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resilient central urban fabric
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Tarbiat Modares University, Tehran, Iran

The problems of today’s world, particularly climate change and air pollution,
require the search for sustainable and green buildings in urban environments and
the people who inhabit them. General population and construction industry has
emitted pollutants such as carbon dioxide to the atmosphere due to urbanization
and rise in vehicles. In addition to that, the products employed in construction
express a caliber of polluting the air. Urban facades and the materials used for
construction in cities can often have a significant impact on aggravating air
pollution. The implementation of green walls on building’s facade and other
structures can be considered as the proper substitute to utilizing the stone and
cement as those materials minimize the emission of air pollutants and add the
better aesthetics to the city environment. The main objectives of this research are
to describe and introduce a new method of applying green facades for buildings
and structures using plants which have even greater abilities at absorbing
pollutants and are simpler in application and management in comparison with
other systems of green walls. In the first stage, the known green wall systems and
along with suitable plants were introduced and studied through library studies
and accordingly the most compatible plants for the studied area, considering the
climate of Iran, specially Tehran which is the most polluted city in Iran, were
identified. The ENVI-met application was used subsequently to determine the
most appropriate model or plant to combat the pollutants in the environment.

green wall, reduction of air pollution, urban wall, plants, pattern of greenery

1 Introduction

Pollution of our environment particularly through air has become a real issue that has
taken a toll on human lives. Urban centers have played a major role in heightening this
problem though it is expected that the proportion of the global populace living in cities will
rise from 54 percent in 2015 to 60 percent in 2030 and to 66 percent in 2050 (WHO, 2016).
Urbanization has amplified together with the scarcity and high cost of land for housing so
buildings are significantly constructing in city centers and air becomes trapped among these
youthful urban constructions (Junior et al., 2022). The global population increase, also
complementary utilization of the fossil fuel needed for several activities such as transport,
leads to heightened levels of air pollution in cities (Rezazadeh et al., 2022). To mitigate and
prevent the production of emissions in the atmosphere, the following interventions have
been recommended which includes forecasting the manufacturing industries to outskirts,
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FIGURE 1

Diagrams of green wall and living wall systems: (A) Direct greening (planted into the soil), (B) Direct greening (planted into planter box), (C) Indirect
greening (planted into the soil), (D) Indirect greening (planted into planter box), (E) Hydroponic living wall, (F) Tray system.

TABLE 1 Summary of input and corresponding values for numerical experiment.

Plant Type of vegetation Height Foliage shortwave albedo Foliage shortwave transmittance
Pittosporum | Ever green 0.25 0.2 0.3
Rosemarinus | Ever green 0.30 0.2 0.3
Hedera helix | Deciduous 0.40 0.2 0.3
Berberis Deciduous 0.30 0.2 0.3

restricting the usage of automobiles, increasing the number of plants
in cities. However, even with the help of these measures, progress is
limited (Lelieveld et al., 2015).

About 40% of all the carbon dioxide emissions to the
atmosphere originate from construction especially from building
materials and this increases air pollution globally (Wieser et al.,
2021). Several environmental problems are a consequence of the
poor-quality construction materials applied to the facades in urban
areas (Andersen et al., 2024). Such materials are also less durable
than conventional ones, which means that they degrade more
quickly; as a result, they need repair or replacement more
frequently. This leads to even higher resource consumption and
levels of waste (Wieser et al., 2021). Besides, such materials may also
lack sufficient insulating properties, meaning that they necessitate
the use of more energy, especially for regulating indoor
temperatures. In addition, dark and heat-concentrated materials
worsen the so-called “urban heat island” and increase temperatures
in the urban environment. In summary, the given situations imply
that the inferior construction materials chosen for the urban facade
are responsible for not only the unsightly look of the buildings and

Frontiers in Built Environment 02

their poor stability but also the significant contribution to the
biological contamination and deterioration of the air.
Introduction of vegetation through green walls has a positive
impact on air movement given that there are usually little or no
plant growth in such areas (Viecco et al., 2021). Some pollutants
are directly deposited on the surfaces of the plants and some are
even taken up by the plants through their leaves (Morakinyo
et al., 2016) and roots, further, any remaining particles are
dispersed by the flow of air surrounding and through the wall
(Pettit et al., 2021). Nonetheless, the implications of green walls
on air circulation are not absolute since they are influenced by the
following factors (Pugh et al., 2012). This intellectual judgment
indicates that the characteristics of the vegetative media, the
structure of the green wall, and its position affect the efficiency
with which it can reroute or confine airflow to lower pollutant
concentrations (Abhijith and Kumar, 2020). Sometimes, there
could be some other constituents like close buildings or
structures that may hinder the wall from facilitating the flow
of air in certain directions (Abhijith et al., 2017; Ahmadi et al.,
2022; Ghanbari et al., 2022). In general, it can be stated that green
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FIGURE 2
Air quality index in Tehran, Iran (2011-2015).

walls are environmentally friendly interventions to enhance air  aspects of design and settings (Baradaran Motie et al., 2023; Grote
quality in cities with the help of plants’ innate ability to clean the et al,, 2016).

air (Al-Dabbous and Kumar, 2014). They can assist in improving Green infrastructure in cities can be used as an nature-based
the movement of air and dilution of pollutants and gases;  solution to combat air pollution in urban areas and the urban
however, their efficiency is relatively inclined by the prevailing  walkways (Janhidll, 2015). Some of the green solutions are as
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FIGURE 3

Research design (Source: drawn by the author).

TABLE 2 Summary of studies that have investigated the impact of green walls on air pollution.

Authors

(year)

Srbinovska et al.
(2021)

Location and climate

North Macedonia, climate:
varies between Mediterranean
and continental

Plant species

Climbing (Hedera
helix, Plectranthus
australis

Ficus pumila)
Covering

(Sedum spp)

Methodology

Installing small green walls in open areas and
measuring PM, s and PM;, concentration
before and after installation with sensors and
monitors

® Green infrastructure, such as living walls,
plays a crucial role in reducing the
concentration of pollutants in the air

® Green walls can alter air flow patterns
which leads to dispersion of particles in
the air

Pugh et al. (2012)

Gottinger ~ Strasse, Hanover,
Germany climate: temperate
oceanic

Climbing and Shrubs

Collecting data on pollutant concentration in
various street canyons + simulating the airflow
and dispersion of pollutants (Computational

fluid dynamics models)

The concentration of NO, and PM,,
decreased in the canyon by up to 15% and
23% respectively

® Reduction in the concentration of air
pollution depends on wind speed, the
geometry of street canyon and the
fraction of greening on the canyon walls

Sternberg et al.
(2010)

Kookhaie and
Masnavi (2014)

Jayasooriya et al.
(2017)

Oxford, United Kingdom
climate: temperate maritime

Tehran, Iran climate: semi-arid
climate

Melbourne, Australia climate:
temperate oceanic

Climbing (Hedera
helix)

Climbing (Hedera
helix, Clematis,
Wisteria)

Shrub (Laurus
nobilis)

Hedera helix samples from various high traffic
areas were collected + electronic microscopy
was used to count and size particles on the
leaves

Describing the AWOP principle as a
conceptual approach for urban design +
monitoring data, survey and community

feedback to assess the effectiveness of this
method

Air quality monitoring data to evaluate the
effectiveness of green walls + simulation
techniques to predict the impacts of green
infrastructures on various scenarios

In high traffic areas, Hedera helix served
as pollutant sink and collected fine
particles (x < 2.5 um and x < 1 pm)

This approach enhanced the biodiversity

and increased green cover within the city.

Also, it reduced the concentration of PM
particles in the air

Green walls were found to be more
effective in removing PM particles and O
in pollutant areas

Ottelé et al. (2010) | Netherlands climate: temperate Climbing (Hedera Stablishing green wall which was covered with | ® Climbing plants had great capacity to act
maritime helix) climbing plants + collecting samples of the as a sink for pollutants
specific green wall + using microscopy or ® There were no noticeable differences
particle counters to analyze the characteristic observed in the level of pollutant
of air pollutant particles particles’ level between various sampling
heights and throughout the autumn
season
Morakinyo and Hong Kong climate: humid _ Implementing small green wall near pollutant = ® Green walls provide protection from
Lam (2016) subtropical streets + monitoring concentration of particles pollutant exposure when situated at
such as PM, NO, by sensors. s distances closer than 1.4 m
Tong et al. (2016) | North Carolina, USA climate: Shrubs Evaluation of different types of green walls + = ® High concentration reduction with high

humid subtropical
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use of computational model and simulation to
predict the performance of various green walls
with different characteristic

04

width of green walls
® Concentration of air pollution particles
decreased significantly (35%)

(Continued on following page)
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TABLE 2 (Continued) Summary of studies that have investigated the impact of green walls on air pollution.

Authors Location and climate Plant species = Methodology

(year)

Perini et al.
(2017b)

Genoa city centre, Italy climate:
Mediterranean

Climbing and Shrubs | On-site measurements to quantify the impact
of green walls + analyzing multiple case

studies in Mediterranean cities

® Microclimate improvements such as
urban heat reduction and air quality
improvement with vertical greening

Joshi et al. (2014) | Vellore, India climate: tropical Climbing (Vernonia

elaeagnifolia)

Employing techniques such as spectroscopy,
microscopy, and chromatography to analyze

® The climbing plant was effective in
mitigating air pollution

the adsorption capability of leaves

® Pollutant removal rate depends on LAI
and humidity

Tehran, Iran Average Yearly Precipitation (mm)
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FIGURE 4
The site location and its position in District 11.

follows: tree planting on the boulevard; green strip which is used to
segregate pedestrian and the vehicles’ way, green walls (GW), and
roof gardens (RG) (Ysebaert et al., 2021).

1.1 Green wall

The green wall is one of the modern technologies that are
gradually becoming integrated into emerging and innovative cities
across the globe (Othman and Sahidin, 2016). A green wall involves a
structure, which can be independent or integrated into the building
envelope, with foliage growth on it (Pérez-Urrestarazu et al,, 2015).
Economically, the green walls enhance the property value through:
averting the expansion of green land, shielding building frameworks
from harm (Baldauf, 2017), and adding beauty to the buildings
(Baraldi et al,, 2019). Also, they act as insulators by saving energy
used in heating and cooling throughout the year, thus a conservation
of energy costs (Gallagher et al., 2015). Drip irrigation systems and
water recycling that are incorporated in green walls ensure that water
consumption is efficient making them environmentally beneficial
(Minks et al., 2017).

1.2 The role of the green wall in the
sustainability of architecture and
urban planning

More specifically, green walls perform a significant function in the
enhancement of sustainability in architecture and particularly within the
urban planning context along several perspectives (Vélez-Landa et al,
2021). They can help reduce effects of urban heat island by providing
shade and evaporative cooling to reduce the micro climate of the
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surrounding urban area (Perini et al, 2017a; Sharbafian et al., 2024).
Besides, green walls enhance the quality of air within the surrounding
environment through trapping of the pollutants and the particulate
matters that cause unhealthiness of the urban areas (Shishegar, 2014).
They are vital in energy efficiency too as they act as insulators, preventing
the need for a heated room in winter or a cooled room in summer leading
to decreased energy requirements by building, and hence reducing the
carbon footprint (Tramontin et al, 2012). Also, green walls play a
significant role in storm water control since they can store and filter
rainwater and thus lighten the load of urban drainage systems and the
likelihood of floods (Ashtari et al., 2021; Hop and Hiemstra, 2013). It is
possible to point on aesthetic values as well: green walls improve the look
of buildings and urban environment, positively influencing people’s
psychological state (Abhijith et al, 2017). Finally, because they foster
urban wildlife, green walls promote stability of natural ecosystems and
align with sustainability concerns in city planning. The incorporation of
green walls in the layout and design of cities is therefore seen as a positive
forward thinking strategy for developing healthy resilient, sustainable
cities globally (McConnaha, 2003).

1.3 Types of green walls

There are different types of green walls, from the simplest and
most basic to the most complex and advanced implementation
systems. They are divided into two main groups based on the
type of plants and maintenance system: green facade (GF) and
living wall (LW) (Pérez-Urrestarazu et al., 2015).

1.3.1 Green facade

Green facades can be divided into two groups based on the
behavior of plants that can be hanging or creeping: direct system

frontiersin.org
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Average yearly precipitation (mm), sunshine (hours), and Temperature (°C) of Tehran, Iran.
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Concentration of fine particle matters and air quality index, Tehran, Iran.
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FIGURE 7
The characteristics of selected plants.

(DGS) and indirect system (IDGS) (see Figure 1) (Ottelé et al.,
2011). In direct green walls, plants are directly connected to the
wall due to the adhesion property of some plants without the
need for additional structures, and the roots of the plants are
either placed on the ground or in flower-shaped boxes (Figure 2).
However, not all plant species have this adhesive property, so

Frontiers in Built Environment

they need additional support systems to maintain their position
and grow along the wall. This issue is also clearly evident in the
case of the indirect system, where the rooting space is also placed
either in the ground or in the potting boxes. The indirect green
wall also acts as a two-shell facade, which creates an air gap
between the facade of the building and the plants (Jim, 2015).
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FIGURE 8

C

(A) Rosmearinus, (B) Hedera helix, (C) Pittosporum, (D) Berberis (images: ©Zia Eco, outdoor living walls, Tehran, Iran).

TABLE 3 Climatic data of Tehran, Iran.

Climate information

Hottest month

Coldest month

July (31°C avg)

January (5°C avg)

Wettest month

Windiest month

March (36.9 mm avg)

May (24 km/h avg)

Annual precipitation

250.2 mm (per year)

High temperature 37°C
Low temperature 1'C
Wind 18 km/h
Humidity 38%
Precipitation 20.9 mm

TABLE 4 Characteristics of vegetation cover in simulation models.

Temperature (°C)

Ideal

Minimum

Watering

Maximum

Pittosporum Full sun to partial shade 15-24 -12 to -9 29-32 Moderate* (Grabosky, 2018)

Rosemarinus ‘ Full sun 15-24 -6 ‘ 29-32 Low® (Grieve, 1995)

Hedera helix ‘ Full sun to partial shade 10-21 -12 ‘ 29-32 Moderate* (Chung et al,, 2018)

Berberis ‘ Full sun to partial shade 18-24 -6 to —4 ‘ 29-32 Low to Moderate (Alemardan et al., 2013)

“The level of moisture is important for plants and it is best to keep it constant during the first year of growth. Once established, they are moderately drought-tolerant, though they should be deep

watered about once a week during the growing season.

"The plants need very little watering once they have been set and need only to be watered once in 2-3 weeks and maybe a little more often in very hot conditions.

“Well-drained soil is favored, but this plant does not need frequent watering; it should be watered, especially during dry weather, approximately once a week or less often in cold temperatures.

1.3.2 Living wall

Living walls are considered noir in the wall-covering field and
generally have a more complex structure than other green coverings. In
living walls, the roots of plants are connected to the wall, and creeping
plants are usually used for this structure Unlike green walls, living walls

Frontiers in Built Environment
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allow rapid coverage of large areas and more uniform growth in height.
Living walls are divided into two categories: continuous system and
modular system (Chang and Chang, 2022). A French botanist named
Patrick Blanc first invented a continuous living wall, vertical garden, or
hydroponic system (see Figure 1). This system consists of two layers of
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Greenery patterns and different scenarios.

felt on a metal chassis with a waterproof layer against moisture to
protect the facade of the building from moisture caused by watering the
plants; in this method, the plants are first planted in small bags or
pockets and then installed on felt. Nutrients and water are injected into
the roots of plants through an irrigation system (Palermo and Turco,
2020). Modular living walls are different in composition and weight; this
type of living wall consists of modular pots (trays) that can be connected
vertically or at a certain angle to the back structure according to the
design, then plants in bags small ones are placed in pots, this method
requires regular watering and fertilization. An automatic system usually
does it; also, various plants with high density can be used in this method.
With this method, the green wall can create 90% coverage from the
beginning of planting, unlike the continuous green wall (Table 1).

1.4 The effect of green walls on air pollution

Green walls are one of the sustainable approaches to
increasing vegetation in areas with high pollution without
using up valuable city space.
advantage and beautification value, which makes them a noble

They give environmental

offer for today’s urban beautification and city preservation
initiatives. It also can create a healthy-lifestyle pattern (Perini
et al., 2017b). Research conducted on a number of different
investigations suggest that green infrastructure in cities is a
concept of optimizing the quality of air and the sustainability
of the urban environment. Information provided (see Table 2)
shows that green walls and greenery contribute to improvements
of wellbeing of the masses and standard of the urban
environment. Since these green barriers, therefore referred to
as green walls, are porous materials that influence air pollution
emissions, they can be a vent or filter for air. Hence, the adoption
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of this strategy can be regarded as one of the key factors that
contribute to the availability of a clean environment (Jim, 2015).

1.5 The impact of different types of
vegetation on green walls

With climbing plants like ivy, the roots fix into the structure or
the back wall which provides a patchy facing of the green wall
(Baldauf, 2017). These plants are usually very stable and can tolerate
different atmospheric factors like excessive heat, strong winds, and
rain that prevail in severe climates (Currie and Bass, 2008). It is
mounted vertically on exterior walls and is very robust, which is why
it can be recommended for high-rise constructions (Kohler, 2008).
In the normal circumstances it is expected to cover a wall with
climbing plants within 3-5 years depending with the prevailing
environmental factors (Grabowiecki et al., 2017). However, this can
take a relatively longer period of time in some cases. Faster growing
climbers may receive excellent coverage in just a couple of seasons or
even 2 years, while slower growing plants may take about or more
than 2 years to ground cover a corresponding area (Niklas, 2011).

Many strategies have been underdeveloped to mitigate and
prevent air pollution (see Table 2), and interest groups are also
trying to regulate pollutant levels and enhance the quality of the air
in cities as a global problem like urbanism. In conclusion, a number
of researches have indicated green walls and green fagade as an
optimal proposal in maintaining the AQI and PM concentrations in
urban environment which would have positive effects on people’s
health as well. However, there are some issues which are yet to be
addressed despite working with other researches indicating that
green spaces can be effectively used to alleviate polluted air
situations and especially in the urban neighborhoods. First, the
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FIGURE 10

Implementation of greening scenarios in the ENVI-met software.

greening pattern of the literature published in the last decade on the Second, it is also highly significant and effective to propose

application of green walls to reducing pollution intensity in  appropriate plants that can lower the concentrations of pollutants.
urbanized areas has not been clearly declared because in many  However, there is insufficient literature focusing on and comparing
plants that are suitable for the various climatic zones and also plants

whose characteristics correlate with the climatic conditions of the

cases it is impossible to cover most of the building’s facade. It is very
appropriate to provide an efficient pattern in the process.
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regions to which they are suitable for and which can be put in the
urban facades. In this study, first of all, it is tried to determine the
target area for the implementation of green facade and analyze this
area in terms of climate. Next, green wall plants which could be used
for green walls and that are suitable for the climate are described.
Following that, patterns for greening are presented. Last, with the
help of an ENVI-met software, the selected patterns and plants are
examined in order to establish the most fit pattern and the proposed
plant species.
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2 Methodology

Using plants on urban facades and walls can provide many
benefits for residents and buildings. These benefits include reducing
air pollution, enhancing visual appeal, providing thermal and sound
insulation, promoting biodiversity, controlling indoor temperature,
and reducing indoor dust levels. The primary and most important
goal of this research is to evaluate and investigate various plants and
planting patterns for urban walls and to provide suitable alternatives
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TABLE 5 Air Quality Index classification (Pm, 2019).

Air quality index category

AQl (air quality index)

PM2.5 (ug/m3)

Good Green 0-50 0.0-12.0
Moderate Yellow 51-100 12.1-35.4
Unhealthy for sensitive groups Orange 101-150 35.5-55.4
Unhealthy Red 150-200 55.5-150.4
Very unhealthy Purple 201-300 150.5-250.4

for urban facades. This study examined four types of plants suitable
for green walls and the climate of Tehran, along with nine greening
patterns, using ENVI-met software to select the most appropriate
plants and patterns for urban walls (see Figure 3).

2.1 Case study: Central fabric of tehran, Iran

2.1.1 Location and background

Geographically, Tehran is located between 35.6892° North
latitude and 51.3890° East longitudes. It has an average elevation
of 1,200 m above sea level and occupies a total area of 730 km?2. It
is Iran’s capital city and serves as the political, cultural, economic,
and administrative center of the country. Tehran is divided into
22 district and the selected area is located in District 11, more
precisely in Zone 5 of Tehran (see Figure 4). In view of the
commercial, cultural, historical, and educational functions of the
buildings located here, this area is believed to be the most
crowded in Tehran. The wuse of numerous approaches
including limiting road usage by vehicles could not help

minimize the pollutants entrenched in this area.Thus, this area
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can be suitable to assess and study the effectiveness of green walls
in countering air pollution.

2.1.2 Climate

Tehran has a semi-arid climate that entails hot summers and
cool winters. Average temperature vary from about 4°C to about
22°C it is also important to note that most of the times low altitude
areas receive more rainfall than high altitude areas. 5°C (40°F) in
January reaching to 33°C in July. Average minimum temperature
5°C (92.3°F) in July (see Table 3). Rainfall (see Figure 5) is fairly low
and averages to around 233 mm or 9.2 inches per year and it is well
distributed from November to April. Seasonal fluctuation is also
recorded concerning with relative humidity is likely to experience
high levels during winter while summer records low levels which in
general is an arid region.

Specifically, air pollution challenges are acute in Tehran due to
the location of this city and climate conditions. It is a large city
located in a high have altitude that is also surrounded by the Alborz
Mountains that prevent air pollution from dispersing (Taghizadeh
et al.,, 2023). Warm air becomes trapped on top of cool denser air at
the surface resulting into pollution of the air during many months of
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the winter. Another statistical feature is seasonal periodicity for all
type of pollutants, although it is minor for sulfur dioxide and
nitrogen oxides which are higher in the winter for PM,s and
PM10 (see Figure 6).

The left panel provides the air quality data of air pollution
monitoring station located at Tehran University in more detail. It is
presented as 145 to reflect “Unhealthy for Sensitive Groups” AQI
with carbon monoxide (CO) as the primary pollution agent. The
panel also provides a breakdown of additional pollutants over the
past 2 days, including PM2.5, NO2, SO2, and CO levels, alongside
meteorological data such as temperature, pressure, humidity, and
wind speed.

2.2 Tools and software

Micro-scale modeling and simulation were performed by
using ENVI-met which is a Comprehensive non-hydrostatic
3D model, in order to investigate the impact of plants on air
pollution. Simulations employed the Monde module in ENVI-
met with GIS map employed by Bitmap so that the streets, heights
of buildings, and vegetation cover were as real as possible. The
extracted information and maps were used to set up the situation
by importing them into ENVI-met to assess the effects of
different greenery patterns. This software does not model the
precise shapes of plants, including leaves and branches though it
identifies these features by parameters. ENVI-met evaluates
plants based on two parameters: These include a concept
defined as the density of the leaf area, “Leaf Area Density
(LAD)” and “Leaf Area Index (LAI)” described. This paper
aims to analyze the effect of plants and in this context the
factors that need to be taken into consideration are LAD,
temperature, humidity and airflow. This software focuses on
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the imitation of the mechanisms of the soil to measure the
impact, while the introduction of the LAD and the diameter
of the broadleaf, and the needle-leaf trees assess the velocity of
the deposition. LAD determines the canopy configuration and
plant height while LAI explains the mass of the plants, though not
the same for every plant.

2.3 Analysis parameters in ENVI-
met software

2.3.1 Pollution

The pollutant dispersion toward the environment computed by
the ENVI-met software directly addresses the Eulerian approach,
which is suitable for both gaseous pollutants and particle systems.
This research is concerned with the accumulation of PM, 5 in the air,
These are so small that they can easily enter the human respiratory
system and cause respiratory problems. As such, their concentration
is highly harmful to human health and can cause great threats to
wellbeing of the citizens. These pollutants consist of fuel emissions,
suspended solid particulate matters from incomplete combustion
those are hydrocarbon compounds (HC), nitrogen oxides (NOx)
and black carbon (BC). In ENVI-met, the mobile source of pollution
from vehicles and traffic is shown as line sources. The modeling that
is done within this software includes a dispersion and deposition
model and this predicts the manoeuvre of particles and pollutants by
calculating the concentration of each gas or Pollutant by the use of
standard atmospheric dispersion equations or Eulerian Approach. A
new point source is established along the primary direction. The
source has a diameter of 10 pm, a height of 0.3 m, and a constant
speed of 3 m*s/ug. This value is taken from the STREET s’ASPA
database and represents the cross-section of a moderately used street
during a period consisting of 7-8 a.m.
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TABLE 6 Simulation results extracted from ENVI-met in (20,42) point.

JUSWUOIIAUT YINg Ul SI213U0.4

eT

[SSIRVIETMIIT]

Plant Scenarios Time Flowu Flowv Floww Wind Wind speed Wind Pot. Spec. PM2.5 concentration
(m/s) (m/s) (m/s) speed change (%) direction Temperature (K) Humidity (ug/m3)
(m/s) (deg) (9/kg)

Pittosporum 06.00.01 0.006 0.046 0.095 0.106 6.424 187.610 289.440 7.746 0.818
06.00.01 0.016 0.049 0.094 0.107 6.560 198.040 290.520 8.165 0.716

06.00.01 0.025 0.051 0.092 0.109 6.741 205.840 292.040 8.593 0.188

06.00.01 0.032 0.053 0.092 0.111 6913 211.090 292.750 8.726 0.407

06.00.01 0.039 0.055 0.090 0.113 7.036 215.470 293390 9.004 0.177

06.00.01 0.050 0.058 0.087 0.116 6.669 220.880 293.910 9.123 0.183

06.00.01 0.035 0.057 0.102 0.122 6.446 211.260 294.500 9.264 0354

06.00.01 0.043 0.057 0.102 0.122 6.446 211.260 294.500 9.264 0301

Rosemarinus 06.00.01 0.015 0.049 0.094 0.107 6.466 197.630 289.430 7.749 0.616
06.00.01 0.025 0.051 0.092 0.109 6.667 206.130 290.530 8.182 0.023

06.00.01 0.034 0.054 0.091 0.111 6.903 212.190 292.030 8.598 0.063

06.00.01 0.041 0.056 0.091 0.114 7.107 216.140 292.750 8.729 0.043

06.00.01 0.047 0.058 0.090 0.117 7.256 219.270 293.380 9.012 0.023

06.00.01 0.056 0.060 0.088 0.120 6.876 222.890 293.900 9.129 0.189

06.00.01 0.039 0.059 0.103 0.125 6.587 213250 294.490 9.270 0.035

06.00.01 0.039 0.059 0.103 0.125 6.587 213.250 294.490 9.270 0.245

Hedera helix 06.00.01 0.006 0.046 0.096 0.106 6.431 187.640 289.480 7.726 0.562
06.00.01 0.016 0.049 0.094 0.107 6.572 198.040 290.540 8.092 0.502

06.00.01 0.025 0.051 0.092 0.109 6.751 205.840 292.040 8.492 0.246

06.00.01 0.032 0.054 0.092 0.111 6.924 211.100 292.790 8.683 0.401

06.00.01 0.039 0.055 0.091 0.113 7.051 215.480 293.440 8.973 0.261

06.00.01 0.050 0.058 0.088 0.116 6.683 220.880 293.950 9.103 0.367

06.00.01 0.035 0.057 0.103 0.123 6.462 211.270 294.540 9.248 0.453

06.00.01 0.035 0.057 0.103 0.123 6.462 211270 294.540 9.248 0503

Berberis 06.00.01 0.006 0.046 0.096 0.106 6.430 187.630 289.470 7.733 0.902
06.00.01 0.016 0.049 0.094 0.107 6.568 198.090 290.540 8.098 0.862

(Continued on following page)
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2.3.2 plant species

8 Depending on its social, environmental, financial, and economical
© values and functions, the urban green spaces are among the important
"s' assets of urban management and city development (Morakinyo and
Q gz 2 g 8 g Lam, 2016). Different kinds of plants that can be used in green walls like
S R i E Bl i B climber plants, flowers, or seasonal plants have specific characteristics
3 regarding their compatibility with the climate conditions and water
b3 consumption in Tehran (see Figure 7). They also differ in the extent to
= which they perform some of the expected functions of urban green
spaces, beauty, and air purification and procreation of oxygen.
> Therefore, this research is to review the criteria for choosing and
5 5 ozl 2z @ @ assessing plants and look into the best criteria for Tehran green
g s % @ & & & areas. Choosing plant species that can be planted on living walls
T (see Figure 8) was done based on certain criterion such as
adaptability to Tehran’s climate, water requirement, the aesthetic
3 value, and oxygen-emitting capacity (see Table 4). To do this, the
o authors compiled a list of plants that can be planted in GW and LW
..g g [% 5 g § § through the collaboration with several firms located in Tehran, Iran that
g 8 2 8 58 3 g design and install GW and LW. Based on the existing plant species in
£ Tehran and the plant species that can be planted on urban facades, four
et plant species of Pittosporum, Rosemarinus, Hedera helix, and Berberis
were selected as the main samples of this study.
c
-% % % % % % % 2.3.3 Greening pattern
g & & 8 /8 & & There is another factor that might affect the decrease of air pollution
o and it is the greening pattern (Morakinyo et al., 2016). While facades
may be clad over with vegetation, portions of them can be turned into
° ) Living Walls (LW) or Green Walls (GW). This approach is considered
é"_; 5 o %2 2 2 92 because managing, constructing, and establishing vast green walls are
= 2 S 2 208 T3 expensive for the residents. Moreover, green walls can be integrated
é 2 with the facade materials to improve the aesthetic of the city. Hence, in
= this research, nine greening scenarios have been developed, each of
which includes thirty 1 m * 1 m pixels (see Figure 9).
2 K 2 = o e a9 99 First, the facade of a building or any structure in the zone is
S é’_ S s 238 8 3 examined with the following features being important. When having

modeled the buildings within the ENVI-met software applying the
greening scenarios, their facades are depicted as green (see

;z 8 88/ g 8 8 Figure 10). For each of the greening patterns, assessments and
RS S 3 3 3 S s analysis are conducted on the four plant species for the aim of
= identifying the best pattern and plant for efficient green facade
> concerning the absorption of pollutants (Figures 11, 12).

9 5 3 B8 8 1 RQ
it EEEIEENE
o

3 Results and discussions

= n n o o 1! o
3= g 38 8 8 8 8 . . N . .
RS == = = = = In measuring the level of air quality in this study, the Air Quality
= Index (AQI) (see Table 5) was used. AQI is a tool used to inform the
) z|l2/38|8|3]s public on the status of air quality. This scale on the use of different colors
= g g/&8 &8 & 8 depicts the healthiness or hazardousness of the air. When pollutant
= g 8 8 & &8 8

concentrations elevate, the air quality degrades. In particular, there are
normally eight basic pollutants taken into account for this index, of
v lwlol ool o which PM, 5 particles. Thus, using the AQI as a reference, it is possible
to assess the air quality in this case. The AQI is further broken into six
bands, each having a color and corresponding to a set of number. These

Scenarios

numbers can be directly correlated to pollution levels as well as the
effects these have on health. When the AQI is above 100 the pollutant
will be above EPA limits, which will be deemed unhealthy for
all residents.

Plant

TABLE 6 (Continued) Simulation results extracted from ENVI-met in (20,42) point.
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In this study, the outcomes are expressed in terms of two-
dimensional maps employing the Leonardo software in ENVI-met.
The AQI index was used to measure the effectiveness of the greening
patterns and plants used in the green walls and also to compare the
improvement of different factors. The results are examined
separately in the following components (Figure 13).

3.1 The impact of plant type on reducing pollutants
in the air

In this simulation, the facade of the buildings that has frontages
on pedestrian zones was converted into green walls. These facades
were most notably covered with four kinds of plants that can grow in
Tehran instead of numerous stones, cements, and glasses. Based on
the data received and analyzed with the help of ENVI-met software,
one can conclude that changing conventional materials of building
facades and applying planting instead of it in the form of green or
living walls may have a positive impact on the reduction of
particulate matter concentration. In accordance with what has
been shown in Figure 14, it can be therefore postulated that out
of all the plants that have been employed in the research,
Rosemarinus was the most effective in immediately filtering out
the most amounts of air pollutants. Thus, the integration of
Rosemarinus on building facades lowered the Particulate Matter
(PM, 5 pollutant) density has reduced (see Table 6). To elaborate,
this figure fluctuated with the changes in various green coverage
patterns. However, the plant Berberis had comparatively lower
effectiveness in the mitigation and dispersion of PM2. Five
than other
Pittosporum or Rosemarinus which are green permanently are

pollutants plants.”  Furthermore, plants like
considered adequate for facade greenery as the plants will cover
the facade throughout the seasons, unlike deciduous plants like
Berberis or H. helix which may lose leaves in autumn and winter or
change their color (Figure 15). Hence, according to this study,
employing specific varieties of plants, more importantly
evergreens like Rosemarinus on building elevations, plays a major
role in decreasing air pollution and hence improving the quality of

air in the urban environment.

3.2 The impact of green coverage patterns on
reducing pollutants in the air

Hence, when studying the maps and the obtained data, it can
be concluded that green coverage of type, denser configuration,
where the pixels are closer to each other, such as patterns 6 and 4,
have contributed greatly to the reduction of PM, 5 concentrations
of pollutants in the air. If both green blocks (pixels) are close to
each other, then more significant impact was reported on
spreading pollutants. However, the patterns which have
greater distances between green blocks have demonstrated the
lesser influence on dispersing pollutants. This implies that where
green coverage is denser, PM, 5 is well contained or in other
words, green coverage reduces PM, s pollutants because they
offer more extensive and the persistent coverage across the
building exteriors. Thus, according to this study, the increase
in Densities or compactness of the green coverage by bringing the
green blocks closer together can afford great contribution in
mitigating air pollutants like PM, 5, improving air quality in the
growing metropolitan regions.
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4 Conclusion

Urbanization and high population density make cities
vulnerable to several risks. Cultivable lands are shrinking and
population from the rural areas is shifting to the urban areas and
urban heat island is continent. Due to emergence of new climate
changes, global warming, and issues related to urban sprawl, the new
ideas concerning the construction business in terms of minimizing
the impact on the nature should be developed. Thus, for the
leadership of the environment and welfare of the society, it is
possible to note that the application of green walls both in the
new and existing constructions will contribute to the positive
changes of the environmental parameters and prevent such
threats that the modern world faces today, including climate
change, the increase of the temperature in cities, carbon
footprint, greenhouse effect, and pollution of the atmosphere
(Figures 16, 17). Using ENVI-met software, the effectiveness of
green walls in the reduction of particulate matter dispersion was
evaluated and the results revealed the positive potential of the design
strategy in reducing PM,s. Such species as Pittosporum and
Rosemarinus are examples of plants that can be used for green
walls as they provide benefits for the look of cities and effective
filtering of particles and pollutants across the year. However, using
all the building facades or changing the facade materials with the
green or living walls is often not possible because of implementation
as well as maintenance costs. This way, applying a segment of
building facades (30%) densely or applying suitable green
patterns, as it is described in this research, can help enhance the
quality of air in polluted cities and metropolises and make the living
environment healthier and better looking for people.
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