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Abstract

According to the Intergovernmental Panel on Climate Change (IPCC) ’s 2021
report, the recent sea level rate has nearly tripled in the last few decades com-
pared with 1901-1971 [80]. It estimates that the sea levels may rise by 20 cm
in the next thirty years or up to 80 cm by the end of 2100. The increase in
sea levels poses serious questions and challenges to the housing infrastruc-
ture in flood-prone areas. Two locations that have been severely affected by
the tidal and fluvial floods and typhoons are the provinces of Bulacan and
Pampanga in the Philippines region. There is a ground level subsidence of
up to 5cm per year because of the uncontrolled ground-water level condi-
tions prevalent worsening the floods [14]. The high levels of stagnant waters
causes unsanitary conditions in these areas.

In 2017, Pieter Ham, co-founder of Finch Floating Homes, developed a
floating house model suitable for the Philippines’ climatic conditions. After
the prototype construction was proven successful, they are now venturing
into creating a floating neighborhood in Hagonany, located on the island of
Luzon. My research topic aims to study the urban physics context of the
floating homes neighborhood.

Alazne Enchaniz Jurado, as part of her master thesis in 2021 at Delft Uni-
versity of Technology, designed resilient coastal neighborhoods for the city
of Hagonoy, Philippines [17]. After extensive research on the geographical,
social, and cultural context, she designed floating neighborhood models suit-
ing the needs and requirements of the people. However, the urban physics
parameters of these concepts are to be further studied to determine the ther-
mal and wind comfort of the occupants in the outdoor areas. This is because
of the high-temperature tropical climate present in that region. Therefore,
the primary focus of the present project, this MSc thesis, is to understand the
role of urban physics in floating community development. It focuses on the
influence of vegetation and urban form configurations on the outdoor ther-
mal comfort and outdoor wind comfort of the open spaces, as they serve as
the primary gathering locations for the residents. After analyzing the results,
it concludes that increasing vegetation decreases the daytime temperatures,
thereby improving the comfortability index. Additionally, the urban form
also significantly plays a role in influencing the micro-climate of the region.
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Chapter 1

Introduction

1.1 Context Microclimate

We live in changing and pressing times in terms of climate change. We are
witnessing an unprecedented increase in urbanization and industrialization,
with a projected statistic of 2/3rd of the population living in urban areas by
2050 [4]. As per the current trends, the center of urbanization has moved to
Asia due to its rapid economic growth [7], which can be seen in Figure 1.
Such rapid urbanization has created built-environments that are high on en-
ergy consumption and deforestation, thereby creating urban micro-climates
[81]. A micro-climate can be defined as an area where the climate differs
from its surrounding areas in terms of temperatures, rainfall, snow, wind,
and air pressure. The larger the micro-climate, the more we can witness its
impact [1]. The urban-microclimates are dependent on the meteorological
conditions and the morphological conditions, such as urban density, build-
ing form, vegetation, and building orientation [82]. They usually create ur-
ban heat islands, a type of microclimate that is warmer than its surrounding
areas.

FIGURE 1.1: Population percentage residing in urban areas
1950-2050 [8]

The anthropogenic heat generated in the built environment is also at-
tributed to various factors such as land cover changes, land use, and building
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performance. The heat increase affects the building energy performance and
the inhabitants’ comfort levels [2]. Many research studies thereon showed
that the increased urban heat generation causes an energy penalty, thereby
increasing the annual energy demand of the buildings [3]. It is predicted that
global energy consumption will increase by 22 percent to 46 percent by 2060
[5]. Without effective countermeasures at an urban scale, the energy demand
will increase over time.

The urban micro-climates, or UMCs, are primarily assessed by the urban
thermal comfort, wind comfort, and urban energy demand. This depends
on various factors, including natural, in-direct, and built environments, as
shown in Figure 3, with the temperature being one of the most critical pa-
rameters in UMC research [9]. However, this research’s scope is limited to
available meteorological data, building characteristics, greenery, and the de-
veloped urban model by Alazne Jurado, as mentioned previously.

FIGURE 1.2: Factors affecting urban microclimate (Modified
from [9])

There is an increasing need to study the climate principles to develop
energy-efficient and sound urban models. However, despite the many ad-
vancements made in this sector, a communication gap exists between the
climatologist and designers. This is because of the lack of awareness of the
other fields. Most urban areas also lack the appropriate climate data for mod-
eling and analysis [6]. The guidelines and tools for this purpose are also
scarce and not readily available. There is a need for an integrated approach
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to studying the micro-climate and its influence on energy demand. This re-
search aims to study the appropriate integrated micro-climate models and
simulations and their application to the case study of the early urban design
floating homes community model in Hagonoy in The Philippines.

FIGURE 1.3: Chart explaining why we need urban-
microclimate research [Source: Author]

1.2 Context Philippines and Hagonoy

The Philippines, officially known as the Republic of the Philippines, is an
archipelagic country in South-East Asia. According to National Mapping and
Resource Information (NAMRIA) reports, it consists of 7641 islands. These
are divided into three main classes or divisions: Luzon, Visayas, and Min-
danao.

According to the forum organized by The Manila Times, the Department
of Human Settlements and Urban Development (DHSUD), there is a reported
6.75 million units of housing shortage throughout the country [12]. It is esti-
mated that this number may increase to 22 million units by the end of 2040
if the housing shortage is not addressed correctly [12]. Figure 1 shows an ur-
banization shift in Asian countries, with more and more people migrating to
urban lands. This eventually leads to high housing demand with increased
prices.
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Owing to its geography and development, this region is acutely vulnera-
ble to extreme weather and climatic conditions [10]. This nation suffers from
violent typhoons and cyclones [10]. Due to climate change, there has been an
increase in floods, heavy rainfalls, and sea level rises [11]. Its geographical
location also makes it prone to earthquakes, volcanic eruptions, and other
natural disasters [13].

The typhoon Haiyan, also known as Super Typhoon Yolanda, is one of the
deadliest tropical cyclones on record and hit The Philippines in 2013, killing
at least 6.300 people and displacing 2 million people. However, this nation
has recently witnessed storms even deadlier than Typhoon Haiyan [10]. The
high number of deaths and displacements is due to the migration of people
searching for affordable housing, even if it means moving to a high-risk area
[14]. Flood-resilient homes and typhoons are needed to prevent immense
damage to livelihood [15].

Pieter Ham, a Ph.D. candidate at the Delft University of Technology, de-
veloped a floating house model in collaboration with Finch Floating Homes
to combat this problem. After successfully building prototypes, they want to
venture into developing a floating community neighborhood in the region of
Hagonoy, as shown in Figure 1.4.

FIGURE 1.4: Geographical map showing Hagonoy and Bulacan
in the context of The Philippines

Hagonoy is a coastal municipality located in the South-West corner of the
Bulacan province and is part of the island group Luzon. It consists of 26
barangays, each with a smaller cluster unit called Purok [16]. Each barangay
is considered a socio-economic unit [16] composed of different stakeholders.
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A barangay called the ’Mercado’ is divided into five main groups. They in-
clude aquaculture industry owners, fishing industry, commuters, and work-
ers for group 1 and domestic/social workers who mainly comprise women
[17].

FIGURE 1.5: Flooding conditions inside the housing in
Hagonoy

FIGURE 1.6: Floating home model prototype

Much like the rest of The Philippines, Hagonoy too deals with the con-
sequences of extreme climatic conditions and growing housing demand. To
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tackle this issue, Alazne Jurado, as part of her master thesis, under the guid-
ance of Pieter Ham, developed an urban community model for the floating
homes for the barangay ’Mercado’ as mentioned above. This model is de-
veloped based on the neighborhood dynamics, living patterns, and essential
and non-essential elements based on the local perspectives received [17]. As
part of Horizon 1, ’Expansion of the city plan,’ the model is developed to
gather 39 families by the end of 2023. The Horizon 3 ’Floating Barangay’
plan aims to sustain 65 families by 2050 [17].

The micro-climate analysis will be performed for the Mercado Barangay.The
climate in this region is characterized as hot, tropical, and maritime. It has a
high temperature, high humidity, and high rainfall. The coming chapters
will provide more information about the modeling, weather classification
and comfort parameters.

This research project was carried out for the duration of nine months,
starting from December 2021 to September 2022.

1.3 Problem statement

It is established that the living conditions of the people in the Hagonoy region
are not suitable for the changing climactic conditions. To ensure the resilience
and comfort of floating homes in this region, several studies and tests have
to be conducted to understand the effect of microclimate in planning and
construction. Various environmental parameters and characteristics of the
location have to be studied. These parameters will be implemented in the
proposed urban community model in outdoor thermal and wind comfort.
The input parameters for these simulations are vastly collected from the me-
teorological rural weather data from the official websites, such as Philippine
Atmospheric, Geophysical, and Astronomical Services Administration (PA-
GASA) and other relevant sources. Further improvisations and alternatives
are provided based on the results.

1.4 Research objectives

This thesis aims to analyze the urban planning model’s urban physics con-
text, as mentioned in the Background. The following research objectives can
be categorized based on the requirements:
a) To assess the urban physics context of the floating neighborhood in the
hot-tropical climate of the Philippines. The sub-objectives include (Givoni,
B., 1992):

• To provide sufficient thermal comfort in urban outdoor spaces

• To provide sufficient pedestrian wind comfort in urban outdoor spaces

• To minimize the heat stress
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FIGURE 1.7: Research objectives of the thesis

b) To develop improvement strategies to the urban planning models to en-
hance the overall community efficiency

• To modify design configurations based on optimal comfort

1.5 Research Questions

1.5.1 Main Research Question

From the objectives mentioned earlier, the main research question can be for-
mulated.

"How to provide outdoor thermal and wind comfort in the hot tropical climate
of the Philippines for the floating homes community in the Mercado region based on
the water-body effect, vegetation and urban design configurations?"

To answer the main research question, it is crucial to define the ther-
mal and wind comfort, the comfort criteria indices, and the inputs required.
The modeling requires material properties database for existing and float-
ing home infrastructure. Therefore, site and pilot analyses are studied to
obtain the necessary information. Additionally, the influencing parameters
considered in this study are the water-body effect, vegetation, and urban
form. These parameters significantly affect the surrounding micro-climate.
It is essential to understand the relation between these parameters and com-
fort indices. This is because the alternative scenarios are adjusted based on
this relationship to improve performance. Based on this, the following sub-
questions are drafted.
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1.5.2 Sub-questions

a) Site Analysis: What are the location parameters to be studied?

The urban planning of the existing infrastructure and the floating homes
has to be studied in terms of materials, location, height, orientation, and veg-
etation. Additionally, the presence of water bodies significantly impacts the
overall outdoor thermal comfort. This also has to be considered in the analy-
ses to understand the difference in outdoor comfort with and without water
bodies. The EPW (EnergyPlus Weather file) provides information regarding
the urban air temperature, wind speed, wind direction, radiation, relative
humidity, and total sky cover.

b) Thermal comfort: How do we define comfortability for the specific design pa-
rameters? How do we improve thermal comfort in outdoor spaces? What parameters
need to be studied?

Urban design plays a major role in determining outdoor thermal comfort.
This is analyzed from the inputs as mentioned above and tools.

c) Wind comfort: How to assess the pedestrian wind comfort and natural venti-
lation in the built environment?

Different urban configurations lead to different wind speed conditions.
Design details such as the openness and shading spaces, height, and align-
ment of buildings are usually analyzed for understanding the wind condi-
tions in the area. This research will perform a fundamental outdoor wind
comfort analysis through ENVI-met simulations. This is run on computa-
tional fluid dynamics (CFD) and determines urban wind patterns.

d) Effect of urban form, water bodies, and vegetation: How is the micro-climate
affected by the following parameters?

The urban density requirements keep increasing, and it is important to
consider this aspect in urban planning, especially in hot and tropical climates
[79]. It reduces the thermal comfort in outdoor spaces [80]. Whereas the
waterbody and vegetation may positively impact reducing heat stress.

e) Modelling: How to set up the model and utilize simulation tools?

As mentioned earlier, several simulations are required to obtain the re-
sults from the set-ups. The simulations are set-up using the ENVI-met tools,
whereas the initial modeling was drafted using Rhinoceros3D and Grasshop-
per packages. Both the modeling techniques are based on computational
fluid dynamics tools.

f) Improvement Strategies: How can the planning be improved with the above-
mentioned results? Furthermore, what strategies can be developed?

This analysis is conducted on the urban planning model developed by
Alazne Enchaniz Jurado. After obtaining results, improvement strategies
will be discussed to reach an optimal design configuration for enhanced com-
fort.
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1.6 Research Methodology

Initially, the site context was studied through openstreetmaps and Google
street view maps. The literature related to the pilot project of the floating
homes was also extensively studied. Thereafter, the thermal comfort and
wind comfort parameters and comfort indices were studied upon. The me-
teorological data to set-up these simulations is obtained from the Ladybug
plug-in in Rhinoceros3D software. The weather data of the Manila region
is collected as an EPW file. Since the Manila region is the most extensive
database located 50 km away from the Mercado region, this weather data file
is chosen. Thereafter, simulations have been set up in ENVI-met, with visu-
alisation in the Leonardo sub-tool. These results were further analysed, and
discussed to provide improvements and recommendations.

This workflow has been sub-divided into five steps which is provided
below. This is also visually presented in Figure 1.8 :

Step 1: Context and Literature study

• Pilot project: Study the design of the pilot project of floating houses and
communities

• Site context: Study the site conditions and attain any location informa-
tion

• Comfort parameters: Study the various parameters required for estab-
lishing occupant comfort, select the parameters to be measured and the
model required for simulations.

Step 2: Measurements and Modeling

• Measurements: Obtain all relevant initial information and set up mod-
els for the measurements.

• Modelling and Simulations: After setting up the models, various simu-
lations are run to obtain the efficient results

Step 3: Analysis

• Documentation of all the information and simulations, and analysis of
the results

• Performance discussions

Step 4: Improvements

• Qualitative and (Quantitative) Improvements: Description of improve-
ment strategies to further optimize the urban design of the floating
community
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Step 5: Conclusions

• Conclusion: It is expected that after following the steps mentioned
above, the main research question and the sub-questions will be an-
swered. At the end of this thesis, it is expected to understand the
urban occupant comfort for the floating communities, with improve-
ments and recommendations.

FIGURE 1.8: Research Methodology

1.7 Relevance

This thesis contributes to a much larger plan to improve the housing and
living standards of the people in Hagonoy, the Philippines, tackling the en-
vironmental and climatic conditions. By performing the urban-microclimate
analysis, we can determine the outdoor occupant comfort concerning ther-
mal and wind. This can further be used to provide information about the
energy at urban scale and hypothesizes an average energy demand for the
community. Based on this, future research can be carried forward to design
an autonomous off-grid system for the community based on natural and
renewable sources such as installing PV panels. This thesis can also be an
application-based guideline for future relevant projects.

1.8 Report Outline

The report has been divided into five Chapters. The first section talks about
the introduction and research framework as discussed in Chapter 1. The
second Chapter provides a literature survey discussing thermal comfort and
wind comfort at an urban scale. This forms the basis and foundation for
the analysis to follow. The third Chapter discusses the model development,
available and chosen software. Chapter 4 provides information about results
and discussions. The final Chapter discusses the conclusions and recommen-
dations for further studies.
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Chapter 2

Literature Review

2.1 Outdoor Thermal Comfort

2.1.1 Defining Thermal Comfort

The definition of Thermal comfort is "that condition of mind which expresses
satisfaction with the thermal environment and is assessed by subjective evaluation"
[21][22]. The thermal comfort of an individual varies significantly from per-
son to person depending on several personal and environmental factors,
such as culture, acclimation, clothing, human metabolism, and thermal ex-
pectations. Since this is based on a person’s subjective opinion of their psy-
chological state, two individuals are unlikely to experience the same levels
of comfort.

Since it is almost impossible to correctly determine the thermal comfort
for everyone, an objective approach that considers the physiological aspects
is preferred only. [18] The body must maintain a constant internal temper-
ature performed by the thermoregulatory system. It allows the heat gener-
ated by the body’s metabolism to dissipate to maintain thermal comfort. This
system is quite complex and involves mechanisms such as sweating, vasodi-
lation, vasoconstriction, and thermogenesis to cool the body down or warm
it up. They can exchange this heat with the external environment through
conduction, radiation, convection, and evaporation [18].

According to the law of conservation of energy, an energy balance can be
written, which equates the heat storage to the heat production in the body
with a subtraction of the heat loss, as shown in Equation 2.1

δQs = Qm − (±Q∗ ± Qh + Qe + Qg)

Equation 2.1

In this equation, the terms are represented as below:

δQs - Heat storage in the body

The heat storage must maintain a constant temperature of 37 degrees Cel-
sius. Therefore, this term must constantly be approaching zero [23].

Qm – Heat production in the body
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This value depends on the metabolism generated in the human body.
When there is a metabolism increase, additional heat is generated [24]. When
metabolism activity reduces, there is a loss of heat. This value is a subtraction
of the metabolic rate with the amount of external work done [25].

Q∗ - Radiative heat exchange

Radiative heat exchange can be defined as the transfer of heat energy
in the form of electromagnetic waves. This transfer occurs through solids,
gases, and fluids and does not need matter to travel through. This factor de-
pends on the surface temperature, opposing surface temperature, and emis-
sivity. The emissivity factor is the amount of heat emitted from a material
and is 0.9 for most materials. However, this factor comes down to 0.05 for
shiny objects [26].

In outdoor situations, radiative heat exchange occurs in both shortwave
and longwave radiation with the surroundings. According to Planck’s law,
objects at high temperatures exhibit more radiation at shorter wavelengths
[27].

Q∗ = ϵσT4

Equation 2.2

where,

Q∗ radiative heat transfer rate W
ϵ emissivity factor -
σ Stefan-Boltzmann constant 5.6x10−8J/sm2K4

T absolute temperature K

h - Convection or sensible heat exchange

Convection can be defined as the heat transfer along the flow of matter.
The most significant attribution to the convective heat transfer is due to the
convective heat loss from the skin to the external temperature and environ-
ment. This can be caused due to internal or external processes like buoyancy
forces. Convective heat loss is increased when the speed of the air movement
increases; there is a decrease in air temperature and high skin temperature.

Qh = Fclhcl(Tcl − ta)

Equation 2.3

where,
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Qh convective heat exchange W
Fcl clothing area factor -
hcl convective heat transfer coefficient W/m2K
Tcl clothed body temperature K
Ta ambient temperature K

Qe - Evaporative heat exchange

This heat loss can occur through breathing or at the skin surface. The
largest share of latent heat transfer is through the heat transfer with the skin
surface. The higher the wind speeds, the greater the evaporative heat flux
[28]. This is also dependent on the humidity of the air. The more moisture in
the air, the slower the evaporation [29].

Qe =
w(psk,s−pa)

Rcl+
1

fcl∗he

Equation 2.4

where,

Qe evaporative heat exchange W
w skin wettedness percentage
psk,s skin vapor pressure kPa
pa ambient air vapor pressure kPa
Rcl evaporative heat transfer resistance of clothing Km2/W
fcl clothing area factor -
he evaporative heat transfer coefficient W/(kPa.m2)

Qg - Conductive heat exchange

Conduction, also known as thermal diffusion, transfers heat energy through
microscopic collisions of particles and electron movement inside the body.
This occurs between the bodies or boundaries of two different systems. This
is negligible or insignificant to the thermal comfort and is usually not consid-
ered in the thermal balance equations.

2.1.2 Outdoor thermal comfort parameters

The heat storage in the body tending to zero is largely dependent on convec-
tive, radiative, and evaporative heat transfer along with internal heat pro-
duction. Conductive heat exchange is ignored in this case. This thermal
equilibrium primarily depends on four environmental or meteorological pa-
rameters: air temperature, mean radiant temperature, relative humidity, and
wind speed [30]. It also depends on two personal parameters: metabolic rate
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and clothing coefficient of the occupants [31]. The meteorological and per-
sonal parameters can be described as follows:

• Potential air temperature: Potential air temperature can be defined as,
"the temperature that a sample of air would have if it were brought dry-
adiabatically to a pressure of 1000 hPa" [83]. It is useful to study this
parameter as it remains constant under changing adiabatic pressure.

• Mean radiant temperature: Shortwave and longwave radiation are fitted
into one single parameter, which can be defined as the average tem-
perature of the surfaces that radiates heat at the point of measurement
in a steady condition. This can be derived from the operative and air
temperature. This has a significant influence on thermal comfort.

• Relative Humidity: This can be defined as the amount of moisture present
in the air expressing as percentage of its maximum saturation capacity
(also known as saturation point). This affects the evaporative heat loss
from the body. This is dependent on air temperature and the vapor
content of the urban atmosphere.

• Wind speed: This affects both the convective and evaporative heat trans-
fer from the body. An increase in the wind speed or the air velocity in-
creases the convective, evaporative, and conductive heat transfer rate.
This is an important factor to consider for natural ventilation, more
strictly for tropical and humid climatic zones.

• Metabolic rate: This is associated with the person’s activities. The more
the metabolic rate, the higher the heat generated.

• Clothing insulation: This affects the person’s thermal comfort by restrict-
ing the heat transfer to and from the body and the surrounding external
environment.

TABLE 2.1: Clothing resistance values for different types of
clothing. ( 1 clo = 0.11 m2K/W)(Adapted f rom[45])

Type of clothing Value (clo)
None 0

Normal tropical clothing 0.3

Light summer clothing 0.3

Summer suit 0.8

Normal suit 1

Clothing for polar regions 3-4
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TABLE 2.2: Metabolic rate per activity category assuming a
body surface area of 1.8 m2 (Adapted from [45])

Category Activity Metabolism (W)

I Resting 85

II Sitting, reading, general office work 105

III Drawing, typing, laboratory work 130

IV Teaching, light assembly 160

V House working, washing up 200

TABLE 2.3: Parameters required for PET calculation (Adapted
from [18])

Parameter needed Unit Heat transfer mechanism

Air temperature degree celsius convection, evaporation

Mean radiant temperature degree celsius radiation

Relative humidity percentage evaporation

Wind speed m2/s convection, evaporation

Metabolic rate W -

Clothing insulation clo -

2.1.3 Thermal comfort index

The thermal comfort index can be described as, "how the human body expe-
riences atmospheric conditions, specifically air temperature, humidity, wind, and
radiation." [32]. There are different types of thermal indices, as mentioned
below:

• Universal Thermal Climate Index (UTCI): It is a bioclimatic index to de-
scribe the thermo-physiological comfort of the occupant [33]. It consid-
ers humidity, wind, radiation, and all other factors that affect the physi-
ological reaction of the human body to its immediate environment [34].

• Physiological Equivalent Temperature (PET): It is defined as the, "air tem-
perature at which, in a typical indoor setting (without wind and solar radia-
tion), the energy budget of the human body is balanced with the same core and
skin temperature as under the complex outdoor conditions to be assessed."[35].
It is a good thermal index for different climatic zones [36], and it is most
commonly used in Europe because of its accuracy and reliability [18].
The PET comparison with the perceived heat stress for hot tropical re-
gions is given in 2.5
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TABLE 2.4: Indoor environment reference values for PET
(Source: [87])

Indoor meteorological parameter Value
Air temperature 20 °C
MRT 20 °C
Relative humidity 50 percent
Wind speed 0.1 m/s

• Standard Equivalent Temperature (SET): As per the latest ASHRAE stan-
dards, SET can be defined as, "the temperature of an imaginary environ-
ment at 50 percent [relative humidity], less than 0.1 meters per second air-
speed, and [the mean radiant temperature equals the air temperature], in which
the total heat loss from the skin of an imaginary occupant with an activity level
of 1.0 met and a clothing level of 0.6 clo is the same as that from a person in the
actual environment, with actual clothing and activity level"[37]. This ther-
mal comfort index considers the four meteorological and two personal
factors during its calculations.

Physiological Equivalent Temperature (PET) is an energy balance model
based on the 2 node model created by Gagge et. al. in 1971 [84]. This was
further extended by Hoppe [85] in 1984. To calculate PET, the first step is to
determine the thermal conditions of the body with respect to Munich Energy
Balance Model for Individuals (MEMI) [86]. The energy balance model is
provided in Equation 2.1 determining the thermal environment. The energy
gains or losses determined here are compared to an indoor environment set-
tings. This virtual environment data is provided in Table 2.1.3. The air tem-
perature (Ta) of the indoor environment is then modified till the point where
the indoor environment and the actual environment are expressing the same
thermal load. The (Ta) value at which both are equal is expressed as PET of
the environment [87].

For this thesis, the ENVI-met modeling tool is taken into consideration.
It is coded in the Object Pascal programming language, using DELPHI [2].
It is a CFD and thermodynamics-based model for holistic micro-climate sim-
ulations of the urban environment. It provides detailed information about
urban surfaces, vegetation, soil, and air properties. It calculates the mean
radiant temperature, which can be visualized using their tool, Leonardo. It
also provides thermal comfort human indices such as PET and PMV, using
the four meteorological variables with their post-processing tool BIO-met.
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TABLE 2.5: PET comparison with the perceived heat stress in
tropical regions (Adapted from [38])

PET (degree celsius) Thermal perception Perceived heat stress

<14 very cold extreme cold stress

14 - 18 cold strong cold stress

18 - 22 cool cold stress

22 - 26 slightly cool slightly cold stress

26 - 30 comfortable no thermal stress

30 - 34 slightly warm slightly heat stress

34 - 38 warm heat stress

38 - 42 hot strong heat stress

>42 very hot extreme heat stress

2.1.4 Heat stress

Heat stress can be defined as the heat load sustained "under the combined effect
of metabolic heat production, environmental factors ((i.e., air temperature, humidity,
airflow, and heat radiation), and clothing requirements" [39]. PET values concern
the thermal state of the body. In a tropical climate, a temperature range of 26
to 30 degrees Celsius is considered comfortable. When people cannot main-
tain the inner core body temperature, they may develop heat disorders.

The thermal sensation depends on the geographical location’s climatic
zone, in this case, the Philippines, which falls under the hot and tropical
region category. The thermal perception and physiological stress are given
in Table 2.5. The neutral range for a Cold climate is 18.1 - 23 degrees Celsius.
For the Mediterranean climate, it is 20 - 25 degrees Celsius [40].

The UTCI values compared to the perceived thermal stress are given in
Table 2.1.4. The albedo values for common materials are given in Table 2.7
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TABLE 2.6: UTCI values and its comparison with the perceived
heat stress (Adapted from [31])

UTCI (degree celsius) Perceived thermal stress
>= 45 Extreme heat stress
38 - 46 Very strong heat stress
32 - 38 Strong heat stress
26 - 32 Moderate heat stress
9 - 26 No thermal stress
0 - 9 Slight cold stress
-13 - 0 Moderate cold stress
-27 - -13 Strong cold stress
-40 - -27 Very strong cold stress
<40 Extreme cold stress

TABLE 2.7: Albedo values for different components

Material Albedo
Asphalt 0.125
Grass and Trees 0.205 - 0.25
Brick 0.3
Concrete 0.225
Wood 0.15
Glass 0.305
Metal roof unpainted 0.3 - 0.5
Playground 0.45
Path 0.1
Corrugated iron for facade/roof 0.13

2.1.5 Philippines Climate

The average weather data is collected from the Ladybug plugin in Rhino
3D, taken from the EnergyPlus website. An EPW file of the Manila region
is taken as an input file for obtaining meteorological data. The distance be-
tween Hagonoy and Manila is 55km; both cities are situated at the coastal
line. This is the most viable and complete information provided nearest to
the interest location. Therefore, it is assumed that the data is admissible for
the region of Hagonoy. Climate Consultant 6.0 software is used to extract and
visualize the data. This is based on the ASHRAE Standard 55 and the Cur-
rent Handbook of Fundamentals Model. All the additional data is provided
in Appendix A.

Climate:

The Philippines’ climatic zone is considered to be tropical and maritime.
It can be characterized by high temperatures, high humidity, and excessive
rainfall. Hagonoy falls under the Type 1 category according to the Climate
Map of The Philippines. It is characterized by two prominent seasons "dry
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from November to April and wet during the rest of the year. The maximum rainfall
period is from June to September."(Source: PAGASA)

Temperature:

In general, the mean annual temperature is 27.5 degrees Celsius. The
Manila region’s highest hourly temperature is recorded as 38 degrees in June,
followed by 36 degrees in May. We consider 8th May for simulation, repre-
senting a more typical day in that region. For this month, the lowest temper-
ature recorded is 25 degrees. The highest, lowest, and average recorded dry
bulb temperatures for each month can be seen in Figure 2.1

FIGURE 2.1: Average monthly temperature graph (degree cel-
sius) for Manila in 2021(Source: EPW file from the Climate Con-

sultant software - Adapted by Author)

Humidity:
Due to high temperatures and being surrounded by water on all sides, the

Philippines records high relative humidity. Overall, the average recorded rel-
ative humidity varies from 71 percent to 85 percent in March and September,
respectively. It is extremely uncomfortable in the summer, March to May
when temperatures and relative humidity are at their highest levels. For 8th
May, the highest recorded Relative Humidity is 79 percent, with the lowest
being 44 percent. This can be seen in Figure 2.2
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FIGURE 2.2: Dry bulb x Relative Humidity for Manila re-
gion (Source: EPW file from the Climate Consultant software

- Adapted by Author)

Wind speed: The prevailing wind system can be divided into three cate-
gories (Source: www.fao.org, 2019)

• November to February: N-E monsoon

• July to September: S-W monsoon

• Rest of the year: From east

According to the chart, the windiest month is usually December. On 8th
May, the maximum wind speed was recorded as 8.2 kmph, with the lowest
being 0 kmph. The wind direction varies throughout the year. However,
most of the wind comes from the west and east direction. This is also similar
to the day of interest. These representations can be seen in Figure 2.3, 2.4 and
Figure 2.5.

www.fao.org
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FIGURE 2.3: Wind wheel at Manila region throughout the year.

FIGURE 2.4: Wind wheel at Manila region on 8th May
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FIGURE 2.5: Wind speeds in Manila region throughout the
year(Source: EPW file from the Climate Consultant software

- Adapted by Author)

Typhoons:
The Philippines is highly vulnerable to cyclones and typhoons due to its

location. It witnesses heavy rainfall, winds, and flooding. The country wit-
nesses cyclones usually between May and November; however, strong winds
are relevant throughout the year. The latest typhoon map and the predicted
frequency are given in Appendix A.

2.1.6 Simulations

Some of the existing software packages to calculate PET are ENVI-met and
Rayman. ENVI-met is a computational fluid dynamics model, whereas the
latter is a three-dimensional radiation model. Even though the computation-
ally heavy CFD approach takes an immense amount of time for each simu-
lation, this is also one of the most verifiable and complete simulation tools
available for microclimate analysis. Therefore, ENVI-met is chosen for simu-
lations.

The initial model was drafted in Grasshopper and Rhinoceros3D, a soft-
ware developed by McNeel and Associates. This is because of its simple user
interface and functionality in developing a model. This software is either
built-in in the primary package or is readily available online for free down-
load. It is an open-source platform with easy to grasp user interface. It also is
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less time-consuming compared to the other mentioned software. Additional
plugins were used for initial radiation studies, which include Ladybug and
Honeybee. Dragonfly plugin was further used to convert the model from
Rhino 3D to ENVI-met area input (.inx) file.

The calculations of the microclimate model in ENVI-met include (which
is relevant in this case): short and long wave radiation fluxes, which consider
shading and reflections from buildings, soil, surfaces, and vegetation. It de-
termines biometeorological metrics such as MRT, PET, and UTCI, along with
wind speeds and flow patterns. Additionally, it provides information about
the simulation of water and heat exchange.

2.2 Outdoor Wind Comfort

2.2.1 Defining outdoor wind comfort

The interactions between the buildings and the environment are complex.
Urban infrastructure significantly changes the wind dynamics and the ther-
modynamics field [2], albeit creating safety issues and discomfort for pedes-
trians [47]. Buildings can create dangerous wind patterns, creating an unin-
habitable environment and leaving the spaces unoccupied. Therefore, urban
wind comfort can be defined as the branch of wind engineering that studies
wind effects at an urban scale, ensuring the safety and comfort of pedestri-
ans and cyclists. High winds are prevalent in the standing vortex and corner
streams [48].This is of particular interest for high-rise buildings, because the
wind speeds are deflected from the higher altitudes to the ground level. Also
for the low-rise buildings or rural areas, the building masses affect the local
wind velocities.

FIGURE 2.6: Wind profile above the urban area (Source: [52])
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Solar radiation and local wind speeds are the only urban micro-climactic
factors primarily dependent on urban planning, such as the site location,
building form, configuration, and geometry of open spaces [48]. Therefore,
urban planners have power over designing the spaces to improve climate
interaction and ensure safety and comfort in public spaces. However, wind
planning is usually ignored in micro-climactic studies, even though it is con-
sidered one of the most important factors for user satisfaction [49].

The urban boundary layer, in this case, is defined as the portion of the
atmospheric boundary layer (ABL) between the surface and the height at
which the city no longer influences the wind flow. [2] The vertical profile of
the average wind speed is:

U = u∗
k

[
ln( z

zo
) + ψ( z

L )
]

Equation 2.5

where,

U average wind speed m/s
u∗ friction velocity m/s
z height m
k von Karman constant (0.45) -
L Obukhov length m
zo aerodynamics roughness m

FIGURE 2.7: Urban Boundary Layer structure (Source: [2],
Modified from [50])
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The wind profile above the urban areas and vegetation canopies usually
assume a constant and is in neutral conditions.

U = u∗
k

[
ln( z−do

zo ) + ψ( z
L )
]

Equation 2.6

where,

U average wind speed m/s
u∗ friction velocity m/s
z height m
do displacement height m
L Obukhov length m
zo aerodynamics roughness m

Here, they represent the displacement height which is the effective height
from the ground level due to the vertical flow displacement. The parameters
zo and do are associated with the surface roughness coefficient.

FIGURE 2.8: Wind profile above the urban area (Source: [2],
adapted from [51])

2.2.2 Urban wind comfort context

The urban topography plays a major role in the wind speed patterns. Some
of its examples are described below [47] [48].

• Corners of the building: The building corners are considered the most
uncomfortable areas in urban spaces. This is due to the pressure dif-
ferences created by the side vortices between the front of the building
and the sides, high- and low-pressure zones, respectively. In order to
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maintain the safety of the pedestrians, it is preferable not to design any
public or open spaces near the high-speed flows, in this case, the cor-
ners of the building.

• Venturi effect: This is a reduction in the fluid pressure. In this case,
the wind pressure, when it has to pass through narrow and constricted
regions. This thereby increases the acceleration of the wind. This can
be a common occurrence in urban areas if restricted access between
two portions is restricted, thereby leading to uncomfortable spaces. For
buildings less than 50m in height, there exists a protection zone upwind
of the building.

• Passages: They can create uncomfortable spaces when the "flow with high
pressure from the stagnation side tries to escape through the passage." [47].
This creates wind with high velocity and acceleration.

2.2.3 Wind comfort criteria

To accurately estimate pedestrian wind comfort, the following parameters
need to be determined [53]:

• Local wind conditions: influenced by the urban environment and sur-
roundings.

• Typical wind data: The wind conditions close to the location of the build-
ing represent typical wind patterns.

• Specific comfort criteria: Criteria which co-relate the local wind speeds
with the perceived wind comfort by the pedestrians.

The average wind speed can be calculated using the local meteorological data
from Equation 2.7. This is taken from [54].

U = U10,m(U0/U10,m)(U/U0)

Equation 2.7

where U0 can be calculated from the Equation 2.8

U0 = KzαU10,m

Equation 2.8

where,
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U average wind speed at pedestrian level m/s
U10,m average wind speed at pedestrian level including roughness but not built form m/s
Z height of wind speed evaluation. Taken at 1m for pedestrian level m
K, α related to terrain toughness. From Table -

TABLE 2.8: Terrain roughness parameters (Source: [48])

Terrain K α
Sea 0.7 0.14

Meteorological station: free open space 0.68 0.17

Rural zone with windbreaks 0.52 0.2

Suburban zone 0.4 0.235

Urban zone (continuous blocks of buildings) 0.35 0.25

Dense urban zone with many tall buildings 0.21 0.33

There are several comfort criteria to assess pedestrian comfort levels. Some
of them discussed include Davenport, Lawson, and NEN 8100. These criteria
assess varied conditions such as sitting, standing, walking, and strolling. The
acceptable comfort classes for various location types are given in Table 2.9.

TABLE 2.9: Acceptable pedestrian wind comfort categories for
different location types

Comfort classes Wind Occurance Location types

Sitting <=3.9 m/s >70% Outdoor cafes, patios, terraces, beaches,
gardens, fountains, monuments

Standing, strolling <=6.1 m/s >80% Building entrances, exits, childrens
play area

Walking, rigorous activities <= 8.3 m/s >80% public/private sidewalks, pathways,
public/private vehicular drop-off zones

Uncomfortable, unacceptable
for walking >8.3 m/s >20%

Dangerous to walk >25 m/s >0.01%

Lawson:

Even though wind comfort perception is mainly subjective, there are gen-
eral models and guidelines developed by Lawson. These are presented in
Table 2.10.
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TABLE 2.10: Lawson comfort criteria (Source: [55]

Color Class Velocity m/s Exceedence
Class A: Sitting/Standing - Long >4.0 <5.0%

Class B: Sitting/Standing - Short >6.0 <5.0%

Class C: Leisurely Walking >8.0 <5.0%

Class D: Fast Walking >10.0 <5.0%

Class Safety: Distress >15.0 >0.0002%

NEN8100:

It is a comfort criterion developed by the Dutch, and it applies a thresh-
old value to the hourly mean wind speed of 5m/s for all the categories of
activities. The comfort criteria are given in Table 2.11.

TABLE 2.11: NEN8100 comfort criteria (Source: [55])

Color Class Velocity m/s Exceedence

Class A: Sitting/Standing - Long >5.0 <2.5%

Class B: Sitting/Standing - Short >5.0 <5.0%

Class C: Leisurely Walking >5.0 <10.0%

Class D: Fast Walking >5.0 <20.0%

Class E: Uncomfortable >5.0 >20.0%

Class Safety 1: Limit Risk >15.0 <0.30%

Class Safety 2: Dangerous >15.0 >0.30%

Davenport:

Published in 1975, this criterion is the oldest in the group. The maxi-
mum exceedance probability is 1 per week for tolerability for certain activi-
ties. "The longer the average wind speeds exceed this limit, the more uncomfortable
the activity is assumed to be." This can be seen in Table 2.12 [53].
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TABLE 2.12: Davenport comfort criteria (Source: [53])

Color Class Velocity m/s Exceedence

Class A: Sitting/Standing - Long 3.6 <1.5%

Class B: Sitting/Standing - Short 5.3 <1.5%

Class C: Leisurely Walking 7.6 <1.5%

Class D: Fast Walking 9.8 <1.5%

Class E: Uncomfortable 9.8 >= 1.5%

Class Safety: Dangerous 15.1 >= 0.01%

These wind comfort indices are primarily created for non-tropical climatic
zones. However, there is no specific criteria drawn for tropical climates from
the investigated literature. In the above mentioned categories, Lawson is the
most widely recognized comfort criteria, thereby choosing this. The wind
comfort criteria is calculated for all the days in the year, and is not directly
expressed as in thermal comfort. Therefore, the velocity mentioned in the
Tables is the maximum acceptable value for that category. And exceedance
can be defined as the number of days the wind speed exceeds the acceptable
velocity mentioned expressed as the ratio to the number of days in the year.
This percentage should be within the range mentioned for acceptability.

From the literature, there was wind comfort criteria drawn for calm cli-
mates. The wind comfort is briefly calculated using this tool as well, and
is provided in the Appendix B. This was not fully explored due to the time
limitations of the project.

2.2.4 Simulations

There are two methods to model and obtain results for wind analysis. They
are wind tunnel tests and computational fluid dynamics simulations.

Wind tunnel tests:

They are om-site point measurements performed with Laser Doppler Anemom-
etry (LDA) or Hot Wire Anemometry (HWA) [7]. These tests are conducted
to obtain the average wind speed and turbulence intensity at the pedestrian
level. However, this method is expensive and highly time-consuming. This
is also not adaptable because the whole geometry needs to be redesigned and
rebuilt in case of any changes.

Computational Fluid Dynamics:

It is a time-saving, cost-effective design tool that provides quantitative
and qualitative wind pattern presentations. It is a computer-aided tool, and
several software exists for the assessment like SimScale, ENVI-met, Rhino 3D
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with Grasshopper, Butterfly, Openfoam, Swift, and Eddy 3D as some addi-
tional plugins that may be combined for use. They are often used to deter-
mine wind flow, pedestrian comfort, wind-driven rain, pollutant dispersion,
and snow drift [2].

Several parameters must be chosen carefully for successful assessments:
volume dimensions, boundary conditions, turbulence model, and grid reso-
lution. [48] Most of these models follow the RANS equations method using
the k- model.

For this thesis, wind comfort is determined from ENVI-met simulations
which are based on CFD analysis. The Philippines climate data is mentioned
in Section 2.1, and the daily rural and urban meteorological data is collected
from the Ladybug plugin.

The winding history of Manila, i.e., the wind-rose diagram of the region
in the year 2020, is given in Figure 2.9.

FIGURE 2.9: Philippines manila wind history 2020thermrl-
www,windy.app

2.3 Influencing Parameters

2.3.1 Waterbodies

Waterbodies can positively influence the microclimate of the surrounding ar-
eas as they provide natural cooling. It acts as an urban cooling island. Wa-
terbodies have low reflectivity, leading to absorption of solar radiation and
decreasing mean radiant temperature.

Water has a high thermal capacity and evaporation effect, which lowers
the surface and air temperature. However, this creates a sea breeze phe-
nomenon. This phenomenon usually occurs during hot summer days due
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to the temperature difference between land and water. During day time, the
land surface heats up more than the water surface.Thereby, creating warmer
air over the land than the water surface [68]. This wind may, however, be
obstructed by building obstacles. Overall, waterbodies have the potential to
reduce energy consumption and improve outdoor thermal comfort and re-
duce the urban heat island effect.

They have the ability to maintain the temperatures at night because of
the thermal inertia and high heat capacity [70]. Therefore, it is known to
be pretty stable. According to the [70] study, water’s cooling effect is more
prevalent during the day, and there is a warming influence during the night.
Wind turbulence, wind velocity, humidity, temperature, and wind direction
affect the cooling influence of waterbodies [70] [71] [72] [73] [74] [75]. Other
parameters that influence the cooling effect are the size of the water body,
evaporation rate, and water albedo [76].

The typical value of the ocean albedo is approximately 0.06, which indi-
cates that the ocean reflects 6 percent of the solar radiation coming onto its
surface and absorbs the remaining [77].

Since the location is surrounded by water, it may act as a cooling effect
on the heat island created. For this thesis, the simulations are run with the
existing landscape typology. The floating homes are surrounded by shal-
low water, which can absorb high heat absorption capacity. As an alterna-
tive scenario, the water body is replaced by pavement material properties to
understand the degree of its influence on the total outdoor comfort. These
simulations are run as two different test scenarios in ENVI-met. The material
properties of water are represented in Table 2.13.

TABLE 2.13: Properties of water

Property Value
Heat Capacity (J/m3K) 4.18

Thermal Conductivity (W/mK) 0.57

Albedo 0

Emissivity 0.92-0.97

2.3.2 Vegetation

The traditional way to provide shading in outdoor spaces is through trees.
They lower the daytime temperature around the tree canopy. However, they
also reduce the sky view factor and obstruct night-time surface cooling and
radiation losses [20]. The air that passes through the trees has its speed re-
duced, temperature reduced, and humidity increased.

In an urban landscape, trees are mostly found in parks, gardens, and
sometimes at the side and center of the streets. Each location can serve a
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different purpose for the microclimate. If trees are present in the streets or
next to buildings, they can be used as shading devices to reduce the UHI. If
the trees are present in parks and gardens, they provide cool daytime spaces
for pedestrians. They also lower the MRT and the radiative load on pedestri-
ans. The impact of tree shading depends on the species composition and leaf
canopy. The main parameters include [20]:

• Tree line distance (this is the distance between buildings and line of
trees)

• Tree line length (length of the line of the trees)

• Tree species (canopy width, height, and transparency)

Because of its various benefits, trees can help reduce energy consumption
and the cooling demand of the buildings. Clustered trees are more effective
than scattered trees [65]. Artificial sun shading devices can also be used for
this purpose. Some outdoor shading types include tarps, garages, and build-
ing shadows. Trees are the most effective of all of them. Some green building
devices are lawns, green roofs, and green walls.

A shade benefit analysis provides information about the decreased cool-
ing load and increased cooling load by adding shade in different regions.
Hardwood forests are the most predominant in tropical climates, along with
fruit-bearing trees. The most common tree in the Philippines is Gmelina
(Gmelina Arborea). There is especially demand for mangrove plantations
and nipa palm. [66] The best orientation for tree planting in the Northern
Hemisphere is west, followed by east.

In 2000, Hagonoy had about 6.6 percent of natural forest cover. From the
year 2001 to 2020, Hagonoy lost over 15ha of tree cover with an estimated 2.5
percent decrease [64]. In Alazne’s report, the urban spatial design is such that
it promotes tree plantations and gardens. Vegetable gardens are attached to
each home. For the given location in the thesis, there are mangrove planta-
tions next to the main Barangay road, which will be the main focus for input
parameters. Assuming that the urban density will increase, vegetation can
facilitate the cooling effect, especially during the daytime.

An ideal scenario of tree plantations for a building layout in the southern
hemisphere is given in Figure 2.11.
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FIGURE 2.10: Effect of trees on the building energy balance
(Source: Author)

FIGURE 2.11: Ideal building layout plan with trees (Modified
from [20])
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2.3.3 Urban Morphology

The relationship between urban form and the thermal environment is at-
tributed to building density, building height, and degree of openness [81].

Building Density is the ratio of the total volume of the buildings to the par-
cel area. A parcel area is a unit containing a cluster of blocks. Understand-
ably, the higher the value higher the urban densification. This parameter di-
rectly affects the sun-shading, shadow distribution, and ventilation [81]. As
per a study conducted by [67], they have divided the landscape typologies
into 17 categories, of which ten are artificial, and the remaining are natural.
These categories are known as the zone types or LCZ types. The correlation
between LCZ and the urban parameters is given in Figure 2.12.

FIGURE 2.12: Local climate zone types and the associated ur-
ban parameters (Source: [62])

The average building height can be defined as the sum of all the heights of
the buildings by the total number of buildings present in the coverage area.
Increasing building height can block the sunlight and affect the visibility and
shadow entering the streets. This directly impacts the wind patterns and the
urban surface temperatures [82].
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Building coverage area can be defined as the ratio of the built area to the to-
tal parcel area. This influences air transmission and mobility, affecting ther-
mal and wind comfort. If the street pattern has a high degree of openness,
it decreases the air temperature and heat island effect. Different forms of ur-
ban morphology indicate the openness of the street blocks. Some examples
include linear arrays, street canyons, courtyards, and open spaces.

In the urban plan designed by Alazne, she follows the courtyard street
pattern where floating homes are branched in three with a common realm of
open space between them. This was designed based on the requirements of
the local people encouraging face-to-face interaction. This is represented in
Figure 2.13.

FIGURE 2.13: Courtyard style urban depiction of the original
model(Source: [16])

The different urban configurations are assessed using the ENVI-met soft-
ware as different test runs. They are based on the openness of the buildings,
enclosing courtyard typology, and the coverage area.

FIGURE 2.14: Original Floating homes model (Source: By Au-
thor (Adapted from [16]))
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Chapter 3

Modeling

3.1 Rhino model set-up

The model geometry is divided into existing infrastructure and floating homes.
Overall, this has been initially designed in Rhino 3D.

3.1.1 Existing Infrastructure

The geographical context of the Mercado region is provided in Figure 3.3
using Google satellite maps.

FIGURE 3.1: Geographical context of the Mercado region using
Google maps
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FIGURE 3.2: Geographical context of the Mercado region using
Google maps
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FIGURE 3.3: Geographical context of the Mercado region using
Google maps

The existing infrastructure of the Mercado region has been modeled us-
ing the Openstreetmap information from their website. This file is saved as
an Open studio model type (.osm). The Java Script Reader converts this to
an Object (.obj) file. This file includes the buildings, vegetation, roads, and
waterways. However, since the Mercado region is not under good surveil-
lance, the data available was scarce, as we can see in Figure 3.4. Therefore,
the rest of the existing buildings and soil had to be manually drawn using
the digitized bitmap files as a surface layout. This can be seen in Figure 3.5.
The soil and roads are drawn as polysurfaces, the buildings as boxes, and
the vegetation as meshes. All the components are closed geometries and are
referenced to a singular object plane.
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FIGURE 3.4: Open street map data on Rhino 3D

FIGURE 3.5: Existing infrastructure in Rhino 3D including
buildings, roads, soil, and vegetation
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3.1.2 Floating Homes

The urban model of the floating homes has been designed in Rhino 3D by
Alazne for her thesis project [17]. This is represented in Figure 3.6

The level of detail of the buildings is Level 1, which is simple box-shaped
geometries as mentioned in Figure 3.7. This model had to be simplified based
on the ENVI-met requirements. ENVI-met cannot take sloped surfaces in its
model geometry. Therefore, the overhangs in the original model had to be
eliminated.

FIGURE 3.7: Level of Details

The sloping roof has been converted to a rectangular box with a 30 per-
cent height of the initial component. This height was chosen based on the
radiation analysis of the building concerning the Manila climate data in the
local context, in this case, the ground surface. This analysis was performed
using a simplified radiation script on Rhino 3D. The results are provided in
the Figure 3.8 and Table 3.1.

FIGURE 3.8: Radiation analysis of the original model and the
simplified model
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FIGURE 3.6: Floating homes model as per the original plan
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TABLE 3.1: Radiation analysis to determine building height

Model Total radiation (kWh/m2)

Original 711.27

100% roof height 688.63

50% roof height 705.27

30 % roof height 712.08

The model has been converted to a simple 3D box geometry with 6m x 6m
dimensions. The dimensions had to be altered to suit the 3m x 3m grid size
of the ENVI-met, thereby making that its resolution. Otherwise, the dimen-
sions of floating homes would be non-uniform. The window-to-wall ratio
of the facades is 0.4 with unglazed material properties. However, this was
also not considered in the final ENVI-met model as it would heavily increase
the computational time. Since the primary focus is on outdoor comfort, this
simplification does not pose much difference in the results. For the initial
base simulation, the geometry does not consider sun-shading devices. This
is because ENVI-met would treat these surfaces as walls instead of planar
composition.

Overall, the model had to be shortened to a base surface of 145 m x 115
m from an initial grid of 700 x 600 m. This was done to reduce the compu-
tational time of the model from approximately 15 days to 4 days. The final
model in Rhino 3D is provided in Figure 3.10.

FIGURE 3.9: Final model to be used for ENVI-met simulations
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FIGURE 3.10: Final model to be used for ENVI-met simulations

After the final model had been prepared in Rhino, it was converted to a
.inx area input file using the Dragonfly-Legacy plug-in along with Honeybee
and Ladybug-Legacy. The wall and roof properties for the buildings are con-
crete hollow blocks and steel roofing, respectively for existing infrastructure.
The type of soil is loamy and the roads used/dirty concrete pavements. The
wooden platforms and water surfaces are digitized in the final ENVI-met
model.
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FIGURE 3.11: Grasshopper script for Rhino to ENVI-met model
conversion

3.2 ENVI-met model set-up

Table 3.2 provides the input files required for ENVI-met. These files contain
information regarding the buildings, vegetation, non-building surfaces, and
weather data. Detailed information about input parameters can be found in
Table 3.3. The numerical values are tabulated in the coming sub-sections in
Chapter 3.

TABLE 3.2: Input files for ENVI-met simulation

File Format Description

Area input file .inx
contains information regarding buildings,
vegetation, soil, ground surfaces, model
rotation, location and resolution

Simulation file .simx
contains information regarding the boundary
conditions, meteorology data, simulation data,
time and duration, and other computing options

Database .edb contains information regarding soils, profiles,
wall materials, facade greening, and simple plants
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TABLE 3.3: Input parameters per category type

Category Input parameters
Buildings Location

Roof and facade material
Material properties, reflectance,
albedo, conductivity

Vegetation Location

Type (deciduous, coniferous, grass)
Height
Leaf density area

Non-building surfaces Pavement - Location, material, properties
Soil - Location, properties
Water - Location, properties

Weather Temperature
Wind speed and directions
Date, sun dawn, sun set
Relative humidity and cloud coverage

3.2.1 Area File

After the finalized Rhino geometry, the model has been converted to an ENVI-
met area file. The buildings with the vegetation are given in Figure 3.12, and
the final soil surfaces are portrayed in Figure 3.12. This data is provided in
the plug-in ENVI-met Spaces.
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FIGURE 3.12: Building and soil profiles of the model in ENVI-
met Spaces
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3.2.2 Simulation File

The simulation is performed for 8th May 2021 from 0000 hrs to 2400 hrs. The
meteorological boundary conditions use the forcing method, where wind,
air temperature, radiation, and relative humidity are forced. This is a lateral
boundary condition forcing type which allows the values of the 1D model to
be copied to the border. It takes an EPW file as a FOX input format to obtain
the meteorological data. The minimum interval for updating the wind inflow
is 30 seconds. This data is provided in the plug-in ENVI guide.

FIGURE 3.13: General settings of the simulation file in ENVI-
guide
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FIGURE 3.14: Fox file manager for 8th May in ENVI-guide

3.2.3 Database File

For the ENVI-met simulation, the model requires additional information about
the materials, soils, and vegetation. The plug-in Database Manager is a global
system with predetermined values for various frequently used components.
Each component has a unique ID which is a six-sign alphanumerical code.
The database is divided into two categories: the System database and the
User database. Only the User database can be edited by the user. It is stored
in an EML format. The material properties for the components of interest are
provided in the Table 3.5 and 3.4.

Concrete walls (existing buildings) Gypsum board panels (floating homes) Steel metal roof

Default thickness (m) 0.3 0.127 0.02

Absorption(frac) 0.7 0.4 0.2

Transmission(frac) 0 0 0

Reflection(frac) 0.3 0.6 0.8

Emissivity(frac) 0.9 0.9 0.1

Specific heat(J/kgK) 840 880 420

Thermal conductivity(W/mK) 0.86 0.17 45

Density(kg/m3) 930 1000 8000
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TABLE 3.4: Database material properties for surfaces and soil

Loamy soil Deep water water Wooden planks Cement concrete
Type of material Natural soil 0 0 Artificial material Artificial material

Water content at saturation
(m^3 water/ m^3 soil) 0.451 0 0 0 0

Water content at field capacity
(m^3 water/ m^3 soil) 0.24 0 0 0 0

Water content at wilting point
(m^3 water/ m^3 soil) 0.155 0 0 0 0

Matrix potential (m) -0.478 0 0 0 0

Hydraulic conductivity (m/s) 7.000 0 0 0 0

Volumetric heat capacity (J/m3K) 1.212 0 4.18 0.454 2.083

Clapp and Hornberger constant 5.39 0 0 0 0

Heat Conductivity (W/mK) 0 0 0.57 0.900 1.630

For the vegetation, the most commonly present plants in the Mercado
region are Mangroves and Palm trees. Mangrove trees are not present in the
ENVI-met database. Because of the lack of online information, palm trees
are used instead in their location because of their everyday presence. Palm
trees with the description LAD medium, large trunk, dense, 15m have been
chosen for the simulations. The wooden platforms with green plantations
have been incorporated into the model.

In the ENVI-met, initial water and soil temperatures are assumed by the
software itself, and the CFD analysis is conducted per hour.

FIGURE 3.15: Database material properties for vegetation

3.2.4 .edx file for BIO-met

BIO-met is a post-processing tool to calculate the human thermal comfort in-
dices based on the output files obtained from the simulations. These output
files are in the .edx format. It calculates the PET, UTCI, SET, and PMV based
on simulation files and personal human parameters. The personal parame-
ters are defined in Figure 3.16. The height, weight and clothing insulation are
characteristic to the people of The Philippines.
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FIGURE 3.16: Personal Human Parameters for the study

3.3 Scenarios

Several scenarios based on the influencing parameters are tested in the ENVI-
met software. The categories include urban morphology, water body effect,
vegetation, and the original model. The general assumptions which pertain
to all the models have been discussed in the previous sections, whereas fur-
ther details are presented in each scenario section. The different scenarios are
tabulated in Table 3.5.

TABLE 3.5: Model scenarios with abbreviations

Model Scenario Abbreviation

Original O1

Urban Forms with vegetation U1, U2V, U3V

Original + Vegetation O2

Replacing waterbody with pavement O3

Urban forms without vegetation U2, U3

The different scenarios considered are elaborated in the following sub-
sections.
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3.3.1 Original Model (O1)

The building and soil profiles of the original model are given in Fig 3.12. All
the following scenarios are compared with this to determine its comfortabil-
ity, and improvements. Therefore, this can be considered as the baseline.

3.3.2 Original Model with Vegetation (O2):

In this model, 12.5 percent vegetation is added to the original typology. The
vegetation is scattered across the open areas on the wooden platforms, re-
ducing the overall vegetative density. Extra wooden platforms were added
to incorporate the added vegetation. The types of vegetation used are given
in Table 3.6. The building and soil profiles are given in Figure 3.18.

TABLE 3.6: Vegetation data for U1, U2, and U3

Vegetation Albedo Transmittance
Grass 50 cm avg dense 0.2 0.3

Soja 63 cm 0.2 0.3

Funkia (Hosta) 40 cm 0.2 0.3

Hedges 1-2m 0.2 0.3

FIGURE 3.17: Building profile for Scenario O2



3.3. Scenarios 53

FIGURE 3.18: Soil profile for Scenario O2

3.3.3 Original Model with pavement replacement (O3):

In this model, the water body of the model area is entirely changed to gray
concrete pavement. This drastically increases the heating properties of the
surface. This scenario was analyzed to identify the water body’s influence
on the potential air temperature and wind speeds. Figure 3.19 shows the
building and soil profiles with these modifications.
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FIGURE 3.19: Building and soil profile for Scenario O3

3.3.4 Urban Form 1 (U1):

In this model, changes have been made to the urban layout to make it more
symmetrical in appearance. This is to create an enclosure of buildings from
the outside area to the inside area, to act as a wind block. However, it has a
sufficient gap of at least 6 to 9 meters at the minimum between the clusters to
avoid pressure-induced winds. It also provides increased outdoor areas for
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people to gather and plant more vegetation. In this scenario, approximately
10 percent of clustered and scattered vegetation is added to the typology.
Apart from the vegetation already provided in Table 3.6, hedges are also pro-
vided with albedo and transmittance values of 0.2 and 0.3, respectively. They
are 1-2 meters in height. This urban configuration also eliminates scattered
houses and groups them together for better connectivity amongst residents.
The typology is given in Figure 3.20.

FIGURE 3.20: Soil, building, and vegetation, profile for Scenario
U1
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FIGURE 3.21: 3D view for Scenario U1

3.3.5 Urban Form 2 (U2V):

This configuration extends the U1, with further openness between the build-
ing clusters. This is primarily done to increase the percentage of vegetation in
the open spaces to approximately 30 percent of the area of the floating home.
The de-densification of the buildings, however, reduces the shading capacity
of the adjacent buildings. The vegetation used here is the same as U1. Figure
3.23 gives the profile data.

3.3.6 Urban Form (U2):

U2 uses the same urban configuration without the vegetation, and is calcu-
lated from 1200 hrs to 1500 hrs (12pm - 3pm). The entire time span of 24
hours could not be calculated due to extensive computational load and lim-
ited time span (4-7 days for each simulation). This scenario is to determine
the affect of urban form alone without the influence of vegetation.
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FIGURE 3.22: Soil profile for Scenario U2V

FIGURE 3.23: Building, and vegetation, profile for Scenario
U2V
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FIGURE 3.24: 3D view for Scenario U2V

3.3.7 Urban Form (U3V):

This configuration incorporates the pentagon courtyard-style clusters. It pro-
vides maximum shading area throughout the day amongst polygonal court-
yards [79]. It also provides an increase in the number of open spaces. Addi-
tionally, the same vegetation as U2V is also present in this case. Figure 3.25
gives the building and soil profiles for U3V.

3.3.8 Urban Form (U3):

U3 uses the same urban configuration without the vegetation, and is calcu-
lated from 1200 hrs to 1500 hrs (12pm - 3pm). The entire time span of 24
hours could not be calculated due to extensive computational load and lim-
ited time span (4-7 days for each simulation). This scenario is to determine
the affect of urban form alone without the influence of vegetation.
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FIGURE 3.25: Soil, building, and vegetation, profile for Scenario
U3V
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FIGURE 3.26: 3D view for Scenario U3V
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Chapter 4

Results and Discussions

In this Chapter, the thermal comfort, wind comfort, and other parameters
will be discussed from four points in the model area for all the urban config-
urations. These points are marked in Figure 4.1.

FIGURE 4.1: Four points of study in all the urban configurations

These 4 points provide information about a variety of locations in the
floating homes model area.

• Point 1: This area constitutes the combination of floating homes and the
open area in front of the housing.

• Point 2: This area constitutes the primary open space for gathering, with
and without vegetation. This is of significant importance to the study.

• Point 3: This area constitutes the water body surface. However, in U3V
and U3, this area falls under the area of the housing clusters.
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• Point 4: This area constitutes another open space for gathering. How-
ever, this is smaller in size and is densely enclosed by housing from
most sides.

Four time periods have been chosen for this study. They include:

• 0200 hrs, or 2 am: This time period was chosen to understand the influ-
ence on vegetation, waterbody, and urban form during the nighttime
due to its significant changes

• 0800 hrs, or 8am: This time was chosen to understand the influence of
micro-climate during early morning hours

• 1400 hrs, or 2 pm: This time period was chosen because highest tem-
peratures were recorded during this hour

• 1900 hrs, or 7pm: This time period was chosen because highest wind
speeds were recorded during this hour

In this section, only 0200 hrs and 1400 hrs is elaborated upon to under-
stand the impact on microclimate during peak day and night hours, and for
ease of understanding. The other time periods, 0800 hrs and 1900 hrs for the
thermal comfort is tabulated in Appendix B.

4.1 Thermal comfort

PET is discussed in terms of thermal comfort. Firstly, the thermal comfort pa-
rameters: potential air temperature, wind speed, mean radiant temperature,
and relative humidity are elaborated upon for all urban forms, along with
its thermal comfort index. PET is chosen over UTCI because it is the most
advanced thermal comfort index calculated by ENVI-met as it also takes
into account the personal human parameters, clothing insulation and body
metabolic rate. Peak temperatures are recorded at 1400 hrs, i.e., at 2pm on
8th May 2021 and are therefore considered as the maximum thermal index
value that can be obtained. Thus, it is going to be the primary time stamp
of this study. Along with this, to understand the night time effect of the
configurations, 0200 hrs, i.e., at 2am on 8th May 2021 is also studied. All
the thermal comfort parameters are tabulated and graphed for these 2 time
stamps. Additional thermal comfort information about the time stamps 0800
hrs (8:00 am) and 1900 hrs (7:00 pm) is provided in Appendix B. In the tab-
ulated results for the Points, the column Change in PET from O1 (deg cel), a
positive sign indicates that the PET value has reduced from the original sce-
nario O1, leading to an improvement in performance. A negative sign in PET
change indicates that the PET value has increased from the original scenario
O1, leading to a decline in performance.
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FIGURE 4.2: Potential air temperature at 1400 hrs for O1, O2,
O3
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FIGURE 4.3: Potential air temperature at 1400 hrs for U1, U2V,
U3V
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FIGURE 4.4: Potential air temperature at 1400 hrs for U2, U3

4.1.1 Point 1

Figure B.1 in Appendix B represents information for all the thermal comfort
parameters and time periods across all the urban configurations. This section
discusses only time stamps 0200 hrs and 1400 hrs.

This area is a combination of scattered vegetation in terms of dense grass,
and housing. The tabulated results for 0200 hrs and 1400 hrs are provided in
Table 4.1.
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TABLE 4.1: Thermal comfort parameters for Point 1 across all
urban configurations

Scenarios
Potential air
temperature
(deg cel)

Wind
speed
(m/s)

Mean radiant
temperature
(deg cel)

Relative
humidity
(%)

PET
(deg cel)

Change in
PET from
O1 (deg cel)

0200 hrs O1 25.2 1.4 14.7 88 18.5
O2 25.2 1.5 15 88 18.7 -0.2
O3 25.4 1.5 16.1 87.8 19 -0.5
U1 25.2 1.3 14.5 88 18.5 0
U2V 25.2 1.2 14.3 87 18.8 -0.3
U3V 25.2 1.2 14.3 87.6 18.8 -0.3

1400 hrs O1 33.3 1.5 42 55.5 36
O2 33.8 1.6 43 52 33.6 2.4
O3 37.2 1.3 60 44.3 43.6 -7.6
U1 33.1 1.3 42.3 53.8 36 0
U2V 33.7 1.3 42 54 37.2 -1.2
U3V 34.1 1.2 41 51.3 37.6 -1.6
U2 33.5 1.4 40.6 55 35.2 0.8
U3 34.3 1.4 42 60 32.9 3.1

Potential air temperature: The graphical representation of potential air tem-
perature for all the scenarios is provided in Figure 4.5. For 1400 hrs, the O1
registers a value of 33.3 °C. In O3, the value has increased to 37.2 °C. This
is due to the higher thermal conductivity of the pavement. The temperature
values are similar in all the configurations, with an approximate marginal
difference of 0.5 °C between the cases. It has increased in all the cases, except
for U1, which is likely a combined effect of shading from the adjacent build-
ings, vegetation, and openness. During 0200 hrs, the temperatures are same
in all the scenarios except O3.

FIGURE 4.5: Potential air temperature for 0200 hrs and 1400 hrs
for all scenarios - Point 1

Wind speed: The graphical representation of wind speed for all the scenar-
ios is provided in Figure 4.6. Wind speeds have reduced in all the scenarios
except O2. At 1400 hrs, the wind speed was recorded at 1.5 m/s. And the
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lowest recorded wind speed is in U3V with 1.2 m/s. Similar pattern follows
during 0200 hrs. This is due to the enclosure of Point 1 from all sides, along
with the effect of vegetation. It is interesting to note that this is also the point
of maximum temperatures. This is due to the inverse relationship between
temperature and wind speeds. Because of this relationship, it may not be
comfortable for the residents with the reduced wind speeds because of this
relationship.

FIGURE 4.6: Wind speed for 0200 hrs and 1400 hrs for all sce-
narios - Point 1

Mean radiant temperature: The graphical representation of mean radiant
temperature for all the scenarios is provided in Figure 4.7. At 1400 hrs, the
mean radiant temperature for O1 is 42 °C. For O3, the MRT is exceedingly
high at 60 °C. The lowest recorded value is 40.6 °C in U2, i.e., U2 without
vegetation. During midnight, at 0200 hrs, the MRT reduces for all the sce-
narios except O2. The vegetation present at Point 1 is small plantations and
grass, thereby not affecting the MRT much in any of the scenarios.
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FIGURE 4.7: Mean radiant temperature for 0200 hrs and 1400
hrs for all scenarios - Point 1

Relative humidity: The graphical representation of Relative Humidity for
all the scenarios is provided in Figure 4.8. Relative humidity shares an in-
verse relationship with air temperatures. This is because cooler air has a
lower saturation point and cannot contain as much moisture as warm air.
The highest recorded value is at 0200 hrs with 88 percent. It is similar in all
scenarios with a marginal difference of 0.2 percent. At 1400 hrs, O1 records
at 55.5 percent. O3 registers the lowest RH value at 44.3 percent. This is be-
cause of higher temperatures and lower evaporation rates. U2V has a slightly
lower value of 54 percent.

FIGURE 4.8: Relative Humidity for 0200 hrs and 1400 hrs for all
scenarios - Point 1
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FIGURE 4.9: PET for 0200 hrs and 1400 hrs for all scenarios -
Point 1

PET: The graphical representation of PET for all the scenarios is provided
in Figure 4.9. The PET values are tabulated in Table 4.1. Since the vegeta-
tion present here is minimal, the changes in the index values are not very
significant either. At 1400 hrs, O1 registers a value of 36 °C. The lowest PET
value is in U3V with 32.9 °C. Understandably, the PET value only marginally
increases during nighttime.

FIGURE 4.10: Mean radiant temperature at 1400 hrs for O1



70 Chapter 4. Results and Discussions

FIGURE 4.11: Mean radiant temperature at 1400 hrs for O2, O3,
U1
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FIGURE 4.12: Mean radiant temperature at 1400 hrs for U2V,
U3V, U2
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FIGURE 4.13: Mean radiant temperature at 1400 hrs for U3

4.1.2 Point 2

TABLE 4.2: Thermal comfort parameters for Point 2 across all
urban configurations

Scenarios
Potential air
temperature
(deg cel)

Wind
speed (m/s)

Mean radiant
temperature
(deg cel)

Relative
humidity
(%)

PET
(deg cell)

Change in
PET
from O1
(deg cel)

0200 hrs O1 25.1 1.4 14.7 86.6 18.5
O2 25.2 1.3 15.4 86.1 18.8 -0.3
O3 25.3 1.4 16.4 86.3 19 -0.5
U1 25.3 1.1 25 85.6 22.2 -3.7
U2V 25.6 1 23.8 81.7 21.8 -3.3
U3V 25.6 1 25.4 83.7 21.7 -3.2

1400 hrs O1 33.4 1.9 42.3 55 36.4
O2 34.6 1.7 42 52 36.6 -0.2
O3 37 1.8 60 45 47.5 -11.1
U1 33.4 0.6 36.8 53.8 34.2 2.2
U2V 33.7 0.4 31.6 55 32.1 4.3
U3V 34.4 0.4 31.8 52 33 3.4
U2 34 1.6 41 55 35.2 1.2
U3 35 1.5 41 44.5 38 -1.6

The thermal comfort parameters for Point 2 for all the time stamps are given
in Figure B.3 in Appendix B.

This area is of prime importance as this is the most significant open space
present in the floating homes in any of the models, with varying percent-
ages of vegetation. Therefore, significant changes occur in this area in most
parameters. These values are tabulated in Table 4.2 for 0200 hrs and 1400 hrs.

Potential air temperature: The graphical representation of potential air tem-
perature for all the scenarios is provided in Figure 4.14. The original model’s
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potential air temperature is 33.4 degrees celsius at 1400 hrs. In O3, this value
rises to 37°C. In other scenarios, there is a slight increase in potential tem-
peratures because wooden planks and vegetation replace the water body (as
in O1), which, as a combination, yields a higher result. In U2 and U3, the
temperatures were higher by 0.7°C and 0.6°C when compared to their coun-
terparts, U2V and U3V, indicating that this difference is solely because of the
vegetation present and not the urban form itself. At 0200 hrs, temperature
value has increased up to 0.5 °C in U2V and U3V. This is because vegetation
has a lower Skyview factor, emitting lesser heat back into the atmosphere.

FIGURE 4.14: Potential air temperature for 0200 hrs and 1400
hrs for all scenarios - Point 2

FIGURE 4.15: Wind direction at 1900 hrs for O1

Wind speed: The graphical representation of wind speed for all the scenar-
ios is provided in Figure 4.16. At 1400 hrs, the wind speed in O1 is 1.9 m/s.
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The lowest wind speeds were recorded in U2V and U3V at 0.4 m/s. This is
coupled with an increase in potential air temperature in these two scenarios.
This is due to the inverse relationship between these two parameters. The
winds were blocked due to extensive vegetation. Since the wind flow is in
the South direction as in Figure 4.15, it is advisable to not plant vegetation in
this direction to let the wind flow.

However, during other periods, the wind speeds are below four m/s,
meeting the Lawson comfort criteria, thereby creating a comfortable outdoor
wind atmosphere.

FIGURE 4.16: Wind speed for 0200 hrs and 1400 hrs for all sce-
narios - Point 2

Mean radiant temperature: The graphical representation of mean radiant
temperature for all the scenarios is provided in Figure 4.17. For the origi-
nal model, the recorded mean radiant temperature is 42.3°C at 1400 hrs. In
O2, the temperature fell by 0.3 °C. In O3, and the mean radiant temperature
reached an unacceptable limit of 60 °C. In U1, 10 percent vegetation is added
to the floating model home area which resulted in an MRT reduction to 36.8
°C. In U2V, 30 percent vegetation is added to the area, leading to a value of
only 31.6 °C. This is a 10.7 °C minimization. In U3V, the vegetation added
is close to 20 percent, with an MRT value of 31.8 °C. Therefore, the MRT is
proportional to the amount of vegetation added. However, this may stabilise
after a percentage of vegetation. At 0200 hrs, the mean radiant temperature
has increased in all the scenarios, by approximately 10 °C in the vegetation
scenarios.
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FIGURE 4.17: Mean radiant temperature for 0200 hrs and 1400
hrs for all scenarios - Point 2

Relative humidity: The graphical representation of mean radiant temper-
ature for all the scenarios is provided in Figure 4.18. Relative Humidity is
generally the highest during nighttime. In this case, it reaches up to 86.6 per-
cent at 0200 hrs. The most significant difference can be seen in U3V at 83.7
percent. The temperatures are high during nighttime because of the added
vegetation, resulting in the decrease in RH. During afternoon hours, at 1400
hrs, the RH value is 55 percent for O1. The lowest RH values are recorded in
O3 and U3. This indicates the negative co-relation between PET/UTCI and
RH.

FIGURE 4.18: Relative humidity for 0200 hrs and 1400 hrs for
all scenarios - Point 2
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FIGURE 4.19: PET for 0200 hrs and 1400 hrs for all scenarios -
Point 2

PET: The graphical representation of PET values for all urban configura-
tions is given in Figure 4.19. The PET values are tabulated in Table 4.2. At
1400 hrs; the most positive PET effect is with the U2V form. The PET value
reduced from 36.4 °C to 32.1°C. This reduces the thermal perception from
heat stress to mild heat stress. U2 registers a value at 35.2 °C. Thus, 1 °C was
reduced from O1 to U2, i.e., solely based on urban form. The additional 3 °C
is due to the vegetation added.

At 0200 hrs, PET performance declines in all the scenarios. The vegeta-
tion scenarios are performing worse than pavement scenario O3. Therefore,
the influence of vegetation is worse during nighttime over the concrete pave-
ment material. This is because the latter dissipates heat quickly as well.

4.1.3 Point 3

The graphical representation of the thermal comfort parameters for all the
time stamps is provided in Figure B.5 in the Appendix B.

Point 3 covers the area between the floating homes and is either water-
body itself (O1, O2, U3, U3V, U2, U2V), pavement (O3), or a partial wooden
platform pathway (U1, U2, U2V) between the housing depending on the ty-
pology. The values for 0200 hrs and 1900 hrs are tabulated in Table 4.3.



4.1. Thermal comfort 77

TABLE 4.3: Thermal comfort parameters for Point 3 across all
urban configurations

Scenarios
Potential air
temperature
(deg cel)

Wind
speed
(m/s)

Mean radiant
temperature
(deg cel)

Relative
humidity
(%)

PET
(deg cel)

Change in
PET from
O1 (deg cel)

0200 hrs O1 25 1.3 15.1 86.2 18.5
O2 25 1.3 15 86.1 18.5 0
O3 25.3 1.4 16.4 85.8 19 -0.5
U1 25.3 1.3 14.5 86 18.5 0
U2V 25.2 1 14.3 83.8 18.8 -0.3
U3V 25 1.3 14.3 83.2 18.8 -0.3

1400 hrs O1 33.8 1.8 42 55 36.4
O2 34.1 1.9 43 52 33.6 2.8
O3 36.9 1.8 59.4 45 47.5 -11.1
U1 33.4 1.9 42.3 53.8 36.7 -0.3
U2V 33.7 1.8 31.6 54.3 32.1 4.3
U3V 35 1.4 41 48.6 38.3 -1.9
U2 33.5 1.7 41 55 35.2 1.2
U3 34.3 1.5 41.9 44.5 32.9 3.5

FIGURE 4.20: Relative Humidity at 0200 hrs for O1
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FIGURE 4.21: Relative Humidity at 0200 hrs for O2, O3, U1
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FIGURE 4.22: Relative Humidity at 0200 hrs for U2V, U3V

Potential air temperature: The graphical representation of potential air tem-
perature values for all urban configurations is given in Figure 4.23. At 1400
hrs, the potential air temperature recorded is 33.8°C in O1.In O3, this value
increases to 36.9°C. This is due to the high heat absorption of the pave-
ment. In O2, U3V, and U3, there is a marginal increase in temperature values,
whereas U1, U2v, and U2 record lower potential air temperature values. This
may be due to the combination of wind speed and mean radiant tempera-
tures U3, and U3V values are significantly higher because the wooden plat-
form underneath Wood has a lower specific heat capacity than water, thereby
absorbing more heat.

During the nighttime, the temperature slightly increases with the increase
in vegetation. In the case of no vegetation, there is a decrease of 0.2 °C in this
Point area.
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FIGURE 4.23: Potential air temperature for 0200 hrs and 1400
hrs for all scenarios - Point 3

Wind speed: The graphical representation of potential air temperature val-
ues for all urban configurations is given in Figure 4.24. At 1400 hrs, the wind
speeds were registered at 1.8 m/s. Since it is an open area over the water
body with no enclosure from any side, the wind speeds are similar in most
configurations. In U3V and U3, the wind speeds are reduced to 1.4 and 1.5
m/s. This is due to the sufficient closeness between buildings to restrict the
flow, but at the same time, not too narrow to create a passage problem in this
area.

FIGURE 4.24: Wind speed for 0200 hrs and 1400 hrs for all sce-
narios - Point 3

Mean radiant temperature: The graphical representation of mean radiant
temperature values for all urban configurations is given in Figure 4.25. Since
there is no vegetation in this area, the MRT values are more or less the same
in all the categories. In O1, the recorded value is 42°C.
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FIGURE 4.25: Mean radiant temperature for 0200 hrs and 1400
hrs for all scenarios - Point 3

Relative Humidity: The graphical representation of mean radiant tempera-
ture values for all urban configurations is given in Figure 4.26. In the original
model O1, the highest recorded RH value is 86.2 percent at 0200 hrs. This
value falls to 77.2 percent in U2V, i.e., more than 10 percent change. During
afternoon hours, it stands at 55 percent, with a decrease of 10.5 percent in U3.
As vegetation increases, RH keeps decreasing.

FIGURE 4.26: Relative humidity for 0200 hrs and 1400 hrs for
all scenarios - Point 3

PET: The graphical representation of PET values for all scenarios is given
in Figure 4.27. The tabulated results are provided in Table 4.3. There is a
positive PET impact primarily in U1 configuration for 1400 hrs. At this point,
vegetation plays a minimal role in heat stress reduction because there is no
reduction in radiation. There is nothing new that is modified in this area.
This indicates the difference in stress reduction on land and vegetation and
waterbody.
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FIGURE 4.27: PET for 0200 hrs and 1400 hrs for all scenarios -
Point 3

4.1.4 Point 4

TABLE 4.4: Thermal comfort parameters for Point 4 across all
urban configurations

Scenarios
Potential air
temperature
(deg cel)

Wind
speed
(m/s)

Mean radiant
temperature
(deg cel)

Relative
humidity
(%)

PET
(deg cel)

Change in PET
from O1
(deg cel)

0200 hrs O1 25 1.4 14.7 85.8 18.5
O2 25 1.4 15 85.6 18.5 0
O3 25.2 1.4 16.1 85.5 19 -0.5
U1 25.1 1.1 25 84.7 22.2 -3.7
U2V 25.4 1 24.8 81.7 21.8 -3.3
U3V 25.2 1.2 14.3 83.7 18.3 0.2

1400 hrs O1 34.3 1.8 19.4 74 37.3
O2 34.3 1.9 19.5 73.6 36.6 0.7
O3 36.8 1.8 60 47 47.5 -10.2
U1 34.3 0.8 36.8 53 34.2 3.1
U2V 34.1 0.6 31.6 55 32.1 5.2
U3V 35.2 1.6 41 48.6 36 1.3
U2 34.8 1.7 41 55 37 0.3
U3 34.1 1.6 41 48 32.9 4.4

The graphical representation of thermal comfort parameters for Point 4 for
all time stamps is given in Figure B.7 in Appendix B.

Point 4 is one of the highest heat stress points in the floating home’s area,
and also acts as one of the open spaces. The tabulated values for 0200 hrs and
1900 hrs are provided in Table 4.4.

Potential air temperature: The graphical representation of potential air
temperature values for all scenarios is given in Figure 4.28. In the original
model O1, the recorded potential air temperature at 1400 hrs is 34.3 degrees
Celsius. This value is 2 degrees higher in the case of pavement O3. This
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value was reduced to only 34.1 degrees Celsius in U2V. In U3V, tempera-
ture increases because of the lower amount of vegetation and the housing
clusters because of their higher density. In general, temperatures seem to be
higher here because of the dense enclosure from all sides, which cuts down
the wind speeds to the area. Similar pattern follows during the nighttime
with marginal differences.

FIGURE 4.28: Potential air temperature for 0200 hrs and 1400
hrs for all scenarios - Point 4

Wind speed: The graphical representation of wind speed values for all sce-
narios is given in Figure 4.29. In O1, the wind speed at 1400 hrs is 1.8 m/s.
This was reduced to 0.6 m/s in U2V which may create an uncomfortable at-
mosphere for the residents. In U2, the wind speed is reduced by 0.1 m/s. In
U3V, this point does not come between the buildings but over the water body.
Because of this, the wind speeds are similar to O1. Because of its inverse re-
lationship with air temperature, this reduction in wind speeds increases the
former value.
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FIGURE 4.29: Wind speed for 0200 hrs and 1400 hrs for all sce-
narios - Point 4

Mean radiant temperature: The graphical representation of mean radiant
temperature values for all scenarios is given in Figure 4.30. The MRT is
42.3°C for O1 at 1400 hrs. U2V fares the lowest recorded value of 31.6 °C,
i.e., a difference of more than 10 degrees. Vegetation is the primary reason
behind this reduction. As mentioned previously, the MRT in vegetative areas
increases during the night. Since the U3 point lies over the waterbody, the
values cannot be accurately compared to the land scenario in O1. At 0200
hrs, the scenarios with vegetation increases the MRT value.

FIGURE 4.30: Mean radiant temperature for 0200 hrs and 1400
hrs for all scenarios - Point 4

Relative Humidity: The graphical representation of mean radiant temper-
ature values for all scenarios is given in Figure 4.31. In O1, the RH value
stands at 85.8 percent in the nighttime at 0200 hrs. It records the lowest in
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U2V with a value of 81.7 percent. The relative humidity follows a similar
trend as the points mentioned earlier.

FIGURE 4.31: Relative humidity for 0200 hrs and 1400 hrs for
all scenarios - Point 4

PET: The graphical representation of the thermal indices is provided in
Figure 4.32. The tabulated values are provided in Table 4.4. The PET value at
1400 hrs in O1 is 37.3 degrees. This is the highest recorded stress value across
all the Points. At 1400 hrs, U2V registers a 5 degree Celsius improvement.
The urban form itself U2, is with a 0.3 °C improvement. This is solely due to
urban form. U1 has a 3.1 °C improvement. At 0200 hrs, U1 fares the worst
PET with 3.7 °C decline.

FIGURE 4.32: PET for 0200 hrs and 1400 hrs for all scenarios -
Point 4
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4.2 Wind comfort

The wind speeds for all the 4 Points across all urban configurations are dis-
cussed in Section 4.1 under thermal comfort parameters. Highest wind speeds
were recorded at 1900 hours, shown in Figure 4.34. These graphs are charted
as per the Lawson comfort criteria. As we can see from the charts, the modi-
fied scenarios bring the comfort levels to Class A category. It was initially in
the Class B category.

As per the Lawson comfort criteria, the exceedance can be defined as the
maximum allowable period per year. The wind speed can have a higher
threshold value for pedestrian wind comfort. Since ENVI-met cannot calcu-
late the wind speeds for the whole year, the wind speeds from the weather
data file (EPW file) are assumed in this case. The wind speeds in the EPW
files are calculated at a height of 10 m from the ground level. These values
were scaled down to 1.5 m pedestrian height with a factor of 0.68 for the O1
scenario. These results are compared with U2V scenario as it provides the
highest thermal comfort index. For the U2V scenario, the scale factor is 0.35
of the original values. These values are tabulated for Point 2 in the model
area.

The average hourly wind speeds are considered to calculate the exceedance
for all the Classes. These results are tabulated in Table 4.5.

TABLE 4.5: Lawson comfort criteria calculations

Class Velocity (m/s) Exceedance (percent) criteria Scenario No. of hours wind speed>threshold Exceedance (percent)
Class A: Sitting/Standing - Long >4 <5 O 2400 27.4

U2V 380 4.3
Class B: Sitting/Standing - Short >6 <5 O 965 11

U2V 53 0.6
Class C: Leisurely walking >8 <5 O 379 4.3

U2V 5 0.05
Class D: Fast walking >10 <5 O 135 1.5

U2V 0 0
Class Safety: Distress >15 >0.002 O 7 0.8

U2V 0 0

According to this Table, the exceedance is greater than the acceptable lim-
its for Class A and Class B for the O1 scenario. However, the average wind
speed for the year was recorded at 2.9 m/s, which suits all the classes. In the
U2V scenario, the wind speeds are drastically reduced across all the Classes.
This is because of its dense configuration and enclosure from all sides, and
the added vegetation. This pattern is already discussed in Section 4.1 for
Point 1 and Point 2. However, the wind speeds are reduced to a level which
may be uncomfortable for the people living there. It is also important to
note that in the original scenario O1, the exceedance is very high for Class
Safety, which causes drastic situations in case of high-winds. This is brought
down to 0 percent in U2V. Therefore, a balance must be maintained with a
middle ground between O1 and U2V. This is also coupled with the surveys
conducted by Alazne Eduardo, as the residents do not prefer wind blockage
indicating their perceived wind comfort.
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FIGURE 4.33: Wind speed at 1900 hrs for O1, O2, O3 as per
Lawson comfort criteria
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FIGURE 4.34: Wind speed at 1900 hrs for U1, U2V, U3V as per
Lawson comfort criteria
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4.3 Influencing Parameters

4.3.1 Effect of water-body

A waterbody’s presence is influential in determining the heat stress of the
surrounding areas. In one of the scenarios, the water surface was replaced
by used grey pavement material properties. At 1400 hrs, the peak afternoon
hours, the PET value is 47.5 °C in O3 scenario. The MRT value in O3 is 60 °C.
According to the PET comfort criteria, this indicates an extreme heat stress
situation.

The existing situation with a waterbody results in a 36.4 degree Celsius
PET value. This is a 11 °C improvement in PET performance. With this value,
the heat stress is intense in this area. It also reduces the mean radiant temper-
ature by 17.7°C to 42.3°C, showcasing a higher thermal absorption capacity.

The difference between the minimum and maximum potential air tem-
perature is slight throughout the day. During the nighttime, the radiation
is slightly lower in O1 than O3 by 2-3°C. The relative humidity is increased
by 10 percent in O1, owing to the significant drop in potential air tempera-
tures. However, these effects are not adverse compared to the benefits of a
surrounding water body. Therefore, it is the most significant positive perfor-
mance indicator.

4.3.2 Effect of vegetation

In the original model, the potential air temperature of O1 is 33.4 °C. In the
other scenarios with vegetation, this value either remains the same or marginally
increases by up to 1 °C. However, at the same time, the vegetation acts as nat-
ural wind blocks reducing the wind speeds by up to 70 percent (comparing
U2 and U2V). However, as mentioned earlier, it is not comfortable for people
to live in such low wind velocity atmosphere. Therefore, it is not advisable to
block wind to such a capacity, and to mediate the balance between temper-
atures and winds. High wind speeds were recorded in the South direction,
therefore this direction should not be blocked.

TABLE 4.6: Percentage of vegetation added in different scenar-
ios

Model Amount of vegetation added (percentage)
O2 12.5

U1V 10

U2V 30

U3V 20
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The mean radiant temperatures are reduced from 42.3 °C to 31.6 °C (O1
and U2V). In this scenario, 30 percent of the floating homes model area is
replaced by vegetation. The more the area of vegetation, the more the area
with reduced radiation, resulting in lower heat stress over larger areas. The
relative humidity reduces by 5-10 percent in the presence of vegetation (U2V
and U3V, respectively). Even though U1 also has vegetation, its effects are
insignificant as it includes only a tiny percentage of the area.

The improved performance is up to 4.3 °C in the vegetative areas in the
U2V scenario. It is also important to acknowledge that the data provided
in this Chapter only tabulate the results at specific points. Therefore, the
results yielded are much better when the whole area is considered. The more
vegetative area, the more the area with a lower PET value. This shares a
direct relationship. Considering the vegetative scenarios, PET is calculated
for specific singular points. However, this improvement is spread over more
than 30 percent of the area compared to its original counterpart.

However, it is impossible to reach the no thermal heat stress situation
even with an increase in vegetation in the area of the floating home. This
is because the increase in vegetation does not lead to a continuing improve-
ment in PET performance. The temperatures stablises after a specific per-
centage, without further reduction. Additionally, 30-50 percent of the float-
ing homes area for vegetation is s relatively high area, leaving little scope
for other amenities. Therefore, alternative options must also be considered
to expand the area of scope. Water plantations such as mangroves (already
prevalent in the area), willow trees, water tupelo, river birch, etc. The veg-
etative density should be high enough to benefit the floating homes’ open
spaces.

During the nighttime, the PET value worsened by 3.7°C in the U2V sce-
nario. To ensure that the heat stress is acceptable throughout the day, there
needs to be a balance in the amount of vegetation added to the area.

On an additional note, the simulations are for a 24-hour cycle when peak
temperatures were obtained in the whole year, indicating that this is the max-
imum heat stress that can be reached. Since other days record lesser temper-
ature values, the heat stresses are also lower. It can also reach no heat stress
situation with a lower vegetative area.

4.3.3 Effect of urban morphology

U2 and U3 have been simulated at 1400 hrs (peak afternoon hours). The
housing mapping is the same in U2V and U3V, respectively, but without veg-
etation. This is to determine the improvement/decline in performance solely
based on urban morphology from the original model without the influence
of vegetation.

The potential air temperatures are higher in U2 and U3 for 1400 hrs com-
pared to the original model O1, U2V, and U3V. The wind speeds are, how-
ever, reduced by 15 percent and 21 percent in U2 and U3 concerning O1. The
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wind flow is relatively better in U2 and U3 compared to the U2V and U3V.
This is due to no vegetation in the former scenarios. The MRT is reduced by
1.3 degrees Celsius. The PET performance improved by 1.2 °C and declined
by 1.6 °C in U3.

The pentagonal clusters in U3 resulted in increased PET values in its cen-
tral areas. This is not a suitable solution to reduce heat stress unless dense
vegetation is provided in these areas. The wind speeds are high at the hous-
ing borders because of the low area and high pressure. However, they act as
good wind blocks to the interiors, with up to 20-25 percent reduction with a
3-6 meters gap between the buildings. Such a design is helpful in situations
where wind blockage is necessary.

In U2, the enclosure of the open spaces by buildings on all sides (such as
Point 2) improved the PET performance by 1.2°C. U2V stands at 4.3°C differ-
ence, indicating a 3°C improvement solely due to vegetation present. They
also act as wind barriers in case of high wind velocity regions. Therefore,
such an enclosed 3-housing cluster configuration improves thermal comfort.
Wind comfort is subjective depending on the area of study. Since the resi-
dents are interested in organic farming, U2 provides larger spaces for veg-
etative growth. They also act as coherent designated places for people to
gather, such as Point 2 and Point 4, depending on the attendance of people.

4.4 Optimal layout

Keeping into consideration all the Points, the following scenarios fared best
results for each of them.

• Point 1: U3 performed the best for Point 1 across all the scenarios.

• Point 2: U2V performed the best for Point 2. This is due to decreased
MRT and improved PET performance. However, wind flows were re-
duced. This can be compensated with different varities of vegetation to
be included in the area.

• Point 3: U2V fared the best results in terms of PET and wind comfort.
However, since this is an open waterbody area, it does not play a signif-
icant role in outdoor comfort. However, all the buildings can be inter-
connected with each other with a wooden platform between the areas.

• Point 4: U2V fared the best results in terms of comfortability levels.
This is due to similar reasions pointed out for Point 2.

Therefore, combining the best results for all the Points, the following layout
has been drafted. Figure 4.36 represents the building layout for the modified
scenario. Figure 4.35 represents the soil layout of this scenario.
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FIGURE 4.35: Optimised floating homes soil profile

FIGURE 4.36: Optimised floating homes building profile
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Chapter 5

Conclusions and
Recommendations

5.1 Conclusions

Scenarios:

From the results and discussions, it can be concluded that the presence
of waterbodies has the highest positive impact on PET performance. O1 and
O3 scenarios are compared to understand this relationship. It has improved
the PET value by over 11 °C during the daytime and 0.5 °C improvements
during night hours.

In all the scenarios, U2V fared the best results with a 4.3 °C improvement
over O1. In this scenario, 30 percent of the area of the floating home was
added with vegetation. However, more percentage of vegetation does not
equate to a further decline in PET, as the curve flattens at a specific percent-
age of area. Vegetation has the subsequent best influence on PET during peak
afternoon hours. However, during night hours, at 0200 hrs, the PET perfor-
mance declined in U2V by 3.7°C. This is due to the low Skyview factor of
vegetation, which dissipates less heat into the atmosphere. Due to the ther-
mal conductivity of materials, vegetation fares worse performance during
night hours compared to pavement material (comparison of U2V and O3).

It is important to note that U2V is a combination of vegetation and urban
configuration changes. Solely, based on urban configurations, U2 (without
vegetation) registered the best results with a 1.2°C improvement. This is due
to more openness and spacing between buildings compared to the original
scenario O1.

Thermal comfort parameters:

Firstly, mean radiant temperature (MRT) has the most significant influ-
ence on PET thermal comfort index. Therefore, material properties with
lesser radiation emittance improve PET performance. This needs to be given
careful consideration when during the selection of materials in outdoor spaces.

Secondly, this is followed by wind speed. These parameters also largely
influence the PET index. In the simulations conducted, wind speeds were
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drastically reduced because of added vegetation. Since wind speeds share
an inverse relation with PET, this hampered the performance of PET to a
limited extent. Therefore, it is necessary to look out for allowing wind flow
in hot-tropical regions to ease their comfort levels. However, if the situation
calls for wind blockage, it is essential to find out the direction of high-wind
speeds and provide natural blocking elements such as vegetation. Since it is
difficult to improve both wind speeds and temperatures together, it is crucial
to find a balance between both variables without one inhibiting the other.

Thirdly, potential air temperature plays the following influence on PET.
They share a direct relationship with each other. An increase in potential air
temperatures causes an increase in PET value. However, as discussed above,
the presence of water bodies decreases the empirical potential air tempera-
ture value without affecting the wind speeds. Vegetation also improves the
potential air temperature values, but at the cost of declining wind speeds.
The latter would mean decreased wind comfortability for the residents in the
area.

Finally, relative humidity has a negligible impact on the overall perfor-
mance value of PET. Relative humidity shares an inverse relationship with
the PET value. Higher RH indicates a lower PET value and vice versa. This
is due to a lower saturation point in cold air compared to hot air. As this
shares a strong relationship with potential air temperatures, these changes
directly affect the relative humidity. Unless relative humidity is a drastic is-
sue in the area, it can be neglected while conducting different performance
improvement scenarios.

Wind comfort criteria:

Coming to the wind comfort based on Lawson comfort criteria, the origi-
nal scenario exceeds the acceptability limits in Class A and B categories. The
U2V scenario reduced the exceedance limits to acceptable values for both
classes. However, it is not necessary to block the winds to such a degree in
the Mercado region. Therefore, different varieties of vegetation need to be
further looked into to understand the wind blocking mechanism in further
detail. Bushes, shrubs, and small vegetative plantations may help in allow-
ing wind flow, however, with decreased thermal comfort compared to larger
plantations. The direction of high wind speeds is also important to determine
in such scenarios.

It is also worthwhile to note that in the O1 scenario, Class Safety greatly
exceeds its acceptance limit, causing an unsafe atmosphere for the residents
living there. U2V reduces its probability to 0. While this does not indicate a
safe environment for the people, it does indicate lower wind speeds.
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5.2 Recommendations

Future designers must first study the site area and its brief weather history
to determine their main problem areas in the meteorological values. It is also
valuable to conduct surveys to understand better the comfortability of people
living in the area and their future expectations. Each region will differ in its
problem areas and also in its approach. Therefore, it is necessary to know
what the problem definition is for the area.

In the hot-tropical regions, the primary parameters to focus on would be
to improve the PET performance by decreasing temperatures and allowing
wind flow to an acceptable degree. In such scenarios, it is determined that the
presence of water bodies has the highest positive impact on PET. This may
also be compensated with artificial waterbody reservoirs, leading to similar
results. While doing so, materials with lower radiation emittance must be
selected in the outdoor spaces as MRT has the highest impact on PET. For the
region of Hagonoy, it is better to allow wind flow by decreasing the height of
vegetation. It should be in the South direction if it needs to be blocked. Also,
since it is not possible to cover the land area with vegetation to such a capac-
ity, it is important to look further into floating vegetation such as mangroves
and willow trees. This may give scope for organic farming for the residents
due to the limited population of the community.

The enclosure of gathering spots, vegetation, openness between build-
ings, and building height primarily affects thermal comfort and wind com-
fort. Enclosure causes a reduction in wind speeds. Openness improves the
PET performance by reducing temperatures, and also does not cause the ven-
turi effect in the wind. Whereas, vegetation may act as a natural barrier and
reduces temperatures and PET during day-time and vice versa. Building
height is more subject to wind draft and increases the wind speeds around
the corners. Therefore, depending on the requirement of the designer, per-
taining strategies must be adopted.

Even though the focus area in this project is a hot-tropical region, certain
assumptions can be made about cold climates, such that air temperatures
need to be increased. Therefore, higher radiance emittance materials must be
selected. In case these areas are coupled with high wind velocities, vegetation
with increased height must be provided in its respective direction.

Lower density with more open areas improved the PET and wind comfort
levels. And vice versa also holds true. Due to limited land availability, a
medium densely built environment with low building height is preferable
for floating homes on wooden platforms. Even though not all the points were
included in the study, it can be extrapolated that this is a better layout due to
social housing standards, structural capacity, and thermal and wind comfort
level index. More openness also leads to more possibilities for vegetation.
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5.3 Outlook

• For future urban projects, it is preferable to use predictive weather fore-
cast data for the expected year of construction. For example, the Hori-
zon 1 of this project is expected to complete in the year 2023. However,
the time frame for Horizon 3 is 2030. For this Horizon, the meteorolog-
ical data should be extrapolated with predictive analysis tools for 2030,
which will be further used in simulations. This is especially important
because of the rising global warming situation.

• The outdoor microclimate affects the building energy demand at the
micro-scale. This determines the cooling demand of the urban spaces.
The lighting demand can be evaluated at the micro and macro scale.
This data can be coupled with each other to create an empirical urban
energy demand for the community, which can be used as an estimation
to create self-sufficient energy grids. Renewable sources such as PV
panels on floating platforms can be used for this purpose.

• Additional methods to reduce urban heat stress are: insulated metal
sheets (used in this case), green roofs, green facades, sun-shading de-
vices, high-reflective or light-colored pavements and platforms, and ar-
tificial or artificial water bodies.

5.4 Limitations

• ENVI-met cannot take non-planar surfaces as inputs. Therefore the
sloping roofs were converted to box surfaces based on radiation analy-
sis. Additionally, sun-shading surfaces had to be eliminated. Rhino3D
software must be used to study the behavior of the sun-shading device
on thermal comfort.

• The simulations are calculated for a 24-hour cycle period for 8th May
2020. In wind comfort criteria, exceedance is calculated based on 365
days. Therefore, a general assumption has been made, and raw wind
speed data for 365 days from the EPW file was used. This is not an
accurate representation of the ground reality.

• ENVI-met software cannot be used as an optimization tool to run differ-
ent scenarios such as Octopus in Rhinoceros3D. Therefore, only limited
options are available for trial, which can be used to analyze and ex-
trapolate data. This is primarily because of heavy simulation time. To
run multiple optimization tools simultaneously, it is preferable to use
Rhino3D and Grasshopper software with their built-in plugins.
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A.1 Philippines Climate Data

FIGURE A.1: Tropical cyclone tracks from 1948-2015 Philip-
pines (Source:PAGASA)



106 Appendix A. Appendix A

FIGURE A.2: Climate Map of the Philippines (Source: PAGASA
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FIGURE A.3: Weather Data Summary of Manila region

FIGURE A.4: ASHRAE Standard 55, current Handbook of Fun-
damentals Comfort Model
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FIGURE A.5: Monthly Diurnal Averages of Manila region

FIGURE A.6: Radiation Range of Manila region

FIGURE A.7: Illumination Range of Manila region
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FIGURE A.8: Sky Cover Range of Manila region

FIGURE A.9: Ground temperature (Monthly Average) of
Manila region

FIGURE A.10: Dry Bulb x Dew Point of Manila region
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FIGURE A.11: Sun shading chart of Manila region

FIGURE A.12: Sun chart of Manila region

FIGURE A.13: Timetable plot of Manila region
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FIGURE A.14: Psychometric chart of Manila region

FIGURE A.15: Design guidelines as per ASHRAE guidelines for
Manila region
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B.1 Thermal comfort

B.1.1 Point 1

TABLE B.1: Thermal comfort parameters for Point 1 for all time
stamps

POINT 1 Potential air temperature (deg cel) Wind speed (m/s) MRT (deg cel) RH (percent)

0200 hrs O1 25.2 1.4 14.7 88

O2 25.2 1.5 15 88

O3 25.4 1.5 16.1 87.8

U1 25.2 1.3 14.5 88

U2V 25.2 1.2 14.3 87

U3V 25.2 1.2 14.3 87.6

0800 hrs O1 28.5 0.2 37 78.5

O2 27.8 1 37 79

O3 28.6 0.8 43 77.3

U1 27.8 0.9 36.6 79

U2V 28 0.8 35.4 77.2

U3V 28.1 0.8 37 76.6

1400 hrs O1 33.3 1.5 42 55.5

O2 33.8 1.6 43 52

O3 37.2 1.3 60 44.3

U1 33.1 1.3 42.3 53.8

U2V 33.7 1.3 42 54

U3V 34.1 1.2 41 51.3

U2 33.5 1.4 40.6 55

U3 34.3 1.4 42 60

1900 hrs O1 28.4 6.2 19.4 73

O2 28.7 5.8 19.5 73

O3 29.7 6.2 22.3 70

U1 28.5 5.8 19.5 73.1

U2V 28.6 5.1 19.5 70.7

U3V 28.7 4.3 19.5 70.6
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TABLE B.2: PET thermal comfort index for Point 1 for all time
stamps

POINT 1 PET (deg cel) PET (change from O1)) (deg cel)

0200 hrs O1 18.5

O2 18.7 -0.2

O3 19 -0.5

U1 18.5 0

U2V 18.8 -0.3

U3V 18.8 -0.3

0800 hrs O1 32.2

O2 29.4 2.8

O3 33.9 -1.7

U1 29.7 2.5

U2V 29.5 2.7

U3V 29.2 3

1400 hrs O1 36

O2 33.6 2.4

O3 48.6 -12.6

U1 36 0

U2V 37.2 -1.2

U3V 37.6 -1.6

U2 35.2 0.8

U3 32.9 3.1

1900 hrs O1 21.2

O2 21 0.2

O3 22.7 -1.5

U1 21 0.2

U2V 21.8 -0.6

U3V 21.6 -0.4
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FIGURE B.1: Thermal comfort parameters for Point 1 for all
time stamps

FIGURE B.2: PET for Point 1 for all time stamps
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B.1.2 Point 2

TABLE B.3: Thermal comfort parameters for Point 2 for all time
stamps

POINT 2 Potential air temperature (deg cel) Wind speed (m/s) MRT (deg cel) RH (percent)

0200 hrs O1 25.1 1.4 14.7 86.6

O2 25.2 1.3 15.4 86.1

O3 25.3 1.4 16.4 86.3

U1 25.3 1.1 25 85.6

U2V 25.6 1 23.8 81.7

U3V 25.6 1 25.4 83.7

0800 hrs O1 28.6 0.2 36.3 77.4

O2 27.9 0.8 36 78.1

O3 28.6 1.1 43 77

U1 28.2 0.3 27.8 78.7

U2V 28.4 0.1 23.8 77.8

U3V 28.5 0.3 26 77.8

1400 hrs O1 33.4 1.9 42.3 55

O2 34.6 1.7 42 52

O3 37 1.8 60 45

U1 33.4 0.6 36.8 53.8

U2V 33.7 0.4 31.6 55

U3V 34.4 0.4 31.8 52

U2 34 1.6 41 55

U3 35 1.5 41 44.5

1900 hrs O1 28.8 6.2 19.4 74

O2 28.8 4.6 21 73

O3 29.7 6 22.3 70.5

U1 28.8 2.9 29.4 72.8

U2V 29 2 26.9 70.7

U3V 29 1.6 26 70.6
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TABLE B.4: PET thermal comfort index for Point 2 for all time
stamps

POINT 2 PET (deg cel) PET (change from O1)) (deg cel)

0200 hrs O1 18.5

O2 18.8 -0.3

O3 19 -0.5

U1 22.2 -3.7

U2V 21.8 -3.3

U3V 21.7 -3.2

0800 hrs O1 32.4

O2 29.6 2.8

O3 33.9 -1.5

U1 27.6 4.8

U2V 28.5 3.9

U3V 28.2 4.2

1400 hrs O1 36.4

O2 36.6 -0.2

O3 47.5 -11.1

U1 34.2 2.2

U2V 32.1 4.3

U3V 33 3.4

U2 35.2 1.2

U3 38 -1.6

1900 hrs O1 21.1

O2 21.7 -0.6

O3 22.7 -1.6

U1 24.5 -3.4

U2V 25.8 -4.7

U3V 26.6 -5.5
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FIGURE B.3: Thermal comfort parameters for Point 2 for all
time stamps

FIGURE B.4: PET for Point 2 for all time stamps
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B.1.3 Point 3

TABLE B.5: Thermal comfort parameters for Point 3 for all time
stamps

POINT 3 Potential air temperature (deg cel) Wind speed (m/s) MRT (deg cel) RH (percent)

0200 hrs O1 25 1.3 15.1 86.2

O2 25 1.5 15 86.1

O3 25.3 1.4 16.4 85.8

U1 25.3 1.3 14.5 86

U2V 25.2 1 14.3 83.8

U3V 25 1.3 14.3 83.2

0800 hrs O1 28.6 0.6 36 77.4

O2 27.8 1.2 36 78.4

O3 28.7 1.1 43 76.6

U1 27.8 1.2 34.8 78.7

U2V 28 0.8 35.4 77.2

U3V 28.1 1.4 41 48.6

1400 hrs O1 33.8 1.8 42 55

O2 34.1 1.9 43 52

O3 36.9 1.8 59.4 45

U1 33.4 1.9 42.3 53.8

U2V 33.7 1.8 31.6 54.3

U3V 35 1.4 41 48.6

U2 33.5 1.7 41 55

U3 34.3 1.5 41.9 44.5

1900 hrs O1 28.5 6 19.4 73.8

O2 28.7 6 19.5 73.6

O3 29.6 6 22.3 71

U1 28.7 6 19.5 73.8

U2V 28.6 5.1 19.5 72.2

U3V 28.7 4 19.5 72
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TABLE B.6: PET thermal comfort index for Point 3 for all time
stamps

POINT 3 PET (deg cel) PET (change from O1)) (deg cel)

0200 hrs O1 18.5

O2 18.5 0

O3 19 -0.5

U1 18.5 0

U2V 18.8 -0.3

U3V 18.8 -0.3

0800 hrs O1 31.6

O2 28.2 3.4

O3 33.2 -1.6

U1 28.7 2.9

U2V 29.5 2.1

U3V 28.8 2.8

1400 hrs O1 36.4

O2 33.6 2.8

O3 47.5 -11.1

U1 36.7 -0.3

U2V 36.1 0.3

U3V 38.3 -1.9

U2 35.2 1.2

U3 32.9 3.5

1900 hrs O1 21.1

O2 21 0.1

O3 22.7 -1.6

U1 21 0.1

U2V 21.8 -0.7

U3V 21.6 -0.5
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FIGURE B.5: Thermal comfort parameters for Point 3 for all
time stamps

FIGURE B.6: PET for Point 3 for all time stamps
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B.1.4 Point 4

TABLE B.7: Thermal comfort parameters for Point 4 for all time
stamps

POINT 4 Potential air temperature (deg cel) Wind speed (m/s) MRT (deg cel) RH (percent)

0200 hrs O1 25 1.4 14.7 85.8

O2 25 1.4 15 85.6

O3 25.2 1.4 16.1 85.5

U1 25.1 1.1 25 84.7

U2V 25.4 1 24.8 81.7

U3V 25.2 1.2 14.3 83.7

0800 hrs O1 28.5 0.5 36.3 77.4

O2 28.1 0.9 37 78.4

O3 28.6 0.9 43 77

U1 28.5 0.3 27.8 78

U2V 28.6 0.1 23.8 77.2

U3V 28.4 0.7 35 76.6

1400 hrs O1 34.3 1.8 42.3 55

O2 34.3 1.9 43 52

O3 36.8 1.8 60 47

U1 34.3 0.8 36.8 53

U2V 34.1 0.6 31.6 55

U3V 35.2 1.6 41 48.6

U2 34.8 1.7 41 55

U3 34.1 1.6 41 48

1900 hrs O1 28.6 6.2 19.4 74

O2 28.8 6 19.5 73.6

O3 29.6 6 22.3 71.3

U1 28.9 3 29.4 73.4

U2V 29 2 26.9 72.8

U3V 28.9 5.2 19.5 73
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TABLE B.8: PET thermal comfort index for Point 4 for all time
stamps

POINT 4 PET (deg cel) PET (change from O1)) (deg cel)

0200 hrs O1 18.5

O2 18.5 0

O3 19 0

U1 22.2 -0.5

U2V 21.8 -3.7

U3V 18.3 -3.3

0800 hrs O1 31.6

O2 29.5 2.1

O3 33.9 -2.3

U1 27.6 4

U2V 28.5 3.1

U3V 29.9 1.7

1400 hrs O1 37.3

O2 36.6 0.7

O3 47.5 -10.2

U1 34.2 3.1

U2V 32.1 5.2

U3V 36 1.3

U2 37 0.3

U3 32.9 4.4

1900 hrs O1 21.4

O2 21.4 0

O3 22.7 -1.3

U1 24.5 -3.1

U2V 25.8 -4.4

U3V 21.3 0.1
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FIGURE B.7: Thermal comfort parameters for Point 4 for all
time stamps

FIGURE B.8: PET for Point 4 for all time stamps

B.2 Wind comfort

B.2.1 Calm climate

Calm climate wind comfort criteria as per [88].
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TABLE B.9: Calm climate wind comfort criteria

Class Velocity (m/s) Exceedance (percent) criteria Scenario No. of hours wind speed>threshold Exceedance (percent)

Unfavorable <1.5 50 O 2400 53.1

U2V 380 34

Acceptable >1.8 <5 O 965 52.4

U2V 53 30

>3.6 2 O 965 27.6

U2V 53 4.5

>5.3 2 O 965 18.3

U2V 53 1.2

Intolerable >7.6 2 O 135 4.3

U2V 0 0.08

Danger >15 0.05 O 7 0.08

U2V 0 0
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