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Abstract: Due to global concerns about energy issues, global warming, and urban quality, vertical
greening systems (VGS) are receiving more attention in construction and design research. Therefore,
VGS has become part of building envelope design as a passive technique for saving energy in building
sectors. The current study aimed to investigate shading and energy performances of VGS in buildings
in hot climate regions and to optimize VGS design as a building design element. The study was
conducted through simulation and field experiments in a student housing building at a university
campus (Irbid, Jordan). Field measurements were taken to assess the thermal effect of the green wall
and daylight performance as well as the efficiency of the typical green wall design configuration.
Furthermore, a methodology for accurately representing green walls was established and used. Both
simulation and experimentation demonstrated that the thickness of the air cavity and the percentage
of foliage coverage can have a substantial impact on the performance of the green wall system.
Results showed that green wall systems are effective natural sunscreens and shading systems. A
green wall helped to reduce the exterior wall surface temperatures by a range of 6 to 11 °C compared
to the base case of the wall without a VGS on different days. In addition, it decreased the interior
surface temperature of the investigated southern facade by an average of 5 °C compared to the base
case. Green wall design configurations for hot climate regions, such as Jordan, will help designers to
use the VGS as a design element. Our findings indicate that GW could help to improve the thermal
and daylight environment and thus the results could be taken as indicative for GW wall design in
other areas or buildings.

Keywords: vertical greening systems; cavity; foliage presentation; shading effect; lighting;
DesignBuilder; field experiment; thermal performance

1. Introduction

Buildings are responsible for approximately one-third of total energy consumption
worldwide [1]. Therefore, building energy efficiency is a critical factor in dealing with global
climate change, regional and urban warming (urban heat island), and urban environment
degradation [2].

Sustainability has become a key approach in architecture design and environment
studies. Architects are creating inventive solutions to tackling the problem of energy
needs in the building sector in response to the energy crisis and climatic changes [3].
Over the last decade, the use of greening systems in building envelopes is increasing due
to their performance as passive climatic tools to save energy in buildings, reduce heat
gain, work as windscreens, and provide shading for buildings [4-6]. Vertical greening
systems provide passive cooling for indoor and outdoor environments by reducing ambient
air temperature, as well as enhancing the atmospheric quality and occupations’ thermal
comfort [7]. Moreover, green walls have many extraordinary benefits such as reducing
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internal air temperature, reducing energy consumption for cooling, creating a pleasant
environment, and helping adapt urban areas and cities to climate change and global
warming, mitigating the impact of industrialization and urbanization on the environment,
and improving urban air quality [1,8-13].

Building envelopes are significant elements that have a great impact on buildings’
thermal and energy performance and are responsible for 20-60% of the heating and cooling
energy utilized in buildings [14]. Therefore, several studies emphasized the significant
role of vegetation in improving surrounding environments: the presence of vegetation
near the built environment (e.g., green roof, green facade) helped to decrease surrounding
temperatures by providing shading and transpiration. In summer, VGS blockage of direct
solar radiation via a vegetative layer owing to the shading effect of leaves, regulate lighting
and adjusts the temperature within the buildings. It works in winter as a thermal buffer
layer and keeps heat from escaping from buildings [15,16].

The cooling effects of green walls were investigated in many studies, such as using
direct green walls at the south facade, southwest facade, and east facade of buildings in
Berlin [4] and using a south-facing indirect green wall in Slovenia [17]. Previous studies
show how green wall orientation affected buildings’ thermal performance; such as using
direct GW walls on north-, south-, west-, or east-facing facades with a reduction of up to
1.8 °C, 3.0 °C, 11.1 °C, and 12.6 °C, respectively, in Chicago city [18], and up to 15.18 °C
for a south-facing green wall in Spain [19], air temperature reduction up to 10.1 °C at the
north-facing green wall, and up to 6.1 °C for a west-facing green wall in Hong Kong [20].

Dede [13] studied how different growing media, such as municipal solid waste com-
post, peat, rice hull, and perlite, affected the performance of the green wall and found
that peat and perlite mixture provided the highest thermal performance as they help to
increase the shading and isolation effect. The study used an experimental testing model.
Cuce [8] and Addo-Bankas et al. [10] studied two types of green walls; climbing plants
directly on the wall and green wall supported by a structure integrated into the external
wall as a double facade, green facade, and living wall systems (LW). Cuce [8] studied
systems in Nottingham university buildings using a real model and computer simulation
using the ECOTECT program. The study showed that green walls could help to reduce
internal wall temperature by an average of 2.5 °C. The study concluded that green walls
are promising for sunny and cloudy conditions. The simulation did not investigate more
variables from a design point of view. On the other hand, Addo-Bankas et al. [10] reviewed
previous research on green walls and discussed the significant role of green walls in the
removal of different pollutants. Andric et al. [1] investigated green roofs and green walls as
retrofitting scenarios to face climate change and improve buildings’ thermal performance
in extremely hot climates. The study used a global climate simulation program to find
out the impact of green wall on the energy efficiency of residential buildings and future
weather scenarios using the CCWorldWeatherGen tool. The study concluded that in desert
climates with extreme weather temperatures thermal insulation material is more efficient
than green walls and roofs due to transmission loads through the envelope. The study
was based on expected climate scenarios using a computer simulation without using a real
study. Viecco et al. [11] investigated the impact of green walls on improving the air quality
in urban areas. They studied a numerical and simulation module, ENVI-met numerical
model, to study the air quality in highly polluted areas. The study concluded that green
walls have a significant impact in improving the air quality compared to green roofs with a
high ratio of green coverage. The study focused on air quality using computer simulation.
Kenai et al. [12] developed TRNSYS, a model to study the energy balance of green walls.
The developed model was based on thermal exchanges between building facades and
the external environment in the presence of green walls. The study showed the thermal
advantages of green walls, especially in summer. Vertical greening systems are efficient in
saving energy in summer for all climatic areas across the world; however, vertical greening
systems may have a negative effect in winter by raising heating demand, thereby increas-
ing energy consumption [21]. Pérez et al. [19] observed temperature reduction for the
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exterior surface of the fagade by 7.9-16 °C in snow climate regions, and they also found a
temperature reduction of 1.7-13 °C in warm temperature climates.

Jordan’s annual maximum temperature has risen by 0.3-1.8 °C since the 1960s, while
the annual minimum temperature has risen by 0.4-2.8 °C and the average annual tempera-
ture is estimated to rise by 2 °C by 2050 [22]. In Jordan, the residential sector accounts for
21% of total energy consumption and 43% of total electricity consumption [23]; because
of the absence of shading devices or systems, inadequately insulated external walls and
inefficient building service operations. More than 60% of the energy spent in houses is
utilized for space heating and cooling [24]. As a result, the building sector has the highest
potential for energy savings and future research.

Previous research on green walls studied; the benefits of green walls such as the impact
on air quality, growing media, or orientations and used simulation tools or real experiments
using testing rooms. It is necessary to introduce the green wall as an architectural design
element, especially the impact of the green wall dimensional variables and other variables
such as air cavity, foliage percentage, shading effects, and how to select the green walls as
design element or retrofit device of existing buildings. This research provides a sustainable
assessment for different types of GWS to optimize the best practice model that suits hot-arid
areas such as Jordan. The research will help to identify the most influential variables and
determine special local values for Jordan’s region and climate to provide a base for architects
and designers on how to design and incorporate GWS in building design. Therefore, the
main purpose of this research is to investigate the shading effect of green wall systems
and optimize green wall system performance for student housing buildings at the Jordan
University Science and Technology (JUST). To the best of our knowledge, studies on green
walls in regions with hot climates, such as Jordan, are limited.

2. Methodology

The current research was carried out using real experiment measurements and com-
puter simulation to measure wall surface temperature (Ts), room air temperature (T,),
and daylighting rate in a space with green wall, and comparing the results to a base case
without a green wall. In addition, the research studied relative humidity (RH) for the
space between the VGS and masonry fagade and the wind velocity (WV). A four-story
students” dorm building at the Jordan University of Science and Technology campus was
selected as a case study, as seen in Figure 1. The building was constructed in the 1990s.
Two identical rooms on the ground floor room with dimensions of (3.5 m X 45m X 3 min
L-W-H), and two other identical dormitory rooms in first floor rooms with dimensions of
(3.5 m x 5.1 m x 3 min L-W-H)), the wall thickness of 350 mm, and constructed of concrete.
The difference between the ground floor and the first floor was that on the ground floor the
green wall cavity was 0.8 m, while on the first floor the green wall cavity was 0.2 m cavity,
as seen in Figure 1. Building construction details used were typical to Jordanian building
code for U-values and specifications, while the U-values for the plant and growing media
was based on Feng and Hewage’ study [25], as seen in Table 1.

The shading efficiency of trees is a species-specific attribute, because of the varying
crown structure and leaf density. The measurements proved that the Hedera helix is an ever-
green climbing plant, growing to 20-30 m, and it was growing on some educational spaces
at JUS, working as a shading device to block the sun and control the indoor temperature.
The efficiency of these plants is directly dependent on the shape and density of leaves,
(Porosity of the vegetative layer). Hedera helix was chosen for this study since it is prevalent,
growing on the landscape on the JUST campus, and has rapid growth, quick vegetative
mobility, wide leaf area, and climb ability [26]. The plant characteristics utilized in the
green wall model were based on vertical vegetation parameters reported in the literature.
The research studied variables are limited to the building type and plant species in addition
to the Jordan climate.
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Figure 1. (A) View the building under investigation, (B) section in the investigated rooms without
GW, (C) section in the investigated rooms without GW, and (D) plan of the investigated rooms (two
identical rooms in each floor).

Table 1. Constructed building model details.

U-Value (W/m?K) Layers (from Inside to Outside) Thickness Component
1.736 Cement plaster, precast concrete, cement plaster 0.3m Exterior wall
1.69 Cement plaster, brick, cement plaster 0.1m Interior wall
14 Gravel-based Soil, sand, Cast Reinforced concrete, cement plaster. 0.38 m Floor slab
1.79 H. helix, soil 0.07 m Green foliage layer

2.1. Premlinary Field Measurements

Field measurements of existing spaces at JUST campus with direct green wall show
the positive effect of the direct green wall on the internal air temperature compared to the
identical room without a direct green wall. Figure 2 shows the effect of these plantations
on the educational space on the south facade with a recorded air temperature of 21.7 °C
compared to 25.4 °C in the other identical spaces without a climbing green wall, with
differences of around of 3.7 °C. Therefore, the potential result of the green wall helped to
introduce the green wall as a climatic device at the university dorms, and as a climatic
solution in hot climate regions.

The constructed green wall (6 m x 6 m x 1 m in L-W-H) of 36 m?2, was made of a
galvanized iron structure and covered with Hedera helix plant. At ground floor level, GW
was fixed separately from the building as an indirect GW with 0.8 m cavity, while attached
to the first-floor fagade as GW with 0.2 m cavity. Each building was continually monitored
for 15 days, from 23 November to 6 December 2020. During the measurements, all electrical
devices were shut down, and the rooms were not occupied.
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Figure 2. Effects of climbing plants on indoor temperature.

Figure 3 illustrates the cavity air depth, which is the distance between the building
facade and a vegetative layer, which was 0.8 m at ground floor level and 0.2 m at the first
floor. Figure 3 also shows the design types of different direct green walls to be used in the
simulation as directly attached to the wall climbing plants or have a cavity of 0.10 m, with
0.02 m steps.

Plant

I~ Growing
. media

<—— Wall

Structure

Figure 3. Constructed green wall for field measurements and designed green wall for simulation studies.

During the measurement period (23 November to 6 December) the weather was mostly
clear with some cloudy days. The mean ambient temperature (T;) was 18.3 °C and the
highest recorded T, was 21 °C (Field measurements with Extech HD300 tool, manufactured
by FLIR Commercial Systems Inc., Nashua, NH, USA, Table 2). The mean recorded relative
humidity (RH) was 46%. During the measuring period, the ambient temperature of the
cavity (the distance between the green wall and the building’s bare wall) was 0.2 °C lower
than the ambient temperature of the location on average, and the relative humidity close to
the green wall (within the cavity) was greater than the surrounding by an average of 4%.

Table 2. Instrument specification was used for the field experiment.

Model Parameter Measurement Frequency Sensor Location
Temperature/RH data logging meter:
Extech RHT20 Ta, RH 1h Indoor
IR temperature./ wind velocity data Surface of walls
logging meter: Ts, WV 1h Indoor
Extech HD300
Iluminance data logging: E 1h Indoor (with 1 m height from
Extech HD400 (the light meter) v GF level)
FLIR infrared camera T, 1h Outdoor

FLIR B200

2.2. Building and Green Wall Models

The model of the targeted building was created in Revit and DesignBuilder, and data
were obtained from the JUST Engineering Project Unit. The simulation of green facade was
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based on four different simplified scenarios with different foliage coverage percentages,
as shown in Table 3 and Figure 4, considering the wall as a layer with solid and void grid,
the void presents porosity (air-filled gaps between leaves) to determine the most effective
green facade scenario to reduce heat transfer and enhance indoor thermal comfort. The
solid represents the green foliage layer of 70 mm thickness. Building 3 has the highest
percentage of green wall porosity (void), with 45%, while Building 2 is similar to the green
wall type that is used in field measurements.

Table 3. Tested scenarios for the simulation and field experiment plant coverage percentage.

Scenario Plant Coverage Percentage Air Cavity Depth Green Wall Porosity
Building 1 82% (air gap 18%) Gr‘;‘;r‘;f ffllgs;: 8 28 m 0.3 x 0.15
Building 2 72% (air gap 28%) (1311:: : 828 II:: 0.5x0.3
Building 3 55% (air gap 45%) %f - 8"5 o 0.5 x 0.5

Field Experiment Approximately 62% (air gap 38%) ?11:: : 8§ g

Figure 4. Tested different foliage percentages scenarios; 1, 2, 3, and 4.

Based on previous studies, most researchers assumed that the green facade is a solid
wall consisting of two layers, soil (or growing media) and plant, after studying the perfor-
mance of green roof systems [25]. Sailor [27] created the “Eco-roof” which is a green roof
energy model that can be embedded in the Energyplus software. The model could predict
plant thermal characteristics such as evapotranspiration, convection, and conduction heat
flow into the soil and plant layer. Researchers can define growing media thermal proper-
ties, depth, and plant properties such as height and Leaf Area Index (LAI). The thermal
properties of the green plant layer were U value 0.529 W/m? K, thermal conductivity was
0.239 W/m-K, and LAI was 0.61 m? [2,28].

2.3. Validation of the Simulation Model

We aimed to simulate the green wall as a solid layer similar to that used in previous
studies [25]. The result of this stage, as seen in Figure 5, showed that there is a difference
between the simulated green wall as one layer (simulated exterior surface wall tempera-
ture with GW) and the experimental exterior surface wall temperature on 23 November,
29 November, and 3 December from 8:00 a.m. to 4:00 p.m., the absolute difference value was
more than 7 °C (after 1:00 p.m.), and it could not predict the green wall thermal changes.
On the other hand, a simulation of the base case rooms without green walls showed good
agreement with real experiments, as seen in Figure 6. Therefore, the research developed
more modules to simulate the real green wall and the structure of plants as solids and voids,
which have significant impacts on the heat transfer process, airflow, and performance of
the green wall. Therefore, four stages were developed based on the green wall structure
presented in Figure 4. The green wall models were generated in DesignBuilder software.
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Considering the wall as a layer of solid and void grid, the void presents air-filled green wall
porosity between leaves. The grid was designed after a void ratio determination process.
Figure 4 shows the designed models studied in the current research that should be able to
reliably predict the thermal performance of the green facade on the investigated building.

Experiment results VS simulation resulst of GW as a solid layeron
23rd November

Temperature (°C)

Time

(a)

Discrepancy
Temperature (°C)

Experiment results VS simulation resulst of GW as a solid layeron
29th November

N

N

8:00 AM 9:00 AM 10:00 AM11:00 AM 12:00 PM 1:00 PM 2:00 PM 3:00 PM 4:00 PM
Time

—0—GW as solid layer o—Experiment

(b)

Discrepancy

Temperature (°C)

Experiment results VS simulation resulstof GW as a solid layeron
3rd December

8:00AM 9:00 AM 10:00AM 11:00 AM 12:00PM 1:00 PM 2:00PM 3:00 PM 4:00 PM
Time

—0—GW as solid layer Experiment

()

Discrepancy

Figure 5. Comparison of experiment results to simulation results of GW as a solid layer during the
experiment period. (a) 23 November, (b) 29 November, (c) 3 December.

Base case without GW: simulation results VS real experiment 23rd Nov.

35 1 e 4
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Figure 6. Simulation results of the base case without GW compared to the experiment results.

In addition, simulation results of external surface temperature of the walls without
GW were compared to the experimental exterior surface temperature of the base case in
the studied period. The compared results show good agreement and the potential of the
simulation setting to study new variables.

Figure 7 showed a comparison of the simulated exterior surface wall temperature
with GW and to the real experimental exterior surface wall temperature on 23 November,
29 November, and 3 December from 8:00 a.m. to 4:00 p.m. witan h absolute difference
less than 3.5, 2, and 4 on 23, 29 November, and 3 December, respectively. The total
difference for all expected and recorded temperatures was around 2.1, which proved that
the DesignBuilder model could be used to predict thermal changes in the investigated
building. Results illustrate that there was a noticeable difference between the exterior
surface wall that is covered with the green wall for both the simulation-based approach
and experimental approach, related to the simplification process which does not take into
account the biological processes of the plant. DesignBuilder assumes the green foliage as a
layer similar to the building layers with different U-values. As a result, the same energy
models were applied to analyze the other proposed scenarios of green wall installations,
and scenario building 1 was proven to be the most reliable. In addition, discrepancy
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25

20 F

Temperature (°C)

15

10

between DesignBuilder and measured data was calculated using mean bias error (Mean
Bias Error Calculator, 2020) (MBE) giving as

1 . .
MBE = —} 7 (pi — O), )
where pi is the measured data from the physical model and Oi is the DesignBuilder
reading. The outcomes reveal a significant correlation between the experiment and the
DesignBuilder findings, with a mean bias error of 1.501.

Comparison between developed GW simulation and experiment results
on 23rd November
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Figure 7. Simulation with the developed new modules vs. experimental on (a) 23 November and
(b) 29 November and (c) 3 December.

® Discripancy

3. Results and Discussion
3.1. Real Experiment Results

During the measurement period (23 November to 6 December) the weather condition
was mostly sunny and partially cloudy. The daily mean ambient temperature (T,) was
18.3 °C, the highest recorded T, was 21 °C, and the mean recorded relative humidity (RH)
was 46%. The ambient temperature of the cavity between the green wall and building wall
(which equals 1 m; depth of cavity area) was less than the ambient temperature of the site
by an average of 1.2 °C during the measurement period, and the relative humidity near
the green wall (within the cavity) was greater than the surrounding by an average of 4%.
Many variables have been investigated and measured, such as interior- and exterior wall
surface temperature, interior ambient temperature, and cavity temperature. The measured
data are presented in the following sections.

3.1.1. Exterior Surface Wall and Cavity Temperature

Field measurement results are shown below in Figures 8 and 9. The results show that
the average air temperature of the cavity area (shaded area between foliage layer and the
masonry surface (bare wall)) was reduced by 1.1 °C in the daytime (8:00 a.m.—4:00 p.m.).
T, (temperature of the air) results revealed that the thermal environment of the cavity area
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Temperature (°C)

25 1

20 1

15 ¢+

10 +

Measured air temperatures in the cavity and outdoor on 23rd November

was better than that of the outdoor and unshaded environment. Figure 8 also illustrates
the relative humidity levels through 23 November with the highest levels at 8:00 a.m. and
4:00 p.m., and the only significant increase in RH occurred on “warm day” afternoons
during high solar radiation, and high dry-bulb temperatures periods. In this situation, the
increase in evaporation rates led to higher RH measured values behind the foliage layer,
the RH was 11.4% higher than that measured by the ambient environment.

Measured RH in the cavity and outdoor on 23rd November
80% T

MRH in the Cavity area mRH in outdoor
70% +
- 60%
£
Z 50% +
3
E 0%
s
$ 3%
=1
Rl
& 20% +
==@==Outside-Bulb temperature e=@== Cavity air temperature (shaded area) 10%
g 0%
8:00AM 9:00AM 10:00AM 11:00AM 12:00PM 1:00PM 2:00PM 3:00PM 4:00 PM 8:00AM  9:00AM 10:00AM 11:00AM 12:00PM 1:00PM  2:00PM  3:00PM  4:00 PM
Time Time

Figure 8. (Left) Result of field measurement; outside-bulb temperature and cavity air temperature on
23 November, (Right) relative humidity in the cavity area and the outdoor.

C b

Figure 9. Thermal image of Ts exterior wall for ground floor rooms, covered with green wall (A),
without green wall (B), Thermal images for Ts interior walls, covered with green wall (C), and interior
wall for ground floor rooms not covered with GW (D).

The exterior wall surface temperature of the southern facade with the green wall was
lower than the base case wall without a green wall surface by an average of 7 °C, as seen in
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Figure 9. The green wall was effective in shading the building’s facade, by minimizing the
surface temperature of the wall. There is a slight change in Ts exterior on the covered wall,
while temperatures of Ts exterior of the base case wall changed continuously over time.

In thermal images of Figure 9, based on the colour of the temperature scale provided,
the differences in surface temperatures for the covered wall (with foliage layer) and the
base case wall are clear in thermal images taken by an infrared camera. Dark blue indicates
low temperature, and red /white indicates high temperatures. These images were taken on
24 November 2020 at 1:00 p.m., Ts masonry wall reached 30 °C, while Ts covered wall was
16 °C.

3.1.2. Interior Surface Wall and Room Temperature

The indoor, thermal parameter, T interior of the wall, and illuminance level E; were
investigated. The shading effect of GW was clear between the investigated first floor rooms,
Ts interior for the covered wall was less than Ts base case interior wall by (0.5 °C—4.6 °C)
through the study period, as seen in Figure 10, on 23 of November. The difference in Ts
interior on the ground floor was slightly smaller (0.1 °C-2 °C) due to the south fagade being
recessed by 0.6 m. Although there was a clear difference in Ta for ground floor investigated
rooms, the room with the covered wall was cooler by 0.2 °C-1.9 °C from 9:00 a.m. to
3:00 p.m. in the study period, as seen in Figure 11, for days of 24 and 30 November and
2 December.

T, in Ground floor room with GW compare to the base case on 23rd .

25
20
o
(25
@ 15
2
£
g
£ 10 |
= ——GW-covered room Interior surface Temperature
-
—&—Interior surface Temperature non-covered room
O 1

8:00AM 9:00AM 10:00 AM 11:00 AM 12:00 PM 1:00PM 2:00PM 3:00PM 4:00 PM
Time

Figure 10. Interior surface temperature Ts for GW-covered room compared to the interior surface of
the base case on 23 November.

Air temperature in room covered with GW compare to Air temperature in room covered with GW compare to Air temperature in room covered with GW compare to
base case room (ground floor) without GW base case room (ground floor) without GW base case room (ground floor) without GW
on 24th November on 30th November on 2nd December

_ _ —_—
LY e —— e — N S A —
® ~ ® —— \ ©
520 5 20 £ /
8 ~ g g1
g 19 S— 519 %
2 — g 1
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e e o
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i =8=Ta with GW ==®=Ta without GW 1 a=@==Ta With GW  ==@==Ta without GW 16
a=@==Ta With GW ==@e=Ta without GW
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Time Time

Time

Figure 11. Results of air temperature (T,) for ground floor rooms (with GW and without GW) on 24
and 30 November and 2 December.

Based on the literature, a green wall significantly affects the heat transfer process,
reduces heating of the wall by radiation, and reduces warming of the air temperature in
the cavity area, therefore reducing heating of the building by radiation, convection, and
conduction processes. The reduction in temperatures for exterior surfaces by green wall is
higher than the reduction for interior surfaces. Figure 12 shows air temperature reduction
as a result of using GW on both interior and exterior surfaces. The GW-covered exterior
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surface is cooler than the masonry exterior surface during daytime hours, the exterior Ts
reduction by GW is between 2 °C to 12 °C on 23, 24, and 25 November with an average of
7.7°C,7.56 °C and 7.52 °C on 23, 24, and 25 November, respectively. On the other hand, the
green wall helped to reduce the interior wall surface by 0.5 °C to 4 °C with an average of 2,
2.11, and 2.35 °C on 23, 24, and 25 November, respectively. The air was generally stable:
the recorded air velocity did not exceed 1 m/s, because the prevailing wind in Jordan is
northwest, while the orientation of the investigated facade was south, which means the
winds pass along the facade and do not penetrate it.

Internal and external wall surfaces temperature
deference's with GW compare to base case
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Figure 12. Internal and external wall surfaces temperature differences in a room with GW compared
to the base case without GW on 23, 24, and 25 November.

Long term real measurements during the nighttime and early morning showed that
air temperature and surfaces temperature of the base case rooms on first and ground floors
reduced faster compared to the rooms with green walls. The measurements recorded air
temperature of base case rooms of 0.4 °C-0.6 °C less than the rooms with green walls early
in the morning. A green wall acts as an additional thermal mass layer which reduces the
heat-loss process and slows heat release and exchanges with the ambient air compared to
the base case. On the first floor, the GW with a small cavity reduced heat loss more than that
on the ground floor with a large cavity, which allowed for heat loss by convection and heat
exchange between the cavity and exterior air, thus it helped to cool the interior spaces faster.
Heat loss for the non-covered room was slightly faster in the afternoon period. Infrared
imaging recorded a large difference in rooms’ interior surface temperatures without a green
wall compared to that with a GW. Designing the green wall should take into consideration,
besides the shading effects and cooling during the daytime, the cooling process and heat
exchange during the nighttime, which depends on foliage ratio and cavity distance.

3.1.3. Daylight Results

We investigated the impact of the green wall on daylight performance and shading
performance by measuring hourly illuminance levels, as shown in Figure 13. The highest
outdoor recorded illuminance level was at noon (12:00 p.m.) with 65,235 lux on a sunny
day. Measured illuminance levels at the ground floor with GW did not exceed 500 lux
due to the large cavity between GW and the building on the ground floor, while there was
an illuminance level of about 3000 lux on the first floor with a GW with a small cavity.
Recommended lighting levels are between 150 lux (general activity) and 500 lux (focused
activity; reading) [29]. The green walls helped to control the high illuminance level in
the study rooms compared to rooms without GW on both first floor and ground floor. It
helped to reduce the illuminance level from around 600 lux to 3000 lux on the first floor and
around 500 lux on the ground floor with a large cavity. Therefore, green walls helped to
improve both the quantity and quality of daylight by improving the uniformity, minimum
to maximum illuminance level, and thus reducing the glare and high level of daylight.
Daylight study proved the importance of design of the green wall variables, such as foliage
and cavity the distance between GW and the building, along with studying the shading
effect of the other building or building elements, such as cantilevers, as seen in Table 4.
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Figure 13. Measured illuminance levels on 23 November in rooms on the ground and first floor.

Table 4. Solar and Shading study of the studied building on 23 November from 8:00 a.m. to 4:00 p.m.

8:00 A.M.

9:00 A.M. 10:00 A.M. 11:00 A.M.

12:00 PM.

1:00 P.M. 2:00 PM. 4:00 PM.

3.2. Simulation Results, Optimization Variables
3.2.1. Green Facade Foliage Scenarios

Different plant coverages and foliage parentage were investigated in order to optimize
GW performance and develop design guidelines. The six studied scenarios with foliage
percentage varied from 100% to 50%, and the impact of different foliage on surface wall
temperatures, Ts, were recorded and compared to the field measurement of GW-covered
wall surface temperature, as seen in Figure 14. The first scenario of around 50% foliage
coverage had a low percentage of foliage coverage and recorded an average T reduction of
5 °C, while the green wall with around 60% foliage coverage recorded an average of 6.5 °C.
It is obvious from Figure 14 that increasing foliage coverage increases the effectiveness of the
GW shading effect, which means the thermal performance of the ambient environment. On
the other hand, increasing the foliage coverage by more than 80% will slightly improve the
heating gain and shading performance of the green wall in summer on account of the other
indicators such as daylight and view. Moreover, high foliage coverage decreases the airflow



Buildings 2022, 12, 216

13 of 17

rate, which reduces heat loss/gain through convection and covering the building’s opening
will decrease the natural ventilation rate with the building’s surrounding environment. It
also blocks solar radiation from reaching the building in winter, thus increasing the heating
load, and blocks natural lighting and direct sun rays, besides the additional structural
and cost issues. Therefore, around 60% converge, which is close to the real experiment
percentage, represents the best average for thermal performance and shading, and it was
used in the next section for further optimization in studying the air cavity.

Green wall foliage coverage percentage
31

29

27

o
< s
[
5
2 23
s —_—
g
G
= 19
17 -
15
13
8:00 AM 9:00 AM 10:00 AM 11:00AM 12:00PM 1:00 PM 2:00 PM 3:00 PM 4:00 PM
A ) Time ) )
e 100% foliage coverage = 9(0% foliage coverage e 30% foliage coverage e 70% foliage coverage
60% foliage coverage 50% foliage coverage e hase case without GW

Figure 14. Comparative study for 6 scenarios of green wall design configuration at 0.02 m cavity depth.

3.2.2. Optimal Cavity Depth

One of the most significant factors that affect green wall performance is the cavity air
depth. In this Section, 10 scenarios of cavity depth were divided into two groups; the first
one for direct GW with cavity of (0.02-0.1 m) were tested to find the most effective design
for direct GW and the second one for indirect green wall with design configurations as
double-skin facade (0.2-1 m cavity air depth), as seen in Figure 15.

Cavity Air Depth Based on

GW type
Aftached-climbing plant Indirect GW
(Direct GW) (separated structure)
. | . . .
| 0.02m | | 0.04m | | 0.06m | | 0.08m | | 0.1m | | 0.2m H 0.4m || 0.6m || 0.8m || im |

Figure 15. Ten scenarios for optimizing cavity air depth.

In the simulation process, the cavity for sceneries 0.0-0.1 m scenarios represent a green
wall attached directly to the wall (direct green wall) by climbing plants, or on a mesh
attached to the wall with distance varied from 0.02-0.1 m, while a green wall with a cavity
of 0.2-1 m represents a green wall as a double skin facade. The cavity air depth for the
attached GW from 0.04-0.1 m achieved the best temperature reduction with a slight change
in values from 0.02 m to 0.1 m. On the other hand, indirect GW (as a double skin facade)
with a cavity of 0.2-0.8 m achieved the best result for air temperature and surfaces. As a
result, a wide cavity means the possibility of more direct heat gains, on the original fagade,
from the sun and sky vault and surrounding ambient environment. At the same time,
very narrow widths mean less chance for good air circulation which helps to reduce the
temperature of the wall (Figure 16).
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Green wall cavity results
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Figure 16. Left: comparative study for 11 cavity depth scenarios discrepancy values. Right: discrep-
ancies of green wall design configuration at 0.02 m, 0.1 m, and 1 m cavity depth.

Figure 17 shows how the optimized variables for best wall cavity and green wall
porosity, 0.6 m cavity, and foliage coverage of around 60%, helped to reduce surfaces
temperature for both interior and exterior walls. In hot months the green wall performed
well and helped to reduce the surfaces temperatures and thus the indoor air temperatures
as well. Green wall helped to reduce the impact of hot summer rays in summer which
helped to improve the indoor thermal environment.

50
simulation results of Green wall impact on interior and exterior wall
and room Temperature VS base case
40
o
~2-' 30
3
2
o
a
£ 20
2
10
0
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Month
s N . Surfaces Temp. Base Case In. Surfaces Temp. GW °C s Ex. Surfaces Temp. GW
I Fx. Surfaces Temp. Base Case °C == «» «» Room Temp. Base case s ROOM Temp. GW

Figure 17. Simulation results of optimized green wall for interior and exterior wall surface and room
Temperature compared to the base case with GW.

Different foliage coverage cases and green wall porosity are integrated with the cavity
air depth which varied from 0.02 m to 1 m were studied. The reduction in exterior surface
temperature in the scenario of 60% foliage coverage was the highest, at 10.2 °C with 0.1 m
to 0.6m cavity depth. In field measurements and simulation results, the effectiveness of
green wall as shading had significant impacts on; interior surface temperature, interior
air temperature, and exterior surface temperature for the investigated rooms. The heating
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loss/gain process was slower in the room covered with the green wall, and the additional
thermal mass of the green wall delayed heat transfers between the masonry wall and the
exterior ambient environment compared to the heat transfer rate in the non-covered room.

The daylight field measurements showed that the existence of the green wall affected
the daylight inside the investigated room, and with a 60% foliage coverage percentage for
the field measurements, the daylight rate was still within the standard value of 300 Lux
and provided visual comfort for the users. Based on the finding, it has been confirmed
that the shading effects of the green wall were determined by the green foliage coverage
as well as the cavity air depth. The best performance as surface temperature reduction
was with high foliage coverage of 60% and cavity up to 0.6m. The results from both the
field experiment and simulations indicate that GW could help to improve the thermal and
daylight environment. Nevertheless, the results could be taken as indicative for GW wall
design for other areas or building types and are limited to south orientation.

4. Conclusions

Previous research has confirmed the significant effect of vegetation on buildings’
microclimatic parameters. In summer, vegetation provides cooling via evapotranspiration
and shading. Additionally, in winder environments, vegetative layers provide an insulation
effect via reduced airflow [30], especially in hot climatic regions. The current research
illustrated the performance of green wall systems based on a simplified method for the
simulation process. The simplified green wall model was studied to predict the shading
effect of a green wall system prototype on a south-wall of a building in the climatic zone
of Irbid city in the North of Jordan. The research demonstrated the effectiveness of green
walls on buildings’ performance in the Jordanian context through field measurements and
computer simulation by testing different scenarios with green wall design configuration.
The criteria for choosing the best scenario were based on surfaces temperature and ambient
air temperature reductions for the investigated building. The simulation results showed
that 60% foliage coverage decreased exterior surface wall temperature by an average of
6.5 °C compared to the basic case with cavity varied from green direct wall to 0.6 m cavity.
The research finding corresponds to the outcomes of Perini’s study [30], which investigated
the thermal effect of vertical greening systems as a building envelope. The green wall
showed as an effective daylight system as it helped to improve both daylight quality and
quantity compared to the base case rooms.

The research investigated more than 100 scenarios with different green coverage
foliage and various cavity air depth showed the best GW variables for Jordan, as presented
in Table 5. The table shows the following best variable values:

Direct green wall with foliage coverage between 50% to 70%.
Indirect green wall with foliage coverage of around 60%, and cavity depth no more
than 0.6 m.

e Using a high foliage ratio should consider other performance indicators such as
daylight and view.

e Inhot climates with more direct sun, the cooling process during the nighttime required
less foliage and a large cavity to allow heat exchange by convection and heat release
to the ambient air.

The research has a number of limitations. The analysis was limited to a hot climate, a
south facade, and the building use and materials in the studied case.
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Table 5. 100 cases of green walls with different cavity depth and foliage coverage.

Foliage Cavity Air Depth (m)
Coverage Direct Green Wall Double Skin Wall

0.02 0.04 0.06 0.08 0.1 0.2 0.4 0.6 0.8 1
10% ©) ©) ) @) ®) ®) ©) ®) ) ®)
20% ®) ®) ®) ®) ®) ®) ®) ®) ) ®)
30% ®) ®) ®) ®) ®) ®) ®) ®) ) ®)
40% @) ©) ) @) ©) ©) ©) ) ) ®)
50% @) 2 ) @ @) @) @) 2 ) ®)
60% ) ) @ @ ) ) ) ) 3) ®)
70% @) ) ) ) @) @) 2 ) ) ®)
80% ®) @) ) @ @) ) ) 2 ) ®)
90% ®) @) ) @ @) @) @) 2 3) ®)
100% ©) ) 3) ©) ©) ©) ) ) (3) ©)

(1) Preferred; (2) accepted; (3) not common.
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