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AN ABSTRACT OF THE THESIS OF

Hasan Jaafar for Master of Engineering
Major: Applied Energy

Title: Meteorological Simulations to Investigate the Strategies in Mitigating Urban Heat
Island (UHI) Effect in a Neighborhood in Beirut City: A Model Based Approach

The Urban heat island (UHI) effect is a threatening event expected to be as alarming
as global warming. Given the aforementioned, several mitigation strategies were investigated
in order to detect which has the most impact on alleviating the UHI effect in a neighborhood
in Beirut city, the capital of Lebanon. These include changing the ground surface albedo,
replacing old buildings with new ones, and last but not least adding vegetation. This was
simulated through use of ENVI-met V4.4 software.

The simulations were conducted on the 20" of January and August to exploit two
main seasons in the country, which are winter and summer seasons, respectively. The
simulations were carried on a 200 x 200 x 46-meter domain at a resolution of 2 meters, which
enables the study of small-scale interfaces between buildings, surfaces, and vegetation. The
present study will allow urban planners to determine the precise policies needed to meliorate
the urban living environment in cities in parallel with Beirut.

Furthermore, the simulation which exhibited the most impact in reducing UHI effect
is the including of vegetation. It demonstrated to be the most effective mitigation strategy
given its ability to improve the thermal comfort conditions at the pedestrian’s pathway
sidewalks. The maximum decrease in air temperature was 2.4°C at 17:00 on August 20",
while the maximum decrease in the mean radiant temperature was 10.5°C at 12 noon.
Besides, the optimum cooling regarding the outdoor thermal comfort (PET) was recorded in
street S2 with an average reduction by 3.8°C. In addition, another study was conducted to
examine the effects of climate change on Beirut for more accurate forecasts and unerring
precautions.
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CHAPTER 1
INTRODUCTION

1.1 Thesis Topic Definition

Urban areas contain over half the world’s population (Jansson, A, 2013), and are responsible
for increasing the world’s energy consumption by up to 80% (Kamal-Chaoui, L., & Robert,
A., 2009). Urban heat island (UHI) is a major problem in urban cities around the world. The
term urban heat island, is recognized as an international threat of the 21st century (Gasparrini,
A., Guo, Y., Sera, F., Vicedo-Cabrera, A. M., Huber, V., Tong, S., ... & Ortega, N. V.,
2017), refers to higher urban temperatures in city centers (Figure 1) compared to the
suburban or surrounding rural areas (Santamouris, M, 2013). One of the main differences
between rural and urban areas is that rural areas contain many open spaces and large
vegetated surfaces that result in lower and cooler temperatures. Due to rapid urbanization,
many cities are now crowded and overpopulated leading to several environmental issues such

as pollution and urban heat island.

This phenomenon results from the density of buildings that are characterized by low albedo
and high thermal energy storage capacity, in addition to the depletion green spaces and the

production of anthropogenic heat (Santamouris, M., Synnefa, A., & Karlessi, T., 2011).

‘Plateau’

District

Commercial
Temperature Park H H
nlalnlmlulnln nﬂﬂﬂl—lﬂl_ll_lﬂ |—| DHH

Figure 1. Urban Heat Island Effect between the City and its Surrounding (O 'Malley, C.,
Piroozfar, P., Farr, E. R., & Pomponi, F., 2015).
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1.2 Aim and Research Objectives

The aim of this research is to investigate the influence of different heat mitigation strategies
on the microclimate of a neighborhood in Beirut city called Hamra. Moreover, the aim is to
propose solutions that would help induce the minimization impacts of the UHI which will

lead to the improvement in the overall living conditions.

In evaluating different strategies and identifying the most efficient one, microclimate models
can be of great use. Microclimate models such as RayMan and ENVI-met are tools that can
be used to predict climatic features of the urban environment and can be important in
assessing the relationship between the climate and the urban modification scenarios. Also,
these models can be used to evaluate any urban configuration scenario and to answer specific
questions relating to design and urban planning. Many variables that affect the urban heat
island effect were investigated, such as adding vegetation, replacing old buildings with new

ones, and modifying the albedo of the ground cover.

The main objectives of this research are:

1. To predict the way the meteorological conditions will be influenced with the use of UHI
mitigation strategies, in Beirut.

2. To understand the effect of the controlled variables on the outdoor meteorological
conditions.

3. To show the importance of the lateral boundary conditions and the effect of adding
periphery buildings on the results.

4. To examine the effect of climate change on Beirut for accurate forecasts and unerring

precautions.



CHAPTER 2
LITERATURE REVIEW

This section covers the factors that influence the UHI phenomenon and what are the

strategies to mitigate this effect.

2.1 Factors influencing UHI effect

Meteorological and urban factors together cause an increase in the air temperature in urban
cities. This increase in the air temperature of the city will reduce the human thermal comfort
leading people to stay inside their homes and will increase the energy consumption for
cooling purposes (Weng, Q. , 2001). Meteorological factors are natural factors such as
temperature, wind speed and direction, radiation, and cloud covers, while urban geometry
plays a vital role in the UHI since dense and high urban geometry will block the solar

radiation from coming in; also, it will reduce the wind speed.

Whereas anthropogenic heat results from general human activities such as car emissions, use
of generators, air conditioning, and industrial facilities that have a significant impact on the
environment (Che-Ani, A. I., Shahmohamadi, P., Sairi, A., Mohd-Nor, M. F. ., Zain, M. F.

M., & Surat, M., 2009).

2.2 Albedo

UHI phenomenon can be affected by the type of material used and its albedo property.
Albedo properties that are listed in the figure below (figure 2), is the ratio or proportion of
light or radiation that is reflected into the atmosphere by a surface. For example, low albedo
materials mean that the surface reflects small amount of the radiation and absorbs the rest.
Man-made structures mainly have a low albedo. This means that the low amount of energy is
reflected by the surface causing increase in the surrounding air temperature due to the heat

absorbed and stored, which came from the sun. Cities are usually composed of medium and



tall buildings that have a diversity of materials that vary from light to dark concrete surfaces
and low albedo values. Building materials have been found to have an important effect on the
urban microclimate. By changing the materials of the buildings, the amount of direct and
diffused solar radiation that are getting into the space can be better controlled. Building
materials affect the microclimate by absorbing heat during the day and releasing it back to the
atmosphere at night (Asaeda, A., Ca, V.T., Akio Wake, A., 1994). For the roads and streets in
the cities, concrete and asphalt are being used that are replacing the vegetative surfaces.
These roads and streets are made of low albedo properties with high storage capacities which
increase the urban temperature. Converting natural land covers into asphalt or concrete cause

higher air and surface ground temperature compared to rural areas (Gartland, L. M. , 2012).

Surface Remarks Albedo Emissivity
o £

Soils Dark, wet 0-05— 0-98 —
Light, dry 0-40 0-90

Desert 0-20—-0-45 0-84—-0-91

Grass Long (1:0 m) 0-16— 0-90—
Short (0-02 m) 0-26 0-95

Agricultural crops,

tundra 0-18—-0-25 0-90—0-99

Orchards 0-15-0-20

Forests

Deciduous Bare 0-15— 0-97—
Leaved 0-20 0-98
Coniferous 0-05-0-15 0-97-0-99

Water Small zenith angle 0:03—-0-10 0:92—-0-97
Large zenith angle 0-10—1-00 0-92-0-97

Snow Old 0-40— 0-82—
Fresh 0-95 0-99

Ice Sea 0-30—-0-45 0-92—-0-97
Glacier 0-20-0-40

Figure 2. Radiative Properties of Natural Materials (Oke, T. R. , 2002).

2.3 Vegetation

The absence of trees impacts the UHI in many ways since the trees will prevent solar energy
from reaching the below surfaces, thus maintaining lower temperatures. Solar radiation is one
of the main heat sources in the buildings. Therefore, combining the vegetation with the
building surfaces will be a helpful way of controlling the heat gain coming from solar
radiation (Peri, G., Rizzo, G., Scaccianoce, G., La Gennusa, M., & Jones, P. , 2016). As

urbanization continues to expand, more vegetation will be lost, thus increasing the urban



temperature. On the other hand, the trees are responsible for increasing the latent heat
exchange through evaporative cooling by a process called evapotranspiration (figure 3),
making the air temperature cooler (Grimmond, C. S. B., & Oke, T. R., 1991). According to a
study, the evapotranspiration under optimal conditions can cool the air temperature by 2 to
8°C around surrounding areas and green spaces (Akbari, H., Pomerantz, M., Taha, H., 2001).
Vegetation also provides other benefits in urban areas such as improving air quality (O2),

reducing energy demand for air conditioning, and for the soil erosion control.

J
¥
XK

Figure 3. Evapotranspiration Process (Evapotranspiration: The Oft-Forgotten Outflow,

2012).

2.4 Urban Geometry

Urban geometry directly affects the following parameters such as solar radiation, wind speed,
air temperature, and thermal comfort of the pedestrian because the change in the sky view
factor (SKV), the height to width ratio (H/W) of the street canyons, and the orientation for the
street canyons. . In an urban area with high sky view factor, the air temperature was higher in
the daytime due to the high heat capacity of urban materials in open spaces (Wang, Y., &

Akbari, H. , 2016).



2.5 Assessing Environmental Factors

2.5.1 Air Temperature

Air temperature is mainly used to evaluate the temperature distribution due to building
arrangements as well as the material properties of the building enclosure and the ground.
Canyons, where the street is sided by buildings on both sides, with a different orientation do
not vary among sites and do not affect air temperature (Chatzidimitriou, A., & Axarli, K. ,
2017). An experimental study developed a correlation between the air temperature compared
to solar radiation and found that a change in 59 W/m?in solar radiation will lead to change of
1°C in air temperature (Givoni, B., Noguchi, M., Saaroni, H., Pochter, O., Yaacov, Y., Feller,

N., & Becker, S., 2003).

2.5.2  Wind Speed

Wind velocity is used to evaluate the air movement distribution in the urban canopy (the
space between buildings and under the street roofs). Wind speed influences convection and
evaporation. The orientation of the canyons plays an important role in the distribution of the
wind speed. Also, during the winter season, the wind speed may create discomfort due to the
high wind speed, which makes it hard for the pedestrian to move outdoor. This results in

uncomfortable outdoor environments (Gaspari, J., & Fabbri, K. , 2017).

2.5.3 Relative Humidity

Relative humidity, measured in %, is used to evaluate the effect of the vegetation. Also, the
value of the relative humidity has a direct influence on the latent load, thus on human
sweating. Relative humidity, which is higher than 65% during the summer season, is
identified as discomfort, due to the warm and humid weather (Gaspari, J., & Fabbri, K. ,

2017).



2.5.4 Mean Radiant Temperature

Mean radiant temperature (Tmrt) is defined according to ASHRAE as ‘uniform temperature
of an imaginary enclosure in which the radiant heat transfer from the human body equals the
radiant heat transfer in the actual non-uniform enclosure.” Mean radiant temperature is an
important variable that affects the outdoor thermal comfort of the human (Lindberg, F.,
Holmer, B., & Thorsson, S. , 2008). Outdoor spaces such as the public open spaces or where
the pedestrian walk is mainly affected by the direct solar radiation and the surface
temperature of the suburban elements (building materials, street pavements, etc.), which will
lead to the increase in the mean radiant temperature. Several strategies were implemented to
decrease the mean radiant temperature, such as adding trees that will form shades. A study
revealed that adding extra trees in a park will form a cooling effect for the pedestrian by
decreasing the air temperature and the mean radiant temperature (Nasir, R. A., Ahmad, S. S.,

Zain-Ahmed, A., & lbrahim, N. , 2015).

2.6 Previous Studies

Several studies have been devoted in understanding the intensities of UHI effects in large and
medium sized cities. A study in Athens showed that the highest temperatures were recorded
in the afternoon hours (Kourtidis, K., Georgoulias, A. K., Rapsomanikis, S., Amiridis, V.,
Keramitsoglou, 1., Hooyberghs, H., ... & Melas, D. , 2015). Moreover, it showed that an
increase in the urbanization and anthropogenic heat play a vital role in increasing the urban
temperature. In addition, an increase in urban heat islands also indicated a correlation
between the growth of the urban city and the UHI effect (Giannopoulou, K., Livada, I.,
Santamouris, M., Saliari, M., Assimakopoulos, M., & Caouris, Y. G., 2011). Another study
conducted in Spain, in the city of Salamanca, compared the temperature in an urban area to a
nearby rural area and found that the UHI is more critical during the night-time (Alonso, M.

S., Labajo, J. L., & Fidalgo, M. R. , 2003). Another study found that the light-colored



surfaces are cooler than the dark ones when tested on paving materials of different colors and
areas with different albedo values and thermal properties (Doulos, L., Santamouris, M., &
Livada, I., 2004). In another study, 14 types of reflective coatings were investigated, such as
building walls and roofs, sidewalks, and pavements, and found that the use of reflective
coating with high solar reflectance properties can reduce the surface temperature (Synnefa,
A., Santamouris, M., & Livada, I., 2006). Several researchers suggested that urban surfaces
should have high albedo properties whenever possible (Synnefa, A., Dandou, A.,
Santamouris, M., Tombrou, M., & Soulakellis, N. , 2008; Santamouris, M., Gaitani, N.,
Spanou, A., Saliari, M., Giannopoulou, K., Vasilakopoulou, K., & Kardomateas, T., 2012).
Cooling the roof surfaces will lead to a decrease in their temperature and could contribute to
UHI mitigation, which would result in the reduction of the indoor air temperature and lower
the cooling energy demand (Zinzi, M., & Agnoli, S. , 2012). A study showed that the
presence of vegetation lowered both the surface temperature and the air temperature near the
surface because of the evapotranspiration and the shading (Loughner, C. P., Allen, D. J.,
Zhang, D. L., Pickering, K. E., Dickerson, R. R., & Landry, L., 2012). Increasing the number
of shade trees in urban canyons has an important role in enhancing the thermal comfort levels

of the urban streets (Ali-Toudert, F., & Mayer, H. , 2006).

Therefore, the measures to mitigate UHI effects are, shading of urban areas by trees
(Takebayashi, H., & Moriyama, M. , 2012), using cool materials for streets and pavement
covers (Dimoudi, A., Zoras, S., Kantzioura, A., Stogiannou, X., Kosmopoulos, P., & Pallas,
C., 2014), green spaces such as urban gardens or parks that are known to provide a good
solution to the urban heat stress (Santamouris, M. , 2014), and presence of urban water bodies

such as rivers or lakes (Kleerekoper, L., Van Esch, M., & Salcedo, T. B. , 2012).

Moreover, UHI is mainly known as a phenomenon of climate change, which can affect the
health of human beings directly due to the increase in the outdoor temperature (Gasparrini,

8



A., Guo, Y., Sera, F., Vicedo-Cabrera, A. M., Huber, V., Tong, S., ... & Ortega, N. V.,
2017). Climate change risk can be reduced by mitigation strategies, and without these
strategies, a study predicts an increase in the surface temperature between 2.6°C and 4.8°C by
the end of 2100 (Pachauri, R. K., Allen, M. R., Barros, V. R., Broome, J., Cramer, W., Christ,
R., ... & Dubash, N. K. , 2014). Therefore, urban climate research should take into

consideration the rapid urban growth that is occurring.



CHAPTER 3
METHODOLOGY

As for the methodology, an investigation was performed on the parameters that are
responsible for the UHI effect in Beirut. Moreover, an analysis was conducted to verify
which mitigate strategy is optimal in reducing the UHI effect, in addition to study the outdoor

thermal comfort on the pedestrian.

3.1 Case Study Selection and Description

In the Middle East, Lebanon is a small country located on the eastern coast of the
Mediterranean Sea, with a surface area of 10,452 km2 and a total population of 5,988,000
(UN 2015 United Nation Population Division, 2015). Recent data shows that 87.8% of this
population lives in urban areas (UN 2015 United Nation Population Division, 2015). Beirut,
the capital city of Lebanon, which covers 21.47 km2, with latitude 33.88 and longitude 35.49,
was chosen in which the study will be conducted in one of its neighborhoods. In Beirut, the
urban vegetation covers only 21% of its total urban surface area, while asphalt and basalt
roads cover as much as 25% of its urban surface area (Kaloustian, N., & Diab, Y., 2015).
This city belongs to the Csa category of Képpen’s climate classification (Koppen, W. , 1990),
whereby its climate is characterized by a hot, humid summer and a mild winter. Figure 4
shows the selected case study in the Hamra area. This area was selected due to the design of
the streets, the variability in heights of the buildings (mid-rise and low-rise buildings), and

the lack of vegetation.

10



Figure 4. Geographic Location of Beirut and the Studied Area (Google Earth, 2017).

In this research, the aim is to examine the effect of heat mitigation strategies on pedestrian
thermal comfort in Hamra neighborhood. The following section describes the controlled
variables that will be used, the base case scenario and the proposed scenarios.

The flowchart (figure 5) presents the methodology and the process of the study. In the
beginning, the site and location were selected. Due to limited data being available regarding
the existing old buildings present in Beirut, the most suitable way to control the buildings
being tested on is relying on the age of the buildings. Buildings before 1995 will be defined
as old buildings with single walls and single glazing, while buildings after the year 1995 (new
buildings) will have double walls and double glazing. As a result, we can identify the
materials used for construction purposes at each period. Also, a survey was conducted in the
area to calculate the windows to wall ratio (WWR) on each facade of the buildings which was
needed for the model on ENVI-met. After finishing the base case model, the simulation was
run for 24 hours on two chosen dates, one on a summer day (20th August) and the other on a
winter day (20th January). The base case model was tested several times for calibration and
for selecting the best number of nesting cells using the L2 norm method. The L2 norm

(Euclidean norm) error is a method that was used for the comparison among the cases due to

11



lack of field measurement. L2 norm is used to calculate the distance of the vector coordinates
from the origin of the vector space. This method helps calculate and estimate the errors

between any two cases.

V&2 - Xi)|I? y
2 [XD12

100

L2 Norm Error Percentage =

Where: Xi* referred to the current value, and Xi referred to the reference case value.

Several scenarios will be proposed and simulated, including climate change and future
prediction for Beirut city. The proposed scenarios will be simulated for a 24 hours span
taking into account variables such as air temperature, wind speed, relative humidity, mean
radiant temperature and ground surface temperature to compare between the base case

scenario and the proposed one.

The analysis of the results was based on the pedestrian path sidewalk near the buildings at an
elevation of 1.4 m from ground level, as shown in figure 7, to check how these variables
would be affected after the mitigation scenarios were implemented. Therefore, the results
compared the average hourly data of the pedestrian sidewalk between the base case and the

proposed scenarios in addition to the absolute difference at 12:00 PM.
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3.2 Control Variables

The three main control variables that were selected for this study are shown in Table 1. The
first variable is the ground cover that has been selected due to the different types of covers
that help in improving the thermal characteristics and reducing the temperature due to the
increase in the albedo fraction. The second variable, the vegetation, has been selected due to
its cooling effect that helps improve the thermal conditions in urban spaces such as air
temperature, relative humidity and mean radiant temperature. The evaporative cooling
process that occurs as a result of the conversion of sensible heat to latent heat facilitates the
dissipation of the trapped heat in any urban geometry (Bowler, D.E., Buyung-Ali, L., Knight,
T.M.,, Pullin, A.S., 2010). The third variable is replacing the old buildings with new ones. A
survey was done in the studied area to define which of the building were old (age before
1995). The new buildings were constructed using masonry heavyweight concrete double wall
with a 5mm air gap in between, in addition to double glazing windows. Building materials
specifications effect the temperature when exposed to solar radiation, hence transferring heat

to nearby environment.

Variables
Ground Cover Vegetation Changing Old
Assessment criteria Buildings with
New Ones.
Air Temperature X X X
Wind Speed X X X
Relative Humidity X X X
Mean Radiant Temperature X X X
Ground Surface Temperature X X X

Table 1. Controlled variables with their assessment criteria.
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3.3 Base Case Scenario

The base case scenario was simulated using ENVI-met VV4.4. The advantage of ENVI-met is
that it seeks to reproduce the processes in the atmosphere that affect the microclimate on a
physical basis. This software has been used in many UHI studies (Tsilini, V., Papantoniou,
S., Kolokotsa, D. D., & Maria, E. A., 2015). This holistic microclimate model, couples
thermodynamics and fluid dynamics in complex urban geometry and simulates the surface-
plant-air interactions in an urban environment with a typical resolution down to 0.5 m in
space and 1-5 sec in time (Bruse, M., 2016). The ENVI-met climate model will be used to
simulate urban climate parameters, such as air temperature, relative humidity, wind velocity,
and mean radiant temperature.

ENVI-met is a widely considered software that has been one of the most accurate models that
can support in understanding the impact of the environment on the microclimate (Lee, H.,
Mayer, H., Chen, L., 2016) (Middel, A., Hab, K., Brazel, A.J., Martin, C.A., Guhathakurta,
S., 2014). For example, a study compared three areas in Phoenix and found that the
difference between the measured and modeled temperatures was minimal (A=0.4°C )
(Middel, A., Hab, K., Brazel, A.J., Martin, C.A., Guhathakurta, S., 2014).

The layout of the chosen area was developed based on a satellite image obtained from Google
Earth Pro software and field measurements. The completed area input file was 200 grids in
the x and y directions, while 46 grids in the z-direction. Each grid cell in the area input file
was set to be 2 by 2 meters in the x-y plane and 2 meters in the z-direction. In addition, a
border of 15 nesting grids surrounded the simulation area for numerical stability. Regarding
the tree species, the trees in the studied area were not found in the database of the ALBERO
toolbox in ENVI-met, thus a study about the trees was done in order to build them in the
software. The type of the trees, in addition to their height, total number of trees, and foliage

albedo that controls the solar radiation incidence on the surface standing below it are
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presented in Table 2. To create the tree in ALBERO, the following characteristics must be

available: the height and the width of the plant, leaf density area (LAD), as well as the

maximum depth of the roots and the root area density (RAD). Table 3 represents the thermal

characteristics for both old and new building materials (Greenspec, 2018).

Type of Trees Height of tree (m) Foliage Albedo (a) Quantity
Ficus Elastica 18 0.31 1
Ailanthus Altissima 18 0.28 1
Brachychiton Discolor 10 0.2 5
Syagrus Romanzoffiana 10 0.15 1
Eucalyptus Sp. 8 0.27 4
Ficus Retusa 7 0.27 1
Ligustrum Lucidum 7 0.2 1
Ficus Benjamina 6 0.28 1

Table 2. Type and total number of trees in the studied area.

New Buildings Old Buildings

Material Used Masonry Heavyweight Concrete Hollow Block
Thickness 0.25m 0.20m
Absorption 0.65 0.7
Transmission 0 0
Reflection 0.35 0.3
Emissivity 0.94 0.9
Specific Heat Capacity (J/Kg.K) 1000 840
Thermal Conductivity (W/m.K) 1.13 0.73
Density (Kg/m?) 2020 1500

Table 3. Thermal characteristics for building materials.

ENVI-met ran for a 24-hour simulation starting at 7:00 AM. The software will simulate

hourly output for the temperature, wind speed, relative humidity, mean radiant temperature,

and ground surface temperature, as well as many other variables and properties that are not

used in this analysis.
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3.3.1 Input Parameters

Tables 4 and 5 show the input parameters needed for the simulation as well as the road

characteristics. Most of the surfaces were set to be the default soil type while the roads were

created using the asphalt road.

20" January

20" August

Starting time 7:00 AM (24 hrs.) 7:00 AM (24 hrs.)
Air Temperature 12°C 32°C
Wind Speed 2 m/sec 1.3 m/sec

Wind Direction

170 (South-East)

220 (South-West)

Relative Humidity 60 % 65 %
Lateral Boundary Condition Cyclic Cyclic
Building Interior Temperature 23°C 21°C

Table 4. Model configuration and initialization parameters for the simulations.

Surface Thickness (m) Volumetric Heat
Albedo Capacity (J/m8. K)
Asphalt Road 0.2 0.3 2.25
Cool Pavement 0.7 0.2 2.08

Table 5. Road characteristics for the simulations.

Figure 6. 3D Model Area by ENVI-met.
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Figure 7. Pedestrian sidewalk illustrated on the base case scenario.

3.4 Proposed Scenarios

The proposed scenarios that were simulated in addition to the base case are shown in Table 6.
The first case scenario will replace the asphalt cover with cement concrete cover that has
higher surface albedo. The fraction of albedo of the cool pavement is 0.7 (Table 5), whereas
that of the asphalt road is 0.2. The second scenario (figure 9) will increase the cover of
vegetation (type: Ficus Elastica) in the total area by 25%. Ficus Elastica is a broadleaf
evergreen tree, which is planted across the sidewalks and pedestrian streets to provide enough
shade and high foliage albedo. For the third scenario, old buildings, according to their age
and height, were replaced with new high-rise developments as allowed by the local building
law regulations figure 10, as mentioned before. In the fourth scenario, all the scenarios will
be consolidated into one scenario to study the combined effect of all the parameters. A
climate change scenario will be tested in addition to the following proposed scenarios for
future prediction while keeping the controlled variables the same as the base case scenario

and changing the initial air temperature value.
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Ground Cover

Vegetation Cover
of the Total Area

Building Heights and Materials

(%)
e Single & Double wall
Base Case buildings
Scenario Asphalt Cover 1% e Single and Double glass
windows
e Single & Double wall
: . Cement Concrete 0 bl_uldmgs
First Scenario Cover 1% e Single and Double glass
windows
e Single & Double wall
buildings
Second Scenario Asphalt Cover 26 % e Single and Double glass
windows
e Double-wall buildings
Third Scenario Asphalt Cover 1% e Double glass windows
e Double-wall buildings
Fourth Scenario Cement Concrete 26 %

Cover

e Double glass windows

Table 6. Proposed scenarios with their controlled variables.

Figure 8. First scenario, replacing asphalt cover with cool pavement. (Heat Island, n.d.)
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Figure 10. Third scenario where blue colored old buildings were replaced with new ones.

3.5 Outdoor Thermal Comfort
Adding urban vegetation strategy (second scenario) was chosen for studying its effect in
outdoor spaces and on enhancing the outdoor thermal comfort. Two streets (S1 and S2) were

chosen in the studied area with different orientations (figure 11).
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Figure 11. Base case scenario with S1 and S2 streets

Thermal comfort is referred to as an indicator to describe people's individual experiences of
temperature in urban open spaces. It is also defined as ‘the condition of mind which expresses
satisfaction with the thermal environment” (ASHRAE, 2009). The assessment of the thermal
comfort was based on PET (physiological equivalent temperature).

To calculate the PET, information about the personal human parameters (Table 7) should be
provided in addition to the clothing parameters. These are needed for the energy balance of
the body, which enables assessment of the comfort in a surrounding environment. The total
metabolic rate is known as the internal energy production by the body. However, the clothing
insulation is the thermal resistance of the clothing and mainly 0.5 clo for summer clothes and
1.5 for winter clothes (ASHRAE, 2009). PET expands the human thermal comfort to a

standard index with units of °C, as shown in Table 8.
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Input

Weight (Kg) 70
Height (m) 1.75
Surface Area (m2) 1.9
Walking Speed (m/s) 1.2
Clothing Insulation (clo) 0.5
Total Metabolic Rate (W) 166.46

Table 7. Setting for PET Calculation.

Grade of
Physiological Thermal Perception PET °C PMV
Stress
Extreme Cold Stress Very Cold <4 <-35
Strong Cold Stress Cold 4-8 -35--25
Moderate Cold Stress Cool 8-13 -25--15
Slight Cold Stress Slightly Cool 13-18 -1.5--0.5
No Thermal Stress Comfortable 18 - 23 -05-05
Slight Heat Stress Slightly Warm 23-29 05-15
Moderate Heat Stress Warm 29-35 15-25
Strong Heat Stress Hot 35-41 25-35
Extreme Heat Stress Very Hot >41 >35

Table 8. Thermal sensation according to PMV and PET values.

3.6 Climate Change and Future Prediction

Mitigation strategies should be considered to reduce the impact of climate change in the
future. To study the impact of the climate change in Beirut City and to predict what will be
the case in the future if no action will be taken by the municipality of Beirut and without
implementing the mitigation strategies, the base case study will be repeated for the summer
season by only increasing the air temperature of the initial parameters from 32°C to 37°C
(Pachauri, R. K., Allen, M. R., Barros, V. R., Broome, J., Cramer, W., Christ, R, ... &
Dubash, N. K., 2014). Regarding wind speed, several studies predicted that the changes in

the annual mean would be less than +/- 0.2 m/s while other individual models predicted wind
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speed differences of +/- 0.5 m/s (Eichelberger et. al, 2008). In this study, the initial wind

speed was assumed constant as the base case scenario.
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CHAPTER 4
LATERAL BOUNDARY CONDITIONS AND NESTING CELLS

In this chapter, the three types of lateral boundary conditions (LBC) used in ENVI-met will
be described, in addition to boundary condition chosen for our study. The second part of the
chapter will be related to the nesting cells and the number of nesting cells chosen before

starting the simulation.

4.1 Lateral Boundary Condition
Lateral boundary conditions (LBC) were defined in three different types that allow ENVI-met

to manage the boundaries of the model for turbulence (Bruse, M., 2016):

e ““Closed (or Forced) Boundary Conditions’’: the values of the one-dimensional model are
copied to the border,

e “‘Open Boundary Conditions’’: the values of the inner points are copied back to the
lateral inflow boundary for each time step,

e “‘Cyclic Boundary Conditions’’: the values of the downstream model border are copied to

the upstream model border.

The open and cyclic lateral boundary conditions differ from the forced boundary condition by
allowing the simulation to start with few initial parameters. Closed boundary conditions
allow the air temperature and the relative humidity to be forced through the diurnal cycle
along with the simulation. The forced LBC is the most stable condition as it uses the 1-D
model to obtain the boundary values, which stabilizes the 3-D model. The open LBC is the
condition when the values are copied from the inner parts of the model to the boundaries with
the minimum effect of the model boundary onto the inner parts of the model. Finally, the
cyclic LBC is the condition that assumes that the average conditions of the upstream

conditions are similar to the model area (Bruse, M., 2016; Simon, H., 2016). In other words,
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choosing the appropriate lateral boundary condition is solely dependent on the concerned

model.

Figure 12. Input file drawing for ENVI-met simulations.

Figure 12 represents the input file drawing for ENVI-met simulation. The yellow colored
buildings represent the interest area being studied. The red colored buildings were added on
the periphery of the studied area for numerical stability and represent the base case area. No
meteorological data were measured on site due to lack of weather station in the studied area.
Therefore, an outer ring of buildings which is represented by the grey color will play the role
as a reference case that will make the studied area fully stable and will be compared to each
other using the L2 norm method. A study showed that high resolution is required to include
all the geometric details but is also necessary to add part of the surroundings to get
contentment results for the area of interest (Chatzidimitriou, A., & Axarli, K. , 2017).

Both forced and cyclic LBC were studied to check which LBC best suits the studied area and
to be adopted. First, only the studied area was simulated for both boundary conditions. For
the forced LBC, the meteorological data was added hourly from the weather underground

website due to the lack of weather stations in the studied area. On the other hand, the cyclic
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LBC needed only initial input at the beginning of the simulation. Comparing the results, there
was a difference between the two LBC even though the same number of nesting cells were
used. As a result, the periphery area of buildings was added to check the effect of adding an
extra layer of building on the results of the studied area. The results show that both LBC
leads to a minimal difference in the air temperature and no difference in the wind speed
results.

These results presented the importance of increasing the area of building outside on the
border of the studied area, which lead to numerical stability and how the results would differ
if only the studied area was simulated alone. Therefore, the cyclic lateral boundary condition
was adopted since it represents a model where the neighborhood has, on average, the same

structure as the model area and being very close.

4.2 Nesting Cells

The nesting cells are grids that surround the simulated area to maintain the numerical stability
and to reduce the effects of the chosen boundary. In the computational domain, nesting grids
was added for creating a zone in both x and y directions, thus generating a way that will

reduce the numerical instability by moving the model boundary away from the studied area.

To study the importance of adding a periphery building layer around the studied area and the
effect of the nesting cells, several case studies were tested for that purpose. Table 9 shows
that two reference cases A and B were selected, which is the base case with an extra
periphery layer of buildings, as shown in figure 12, with a different number of nesting cells.
Cases 1 and 2 were only the studied area without the addition of any periphery buildings with
nesting cells equal 15 and 5, respectively. While for cases 3 to 5, which is the base case, it

was the studied area in addition to the periphery buildings.
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Cases 1 to 5 will be compared for both reference cases, and the assessment parameters will be

the air temperature and the wind speed.

Cases Model Area Type Nesting Cells
Reference Case A | Base Case with an extra periphery layer of buildings 15
Reference Case B | Base Case with an extra periphery layer of buildings 5
Case 1 No Periphery Buildings were added 15
Case 2 No Periphery Buildings were added 5
Case 3 Base Case with Periphery Buildings 15
Case 4 Base Case with Periphery Buildings 5
Case 5 Base Case with Periphery Buildings 1

Table 9. Different model areas with different numbers of nesting cells.
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CHAPTER 5
Results

The following section presents the results relating to the nesting cells, the base case
simulation as well the scenarios that were conducted. | would also like to add that the base
case scenario is referred to as BCS, cool pavement scenario as CPS, new buildings scenario

as NBS, vegetation scenario as VS, and the combined case scenario as CCS.

4.1 Model Validation using L2 Norm Method

The five cases were compared using the L2 norm error with reference cases A and B. The
focus during the calculation of the error will be the studied area. For both air temperature and
wind speed, cases 1 and 2 showed the maximum error percentage among the five cases. On
the other hand, cases 3 to 5 showed less error percentage compared to cases 1 and 2.
Comparing the five cases, case 3 that includes the periphery buildings outside the studied
area, showed the minimal error compared to the reference case B which has 0.26% error for

the air temperature and 0.75% error for the wind speed.

Also comparing case 1 and case 3 that have the same number of nesting cells, and after
adding the periphery building layers for case 3, the error decreased for the air temperature
from 7.48% to 0.69% and the wind speed from 41.58% to 1.06% with respect to reference
case A. Comparing cases 3 to 5, that have the same model area type but a different number of
nesting cells, showed that case 3 has the least error percentage with respect to the reference

cases.
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Figure 13. Air temperature comparison between Reference and other cases using L2 norm
error method.

45%
40%
35%

S 300
8 30%
§ 25%
5 20%
T 5%
o
= 10%
W 5o
0% — [ | [ |
Case 1 Case 2 Case 3 Case 4 Case 5
m Reference Case A with Nesting 41.58% 37.62% 1.06% 2 46% 279%
Cells 15
Reference Cgsejlfg"’ M Nesting 567505 25.88%  0.75% 1.75% 1.99%

Figure 14. Wind speed comparison between Reference and other cases using L2 norm error
method.

This comparison revealed the importance of increasing the periphery buildings around any

studied area thus reaching numerical stability, and how the results will be affected if only the
base case were simulated without adding the layer of buildings. Also, the comparison showed
that the nesting cells are responsible for maintaining numerical stability, but it didn’t have the

same effect as the boundary layer of buildings.
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The following results show the comparison between the base case and other mitigation

scenarios at 1.4m height for air temperature (Ta), wind speed, relative humidity, and mean

radiant temperature (Tmrt), while the ground surface temperature (Ts) results will be at the

ground level, on summer and a winter day.

4.2 Air Temperature

Figure 15 showed that all the cases had lower Ta except for the climate change, which

revealed higher Ta, while no difference between the BCS and the NBS. The maximum

decrease in the Ta was at 17:00 between the BCS and the CCS, which is 2.6°C, while the

increase in the Ta for the climate change was maximum during the night-time reaching 1.8°C.
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Figure 15. Comparison of hourly average air temperature results for different scenarios on

August 20",

Figure 16 which refers for a winter day, showed that there is no difference in Ta between the

BCS and the CPS, while the VS and the CCS showed the same results with a difference 0.9°C

compared to the BCS during the day time, and a decrease to 0.5°C during the night time.
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Figure 16. Comparison of hourly average air temperature results for different scenarios on
January 20"

Figure 17 shows the absolute difference in the air temperature between the BCS and various
heat mitigation strategies at 12 noon in addition to the solar orientation and wind direction.
There is a slight difference in Fig.17 (a) compared to the BCS, while the maximum difference
is for the two scenarios, the VS and the CCS, Fig.17 (c, d). For the climate change scenario,
Fig.17 (e), the absolute difference for the Ta is different from the other scenarios because the

climate change scenario shows a higher temperature than that of the BCS, same as in figure

15.
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Figure 17. Absolute difference in air temperature between various heat mitigation scenarios
and the base case scenario at 12:00 at 1.4m elevation from ground level.

4.3 Wind Speed

ENVI-met simulation in Figure 18 shows the average wind speed difference among the cases
in addition to the BCS on a summer day (August 20™"). The mean wind speed at the
pedestrian path sidewalk for all cases shows higher wind speed except for the scenario of the
NBS. There is a very slight difference between the BCS and the CPS, while the maximum

difference is between the BCS and the climate change scenario, which is 0.08 m/sec.
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Figure 18. Comparison of hourly average wind speed results for different scenarios on
August 20",

Figure 19 that refers to a winter day (20" January) shows no difference between the base
case, cool pavement, and new buildings, while 0.15 m/sec difference between the base case

and the vegetation and combined case scenarios.
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Figure 19. Comparison of hourly average wind speed results for different scenarios on
January 20",
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Figure 20 shows the absolute difference in the wind speed between the proposed scenarios
and the base case scenario at 12 noon. Fig.20 (c,d,e) shows the difference between the
scenarios and the BCS, while Fig.20 (a) shows a small difference between the NBS and the

BCS. As for the CPS Fig.20 (b), there is no difference compared to the BCS.
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Figure 20. Absolute difference in wind speed between various heat mitigation scenarios and
the base case scenario at 12:00 at 1.4m elevation from ground level.

4.4 Relative Humidity

Figure 21 which refers to relative humidity at 1.4 m height for a summer day, shows that all
the cases have higher relative humidity compared to the BCS, while no difference is between
the BCS and the NBS. The maximum difference is between the BCS and the CCS, which
reaches 18% during the daytime and decreases to 11% during the night-time hours. As for the
climate change scenario, the maximum difference with respect to the BCS is during noon (24

%), while decreasing to 15% during the night.
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Figure 21. Comparison of hourly average relative humidity results for different scenarios on
August 20"

As for figure 22, which refers to a winter day, the relative humidity is increasing during the
night hours. During the daytime, the relative humidity increased by 4.7% between the BCS

and the CCS, while decreased during the night hours by 3%.
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Figure 22. Comparison of hourly average relative humidity results for different scenarios on
January 20",
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Figure 23 shows the absolute difference in the relative humidity between the BCS and
various heat mitigation strategies at 12 noon. Fig.23 (a) shows that there is no effect of
changing the NBS on the relative humidity. Adding cool pavement fig.23 (b) shows a slight
increase in the relative humidity compared to the BCS. The maximum absolute difference for
relative humidity is for the climate change scenario fig.23 (e) compared to the BCS reaching

some areas to 27%.
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Figure 23. Absolute difference in relative humidity between various heat mitigation scenarios
and the base case scenario at 12:00 at 1.4m elevation from ground level.

4.5 Mean Radiant Temperature

Figure 24 shows that during a summer day, all the cases have lower mean radiant temperature
except for the CPS. The VS shows that the maximum difference reaches 10.5°C at noon,
which is higher than the CCS due to the cool pavement. During the night, all the scenarios

show no difference except for the climate change scenario, which increased by 4°C.
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Figure 24. Comparison of hourly average mean radiant temperature results for different
scenarios on August 20™.

As for figure 25, it shows that the maximum difference between the scenarios is at noon
while a slightly difference during the night. The maximum difference at noon is between the

BCS and the VS reaching 6.5°C, while a small difference between the BCS and the CPS and

no difference compared to the NBS.
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Figure 25. Comparison of hourly average mean radiant temperature results for different
scenarios on January 20",

Figure 26 shows the absolute difference in the mean radiant temperature (Tmrt) between the
proposed scenarios and the BCS at 12 noon. Showing that the sun’s location is due south
direction, the NBS fig.26 (a) indicates some places near the buildings with a small difference
compared to the base case. The maximum difference, which is the VS fig.26 (c), reaches
almost 20°C, which is higher between the all other proposed cases. For the CPS fig.26 (b), it

shows a higher mean radiant (2°C) compared to the base case scenario.
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Figure 26. Absolute difference in mean radiant temperature between various heat mitigation
scenarios and the base case scenario at 12:00 at 1.4m elevation from ground level.

4.6 Ground Surface Temperature

Figure 27 shows during the day that all the cases have lower ground surface temperature
while no effect for the NBS. The only exception is for the climate change scenario during the
night that shows higher ground surface temperature reaching 2.5°C compared to BCS. The
maximum decrease in the ground surface temperature is at noon between the BCS and the

CCS, which is 6.5°C.
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Figure 27. Comparison of hourly average ground surface temperature results for different
scenarios on August 20™.

Figure 28 shows a small difference between the whole scenarios when compared to the BCS.

The maximum difference at noon compared to the CCS reaching 0.8°C.
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Figure 28. Comparison of hourly average ground surface temperature results for different
scenarios on January 20",
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Figure 29 shows the absolute difference in the ground surface temperature (Tg) between the
proposed scenarios and the BCS at 12 noon. The smallest effect among the proposed
scenarios is the NBS fig.29 (a). Due to the sun's direction, the maximum difference is
available on North-South streets. The maximum difference is compared to the CCS fig.29 (d)
reaching in some areas 25°C and above, while the absolute difference compared to the

climate change fig.29 (e) shows lower values than the combined cases (21°C).

Old Bwldmgs Replacement: Cool Pavement: Trees Added:
—wmw Wy ;

E{- !
=T

'E..._

EmamEE EmEm  =m = (3) EEEs - .-(b)

Absolute Difference Ground

Comblned Cases Climate Change:

Surface Temperature
< 0,00 K
3.00 K

8.00 K

5.00 K Sun Wind
12.00 K
15.00 K

1B.00 K
21.00 K
24.00 K

> 27.00 K

Direction Direction

Figure 29. Absolute difference in ground surface temperature between various heat
mitigation scenarios and the base case scenario at 12:00 at the ground level.

4.7 Outdoor Thermal Comfort

Figure 30 shows the thermal comfort change on a summer day (20" August) at the two streets
at human height level 1.4 m. Adding the vegetation results in lower values of PET compared
to the base case scenario at the two chosen streets. For street S1, the most significant
reduction (12.6°C) was observed at 12:00 pm. The average PET reduction on the same street

was found to be 2.81°C. However, for street S2, the most significant decrease after adding
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the trees was observed at 9:00 am by 21°C due to the solar orientation, and the average PET

reduction was found to be 3.8°C.

PET on Typical Summer Day (20th August)
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Figure 30. PET change at 1.4m above the ground level on a typical summer day (20" August)
at two locations with the base case scenario and the vegetation scenario.

Figure 31 show the PET distribution map on a summer day at three different hours 8:00 am,
12:00 pm, and 16:00, respectively. The addition of trees and depending on the sun’s location
results in lowering PET indices.

Besides, adding trees show that the vegetation scenario, has lower PET index (more
comfortable) than the current base case scenario. Also, showing the figures of streets S1 and

S2 with different PET values, give an idea about which street to be pedestrianized during the

daytime.
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Figure 31. PET simulation for both scenarios at three different hours.
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CHAPTER 6
DISCUSSION

According to the results presented in the previous section, August 20" is analyzed since it
adequately show what the optimal mitigation strategy is for Beirut. The inclusion of
vegetation induced the shade produced and evapotranspiration which lead to the decrease in

air temperature and the cooling effect to happen.

Although several studies showed that the wind speed in the vegetated scenario is lower than
the BCS, this study revealed that the wind speed after adding vegetation increased by 0.07
m/s. This was deduced from the results which only showed the mean wind speed at the
pedestrian sidewalk pathway as opposed to being at a specific location. The relative humidity
has an inverse relationship with the air temperature (Aboelata, A., & Sodoudi, S., 2019); thus,
the vegetation scenario has the highest relative humidity values. Adding vegetation in the
proposed scenario will lead to shaded space, thus a decrease in SVF, which is better than the
thermal environment in an open space with high value in SVF. Therefore, increasing the
urban vegetation in any area will protect the pedestrian from direct sunshine due to the
shading produced, resulting in decreasing the mean radiant temperature and air temperature
and improving the thermal comfort in the summer days (Jaafar, H., Lakkis, 1., Yeretzian, A.,

2020).

The CPS indicated higher mean radiant temperature than the BCS due to the increase in the
albedo fraction of the ground cover because of the increase in the reflected radiation during
the day. The decrease in the ground surface temperature is also in line with other studies
where increasing the albedo by 0.25 leads to decrease in the surface temperature by 10°C
(Akbari, H., Pomerantz, M., Taha, H., 2001). Other studies stated that the increase in the

reflected solar radiation by reflective surfaces exceed the reduction in longwave radiation,

44



thus affect the thermal comfort of the pedestrian in a negative way. Therefore, the analysis
revealed that the inclusion of vegetation in urban areas will significantly influence mitigating
the UHI effects. In other words, it is the optimal mitigation strategy in comparison with the
other strategies.

In addition, when studying the climate change to anticipate weather forecasts, an increase in
air temperature resulted in the relative humidity and air temperature to increase throughout
the whole day. Whilst the mean radiant temperature and ground surface temperature

demonstrated higher values during the night.
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CHAPTER 7
CONCLUSION

Urban areas with the appropriate thermal environment attract people. The outer thermal
environment is divided into air temperature, wind speed, relative humidity, and mean radiant
temperature. This research paper analyzed several mitigation strategies using simulation
software, which will help in modifying the urban areas. According to the results within the
studied area, the addition of vegetation is significantly effective on the thermal environment,
followed by the cool pavement and by the replacement of old building with new ones.
Vegetation blocks the short-wave radiation and reduces the air temperature by transpiration.
Increasing the vegetation cover would help and protect the pedestrian from direct sunshine,

thus reduce the mean radiant temperature and improve thermal comfort based on the results.

Also, another factor which reduces due to shading produced is the longwave radiation. It
leads to a decrease in the ground surface temperature. Replacing old buildings with new ones
by changing the materials of the buildings, show a small change in the mean radiant
temperature near the new buildings because of the different materials that have different
densities, thermal conductivity, and specific heat capacity. Using reflective surfaces such as
cool pavement with higher albedo fraction absorbs less solar radiation, and therefore has a
lower surface temperature. Absorbing less solar radiation means that the cool pavement emits
less longwave radiation, and the air temperature is as a result lower. Finally, a comparison of
the combined cases, including the three proposed strategies, revealed the greatest effect on
mitigating the UHI in the summer. These results support other results from previous studies,

which also validated the same results.

In conclusion, this study provides important guidelines for landscape architects and urban

planners. It identifies the significant benefits that can result in increasing vegetation in urban
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areas and can help inform planning and design guidelines applicable to the city and buildings.
It can be applied to other sites in parallel with Beirut’s climate. Also, it is necessary to find
ways in urban planning to mitigate the adverse effects of global warming in the
Mediterranean cities, and urban vegetation should be considered as an additional guideline in

mitigation strategies for outdoor spaces.

Further investigation is needed to integrate the pollution scuttle in assessing mitigation
strategies. Future studies should consider the following point of view such as the building
cooling energy after adding vegetation, trying to add different type of trees, and adding
vegetation at the roof top. Moreover, field measurements should be conducted to evaluate the
simulated output data and should include validation of the study by applying those strategies
on other case studies in Beirut. However, anthropogenic heat release and car transportation
heat fluxes were not taken into account by ENVI-met software and were considered as

limitations.
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