pm 1.60 1.62 1.66
11 pm 1.53 1.55 1.59
12 pm 1.53 1.54 1.58
1am 1.46 1.48 1.53
2am 1.43 1.46 1.51
3am 1..33 1.35 1.41
4 am 1.4 1.42 1.46
5am 1.432 1.45 1.51
6 am 1.53 1.55 1.62
7 am 1.59 1.61 1.64
8 am 1.72 1.73 1.77




Table A-8 (For asphalt pavement region)
PMV (Child)

The following table shows PMV values for the time 21 June,9:00 am to 24" June 9: have been plotted.
We can see the variation of values hereby in the table. The values increase in the early morning to reach
peak value around 5 pm.

Unit: None
Time 215 June-22" June 22" June-23" June 23" June-24" June
9am 1.17 1.5 1.52
10 am 1.53 1.54 1.58
11 am 1.83 1.85 1.91
12 pm 2.2 2.4 2.47
1pm 2.38 2.42 2.47
2 pm 2.46 2.53 2.58
3 pm 2.50 2.55 2.59
4 pm 2.56 2.62 2.66
5pm 2.57 2.62 2.66
6 pm 255 2.59 2.63
7pm 2.40 2.45 2.49
8 pm 2.33 2.39 2.45
9 pm 1.71 1.76 1.82
10 pm 1.62 1.67 1.72
11 pm 1.55 1.58 1.63
12 pm 1.58 1.62 1.67
1am 1.49 1.55 1.59
2am 1.44 1.48 1.53
3am 1.38 1.42 1.47
4 am 1.43 1.47 1.52
5am 1.45 1.48 1.54
6 am 1.54 1.58 1.63
7 am 1.62 1.66 1.72
8 am 1.77 1.81 1.86




Table A-9 (For asphalt pavement region)

Percentage of Satisfaction rate (Adult)

The following table shows Human Thermal Comfort (Adult) values for the time 21 June,9:00 am to 24"
June 9: have been plotted. We can see the variation of values hereby in the table. The satisfaction values
decrease after 9 am morning to reach a peak value around 6 pm and start to increase after that and reach
the highest value between midnight to early morning.

Time 215t June-22" June 22" June-23" June 23" June-24™ June
9 am 40 35 35
10 am 35 35 36
11 am 29 28 26
12 pm 22 25 23
1pm 19 21 21
2 pm 175 18 20
3 pm 16 15 17
4 pm 15 14 13
5pm 15 14 13
6 pm 15 14 13
7pm 18.5 15 14
8 pm 20 18 14
9 pm 315 26 24
10 pm 34 29 25
11 pm 35 31 26
12 am 35 32 28
1am 37 33 31
2am 37 33 31
3am 39 35 33
4 am 38 35 33
5am 37 35 33
6 am 35 34 34
7 am 34 32 32
8 am 32 31 30

Table A-9: Showing the Percentage of satisfaction of adult from 21 June 2022 to 24™ June 2022 with 72-

hour period(asphalt)




Table A-10 (For asphalt pavement region)
Percentage of Satisfaction and dissatisfaction rate (Child)

The following table shows Human Thermal Comfort (Child) values for the time 21 June,9:00 am to 24"
June 9: have been plotted. We can see the variation of values hereby in the table. The satisfaction values
decrease after 9 am morning to reach a peak value around 6 pm and start to increase after that and reach
the lowest highest value between midnight to early morning.

Time 215 June-22" June 22" June-23" June 23" June-24" June
9am 42 34 34
10 am 35 33 35
11 am 29 27 26
12 pm 22 21 20
1pm 19 18 17
2 pm 16.5 15 15
3 pm 16 15 15
4 pm 14.5 13 14
5pm 13.5 13 14
6 pm 13 12 13
7pm 18 17 16
8 pm 20 18 17
9 pm 31.5 29 27
10 pm 33 31 27
11 pm 35 33 28
12 am 35 33 29
1am 36 34 29
2 am 37 35 33
3am 38 36 34
4 am 37 37 35
5am 36.5 34 35
6 am 35 33 32
7 am 33.2 32 31
8 am 31.3 31 30

Table A-10: Showing the Percentage of satisfaction rate of child from 215 June 2022 to 24" June 2022
with 72-hour period(asphalt)

Note:The ratio of body mass to surface area, also known as body surface area, can impact the amount of
heat transfer between the body and the surrounding environment. Children generally have a larger body
surface area relative to their mass, compared to adults, meaning that they are more susceptible to heat
transfer and may feel more discomfort in hot environments. In addition to body surface area, other factors
such as clothing, activity level, and personal tolerance for heat can also impact an individual's level of
discomfort in a given environment. It is important to consider all of these factors when evaluating comfort
levels for different populations.



Scenario B (For oncrete pavement region,21% June to 24" June 2022 )

(Note:Table B-1 to Table B-10 are the output from Envimet.Table B-11 is the output from Rayman.)

Table B-1
MRT Values: For Concrete Pavement Region,21% June to 24" June 2022

MRT values for the time 21% June,9:00 am to 24™ June 8:59 am have been plotted. We can see the
variation of values hereby in the table. The values increase in the early morning to reach peak value at 4
pm and start to decrease after that and reach lowest value at mid night.

Time 215 June-22" June 22" June-23" June 23 June-24" June
(Degree C) (Degree C) (Degree C)

9am 59.1 59 58.9
10 am 62. 61.15 60.67
11 am 63.1 62.16 61.23
12 pm 65.3 65.43 65.23
1pm 68.27 68.37 68.2
2 pm 70.2 69.46 71.12
3pm 70.8 70.53 71.11
4 pm 66.49 66.50 65.23
5pm 57 56.38 57.65
6 pm 34.80 33.20 33.10
7pm 28.71 28.51 27.85
8 pm 27.22 27.32 27.12
9pm 25.27 25.17 25.12
10 pm 23.88 23.18 23.1
11 pm 21.42 20.22 21.48
12 pm 20.58 20.14 20.44
1lam 17.36 17.12 18.82
2 am 17.2 17.12 16.30
3am 15.35 14.32 15.49
4 am 12.35 12.21 13.50
5am 35.98 34.78 37.09
6 am 48.48 47.9 49.,35
7am 55.08 54.92 56.-5
8 am 58.62 57.78 58.92




Table B-2 (For concrete pavement region,21°t June to 24" June 2022)
Direct Radiation

The following table shows Direct Radiation values from Envi-Met for the time 21 June,9:00 am to 24"
June 8:59: have been plotted. We can see the variation of values hereby in the table. The values increase
in the early morning to reach peak value at 12 pm.

Time 215 June-22™ 22" June-23™ 23 June-24"
June(W/m”"2) June(W/m”"2) June(W/m”"2)

9am 1028 1028 1028

10 am 1050 1050 1049

11 am 1059 1059 1058

12 pm 1056 1056 1056

1pm 1042 1042 1042

2 pm 1013 1013 1013

3pm 961 961 961

4 pm 985.4 854 854

5pm 644 645 645

6 pm 81 83 83

7 pm 1 1 1

8 pm 1 1 1

9 pm 1 1 1

10 pm 1 1 1

11 pm 1 1 1

12 pm 1 1 1

1lam 1 1 1

2 am 1 1 1

3am 1 1 1

4 am 1 1 1

5am 533 532 530

6 am 794 794 793

7am 918 918 918

8 am 981 986 986




Table B-3:( For concrete pavement region,21%t June to 24" June 2022)

Reflected Radiation Values from 21% June to 24" June with 72-hour period

215t June-22™ June

22" June-23" June

23" June-24™ June

W/m”2) W/m”2) W/m”2)
9am 196.91 196.71 197
10 am 220 220 221.5
11am 230.80 230.80 231
12 pm 228.647 228.5 229
1pm 213.24 213.25 214
2 pm 186.24 186.3 186.5
3 pm 149.26 149.27 149.27
4 pm 163.99 162 162
5pm 55 72 55.31
6 pm 9 8 9
7pm 1 1 1
8 pm 1 1 1
9 pm 1 1 1
10 pm 1 1 1
11 pm 1 1 1
12 pm 1 1 1
lam 1 1 1
2am 1 1 1
3am 1 1 1
4 am 1 1 1
5am 25.46 25.05 25.45
6 am 73.05 72.63 73
7am 120.27 119.88 120.21
8am 162.53 162.19 163.21




Table B-4 (For concrete pavement region,21% June to 24" June 2022)

Albedo Values (Found by dividing reflected radiation to direct radiation)

The following table shows Albedo values collected from EnviMet/RayMan simulation for the time 21
June,9:00 am to 24" June 9: have been plotted. We can see the variation of values hereby in the table. The

values increase in the early morning to reach peak value around 5 pm.

Time 215t June-22" June 22" June-23" June 23" June-24™ June
9am 191 192 192
10 am 21 21 21
11 am 217 215 217
12 pm 214 .20 214
1pm .20 .182 .20
2 pm .183 154 .182
3pm .155 .24 155
4 pm .120 12 A2
5pm .24 .242 .24
6 pm A1 12 A2
7pm 1 1 1

8 pm 1 1 1

9 pm 1 1 1

10 pm 1 1 1

11 pm 1 1 1

12 pm 1 1 1
1am 1 1 1
2am 1 1 1
3am 1 1 1

4 am 1 1 1
5am .04 .041 .042
6 am .09 .092 .093
7 am 13 131 132
8 am .165 .1652 .1653




Table B-5 (For concrete pavement region,21% June to 24™ June 2022)

PET(Adult)

The following table shows PET values for the time 21% June,9:00 am to 24" June 8:59 have been plotted.
We can see the variation of values hereby in the table. The values increase in the early morning to reach

peak value around 5 pm

Time 215t June-22" June 22" June-23" June 23" June-24"™ June
(Temp in Degree C) (Temp in Degree C) (Temp in Degree C)

9am 13.2 134 13.3
10 am 18. 18.5 18.5
11 am 23.5 23.2 23.5
12 pm 305 30.1 303
1pm 32 32.8 33.1
2 pm 33 33.1 33.4
3 pm 33.3 33.2 335
4 pm 34.2 34.4 34.3
5 pm 34.3 34.5 34.8
6 pm 34.2 34.7 33.9
7pm 32 32.3 32.6
8 pm 30.8 31.2 32,1
9 pm 21.5 21.5 22.2
10 pm 19.8 20.3 20.34
11 pm 19 19.4 195
12 pm 18.7 19.2 19.3
1am 18 18.34 18.5
2am 17.3 17.2 17.5
3am 15.9 16.3 17.0
4 am 17 17.12 17.9
5am 17.3 17.4 17.8
6 am 18.8 19.2 19.8
7 am 19.7 20.3 20.6
8 am 21.8 22.2 221




Table B-6 (For concrete pavement region,21° June to 24" June 2022)

PET(Child)

The following table shows PET values for the time 21% June,9:00 am to 24" June 8:59 have been plotted.
We can see the variation of values hereby in the table. The values increase in the early morning to reach

peak value around 6 pm

Time 215 June-22" June 22" June-23" June 23 June-24" June
(Temp in Degree C) (Temp in Degree C) (Temp in Degree C)

9am 13.3 13.5 14.0
10 am 19.0 18.9 19.1
11 am 23.4 23.4 24.7
12 pm 30.23 30.5 31.3
1pm 32.2 32.3 33.4
2 pm 33.1 33.6 33.8
3pm 33.4 33.6 33.9
4 pm 34.5 34.6 35.1
5pm 34.9 35.1 35.8
6 pm 34.9 35.3 34.4
7 pm 32.6 33 33.3
8 pm 31.6 30.8 32,5
9pm 22.6 22.3 22.3
10 pm 21 20.6 20.5
11 pm 19.3 19.6 20.2
12 pm 19.2 19.3 20.1
1am 18.1 18.6 19.8
2 am 17.5 18.4 18.43
3am 16.4 17.2 17.2
4 am 17.4 18.1 18.3
5am 17.1 18.3 18.5
6 am 19.6 20.1 20.7
7 am 20.7 20.4 21.2
8 am 22.9 22.5 22.4




Table B-7: (For concrete pavement region,21t June to 24" June 2022)

PMV (Adult) The following table shows PMV values for the time 21 June,9:00 am to 24" June 8: 59
have been plotted. We can see the variation of values hereby in the table. The values increase in the early

morning to reach peak value around 6 pm.

PMV (Adult): No unit

Time 215t June-22" June 22" June-23" June 23" June-24™ June
9am 1.12 1.11 1.16
10 am 1.54 1.52 1.54
11 am 1.84 1.81 1.85
12 pm 2.3 2.21 2.24
1pm 2.29 2.38 2.42
2 pm 2.41 2.41 2.42
3pm 25 2.48 2.53
4 pm 2.52 2.51 2.52
5pm 2.52 2.52 2.54
6 pm 2.52 2.52 2.54
7pm 2.34 2.40 2.41
8 pm 2.29 2.31 2.33
9pm 1.70 1.69 1.74
10 pm 1.59 1.61 1.64
11 pm 1.48 1.52 1.53
12 pm 1.48 1.52 1.54
1am 1.43 1.46 1.52
2am 1.41 1.43 1.50
3am 1..32 1.32 1.39
4 am 1.38 1.41 1.45
5am 1.431 1.44 1.50
6 am 1.51 1.52 1.58
7 am 1.56 1.60 1.62
8 am 1.68 1.71 1.75




Table B-8: ( For concrete pavement region,21° June to 24" June 2022)
PMV (Child)

The following table shows PMV values for the time 21 June,9:00 am to 24" June 9: have been plotted.
We can see the variation of values hereby in the table. The values increase in the early morning to reach
peak value around 6 pm

PMV (Child): No Unit

Time 215t June-22" June 22" June-23" June 23" June-24™ June
9am 1.14 1.21 1.18
10 am 1.52 1.54 1.55
11 am 1.79 1.83 1.90
12 pm 2.19 2.2 2.44
1pm 2.35 2.40 2.45
2 pm 2.44 2.49 2.55
3pm 2.49 2.51 2.56
4 pm 2.48 2.60 2.64
5pm 2.53 2.61 2.63
6 pm 2.53 2.55 2.61
7pm 2.39 2.432 2.48
8 pm 2.32 2.34 2.42
9 pm 1.68 1.75 1.78
10 pm 1.61 1.64 1.68
11 pm 1.53 1.56 1.61
12 pm 1.56 1.60 1.65
1am 1.46 1.54 1.55
2am 1.43 1.47 1.52
3am 1.35 1.44 1.44
4 am 1.42 1.45 1.51
5am 1.41 1.46 1.53
6 am 1.52 1.56 1.62
7 am 1.60 1.65 1.71
8 am 1.74 1.78 1.82




Table B-9 (For concrete pavement region,21% June to 24™ June 2022)
Percentage of Satisfaction rate (Adult)

The following table shows Human Thermal Comfort (Adult) values for the time 21% June,9:00 am to 24"
June 8:59 that have been plotted. We can see the variation of values hereby in the table. The satisfaction
values decrease in the after 9 am morning to reach a peak value around 6 pm

Time 215t June-22" June 22" June-23" June 23" June-24™ June
9am 42 32 37
10 am 36 31 30
11 am 29 29 27
12 pm 22 25 22)
1pm 19 22 20
2 pm 18 17 19
3pm 16 14 18
4 pm 15 14 12
5pm 16 13 12
6 pm 15 13 12
7 pm 185 15 13
8 pm 21 18 11
9 pm 325 24 22
10 pm 34.5 31 23
11 pm 35.6 34 25
12 am 35.5 35 29
1am 374 37 32
2am 37.7 38 34
3am 39.8 38 35
4 am 38.5 39 35
5am 37.7 40 36
6 am 35.5 42 37
7 am 34.4 39 33
8 am 32.6 38 30

Table B-9: Showing the Percentage of satisfaction rate of adult from 215 June 2022 to June 24™, 2022,
72-hour period(concrete)



Table B-10( For concrete pavement region,21° June to 24™ June 2022)
Percentage of Satisfaction rate (Child)

The following table shows Human Thermal Comfort (Child) values for the time 21 June,9:00 am to 24"
June 8:59am have been plotted. We can see the variation of values hereby in the table. The values
decrease in the after 9 am morning to reach a peak value around 6 pm and start to increase after that and
reach the lowest highest value between midnight to early morning.

Time 215t June-22" June 22" June-23" June 23 June-24™ June
9am 41 31 31
10 am 34 30 30
11 am 28 26 25
12 pm 22 24 29
1pm 17 22 16
2 pm 15.5 21 15
3pm 15 20 15
4 pm 145 20 15
5pm 13.5 19 14
6 pm 12 18 13
7 pm 17 18 13
8 pm 21.9 21 16
9 pm 30.5 25 27
10 pm 33 29 28
11 pm 34 32 26
12 am 34 35 29
1am 36 36 31
2am 36 37 35
3am 37 39 36
4 am 38 39 38
5am 38.5 41 39
6 am 39 41 41
7 am 33.2 38 36
8 am 32.3 35 34




Scenario C: (For asphalt pavement region,15 July to 18" July 2022)
(Note:Table C-1 to Table C-10 are the output from Envimet, Table C-11 is the output from Rayman.)

Table: C-1 showing the MRT Values from July 15" to 18th

MRT Values: We can see the variation of values hereby in the table. The values increase in the early
morning to reach peak value at 3 pm and start to decrease after that and reach lowest value in mid night.

Time 15" July -16'™ July 16" July-17% July) 17" July-18" July
(Degree C) Degree C) (Degree C)

9am 59.25 61.2 61.8

10 am 62.30 62.23 62.51

11 am 62 63.346 62.8

12 pm 64 65.77 65.9

1pm 67 68.64 67.8

2 pm 70.15 70.31 70.6

3pm 70.7 71.36 70.8

4 pm 66.8 67.77 67.5

5 pm 57.5 56.9 57.9

6 pm 31.87 31.90 32.6

7 pm 29.17 29.53 29.85

8 pm 28.23 27.69 27.62

9pm 25.30 25.82 25.65

10 pm 22.52 25.21 24.45

11 pm 21.8 22.31 22.33

12 am 20.16 20.59 20.56

1lam 17.56 18.95 18.76

2 am 17.11 17.22 17.35

3am 1541 16.7 15.63

4 am 12.21 13.9 13.8889

5am 32.38 33.11 33.247

6 am 46.96 46.8 47.98

7 am 53.24 55.5 58.35

8 am 59.5 60.12 58.2




Table C-2( For asphalt pavement region,15 July to 18" July 2022)

Direct Radiation

The following table shows Direct Radiation values from Envi-Met have been plotted. We can see the
variation of values hereby in the table. The values increase in the early morning to reach peak value at

12pm

Time 15" July -16'" July 16" July-17 171 July-18™"
(W/m~2) July(W/m”"2) July(W/m”"2)

9am 1014.82 1019.73 1019
10 am 1040.86 1043.27 1042.72
11am 1052.74 1053.19 1052.69
12 pm 1052.78 1051.37 1050.88
1pm 1040.98 1037.47 1036.97
2 pm 1014.93 1008.61 1008.04
3 pm 956.74 955.84 955.11
4 pm 848.39 847.53 846.37
5pm 631.48 628.97 626.42
6 pm 21.34 9.87 51
7pm 1 1 1
8 pm 1 1 1
9 pm 1 1 1
10 pm 1 1 1
11 pm 1 1 1
12 am 1 1 1
lam 1 1 1
2am 1 1 1
3am 1 1 1
4 am 1 1 1
5am 453.07 447 758.79
6 am 763.18 760.96 758.79
7am 901 899.85 898.64
8 am 976.575 974.90 963.56




Table C-3 (For asphalt pavement region,15 July to 18" July 2022)

Reflected Radiation

The following table shows Reflected Radiation values have been plotted. We can see the variation of
values hereby in the table. The values increase in the early morning to reach peak value at 12 pm

Time 15" July to 16" July 16" July to 17" July 17" July to 181 July
W/m”2) W/m”2) W/m”2)

9am 196.91 196.71 197

10 am 220 220 221.5

11 am 230.80 230.80 231

12 pm 228.647 228.5 229

1pm 213.24 213.25 214

2 pm 186.24 186.3 186.5

3pm 149.26 149.27 149.27

4 pm 163.99 162 162

5pm 55 72 55.31

6 pm 1.067 .5922 2.703

7pm 1 1 1

8 pm 1 1 1

9 pm 1 1 1

10 pm 1 1 1

11 pm 1 1 1

12 pm 1 1 1

1lam 1 1 1

2am 1 1 1

3am 1 1 1

4 am 1 1 1

5am 25.46 25.05 25.45

6 am 73.05 72.63 73

7 am 120.27 119.88 120.21

8 am 162.53 162.19 163.21




Table C-4 ( For asphalt pavement region,15 July to 18" July 2022)

Albedo Values (Found by dividing reflected radiation to direct radiation)

The following table shows Albedo values have been plotted. We can see the variation of values hereby in

the table. The values increase in the early morning to reach peak value around 12 pm

Time 15" July -16'" July 16" July-17" July 17" July-18" July
9am .183 1871 .187
10 am .203 .206 205
11 am .215 214 214
12 pm 214 214 214,
1pm .205 .20 .20
2 pm .18 .188 .18
3pm 153 153 182
4 pm .120 .12034 1521
5pm .08 .088 .083
6 pm 34 74 13
7 pm 1 1 1

8 pm 1 1 1

9 pm 1 1 1

10 pm 1 1 1

11 pm 1 1 1

12 am 1 1 1
lam 1 1 1
2am 1 1 1
3am 1 1 1

4 am 1 1 1
5am .0397 .038 .037
6 am .085 .084 .083
7 am 124 1244 123
8 am .1588 .159 153




Table C- 5 ( For asphalt pavement region,15 July to 18" July 2022)

PET(Adult)

The following table shows PET values: have been plotted. We can see the variation of values hereby in
the table. The values increase in the early morning to reach peak value around 6 pm

Time 15" July -16'™ July 16" July-17" July 17" July-18" July
(Temp in Degree C) (Temp in Degree C) (Temp in Degree C)

9am 21.4 21.6 21.7
10 am 26.5 26.8 26.9
11 am 31.3 31.4 31.6
12 pm 34 34.2 34.8
1pm 36.1 36.2 36.4
2 pm 36.3 36.5 36.9
3pm 38 38.2 38.5
4 pm 39 39.6 39.7
5pm 39.2 39.4 39.7
6 pm 40.2 40.5 40.7
7 pm 38 38.6 38.8
8 pm 28 28.5 28.9
9pm 28 28.6 28.9
10 pm 26.6 26.8 26.9
11 pm 21 215 22.1
12 am 21 21.7 22.2
lam 25 25.9 26.2
2am 20.6 20.8 21.4
3am 19.3 19.4 20
4 am 18.2 18.4 19.2
5am 16.2 16.4 17.2
6 am 21.2 21.4 22
7am 17 17.2 17.7
8 am 16.9 17.2 17.6




Table C-6 ( For asphalt pavement region,15 July to 18" July 2022)

PET(Child)

The following table shows PET values have been plotted. We can see the variation of values hereby in the
table. The values increase in the early morning to reach peak value around 6 pm

Time 15" July -16'" July 16" July-17" July 17" July-18" July
(Temp in Degree C) (Temp in Degree C) (Temp in Degree C)
9am 21.6 22.2 22.5
10 am 26.7 27.1 27.2
11 am 31.5 32 32.4
12 pm 34.5 34.8 35
1pm 36.4 36.7 37
2 pm 36.7 36.9 37.2
3pm 38.4 39.1 39.5
4 pm 39.4 40.1 40.2
5pm 39.6 40 40.1
6 pm 40.54 40.52 40.6
7 pm 38.4 39 39.6
8 pm 28.5 28.8 29
9pm 28.6 29 29.6
10 pm 26.8 27.2 28
11 pm 21.4 22 22.61
12 am 21.2 215 22.3
lam 20.9 21.3 22.3
2am 20.9 21.2 22.4
3am 19.8 20.2 20.4
4am 18.6 19.5 19.7
5am 16.7 17.2 18.1
6 am 21.7 22 22.5
7am 17.5 18.1 18.4
8 am 17.3 18.1 18.3




Table C-7 ( For asphalt pavement region,15 July to 18" July 2022)

PMV (Adult)

The following table shows PMV values have been plotted. We can see the variation of values hereby in

the table. The values increase in the early morning to reach peak value around 6 pm

Time 15" July -16" July 16" July-17" July 17" July-18" July
9am 1.68 1.7 1.8
10 am 2.01 2.03 2.05
11 am 2.32 2.34 2.36
12 pm 2.50 2.52 2.54
1pm 2.64 2.66 2,68
2 pm 2.65 2.67 2.69
3 pm 2.77 2.79 2.80
4 pm 2.83 2.85 2.86
5pm 2.84 2.88 2.87
6 pm 2.91 2.93 2.95
7pm 2.76 2.78 2.80
8 pm 2.11 2.13 2.15
9 pm 2.11 2.13 2.15
10 pm 2.02 2.04 2.06
11 pm 1.66 1.68 1.69
12 am 1.66 1.68 1.71
1lam 1.92 1.94 1.96
2 am 1.63 1.65 1.67
3am 1.55 1.57 1.59
4 am 1.478 1.49 151
5am 1.347 15 1.52
6 am 1.673 1.7 1.72
7 am 1.4 1.6 1.62
8 am 1.52 1.55 1.57




Table C-8 ( For asphalt pavement region,15 July to 18" July 2022)

PMV (Child)

The following table shows PMV values have been plotted. We can see the variation of values hereby in

the table. The values increase in the early morning to reach peak value around 6 pm

Time 15" July -16'" July 16" July-17" July 17" July-18" July
9am 1.7 1.73 1.74
10 am 2.04 2.06 2.07
11 am 2.34 2.37 2.39
12 pm 2.54 2.56 2.58
1pm 2.67 2.69 2.71
2 pm 2.684 2.71 2.73
3pm 2.79 2.82 2.84
4 pm 2.86 2.89 2.91
5pm 2.87 2.89 2.91
6 pm 2.93 2.95 2.97
7pm 2.80 2.82 2.84
8 pm 2.15 2.17 2.19
9 pm 2.155 2.172 2.19
10 pm 2.03 2.05 2.07
11 pm 1.68 1.71 1.73
12 am 1.67 1.68 1.70
1lam 1.654 1.68 1.70
2 am 1.654 1.68 1.70
3am 1.58 1.60 1.62
4 am 1.50 1.52 1.54
5am 1.38 1.42 1.44
6 am 1.70 1.72 1.74
7 am 1.43 1.45 1.47
8 am 1.42 1.45 1.47




Table C-9 ( For asphalt pavement region,15 July to 18" July 2022)
Percentage of Satisfaction rate (Adult)

The following table shows Human Thermal Comfort (Adult) values have been plotted. We can see the
variation of values hereby in the table. The values decrease in the after 9 am morning to reach a peak
value around 6 pm and start to increase after that and reach the lowest highest value between midnight to

early morning.

Time 151 July -16" July 16" July-17" July 17" July-18" July
9am 35 34 33
10 am 26 24 22
11 am 20 19 17
12 pm 16 15 13
1pm 14 13 12
2 pm 13 12 11
3pm 11 10 9
4 pm 10 9 8
5pm 10 9 8
6 pm 8 7 6
7 pm 11 10 9
8 pm 24 23 22
9 pm 24 23 22
10 pm 25 24 23
11 pm 32.3 31 30
12 am 32.3 31 30
1lam 27.3 26.5 25
2am 33 32 30
3am 36 34 32
4 am 36 34 32
5am 36 34 32
6 am 36 35 33
7am 35 35 33
8 am 35 35 33

Table C-9: Showing the Percentage of satisfaction rate of adult from 15th July to 18th July with 72-hour

period(asphalt)




Table C-10 ( For asphalt pavement region,15 July to 18" July 2022)
Percentage of Satisfaction rate (Child)

The following table shows Human Thermal Comfort (Child) values have been plotted. We can see the
variation of values hereby in the table. The values decrease in after 9 am morning to reach a peak value
around 6 pm and start to increase after that and reach the lowest highest value been midnight to early
morning.

Time 15" July -16'" July 16" July-17" July 17" July-18" July
9am 32 31 30
10 am 25 24 23
11 am 19 18 17
12 pm 15 14 13
1pm 13 14 13
2 pm 12 11 10
3pm 10 9 8
4 pm 9 9 8
5pm 9 8 7
6 pm 7 6 5
7 pm 10 9 8
8 pm 23 21 20
9 pm 23 22 20
10 pm 24 22 20
11 pm 31 30 29
12 am 31 30 29
1lam 26 25 24
2am 32 31 30
3am 34 31 30
4 am 34 33 32
5am 34 33 32
6 am 34 33 32
7 am 33 32 31
8 am 33 32 31

Table C-10: Showing the Percentage of satisfaction rate of child from 15th July to 18th July with 72-hour
period(asphalt)



Table D-1 Scenario D: (For concrete pavement region,15 July to 18" July 2022 )

(Note:Table D-1 to Table D-10 are the output from Envimet

Table D-1

MRT Values: We can see the variation of values hereby in the table. The values increase in the early
morning to reach peak value at 3 pm and start to decrease after that and reach lowest value in mid night

Time 15" July -16'™ July 16" July-17% July) 17" July-18" July
(Degree C) Degree C) (Degree C)

9am 59.25 61.2 61.8

10 am 62.30 62.23 62.51

11 am 62 63.346 62.8

12 pm 64 65.77 65.9

1pm 67 68.64 67.8

2 pm 70.15 70.31 70.6

3pm 70.7 71.36 70.8

4 pm 66.8 67.77 67.5

5 pm 57.5 56.9 57.9

6 pm 31.87 31.90 32.6

7 pm 29.17 29.53 29.85

8 pm 28.23 27.69 27.62

9pm 25.30 25.82 25.65

10 pm 22.52 25.21 24.45

11 pm 21.8 22.31 22.33

12 am 20.16 20.59 20.56

1lam 17.56 18.95 18.76

2 am 17.11 17.22 17.35

3am 1541 16.7 15.63

4 am 12.21 13.9 13.8889

5am 32.38 33.11 33.247

6 am 46.96 46.8 47.98

7 am 53.24 55.5 58.35

8 am 59.5 60.12 58.2




Table D-2 (For concrete pavement region,15 July to 18" July 2022)

Direct Radiation

The following table shows Direct Radiation values from Envi-Met have been plotted. We can see the
variation of values hereby in the table. The values increase in the early morning to reach peak value at 12

pm
Time 15" July -16™ July 16" July-17* 17" July-18™"
(W/m”2) July(W/m”"2) July(W/m”"2)
9am 1014.82 1019.73 1019
10 am 1040.86 1043.27 1042.72
11 am 1052.74 1053.19 1052.69
12 pm 1052.78 1051.37 1050.88
1pm 1040.98 1037.47 1036.97
2 pm 1014.93 1008.61 1008.04
3pm 956.74 955.84 955.11
4 pm 848.39 847.53 846.37
5pm 631.48 628.97 626.42
6 pm 21.34 9.87 51
7 pm 1 1 1
8 pm 1 1 1
9 pm 1 1 1
10 pm 1 1 1
11 pm 1 1 1
12 am 1 1 1
lam 1 1 1
2am 1 1 1
3am 1 1 1
4 am 1 1 1
5am 453.07 447 758.79
6 am 763.18 760.96 758.79
7am 901 899.85 898.64
8 am 976.575 974.90 963.56




Table D-3 (For concrete pavement region,15 July to 18" July 2022)

Reflected Radiation The following table shows Reflected Radiation values have been plotted. We can
see the variation of values hereby in the table. The values increase in the early morning to reach peak

value at 12 pm

Time 15" July to 16" July 16" July to 17" July 17" July to 18" July
W/m”2) W/m”2) W/m"2)

9am 196.91 196.71 197

10 am 220 220 2215

11 am 230.80 230.80 231

12 pm 228 228 229

1pm 213.24 213.25 214

2 pm 186.24 186.3 186.5

3pm 149.26 149.27 149.27

4 pm 163.99 162 162

5pm 55 72 55.31

6 pm 1.067 .5922 2

7pm 1 1 1

8 pm 1 1 1

9 pm 1 1 1

10 pm 1 1 1

11 pm 1 1 1

12 pm 1 1 1

lam 1 1 1

2 am 1 1 1

3am 1 1 1

4 am 1 1 1

5am 25.46 25.05 25.45

6 am 73.05 72.63 73

7 am 120.27 119.88 120.21

8am 162.53 162.19 163.21




Table D-4 (For concrete pavement region,15 July to 18" July 2022)
Albedo Values (Found by dividing reflected radiation to direct radiation)

The following table shows Albedo values have been plotted. We can see the variation of values hereby in

the table. The values increase in the early morning to reach peak value around 12 pm

Time 15" July -16" July 16" July-17" July 17" July-18" July
9am 185 1871 186
10 am 21 .26 .203
11am 214 213 216
12 pm 217 219 218
1pm .203 27 22
2 pm 185 .186 14
3pm 149 .156 180
4 pm 124 122 1522
5pm .09 .0885 .082
6 pm .36 N 2
7pm 1 1 1

8 pm 1 1 1

9 pm 1 1 1

10 pm 1 1 1

11 pm 1 1 1

12 am 1 1 1
lam 1 1 1

2 am 1 1 1
3am 1 1 1

4 am 1 1 1
5am .0394 .0385 .037
6 am .088 .085 .083
7 am 122 21 123
8am .1589 157 153




Table D-5 (For concrete pavement region,15 July to 18" July 2022)

PET(Adult)

The following table shows PET values: have been plotted. We can see the variation of values hereby in
the table. The values increase in the early morning to reach peak value around 6 pm

Time 15" July -16'" July 16" July-17" July 17" July-18" July
(Temp in Degree C) (Temp in Degree C) (Temp in Degree C)
9am 22.4 22.6 21.6
10 am 27.5 26.9 26.3
11 am 32.3 314 30.8
12 pm 33 33.32 33.48
1pm 38.2 37.21 35.45
2 pm 37.3 38.52 36.92
3pm 37.5 38.86 38.52
4 pm 39.5 39.36 39.7
5 pm 39.3 39.52 39.96
6 pm 39.7 40.51 41.2
7pm 37.8 39.61 38.4
8 pm 27.5 28.25 28.9
9 pm 27.8 27.62 27.5
10 pm 27.2 26.84 28.4
11 pm 271.5 23.5 21.1
12 am 21.3 22.7 24.2
1am 25.4 21.94 25.4
2 am 20.2 20.4 20.4
3am 19.2 19.64 18
4 am 17.9 18.34 18.2
5am 16.8 15.9 16.2
6 am 18 20.3 20
7 am 17.3 17.5 16.5
8am 18 17.7 17.8




Table D-6 (For concrete pavement region,15 July to 18" July 2022)

PET(Child)

The following table shows PET values have been plotted. We can see the variation of values hereby in the
table. The values increase in the early morning to reach peak value around 6 pm

Time 15" July -16'" July 16" July-17" July 17" July-18" July
(Temp in Degree C) (Temp in Degree C) (Temp in Degree C)
9 am 21.8 22.32 22.3
10 am 26.8 27.21 27.5
11 am 31.3 33 32.6
12 pm 33.5 34.82 35.3
1pm 35.4 35.78 36.4
2 pm 33.72 37.19 37.4
3pm 37.43 39.12 39.6
4 pm 38.3 40.31 41.25
5pm 39.16 39.6 40.3
6 pm 41.55 38.42 39.2
7 pm 37.46 39.2 38.4
8 pm 28.5 28.4 28
9pm 28.62 28.6 27.3
10 pm 26.2 27.3 25
11 pm 22.4 22.1 21.61
12 am 24.2 21.2 20.3
lam 21.9 215 19.3
2am 18.9 21.6 18.43
3am 18.83 20.1 17.4.4
4 am 18.6 19.3 19.7
5am 16.47 17.1 16.13
6 am 22.7 21.8 20.55
7am 18.15 22.3 22.4
8 am 17.3 18.1 18.3




Table D-7 (For concrete pavement region,15 July to 18" July 2022)

PMV (Child)

Time 15" July -16" July 16" July-17" July 17" July-18" July
9am 1.63 1.68 1.79
10 am 2.00 2.01 2.01
11 am 2.3 2.32 2.33
12 pm 2.41 2.48 2.52
1pm 2.6 2.62 2,64
2 pm 2.63 2.64 2.64
3 pm 2.72 2.75 2.78
4 pm 2.79 2.82 2.832
5pm 2.76 2.84 2.82
6 pm 2.87 2.91 2.94
7pm 2.82 2.72 2.82
8 pm 2.07 2.14 2.13
9 pm 2.1 2.11 2.14
10 pm 2.01 2.04 2.05
11 pm 1.66 1.62 1.66
12 am 1.66 1.63 1.70
lam 1.94 1.95 1.92
2 am 1.62 161 1.63
3am 1.53 1.56 1.52
4 am 1.472 1.42 1.48
5am 1.343 1.54 1.47
6 am 1.675 1.68 1.69
7 am 1.36 1.58 1.61
8 am 151 1.53 1.52




Table D-8 (For concrete pavement region,15 July to 18" July 2022)
PMV (Adult)

The following table shows PMV values have been plotted. We can see the variation of values hereby in
the table. The values increase in the early morning to reach peak value around 6 pm and start to decrease
after that and reach the lowest value at midnight.

Time 15" July -16'" July 16" July-17" July 17" July-18" July
9am 1.6 1.65 1.72
10 am 2.37 2.03 2.01
11 am 2.31 2.3 2.29
12 pm 2.52 2.46 2.38
1pm 2.62 2.58 2.68
2 pm 2.682 2.68 2.73
3 pm 2.73 2.78 2.85
4 pm 2.84 2.82 2.92
5pm 2.87 2.86 2.98
6 pm 2.93 2.87 2.99
7pm 2.82 2.79 2.82
8 pm 2.15 2.12 2.1
9 pm 2.055 2.052 2.02
10 pm 2.02 2.01 1.97
11 pm 1.64 1.68 1.84
12 am 1.62 1.64 1.76
1lam 1.61 1.62 1.70
2 am 1.59 1.61 1.67
3am 1.52 1.59 1.62
4 am 1.49 1.52 1.54
5am 1.38 1.42 1.43
6 am 1.38 1.40 1.42
7am 1.42 1.41 1.6
8 am 1.48 1.45 1.63




Table D-9 (For concrete pavement region,15 July to 18" July 2022)
Percentage of Satisfaction rate (Adult)

The following table shows Human Thermal Comfort (Adult) values have been plotted. We can see the
variation of values hereby in the table. The values decrease in the after 9 am morning to reach a peak
value around 6 pm and start to increase after that and reach the lowest highest value between midnight to
early morning.

Time 15" July -16'" July 16" July-17" July 17" July-18" July
9am 37 37 36
10 am 27 28 27
11 am 21 24 22
12 pm 16 17 16
1pm 14 16 17
2 pm 13 15 13
3pm 12 15 13
4 pm 11 14 11
5pm 11 14 10
6 pm 9 13 9
7pm 13 12 13
8 pm 26 15 25
9 pm 25 26 25
10 pm 26 28 26
11 pm 34.3 35 33
12 am 34.3 37 32
1am 35 39 26
2 am 36 40 32
3am 38 41 38
4 am 39 43 41
5am 38 45 42
6 am 43 42 38
7 am 39 40 37
8 am 38 37 37

Table D-9: Showing the Percentage of satisfaction rate of adult from 15th July to 18th July with 72-hour
period(concrete)



Table D-10 (For concrete pavement region,15 July to 18" July 2022)
Percentage of Satisfaction rate (Child)

The following table shows Human Thermal Comfort (Child) values have been plotted. We can see the
variation of values hereby in the table. The values decrease in after 9 am morning to reach a peak value
around 6 pm and start to increase after that and reach the lowest highest value been midnight to early
morning.

Time 15" July -16'" July 16" July-17" July 17" July-18" July
9am 32 31 30
10 am 25 24 23
11 am 19 18 17
12 pm 15 14 13
1pm 13 14 13
2 pm 12 11 10
3pm 10 9 8
4 pm 9 9 8
5pm 9 8 7
6 pm 7 6 5
7 pm 10 9 8
8 pm 23 21 20
9 pm 23 22 20
10 pm 24 22 20
11 pm 31 30 29
12 am 31 30 29
lam 26 25 24
2am 32 31 30
3am 34 31 30
4 am 34 33 32
5am 34 33 32
6 am 34 33 32
7am 33 32 31
8 am 33 32 31

Table D-10: Showing the Percentage of satisfaction rate of child from 15th July to 18th July with 72-hour
period(concrete)





