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Abstract: Living walls are a nature-based strategy to enhance climate resilience in urban areas. There
is a need to study the possible influence of living walls on the thermal performance of building
façades, given the rising temperatures in 2022 across the UK. This study aims to analyze the impacts
of living walls on façade temperature based on orientation variation through simulation Envi-met
5.0.3. software. The living wall studied is attached to a multistory building located in Manchester city
center consisting of seven evergreen plants. An environmental simulation was carried out linked to
the 2022 climate, including extremely hot and cold days. Four scenarios of façades with and without
greening on the northwest and southeast orientations in summer and winter were analyzed. The
results highlighted the living wall’s ability to reduce the surface temperatures on both the northwest
and southeast façades on a hot summer day. There is no significant evidence of improvement for
the northwest façade in the winter climate, but a modestly increased temperature is shown in the
southeast compared to the bare wall. These findings indicate that living walls provide measurable
advantages in the building envelope, leading to energy saving.

Keywords: living wall; orientation; façade surface temperature; nature-based solution

1. Introduction

Urbanization is recognized to cause a rise in urban heat island (UHI) intensity, espe-
cially in rapidly growing cities [1–3], potentially harming the environment and human
health [4,5]. The UK is not immune to these fast urbanizing effects contributing to the
rising temperature. An investigation using findings from a high-density urban monitoring
network demonstrated that local warming (on a particular day) could exceed 8 ◦C [6]. A
maximum summer intensity of 8 ◦C was also recently measured in Manchester [7]. Simi-
larly, research measuring UHI during the winter in Birmingham city center showed a rise
of +2.3 ◦C, and another study indicates that the summer UHI would cause an increase in
heat-related health problems [8]. As the built environment affects the surface energy bal-
ance and causes UHI, high-performance building envelope approaches should be used to
reduce the negative impacts [9]. Modifying the building envelope can reduce UHI [10–12]
and reduce the energy required for indoor cooling [13]. A successful mitigation strategy for
boosting resistance to the effects of global warming is to use methods for reducing heat
gain by using urban surface parameters on large spatial scales [14].

In this paper, the terms GW (green wall) and VGS (vertical greening system) are
used interchangeably, and LWs (Living Walls) and GFs (Green Façades) have different
constructions according to their scientific classification. LWs generally refer to vertical
gardens mounted to building walls [15]; in contrast, a GF is a wall covered with greenery,
such as climbing plants planted on the ground, on roofs, or climbing through supporters.
Additionally, LWs have more complicated structural designs due to the variety of plants,
substrate characteristics, watering systems, and air gaps which affect LW thermal efficiency.
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Researchers and practitioners have widely accepted the VGS as a helpful strategy
to mitigate adverse UHI effects on an urban scale [16–19]. Without taking up any space
on the street level on a city scale, a GW contributes to the integration of plants into the
urban environment [20]. The analysis results of previous studies suggest that a GW reduces
building energy use for heating and cooling by up to 16.5% and 51%, respectively, and
can reduce UHI in all the investigated climate zones by up to 5% [21]. The existing
research [15,22–24] also demonstrates that a GW is an effective strategy for saving energy in
buildings. Furthermore, a GW potentially increases biodiversity in urban areas [25], adds
value to properties [26], and improves health and well-being [27]. However, a study has
shown that LWs can lower the surface temperature of façades compared to GFs in a tropical
climate in Singapore [28]. Currently, a few studies have considered the effect of LWs in
climate zones such as those experienced in the UK, that is, in maritime/moist climates
with a moderate annual temperature range, including cold and wet winters and warm
and wet summers. It is beneficial to examine the potential effects of LWs on the thermal
efficiency of building façades in circumstances where the temperature in the UK continues
to rise, especially since 2022 experienced the highest annual average temperature [29]. In
addition, the plant species already utilized by companies and the impact of orientation will
have different effects in the UK compared to tropical countries where warm conditions are
currently more frequently experienced. Therefore, it is essential to study the utilization of
plants that might be used to advance understanding in this area.

VGSs are increasingly being used in the UK, especially in megacities like Manchester.
Building façades become “greener” based on owners’ priorities, building envelope potential,
and company products. More studies about VGS installation are required to ensure the
practical usage of GW products because there are not many studies in the UK that are
specifically focused on the thermal performance of GWs in extreme weather. Despite
having a significant influence on both the summer and winter urban environment and
the thermal performance of buildings [30], the thermal behavior of a VGS depends on the
climate conditions and needs further examination. The extent of the energy benefits also
varies with the GW orientation. Hence, it is crucial to make sure that LWs do not contribute
to rising energy usage during the winter in climates such as Manchester. The characteristics
of the plants themselves also play a significant role in the effectiveness of LWs. Charoenkit
and Yiemwattana [15] indicate that in tropical climates, plants with small leaves and dense
foliage have the greatest performance in reducing surface temperature.

The project’s goal is to examine the impact of LWs on the thermal exchange of the
building surfaces in Manchester in 2022. A case study of a multistory building with LWs on
its northwest and southeast façades was carried out using Envi-met software. This study
used statistical analysis to explain the findings. Using Envi-met software, the building was
modeled along with seven plant types in both orientations. The numerical results extracted
display air temperature in front of facade, humidity, longwave radiation, and the surface
temperature of the façades. The results are shown in diagrams and figures.

The research questions are as follows:

- What is the difference between the thermal exchange of the exterior surface tempera-
ture with and without plants in the climate conditions of Manchester?

- What is the relationship between the thermal performance of the LW and the façade’s
orientation?

- What is the relationship between plants and wind fluctuations in the southeast and
northwest exposures?

The hypothesis is as follows:
The southeast and northwest faces seem to influence the façades’ heat exchange. As the

southeast façade experiences more heat gain, the surface temperature reduction is expected
to be greater than the one on the northwest façade. Additionally, the LWs are expected to
lessen the wind fluctuation in the wintertime relative to the weather in Manchester.

Few studies have analyzed the thermal performance of LWs, specifically in Manch-
ester’s climate and urban conditions. The study’s novelty is the LW simulation carried out
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on the building prototype in the extreme weather in Manchester, which is implemented in
the northwest and southeast directions, and is covered with seven plants already used by
local GW companies. The results of this research can assist companies, designers, and con-
sumers to determine the efficiency of LWs and optimum LW orientations in Manchester’s
climate conditions. The limitation of this study is that this study used particular LWs in
Manchester as the case study. The LWs include seven different types of plants with mixed
effects on air quality, thermal performance, and appearances in various seasons. Therefore,
the calculated results for the effects of the LWs are closely related to the plants used and
the location and orientation of the LWs.

As the literature review in the section below demonstrates, the thermal behaviors of
LWs vary in different climate zones. Many LWs have been constructed in warm climate
zones, but less are used in mild climate areas, such as those in the UK. In order to compare
the performance of the LWs in Manchester against those in other climate zones, an extensive
literature review is carried out in the section below to demonstrate various impacts of LWs
on urban environments.

2. Literature Review
2.1. Green Envelope Thermal Performance

Many studies have examined the thermal behavior of LWs, such as a study comparing
the thermal performance of eight types of VGSs (seven different kinds of LWs and one
type of GF) carried out for tropical regions by Wong [31]. A decrease of 11.58 ◦C in the
wall surface temperature was observed for clear sky in the case of a modular LW with an
inorganic substrate and lattice and a modular LW with a mixed substrate. A decreased
wall temperature also reduces the energy cooling load and creates potential energy savings.
These findings indicate the thermal benefits of the VGS for lowering building surface
temperatures in tropical regions.

A sensitivity test was used to find the critical variables that impact the thermal ef-
ficiency of LWs, such as plant type, substrate, structural factors, interior environment,
weather parameters, and watering frequency. A research team from China conducted
a simulation study using the Envi-met tool and employing the novel substrate known
as “super soil”. It assessed LW cooling and energy-saving advantages throughout the
summer by comparing four different wall scenarios: a bare wall, a GF, a super soil LW,
and a planter-based LW. The super-soil-based LWs achieved 19.92% indoor energy savings,
followed by the LW based on boxes at 15.37% and the wall of the GF at 6.29% [32].

Eumorfopoulou and Kontoleon [33] conducted an experimental investigation during
the Greek cold season to understand how a GW impacts the thermal behavior of building
envelopes. This research considered the surfaces covered with the Parthenocissus triscupi-
data climbing plant and coverage ratios varying from 0% to 100%. Lower temperatures
on the building surfaces due to plant coverage were observed, and the beneficial effect
became more evident on the east and west surfaces as the proportion of plant leaf cover
increased [30]. An experimental study in the Netherlands examined temperature and
airflow at the beginning of autumn, including direct GFs, indirect GFs, and planter-based
LWs. The most effective wind barriers reported using LWs were made of planter boxes and
direct GFs, which reduced the wind speed. The insulating effect of the building envelope
was increased by improving the thermal resistance. In order to determine whether this
strategy can help in London’s climate, Jimenez [34] investigated the thermal performance
of LWs on three buildings. The findings show that the VGS can lower the exterior surface
temperature of buildings by up to 12 ◦C during summer.

An experimental study carried out at the University of Bari (Italy) utilized three
perforated brick walls: two had evergreen plant coverings of Rhyncospermum jasminoides
and variegated Pandorea jasminoides, while the third was left uncovered and served
as the control. On warm days, the protected walls’ daytime temperatures were up to
9.0 ◦C colder than the corresponding values for the exposed walls. The vegetated walls’
overnight temperatures during the cold days were up to 3.5 ◦C higher than the control
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wall’s [18]. Similarly, Blanco et al. [35] found that by comparing the surface temperature of
the wall covered with climbing plants and bare walls in Bari, the surface temperatures of
the GWs were up to 7.7 ◦C lower in the summer than those of the uncovered walls. In an
experimental study in Brazil, the surface temperatures of an east façade in a subtropical
climate with hot summers (Cfa) were measured to determine the thermal impact of a
continuous LW. The findings demonstrate the effectiveness of the LW in lowering the
internal and external surface temperatures relative to a bare wall, down to 2.9 ◦C and
10.6 ◦C, respectively [36]. The impacts of different LWs in various regions are listed in
Table 1 for comparison.

Table 1. Existing studies on effects of various types of green walls.

Author Region Köppen
Classification

Green Wall
Type Season Results

Eumorfopoulou and
Kontoleon, 2009

[33]
Greece Csa TG SU Plants reduced the surface temperature by

about 5.7 ◦C on average.

Wong et al., 2010
[31] Singapore Af GW and GF SU, WI, SP

The highest capacities were demonstrated
by the living wall–modular panel, a mixed
substrate with a maximum reduction of

approximately 10.94 ◦C.

Perini et al., 2011
[30] Netherlands Cfb TG, GF, and

LW AU

The surface temperature of façades
differed by 1.2 ◦C from TG and by 2.7 ◦C
from DG, and 5 ◦C was recorded in the

case of LW.

Cameron et al., 2014
[16] UK Cfb GF SU, AU, and WI

Prunus significantly cooled the walls but
had a lower surface cooling capability

(6.3 ◦C), while Stachys and Hedera
delivered cooling of >7.0 ◦C.

Bolton et al., 2014
[37] UK Cfb TG WI

Ivy raised the average exterior warmth of
a north-facing wall by 0.5 ◦C in the winter
and decreased temperature fluctuations by

more than 3 ◦C.

Coma et al., 2017
[21] Spain BSk DG and GW SU and WI

GW 58.9% and DG 33.8% increased energy
saving during the cooling season
compared to the reference wall.

Jimenez, 2018
[34] UK Cfb LW SU LW lowered the temperature of the

outside surface by up to 12 ◦C.

Vox et al., 2018
[18] Italy Cfa TG WI

GF lowered summer daytime surface
temperature to up to 9.0 ◦C cooler and

winter night-time surface temperature up
to 3.5 ◦C warmer than uncovered walls.

Blanco et al., 2019
[35] Italy Cfa TG SU

Summertime surface temperatures of GF
were up to 7.7 ◦C lower than those of the

uncovered wall.
Fox et al., 2022

[38] UK Cfb LW AU On average, the internal air temperature
was 17.2 ◦C (with 4.2 ◦C fluctuation).

SU: summer, WI: winter, SP: spring, AU: autumn, WY: whole year, TG: traditional green façade, DG: double-skin
green façade, LW: living wall. Köppen classification: Csa: hot-summer Mediterranean climate, Af: tropical
rainforest climate, Cfb: temperate oceanic climate, BSk: cold semiarid climate.

In both summer and winter, LWs have more energy-saving effects than identical
simple/common walls [39]. Due to the additional thermal insulation offered by the plants
and substrate, a rate of 18% in energy savings was attained during the heating test [24].

The existing studies demonstrate that the temperature changes on the building façades
were affected by the orientation of the walls. Also, different types of plants can contribute
to passive systems for energy savings in different mechanisms. These two aspects are
discussed in the following two sections.

The studies on the thermal performance of GWs can be broadly divided into groups
based on GW characteristics, such as GW type, substrate, air cavity, plant species, irrigation
system, and climate conditions, as well as building attributes, including materials, orienta-
tion, height, and usage. Most of the research on GWs has focused on elements relating to
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climate issues and GW characteristics. The methodology applied is simulation, separate
experiments, or experiments which are validated using simulation studies.

2.2. Living Wall Orientation

There is an apparent influence of the orientation of LWs on energy efficiency. The
dependency of an LW’s thermal behavior based on the orientation of the GW and climate
condition is strongly supported in various studies. In Brisbane’s tropical climate, north-
facing vegetated façades could minimize cooling loads by 95% relative to west-facing
façades, which decreased cooling loads by just 1% [40]. In temperate climates, a difference
in the energy saving of LWs facing opposite directions is often seen. In the case of GFs, a
simulation study shows that when all faces are fully covered by plants, the cooling load
reductions differ based on the exterior wall configuration. The cooling load of a building
without openings is lowered by up to 20%, 18%, 8%, and 5% if the greening system is built
in the west, east, south, and north [41]. The simulation evaluation of a building in Portugal
reveals that heating loads can be lowered by 6–11.2% through the use of LWs on the east
face, 8.2–13.3% on the west, and 24.4–28.6% on the north façade [42].

An experimental study was conducted by Jim [43] in the humid–tropical Hong Kong
climate using four orientations. Strong irradiance raised control surface temperatures and
caused significant transpiration that cooled nearby ambient air and plant surfaces.

Another experimental study was carried out by Pan et al. [44] in humid subtropical
Hong Kong on the effects of orientation and weather on the thermal performance of a
VGS. In relation to the daily maximum temperatures of the walls with and without VGSs,
substantial impacts were demonstrated. A west-facing VGS had the most significant
reduction in wall temperature (6.1 ◦C), and a north-facing VGS had the highest potential to
lower the ambient temperature (10.1 ◦C). The existing studies highlight that VGSs might
lower the building envelope’s constant cooling load from 12% to 42%. The orientation of
the greening on the building façade also affects the internal thermal environment.

Pérez et al. [45] showed that a decrease of 15 ◦C in the building surface temperature
could be achieved and that a GF on the east orientation could minimize the sun’s early-
morning substantial effects. When temperatures peaked in the south exposure at 3:45 p.m.,
the decrease was as much as 16 ◦C. At 7 p.m., the double-skin GF on the west orientation
lowered the temperature by 16.4 ◦C. However, a study by Bolton et al. [37] suggests that
evergreen LWs on north-facing buildings can reduce heating costs, and deciduous climbers
on the south side are more efficient in Manchester. On cold days, the covering is more
effective; however, if the temperature rises above 12.2 ◦C, the ivy covering causes an
increase in energy loss because it protects the wall’s exterior from shortwave warming. A
recent study was undertaken in Florence, Italy; the surface façade temperature dropped
by 8.0 ◦C with indirect GFs during the hottest days, while in winter, plants blocked the
solar gain, leading to a rising heating demand of about 4%. Similarly, deciduous plants
are recommended in a Mediterranean climate. Regarding shading by plants, a significant
reduction happened in the western orientation with 8 ◦C compared to the southern and
northern directions with 6 ◦C and 4 ◦C, respectively [46].

Coma et al. [47] investigated a double-skin GF and compared their results to a ref-
erence wall using south, east, and west orientations. The east wall’s GF and the GW
temperature reduction were 13.8 ◦C and 17.0 ◦C, respectively. Comparison data from a
different orientation revealed a 10.7 ◦C reduction using a GF on the south surface and
21.5 ◦C for a GW. The GF reduced the temperature by 13.9 ◦C and the GW by 20.1 ◦C
when facing west. Comparative research in La Rochelle, Paris, and Athens, Greece, also
highlighted thermal insulation benefits in winter and summer, particularly on the west
sides [48].

The majority of research shows that a west-facing orientation performs best in terms
of reducing cooling demand. According to studies [37–49] that examined GFs covered by
climbing plants, evergreen species with a south orientation contribute to higher heating
demand. Thus, deciduous climbing plants can be planted to increase heat gain during
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the winter. Arguably, another study by Vox et al. [50], through two years of experimental
research in the Mediterranean climate, showed that evergreen plants remarkably saved
energy in the winter in the south orientation. The main cause of heating loss was the
insulation of GWs on the western and southern façades [51]. Although several studies have
been conducted, the thermal exchange of GWs in winter, specifically in cold regions, is
still scarce.

2.3. Plant Mechanisms

Plants on building façades can contribute to energy saving in the building in different
ways. According to Perez et al. [52], there are four fundamental mechanisms that plants
can provide towards passive systems for energy savings, including creating shadows to
reduce solar radiation [53–56], increasing thermal insulation [56], enhancing evaporative
cooling effects [52,57], and creating a varied impact on the wind around the building [58].
Different species also have various outcomes on the internal thermal environment, largely
related to the local climate. Climate changes in different seasons can influence both the
plants’ growth and internal thermal performance. Understanding the local climate for the
study areas and climate changes in different seasons is essential. The local climate impacted
the growth rate of different climbing plants and their ability to provide shade changed
during the year. The results suggest that GFs create a microclimate between the wall and
the green coverage, leading to slightly lower temperatures and higher relative humidity
in dry Mediterranean continental climates [59]. GFs with higher leaf densities are more
effective for cooling façades [60]. The following section discusses the four fundamental
mechanisms of the plants in detail.

2.3.1. Evapotranspiration

Evaporative cooling, which lowers the temperature of the façade, is produced when
heat energy is taken during the evaporation of water from plants [31], with a significant po-
tential to reduce urban and global temperatures [61]. Scarpa [62] provided a mathematical
model that took into consideration a variety of LW characteristics, including evapotran-
spiration, open or closed air cavities, and plant species. It offers a tool for predicting the
thermal behavior of LWs by considering all these characteristics.

While the thickness of plant foliage increases by 25 cm and is 100% covered, the
cooling season energy consumption is reduced by 18.17%, and energy savings connected to
the south face are less than those related to buildings facing east. Moreover, GFs can heat
adjacent air by evaporating water [17] and improving thermal insulation in winter [63]. To
determine the evapotranspiration rate of GFs and their effect on evapotranspirative cooling,
an experimental study analyzed deciduous non-native and nondeciduous native plant
species in Australia. When the conditions were well watered, the north- and west-facing
façades of the GFs provided maximum evapotranspiration cooling of 4.4 ◦C and 1.7 ◦C,
respectively [64].

2.3.2. Shading

A GW may shield the building exterior by offering shade. The GW receives sunlight
depending on the canopy’s physical features. It is distributed in three ways: transmitted to
the atmosphere, or through the leaves, or the canopy absorbs it [65]. Plants can provide
shade to buildings, protect them from direct sunlight, and, at the same time, create a
homogeneous microclimatic phase between the plants and the building surfaces. Shading
is often cited as the most important aspect of plant cooling, indicating that the larger the
foliage, the more influential the impact [66]. Most locations with high vertical radiation
use shading VGSs to provide shading [67]. Depending on the cooling and heating seasons,
shading may have various impacts. In the summer, carefully placed plant canopies on the
building façade could block sunlight [68].

Sun et al. [69] presented the global relationships between UHI and urban greening,
including characteristics such as leaf area index (LAI), vertical structure, plant height, and
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canopy density, which can affect shading and cooling effects. Transferring heat through
a GW is complicated by numerous aspects. Heat transfer mechanisms on a wall with
climbing plants differ from those on a bare wall due to the interposition of the foliage
between the outdoor environment and the building envelope. In contrast, a leaf cover’s
exterior layers serve as optical filters, and the deeper layers will function as insulation.

2.3.3. Effects from Wind

Wind is another environmental factor that impacts building envelopes. Heat transfer
from the building envelope is influenced by wind velocity. Due to the wind velocity
reduction using a GW, there will be energy savings for cooling and heating [70].

The amount of wind protection a green barrier offers is primarily determined by the
direction and speed of the wind; the height, width, and length of the barrier; and the
density and permeability of the material that will eventually make up the barrier. Given
the plant type, the area should be designed to avoid blocking access to air conditioning
systems in the summer and winds in the winter [71]. Dense foliage reduces the wind flow
around the façade and prevents the building from cooling down in warm conditions. It
suggests that VGSs with fewer plants have a negative effect during the winter instead of a
cooling effect, as the LAI is considered the main principle altering the thermal performance
of plants [58]. Blocking wind is one method of enhancing a building’s energy efficiency.
Wind reduces the efficiency of standard insulation, even in airtight buildings [52].

2.3.4. Thermal Insulation

The GW can be used as “additional insulation” for the building envelope [30,72]. The
effect of VGS insulation can be created by changing the ambient conditions (humidity and
temperature) of the space between the greening system and the building surface [48,49].
In the humid and cold regions of China’s Hunan Province, due to the VGS’s additional
thermal insulation, an energy saving of 18% was achieved during a heating experiment. The
use of insulation materials and an air cavity minimized the heat transfer between the indoor
and outdoor environments around the building [24]. An experimental study performed on
a modular GW in a Mediterranean climate shows the green system provided additional
thermal insulation. It estimated a 60% reduction in outgoing heat flux. Daily energy studies
showed that the greening system could reduce heat loss during a cloudy winter day by
about 56% compared to a plastered wall [73] due to the thermal insulation provided by the
vegetation and the substrate [53]. GW may increase heat demand [55] if the plants have
not been selected carefully enough and the climatic characteristics have not been analyzed.
Dede et al. [74] investigated various types of growing media to understand their thermal
insulation value in hot climate situations. Growing media, like peat, compost, and perlite,
were tested, and the result showed that compost and peat had the same performance. The
highest efficiency was observed in the mix of peat and perlite growing media. It should
be noted that despite the related research on the insulation effects of VGSs, the empirical
evidence on how LWs affect building insulation is still being determined [38].

3. Materials and Methods
3.1. Simulation Tool and the Case Study

Stimulation for the research comes from the understanding that architects are en-
couraged to use developed technologies in building design to constantly improve design
solutions and enhance the capabilities of this simulation software. Given the range of
simulation tools, capabilities, and limitations, it is crucial to be informed of the new options
for energy-saving design and the available energy design tools. Simulation also offers
meteorological models to replicate the geographical area and take into account essential
elements, such as climate, materials, and atmospheric processes, as well as calculated ther-
mal comfort indices, mean radiant temperature measurement, initialization, and boundary
conditions [75]. In this study, Envi-met software was used to simulate the effects of the
LWs on the building walls. Envi-met is a high-resolution 3D modeling software that can
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simulate complex microclimatic processes, such as flow around and between buildings and
temperature exchange processes on surfaces such as the ground and the buildings’ walls.
The software, therefore, can provide useful data about the impacts of environmental factors
that influence the built environment by simulating how the ground, plants, structures, and
atmosphere interact. Hydrodynamics and thermodynamics are the fundamental theories
of environmentalism [76]. Engineers, planners, and urban environmental scientists can
use Envi-met to simulate the climatological features of the urban environment [77], and
researchers have widely recognized it as a practical and scientific research tool [78] when
focusing on urban studies [79].

In this paper, the authors used results from a simulation study using the Envi-met
tool to assess LW thermal performance throughout the UK’s summer and winter climate
conditions. This involved comparing two LWs in different orientations to explore the
greenery’s impact on the building’s surface temperature. The study incorporates knowledge
gained from the reviews of previous studies presented above (Figure 1). The research project
focuses on analyses of the thermal performance of LWs simulated for two days in July and
January 2022, using Envi-met version 5.0.3 as a primary tool. The grid cell sizes for the
model are dx: 1, dy: 1, and dz: 0.5 m, with x-grids of 80, y-grids of 80, and z-grids of 80.
The weather information for the simulation were extracted from Meteonorm. It should be
noted that in this study, the physical building with the LWs in Manchester that was chosen
as the case study had one-meter-long chamfer on one of both walls. As this study uses
the building and its LWs as models for simulation, in the calculation, a straight wall and
standard wall structure were used. Therefore, the results do not necessarily correspond to
the real temperature changes inside or outside the real building in Manchester.
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Figure 1. Conceptual research framework.

3.2. The Case Study

This research uses a multistory building in the city center of Manchester as a stereotype
building for the simulation, and this section of the city in which the building is located is
densely populated, and the southeast side of the GW faces a busy street. The materials used
in the construction are diverse; however, the outside walls are a combination of concrete
cladding and glass, as shown in Figure 2. The modular LW elements are secured by a porous
vertical carrier rail to support the weight of the soil and plants. The applied substrate is clay.
The LW is colorful in appearance and comprises evergreen and flowering plant species for
year-round attraction. Some plant species also have significant air purification properties,
which are helpful because the building is situated in a relatively busy urban area. The
plan of the building and its orientation are illustrated in Figure 2. The simulation used a
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standard building envelope wall of concrete and rainscreen concrete cladding. The case
chosen represents a typical example of LWs in a busy urban area that are surrounded by
other buildings and busy streets.
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Figure 2. The living walls located on the southeast and northwest façade of the building.

This study tested LW elements that incorporated seven evergreen plants, mimicking
real LWs made for a local building, including Hedera Helix “Green Ripple”, Lavender Hid-
cote, Matteuccia Struthiopteris, Tellima Grandiflora, Buxus Sempervirens, Dryopteris, and
Vinca Minor “Atropururea”, which were applied to the northwest and southeast façades.

The standard wall for the building comprises an inner layer of dense concrete block
(150 mm) and an outer layer of rainscreen concrete cladding (100 mm). These layers are
separated by a 100 mm insulation layer. The internal face of the wall is covered with
gypsum plaster (10 mm), and the overall thickness is 400 mm (Figure 3). The details of the
LWs are listed in Table 2.
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Table 2. Detailed description of living wall.

Parameters Modular Living Wall

Substrate Clay
Thickness 0.08 m

Moisture content
Percentage 40–50%
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Table 2. Cont.

Parameters Modular Living Wall

Hedera Helix “Green Ripple”
Lavender Hidcote

Plant species Matteuccia Struthiopteris
Tellima Grandiflora
Buxus Sempervirens

Dryopteris
Vinca Minor “Atropururea”

Air gap
0.00

Plant average thickness
0.3 m

3.3. Climate Conditions in Manchester

Climate conditions are a critical factor influencing the thermal behavior of VGSs [80].
In order to better understand the impact of climate conditions, meteorological data were
extracted from Meteonorm for the examined year and imported into Climate Consultant
software, which computes thermal analysis based on ASHRAE Standard 55. Manchester’s
climate falls under the “Cfb” category of the Köppen Climate Classification (West Coast
Marine Climate). The yearly average temperature is 10 ◦C (50.0 ◦F). To assess the efficiency
of the VGS, the warmest and coldest months and days within those months were identified.
This led to further analysis based on the days of 19 July and 7 January from 7 a.m. to
8 p.m., focusing on the thermal performance of the LWs. This simulation was conducted in
extreme weather to check performance on one of the hottest and coldest days of the year.
The maximum temperature was recorded in July, with the highest temperature around 30 ◦C
(Figure 4), and an extreme heat wave warning was issued. January was the coldest month,
with the lowest temperature of −3.00 ◦C.
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ester (Climate Consultant software outputs).

Although the strongest winds in Manchester ranged from 12 to 14 m/s, the wind speed
in July was 2.5 m/s from the southwest, and in January, typically 3.5 m/s from the north-
west. Additionally, the most significant amount of precipitation—about 86 mm—occurred
in January, while the lowest amount—about 60 mm—was recorded in February, although
in January, there were 11 days with rain. The average amount of precipitation in July of the
tested year was 76 mm across 11 days, which is higher than the average for the month. In
the summer, notably in July and August, there was a significant internal heat increase.

4. Results from Envi-Met Calculation
4.1. Southeast-Facing Façade on Hot Day of the Year 2022

To assess the cooling capabilities of the LW, the temperature of the façade was sim-
ulated from 7 a.m. to 8 p.m. on 19 July 2022. The chart demonstrates the temperature-
lowering effects of the LW, which included seven plant varieties.
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Compared to the baseline scenario (façade without greening), the LW had a cooling
impact on the façade (Figure 5). Effectively, the cooling performance of the LW indicated a
temperature decrease of almost 6.91 ◦C at 7 a.m. and 11.37 ◦C at 8.00 a.m., followed by a
steady increase of 17.80 ◦C, 18.77 ◦C, and 18.39 ◦C between 9 and 11 a.m. The temperature
difference increased dramatically between 1.00 p.m. and 2.00 p.m., reaching 23.48 ◦C,
followed by 19.01 ◦C at 3.00 p.m. and 16.08 ◦C at 4.00 p.m. After 6.00 p.m., the surface
temperature decreased by 9.27 ◦C, and the difference between 7.00 and 8.00 p.m. was
9.74 ◦C and 5.43 ◦C, respectively. On a hot summer day in July 2022, the reduction in façade
temperature ranged from 5.43 ◦C to 23.48 ◦C. On average, the results confirm that the LW
cooled down the façade by 15.00 ◦C.
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Figure 5. Comparing the southeast façade’s surface temperature on a summer day in July with and
without greening.

4.2. Southeast-Facing Façade on a Cold Day

The southeast façade with greening was approximately 4.38 ◦C, 3.49 ◦C, and 3.00 ◦C
warmer than the façade without greening, as demonstrated (Figure 6) from 7 a.m. to 10 a.m.
on a cold day on 7 January, when the LW was simulated. The least effective times for the
LW to slightly warm the façade was at 11:00 a.m. and 12:00 noon, at about 0.66 ◦C and
0.81 ◦C, respectively. The surface temperature with and without plant cover was roughly
equal at 1:00 p.m. The LW was, on average, 2.63 ◦C warmer from 1.00 p.m. to 8.00 p.m. It
can be stated that the LW was warmer than a bare wall on a freezing winter day in 2022,
by, on average, about 2.18 ◦C. However, its efficiency on a scorching summer day was
significantly more profitable.
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4.3. Northwest-Facing Façade on a Hot Day

The same date and time, from 7 a.m. to 8 p.m., were simulated for the temperature
of the northwest façade. The LW helped to keep the façade’s temperature down by about
6.47 ◦C at 7 a.m. and 10.04 ◦C at 8 a.m. Colder surfaces were then followed by 12.80 ◦C
and 14.59 ◦C at 9. a.m. and 10. a.m., respectively. At about 12.00 noon., there was a
sharp increase in the temperature disparities. When the average difference in surface
temperature was around 18:00 ◦C, the LW was the most effective at cooling between
12:00 noon and 4.00 p.m. It should be noted that the best cooling happened at 2:00 p.m.
when the temperature was 19 ◦C. After 5.00 p.m., the cooling impact of the surface started
to diminish, and the results at 6.00 p.m. revealed 16.36 ◦C and 13.00 ◦C at 7 p.m. Compared
to the bare wall at 8.00 p.m., the LW surface temperature was the lowest at 5.87 ◦C (Figure 7).
The northwest façade’s LW demonstrated the most remarkable effectiveness in lowering
the surface’s temperature by an average of 13.53 ◦C during the specified period.
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Figure 7. Comparing the surface temperature of the northwest façade with and without greening on
a summer day.

4.4. Northwest-Facing Façade on a Cold Day

In this scenario, as shown in Figure 8, the LW warmed up by 1.80 ◦C, 1.90 ◦C, and
1.41 ◦C from 7 to 9 a.m. The surface temperature in both cases was nearly the same at
10:00. The bare wall was warmer than the LW between 12:00 and 3.00 p.m. The LW was
warmer by under 1 ◦C from 3.00 p.m. to 8.00 p.m. On the test day, the façade covered with
plants was, on average, 1.1 ◦C warmer than the façades without greening, and temperature
fluctuation was reduced by a maximum of 2.70 ◦C in comparison to Bolton’s study [36] in
Manchester, which found that ivy increased the average outside warmth of a north-facing
wall by 0.5 ◦C in the winter and reduced temperature variations by more than 3 ◦C.
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5. Discussion
5.1. Effectiveness of Living Wall Regulating Temperature in Winter

As seen in Figure 9, the LW shielded the wind from the façade during a winter day,
contrasting with the façade without greening. When tested on the southeast façade during
the cold day, the wind speed fluctuated by 0.7 to 0.24 m/s, and the most considerable
dropping variation was 0.24 m/ss, while it was reported to be 0.05 m/s on the northwest
façade. On the test day, the southerly wind was the predominant direction. Hence, the
southeast façade had a more substantial wind barrier effect than the façade facing the
northwest. A GW minimizes the heat transfer between indoors and outdoors [80]. Perez
et al. [81] reported that blocking the wind enhances a building’s energy efficiency. The
thermal losses from the building envelope are an indication of the value of the overall
energy balance and depend significantly on wind convection [82]. Both tested façades
effectively blocked the wind, contributing to building energy savings.
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Figure 9. (A) Wind speed in front of southeast façade on a cold day. (B) Wind speed in front of
northwest façade on a cold day.

The air temperature in front of the southeast façade covered with plants between
7 a.m. and 3 p.m. was at its highest point of 0.31 ◦C on a cold winter day. After 3 p.m., the
situation was reversed, and the air temperature in front of the southeast façade without
greening showed the upper maximum difference between 0.35 ◦C and 0.48 ◦C. During
the day, the LW reported lower air temperatures in front of the façade, which ranged
from 0.00 to 0.71 ◦C. The air temperature differences in front of the northwest façade with
greening reached their maximum amount at 7 p.m. (Figure 10).
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To emphasize the reduction in direct solar radiation through the LW, it was com-
pared with a bare façade. The incoming LW radiation in the southeast façade created a
more significant amount, with LW radiation differences varying between 11.44 W/m2 and
32.86 W/m2. Similarly, on the northwest façade, the LW received higher LW radiation on a
cold day. The plants received more LW radiation, with the peak LW radiation exposure
occurring at 7 a.m. (Figure 11). The differences ranged from 10.9 W/m2 to 27.37 W/m2

on the northwest façade. By comparing both façades, the southeast facing provides more
efficiency on a cold day due to the incoming LW radiation.
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5.2. Effectiveness of Living Wall Regulating Temperature in Summer

The LW in front of the southeast façade prevented the wind on a summer day. The
highest wind speed blocking occurred at 9 a.m., with differences of 0.17 m/s; at 2 p.m., it
was almost zero. The northwest façade covered with plants experienced different thermal
behavior. There is no consistent pattern due to changes in the wind direction on the tested
day. Most of the time, the LW was less successful at preventing the wind in this direction
compared with the façade facing southeast (Figure 12).
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The air temperature decreased by around 2.3 ◦C in front of the northwest façade at
3 p.m. Compared to the various plants examined in the UK [16], the air temperatures were
3 ◦C cooler during the hottest times in the presence of plants. The effect of watering fre-
quency was noted as an essential factor, as plants significantly reduced the air temperature
in both the north and south facades.

Although there was a similar trend in the air temperature in front of the southeast and
northwest façades, on a hot summer day, there was no air temperature difference in either
orientation (Figure 13).
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The primary methods of heat exchange in a GW are LW radiation, solar radiation, con-
vective heat transfer, and evapotranspiration [83]. Incoming longwave radiation (ILR) from
the atmosphere and outgoing LW radiation (OLR) from the Earth are the two categories
of LW radiation. “Net LW radiation” refers to the LW radiation that this two-directional
radiation leaves behind in a particular region. Infrared radiation increases when net LW
radiation increases in space, which impacts sensible heat [84]. The surface temperatures
of buildings brought on by shortwave radiation have an impact on longwave radiation.
This also incorporates the warmth emanating from a shortwave emitting [85]. As a re-
sult, incoming LW radiation is higher than in other areas in the analysed case, which is
situated in a congested section of the city. As indicated previously, Meteonorm’s meteoro-
logical data were used to determine the highest hourly average radiation range in July in
Manchester, with minimum and maximum values ranging from 110 to 430 W/m2 in direct
normal situations. The façade covered with plants on the southeast orientation received
less LW radiation compared to the façade without greening, with differences ranging from
60.72 W/m2 to 88.17 W/m2. Similarly, in the northwest orientation, incoming LW radiation
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in the façade with greening was consistently lower than a bare wall. At 2:00 p.m., the most
notable variations experienced with the range of variations in lowering the incoming LW
radiation were 46.43 W/m2 to 92.71 W/m2 (Figure 14). Plants play a significant role in
lowering LW radiation. In the summer period, they can enhance thermal comfort consid-
ering the heat balance inside the building. In particular, the southeast façade protects the
envelope more effectively.

Sustainability 2023, 15, x FOR PEER REVIEW 18 of 24 
 

The primary methods of heat exchange in a GW are LW radiation, solar radiation, 

convective heat transfer, and evapotranspiration [83]. Incoming longwave radiation (ILR) 

from the atmosphere and outgoing LW radiation (OLR) from the Earth are the two cate-

gories of LW radiation. “Net LW radiation” refers to the LW radiation that this two-direc-

tional radiation leaves behind in a particular region. Infrared radiation increases when net 

LW radiation increases in space, which impacts sensible heat [84]. The surface tempera-

tures of buildings brought on by shortwave radiation have an impact on longwave radia-

tion. This also incorporates the warmth emanating from a shortwave emitting [85]. As a 

result, incoming LW radiation is higher than in other areas in the analysed case, which is 

situated in a congested section of the city. As indicated previously, Meteonorm’s meteor-

ological data were used to determine the highest hourly average radiation range in July 

in Manchester, with minimum and maximum values ranging from 110 to 430 W/m2 in 

direct normal situations. The façade covered with plants on the southeast orientation re-

ceived less LW radiation compared to the façade without greening, with differences rang-

ing from 60.72 W/m2 to 88.17 W/m2. Similarly, in the northwest orientation, incoming LW 

radiation in the façade with greening was consistently lower than a bare wall. At 2:00 p.m., 

the most notable variations experienced with the range of variations in lowering the in-

coming LW radiation were 46.43 W/m2 to 92.71 W/m2 (Figure 14). Plants play a significant 

role in lowering LW radiation. In the summer period, they can enhance thermal comfort 

considering the heat balance inside the building. In particular, the southeast façade pro-

tects the envelope more effectively. 

 
(A) 

 
(B) 

Figure 14. (A) Incoming LW radiation in the southeast façade on a hot day. (B) Incoming LW radia-

tion in the northwest façade on a hot day. 
Figure 14. (A) Incoming LW radiation in the southeast façade on a hot day. (B) Incoming LW radiation
in the northwest façade on a hot day.

Eggenberger [86] pointed out that for the summer period, wall surfaces were protected
by greenery and reduce the thermal loads of LW radiation through (a) plant reflectivity,
(b) convection of the energy received by plants for development and biological processes,
and (c) evaporation from the leaves. Tudiwer and Korjenic [87] investigated the thermal
resistance effect of the LW in winter, and the thermal resistance of the façade with greening
was between 0.31 m2 K/W and 0.68 m2 K/W, depending on the kind of GW and location.
In addition, the surface temperature was reported to be higher in the case of the LW at
about 0.44 ◦C and 3.52 ◦C on average. Likewise, Perini [30] suggested that a decrease in
wind speed improved the building envelope’s efficiency and thermal resistance. Figure 14
shows that the heat flows via plant-covered wall surface parts are less than those of the
bare surface sections, which are exposed to solar radiation directly.

Green-covered walls dramatically reduce the amount of undesired heat transferred
from the outside to the inside of the building envelope, strongly affecting UHI in urban
areas. The findings show that plants enhance the longevity of the façade and protect it from
undesired radiation. By comparing the LW energy balance in the façade with greening
and the bare wall on a tested hot summer day, the most significant changes were recorded
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at 12 noon on the southeast façade and similarly, on the northwest façade ranged from
26.71 to 21.19 W/m2 and 32.23 to 26.71 W/m2, respectively. The largest LW energy balance
reduction simultaneously on a cold winter’s day varied from 19.89 to 16.46 W/m2 in the
southeast orientation and from 23.22 to 29.89 W/m2 in the northwest façade. Due to the
LW energy balance fluctuation, depending on the time, the range with the greatest intensity
was chosen as a result.

In this simulation, the RH varied between about 0.84 and 1.47% in summertime
compared to the winter day, which showed a slight difference in front of the façade covered
with plants and the bare wall of between 0.25% and 1.64%. Accordingly, the RH rose, on
average, by about 1% on cold and hot days. The greatest variation was reported in front
of the southeast façade (Figures 15 and 16). The primary contributor to temperature and
humidity fluctuations in the LW was evapotranspiration from the water in the substrate,
and the plants had a minimal impact [88].
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6. Conclusions

This paper discusses how LWs impact the façade temperature and thermal performance
of walls facing southeast and northwest orientations in Manchester’s weather conditions.
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The study investigated the local climate effects and the choice of optimum plants
to be placed on LWs and the buildings (without greenery) separately. It examined the
factors influencing the thermal behavior of LW, including wind speed, air temperature, air
humidity in front of a façade, and incoming LW radiation.

A comparison of façade temperatures was made considering the effect of the seven
plant species planted, including Hedera Helix “Green Ripple”, Lavender Hidcote, Matteuc-
cia Struthiopteris, Tellima Grandiflora, Buxus Sempervirens, Dryopteris, and Vinca Minor
“Atropururea”.

The following are the key conclusions that can be made from the results that have
been provided:

• The façade’s temperature significantly decreased on the southeast façade on a hot
summer day in July 2022. Compared to the reference façade without greening, the LW
was, on average, 15.00 ◦C cooler, which helped to reduce the cooling load and energy
consumption. The reduction in façade temperature on a hot July 2022 day ranged from
5.43 ◦C to 23.48 ◦C;

• The northwest façade indicated remarkable effectiveness in lowering the surface’s
temperature by an average of 13.53 ◦C during the specified period. Considering a
cold day in January, the northwest façade covered with plants did not experience
a significant temperature increase on the test date. However, the southeast façade,
which was 2.18 ◦C, on average, warmer than the bare wall, showed greater efficiency;

• The LW was, on average, approximately 2.18 ◦C warmer than a bare wall on a cold
winter day in the southeast direction;

• A maximum of 2.70 ◦C reduced the temperature fluctuation on a cold day, and the
façade with plants was, on average, 1.1 ◦C warmer than the façades without greening
in the northwest façade;

• On a cold winter’s day, the highest LW energy balance reduction ranged from 19.89
to 16.46 W/m2 in the southeast orientation and from 23.22 to 29.89 W/m2 in the
northwest façade;

• On cold and hot days, the RH increased by an average of 1%.

According to comparisons between the results in Manchester and those studied in
different climate zones, the effects of LWs are significant.

The results highlighted the strong performance of LWs in summer to lower surface
temperatures in both southeast and northwest directions; however, more research on sub-
strate features is required to study improved efficiency in winter. Libessart and Kenai [89]
emphasized the value of the substrate and supported the insulating benefits of a GF with
climbing plants concerning substrate type. Moreover, air cavity depth can also significantly
influence LW performance [90]. As a result, the optimal air cavity feature for achieving
more effective LW needs further study in the examined climate conditions.
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Nomenclature

LW energy balance Longwave energy balance
RH Relative humidity
Incoming LW Incoming longwave radiation
UHI Urban heat island effects
GW Green wall
GF Green façade
LW Living wall
VGS Vertical greening system
LAI Leaf area index
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