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Abstract: Ground-based vertical greening is one of the well-known nature-based solutions that is
widely used in city centres due to its small footprint and the large surface area of vegetation. Although
the impact of vertical greening on the local microclimate has already been extensively researched,
there is a poor understanding of the impact of vertical greening on historic building fabrics. The
impact of vertical greening on microclimate environments has primarily been researched through
in situ case-study monitoring; as such, there are currently no standard protocols for investigating
this impact in laboratory studies. By performing simulations in controlled laboratory conditions, the
influence of vertical greening on specific environmental conditions can be assessed as well as the
significance for key mechanisms, such as the insulation capacity of a vegetation layer. Experimental
results on the insulation capacity of vertical greening illustrate that the presence of vertical greening
reduces the rate of heat exchange between the wall and the surrounding environment compared to
the bare wall, resulting in a delayed temperature response of the wall. This delay varies across the
seasons or its intensity, which is represented, for instance, by a more pronounced delay in the wall’s
surface temperature response in summer than in winter. However, the magnitude of the insulation
capacity is more pronounced in winter (up to +2.1 ◦C) compared to summertime. The insulation
capacity of vertical greening is more likely to have a significant impact on façades with a lack of
solar irradiation, such as façades facing north or shaded by built surroundings. This experimental
investigation can help build an understanding of these processes more fundamentally and support
the interpretation of in situ case-study monitoring as well as provide a standardized approach to
investigate the environmental performance of vertical greening across climatic regions and seasons.

Keywords: vertical greening; built heritage; material degradation; laboratory experiments; microclimate;
urban heat island; green wall; nature-based solutions; historic masonry; climate chamber

1. Introduction

Nature-based Solutions (NbS) are widely implemented in cities to mitigate the urban
heat island effect. There are two types of nature-based solutions that can be differentiated:
water-based and plant-based solutions. Some examples of plant-based nature-based solu-
tions are vertical greening, green roads, parks, etc., while water-based solutions are ponds
and rain gardens. [1–3].

One of the most favourable green initiatives in urban centres is ground-based vertical greening,
as it is able to cover a large surface area of greening with only a small footprint [4–7]. Previous
research acknowledges that ground-based vertical greening uses several mechanisms to
mitigate the local environment [8]. Koch et al. (2020) differentiated three mechanisms
caused by the presence of vertical greening that determine the impact of vertical greening
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on the local environment: transpiration, shading, and insulation. The transpiration process
of plants cools the environment by releasing oxygen in a gaseous form through the stomata
of their leaves. This process can only occur when plants are subjected to solar irradiation.
A low amount of moisture in the environment, associated with a warm environment,
accelerates the cooling rate of the environment [8–10]. The shading effect of the wall is
caused by the extra layer of vegetation in front of the wall and provides a lower surface
temperature at the underlaying wall during the heating process of the wall relative to
a corresponding bare wall while exposed to solar irradiation. The insulation effect is a
mechanism whereby the extra layer of vertical greening hinders the heat exchange between
the wall and the environment, decelerating the heat exchange rate of the wall behind the
vertical greening relative to a corresponding bare wall [8].

In current urban environments, built heritage is, due to its centrality, geographically
well positioned to contribute to tackling broader sustainable challenges such as the urban
heat island effect by incorporating green initiatives, and hence able to mitigate the increas-
ing risk of various degradation processes due to a changing microclimate. However, even
though the impact of vertical greening on the local microclimate is well known, the impact
of vertical greening on historic fabric is poorly understood.

Most of the time, the impact of vertical greening on the local microclimate is inves-
tigated through in situ monitoring, as there are currently no standard approaches for
laboratory experiments of these processes. Several studies scope various significant param-
eters affected by the implementation of vertical greening: Kenai et al. (2021) illustrated that
vertical greening can lower the surface temperatures up to −28 ◦C relative to the bare wall,
especially on surfaces receiving a high amount of solar irradiation, due to the shadow effect
and evaporation of plants; Sternberg et al. (2010) showed that vertical greening can lower
the surrounding air pollution by, for example, 40.4% of PM2.5 due to the characteristics of
plants, such as surface roughness or the surface area of leaves; Koyama et al. (2013) showed
that vertical greening can lower the air temperature up to −11.3 ◦C, which improves the
comfort of people in the city and the urban heat island effect [11–13]. However, to foster an
understanding of the mechanism responsible for the global impact of vertical greening on
the local microclimate, laboratory studies are one of the methods to investigate this.

Therefore, this paper sets out a preliminary experimental laboratory method to analyse
the impact of vertical greening on specific environmental conditions such as temperature
and relative humidity. The following experiments can help us understand the mechanisms
determining the environmental impact of vertical greening, such as the insulation effect of
vertical greening, and create more understanding in the interpretation of in situ monitoring.
The laboratory investigation in controlled climate conditions allows repeated tests to be
conducted, which minimizes the impact of the stochasticity of the processes, reproducing
certain climate events and controlling certain boundary conditions, such as the distance
between the green layer and the wall surface. The opportunities arising from a laboratory-
based approach enables this paper to explore how boundary conditions such as seasonality
and its intensity affect the insulation capacity of vertical greening on surface temperature
and relative humidity. This could provide us the first steps to a standardized approach to
investigate the environmental performance of vertical greening across climates and seasons.

2. Materials and Methods
2.1. Equipment

The laboratory experiments are performed in an environmental chamber (Weiss Tech-
nik (ClimeEvent C/180/40/5) able to control the ambient air conditioning parameters, such
as temperature and relative humidity, and to simulate climatic events by importing climate
data. In order to achieve an evenly distributed climatic condition, the environmental cham-
ber provides a continuous air flow during the experiments. The test space dimensions of
this environmental chamber are 750 mm× 580 mm× 450 mm. The experimental setup was
scaled to the dimensions of the environmental chamber, allowing enough air circulation
around the masonry wall to maintain the uniform conditions in the climate chamber. The
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climate chamber has an internal variation in temperature of ±0.5–±1.0 ◦C and in relative
humidity of ±1–±3%.

A small masonry wall made of authentic period 16th-century bricks and modern lime
mortar (NHL 3.5) was constructed for performing the experiment on a historic wall. The
bricks originate from Kipdorpsite, an archaeological site in Antwerp, Belgium, and were
used in this experiment because the authentic materials represent the same characteristics
as most built heritage in Antwerp. To achieve a unidirectional impact of vertical greening
on the wall, a polystyrene insulation board of 60 mm was installed at the back surface of
the masonry wall. During the experiment, four iButtons (DS1923 hygrochron [14]) were
mounted on the surface of the masonry wall to measure the temperature and relative
humidity with a frequency of 5 min. Two iButtons were installed on the front surface of
the masonry wall: one facing up and the other facing down. The latter were added to the
method to measure on the surface of the wall without taking the thickness of the measuring
device in account. A similar set of iButtons was installed at the back surface of the masonry
wall. In order to measure the impact of vertical greening on the experimental environment,
young ivy (Hedera helix ‘Glacier’) was used. Hedera helix ‘Glacier’ is an evergreen climber
with small three-to-five-lobed leaves. They were planted in moderate, well-drained soil by
professionals. The vertical greening was placed on a rigid metal trellis with a diameter of
3 mm, enabling the vegetation to remain fixed in place (Figure 1).
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Figure 1. Image of experimental setup in the climate chamber: (a) a masonry wall without vertical
greening and (b) a masonry wall with vertical greening.

2.2. Methodology

Three different experimental setups were used to understand how vertical greening
affects temperature and relative humidity without the impact of solar irradiation and
to what extent the distance from the surface of vertical greening affects the impact on
those environmental parameters. The first experimental setup consists solely of a bare
wall. The second and third setups have vertical greening in front of the bare wall. One
setup has vertical greening as close as possible to the masonry wall’s surface, whilst the
second setup has vertical greening at a 10 cm distance from the masonry wall’s surface. To
ensure accurate measurement of the impact of vertical greening on the temperature and
relative humidity, the masonry wall was calibrated in a climate chamber at environmental
conditions of 20 ◦C and 85% one month prior to the start of this experiment.

Each of the three different setups was subjected to the same environmental simulations.
The experimental data responsible for those simulations exist of processed climate data
from the VLINDER project [15]. The VLINDER project is a collection from 59 weather
stations in the northern part of Belgium, all subjected to the same temperate oceanic climate
(Cfb). One of the monitoring locations is in the historic city centre of Antwerp, Belgium,
and was used herein because it has the strongest relationship with ongoing case studies in
the wider research project. The weather station contains data from November 2019 to the
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present, but the modified data were cut in November 2022 to ensure that each season had
the same number of days for further calculations.

The experimental data consist conceptually of six standalone test periods of 24 h but
were simulated as six consecutive days with some buffer period for equilibrium in between.
To provide the masonry enough time to adjust to the new climatic circumstances, six hours
were simulated between each simulation day on the first values of temperature and relative
humidity of the following simulation day.

Four 24-h test periods of the experimental data represent a typical day in each season,
while the other two are associated with a more extreme day in summer and winter. This
allows us to observe varying performances of vertical greening on the temperature and
relative humidity for each season and more extreme situations in winter and summer. The
latter is important for some common degradation processes in historic building materials,
such as salt crystallization or freeze–thaw weathering. An average “representative” day
for each season was calculated by using the mean value of the recorded air temperature
(50 percentile) over those three years. For each season, the day with the most similar
average air temperature relative to the calculated average air temperature was chosen to be
simulated. This means that the climate chamber accurately simulates the temperature and
relative humidity of that actual day with recordings of each half-hour. The experimental
hourly data were based on the exact 24-hour diurnal measurements of the chosen day to
foster a more accurate understanding of microclimatic changes on deterioration processes
of historic building materials in comparison with the experimental hourly data based on
the average temperature of three-year data per hour, which varied insufficiently to see any
differences. Performing the experiment with monthly or daily mean temperature can result
in a loss of data when the aim is measuring significant variations across seasons [16]. The
average day of each investigated season is referred to in this paper as the representative
day of the corresponding season. The extreme representative days were selected in a
similar way, except that they were calculated by the 95th percentile of the air temperature in
summer and the fifth percentile of the air temperature in winter instead of using the mean
air temperature values [16]. The 95th percentile of the whole set corresponds to the five
hottest days per year (15 warmest days in total). The opposite holds for the fifth percentile
corresponding to the five coldest days per year (15 coldest days in total). This paper
will refer to both extreme days as the extreme representative summer day and extreme
representative winter day.

3. Results
3.1. Temperature

The experimental results show that the surface of the vertically greened wall relative
to the corresponding bare wall almost always had higher temperature and humidity values.
The surface temperature curves from all three experimental setups follow a similar course
as the environmental temperature curves of the climate chamber in all seasons. Due to
the presence of a vegetation layer, there is an insulation impact on the underlaying wall:
the vegetation layer reduced the rate of heat exchange between the masonry wall and its
environment, slowing down the temperature response of the masonry wall.

However, there is an absolute difference between the temperature curves of the three
experimental setups, which varied across different simulation days representing different
seasons. For instance, Figure 2 illustrates that the temperature curve of the vertically
greened wall during a representative winter day deviates more from the temperature
curve of the bare wall than during a representative summer day. Even more, the further
the vertical greening is located from the bare wall, the more the surface temperature
values of a vertically greened wall deviate from the surface temperature of the bare wall.
Statistical analysis confirms this observation: a Kruskal–Wallis test proves that the results
are statistically significant for vertical greening on a 10 cm distance of the masonry wall:
winter (50%) and summer (50%) have p-values of <0.0001 and 0.02805, respectively. For the
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experimental setup with vertical greening near the masonry wall, the p-values are 0.15105
for summer (50%) and <0.00001 for winter (50%).
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Figure 2. Measured environmental and surface temperatures during a simulated 24 h diurnal cycle
of a representative summer day at the front surface of the masonry wall and a representative winter
day at the front surface of the masonry wall.

This observation is especially significant during the cooling process of a wall. Dur-
ing the heating process of the wall, the temperature curves closely follow the course of
the climate chamber. During the cooling process, the temperature curves of the three
experimental setups show a delay relative to the environmental conditions of the climate
chamber but still follow the same temperature course. This magnitude of this delay varies
depending on the season or its intensity. An example of this variation is clearly observed in
the temperature course of the extreme representative days of summer and winter (Figure 2).
The solid green temperature curve, representing the surface temperature of the vertically
greened wall at 10 cm, has a more delayed temperature response during the cooling phase
relative to the corresponding bare wall.

Additionally, how much the temperature curves from the vertically greened walls
deviate from the bare wall is seasonally dependent as well. By comparing the heating phase
(before reaching the maximum surface temperature of the bare wall) and the cooling phase
(after reaching the maximum surface temperature of the bare wall) of the experimental
setups with vertical greening relative to the experimental setup without greening, the
temperature difference in the heating and cooling phase is more significant on an extreme
winter day than on an extreme summer day (Figure 3). In the cooling phase, this difference,
due to the insulation capacity of vertical greening, goes up to 0.4 ◦C. The further the
vertical greening is positioned, the more significant this difference is between summer
and winter. It was observed that the insulation capacity of vertical greening is responsible
for a seasonality difference of 0.3 ◦C for vertical greening positioned near the surface and
0.4 ◦C for vertical greening at 10 cm distance. However, the Kruskal–Wallis test shows
insignificant p-values for vertical greening near (p = 0.43581) and at a distance of 10 cm
(p = 0.38407) from the masonry wall during an extreme summer day. The experimental
setups during an extreme winter day have more significant results: the p-values for vertical
greening near the masonry wall and at a distance of 10 cm from the masonry wall are,
respectively, 0.23041 and 0.04338.
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Figure 3. Boxplots illustrating the temperature differences of the vertically greened wall relative to
the corresponding bare wall. The left part of the figure shows the temperature differences of the
wall with vertical greening as close as possible to the surface relative to the bare wall during an
extreme representative winter day and an extreme representative summer day. The right part shows
the temperature difference of the wall with vertical greening at a distance of 10 cm relative to the
bare wall during an extreme representative winter day and an extreme representative summer day.
Each part of the figure represents temperature differences before and after the maximum surface
temperature (Max Ts) of the bare wall. The cross in the boxplots represents the mean value of the data
set of temperature differences between a vertically greened wall and a bare wall. The dots represents
the outliers of the data containing the temperature differences between a vertically greened wall and
a bare wall.

Another difference was observed in the heating and cooling process of the experimen-
tal setups during the representative days of each season (Figure 4). Vertical greening has
clearly the most significant insulation capacity in winter, both during heating and cooling
phase. The insulation capacity of vertical greening in wintertime is twice as strong as the
insulation capacity during other seasons. This observation is confirmed by the statistical
analysis of a Kruskal–Wallis test: the results of the experimental setup with vertical green-
ing near the masonry wall during a representative autumn, spring, summer, and winter
day have p-values of 0.02544, 0.03226, 0.15105, and <0.00001, respectively. When vertical
greening has a distance of 10 cm from the masonry wall, the p-values are, respectively,
0.00008, 0.00704, 0.02805, and <0.00001 during a representative autumn, spring, summer,
and winter day.

Meanwhile, the temperature measured at the back of the masonry wall illustrates a
delay in the heating and cooling process due to the insulation at the back of the masonry
wall. Consequently, the surface temperature of the three experimental setups is lower than
the environmental conditions of the climate chamber during the heating process, causing
the cooling process to start later in the back of the masonry wall than in front of the masonry
wall. During cycles with greater rates of temperature increases, the temperature curve of
the back of the masonry deviates more from the environmental conditions of the climate
chamber (Figure 5). Furthermore, the temperature at the back of the masonry wall does not
reach the same maximum and minimum values as the temperature measured at the front
surface of the masonry wall. This difference reached up to 1.5 ◦C in extreme winter and
summer situations.
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3.2. Relative Humidity

Since relative humidity is a direct function of temperature (and inversely proportional
if the moisture content remains constant) and solar irradiation, which is responsible for
evaporation, is excluded in the laboratory study, the relative humidity changes caused by
vertical greening are dominated by the changes in surface temperature. More specifically,
the relative humidity of a vertically greened wall are lower than the relative humidity of
the corresponding bare wall, as there is no increase in moisture content due to evaporation.
This delaying effect in the relative humidity response is mainly true during the cooling
process of the wall. The further the vertical greening is positioned from the masonry wall,
the more the relative humidity values of the vertically greened wall differentiate from the
relative humidity values of the corresponding bare wall (Figure 6).
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and the vertically greened wall at a distance of 10 cm) and the climate chamber during an extreme
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4. Discussion
4.1. Advantages of Laboratory Environmental Simulations

The experimental results exploring the impact of vertical greening on individual
parameters, such as temperature and relative humidity, were only feasibly obtained by
performing lab experiments. By using only the ambient air conditions and excluding solar
irradiation, laboratory studies enable an understanding in mechanisms, determining the
environmental impact of an implementation of vertical greening, such as the insulation
capacity of an extra vegetation layer.

Performing laboratory studies allows us to search for a standardized approach to
support the interpretation of in situ monitoring or simulations. The use of authentic
materials in the laboratory studies can make the experimental results more comparable
with the in situ monitoring of the wider research project performed on historic buildings in
the city centre of Antwerp. By working with controlled climatic conditions, it is possible to
obtain reproducible results and minimize the impact of stochasticity associated with the
relevant physical processes. The possibility of repeating experiments also enables factors
of specific interest to be manipulated in a controlled way, such as the distance of the wall
under the same climatic conditions, or to vary in climatic events while maintaining the
same characteristics across all experiments.

4.2. Towards a Standardised Climate Chamber-Based Approach

As with many other studies, the laboratory studies of this paper faced some challenges
regarding the equipment and the experimental setups. The climate chamber (Weiss Technik
‘ClimeEvent C/180/40/5′) was not able to control the relative humidity when temperature
was lower than five degrees, which made gathering results on the relative humidity during
an extreme winter day quite difficult. Due to the limitations of the relative humidity
control during climate tests, this laboratory experiment only provided accurate results on
the relative humidity during summertime for both intensities. The fan regulating the air
conditioning equally over the test space was not able to change its intensity, which could
possibly affect the experimental results. A two-sided environmental chamber (sometimes
called a “hot-cold” box) could be more advantageous in exploring the environmental impact
of vertical greening [17]. Additionally, the internal dimensions of the climate chamber also
limit the size of the experimental setup, such as the masonry wall and the vegetation. A
larger masonry wall or more plants could possibly have an effect on the environmental
impact of vertical greening during laboratory experiments.

Further, livings plants in a laboratory studies present their own challenges. The plants
used for vertical greening need water and light to stay healthy during the experiment.
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Therefore, a self-watering system was installed during the experiments, and the light of the
climate chamber stayed on during the time of the environmental simulations. Unfortunately,
the lamp did not turn off independently, which endangered the plants of dying when the
environmental conditions were not controlled anymore (such as when the environmental
simulations were finished).

4.3. Comparison to Case Study Approaches

This experimental laboratory study provides contradictory results compared with
results from case studies or simulations. Several studies [11,18–22], either case studies or
simulations, show that vertical greening reduces the amplitude of the surface temperature
and the relative humidity fluctuations, reduces the average surface temperature, and
increases the average relative humidity of a wall surface. Meanwhile, the experimental
results show a higher surface temperature and a lower relative humidity on a vertically
greened wall relative to the bare wall. These results were reached because the experiments
and the methods proposed herein, based on the ambient air conditions and excluding solar
irradiation, allow us to focus on one of the mechanisms responsible for the environmental
impact of vertical greening: the insulation capacity of a vegetation layer.

The differences between both approaches suggest that shading and evaporation, which
both only exist when solar irradiation is present, have a more significant role in determining
the environmental impact of vertical greening than the insulation impact of the vegetation
layer on the wall. Several in situ studies illustrate that vertical greening can reduce the
maximum surface temperature significantly, by up to 28 ◦C [20], relative to the bare
wall, while the insulation capacity of vertical greening can increase the maximum surface
temperature by up to 2 ◦C in the laboratory studies of this paper. The latter is supported
by an in situ study examining the impact of vertical greening on a façade receiving almost
no solar irradiation. Daemei et al. (2021) illustrated that vertical greening can increase the
surface temperature in the absence of solar irradiation because evaporation and shading
do not occur [20].

In both methodological approaches, the mechanisms responsible for the environmen-
tal impact of vertical greening are dependent on certain boundary conditions, such as
seasonality or its intensity, climate type, plant, or material characteristics. One benefit
of performing laboratory studies is that it allows to compare the performance of vertical
greening across seasons or intensities while maintaining the same characteristics during all
experiments, which improves the comparability of the results. Due to the living character
of vertical greening, it is impossible to carry out the same analysis in case studies. In order
to test all seasons and intensities, the analysis would take at least a year, which causes a
high risk of changing a plant’s environmental characteristics over the course of the year,
which can affect the experiments’ outcomes. For instance, the leaf area index of plants
varies through the year and reaches its peak density in the summer [23].

4.4. Experimental Results and the Impact of Boundary Conditions

To foster a better understanding of the insulation properties of a vertical vegetation
layer and the experimental approach to investigate this, there is a need for further re-
search. Following investigations could provide more knowledge into significant boundary
conditions determining the magnitude of the insulation properties of vertical greening.

These preliminary experimental results show that the temperature difference between
the bare wall and the vertically greened wall (at any distance) will most likely change in
different environmental boundary conditions. It would be interesting to explore the impact
of climate type or seasonality and its intensity on the temperature and relative humidity
changes during the cooling process of a wall due to vertical greening or the impact of
duration and temperature range of the cooling process on the insulation performances of
vertical greening.

Comparing the environmental impact of vertical greening across the representative
days of each season can support our assumption (Table 1). The cooling phase of the winter
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simulation had a temperature difference between start and end of the cooling phase of
3.5 ◦C and a duration of 9.3 h, while the cooling process of the autumn simulation had
similar conditions. Despite having the same characteristics of the cooling phase, vertical
greening in winter has a more significant insulation capacity than vertical greening in
autumn (Figure 4). The could assume that a lower start and end temperature of the cooling
phase could depend on the magnitude of the insulation impact of vertical greening on
a wall. The winter simulation has a start temperature of 8.6 ◦C and end temperature of
5.0 ◦C, and the cooling phase of the autumn simulation has a start and end temperature
of six degrees higher. Another observation is based on the cooling rate of the cooling
phase. This is calculated by dividing the temperature differences between the start and
end temperature of the cooling phase by the duration of the cooling phase. The higher the
cooling rate, the lower the insulation capacity of vertical greening. This is supported by
Table 1: the extreme representative summer day and the representative summer and spring
days have the highest cooling rates compared to the other simulation days and have the
lowest temperature differences between the bare wall and the vertically greened wall near
the surface and at a 10 cm distance from the wall surface. Additionally, the average and
maximum temperature differences between each temperature value of a bare wall and a
vertically greened wall are the most significant, with low absolute temperatures during a
representative day.

Table 1. Description of the characteristics of the cooling phase (temperature difference between start
and temperature of the cooling phase, duration of cooling phase, and the cooling rate) in each season
and its variation in intensity. The average and maximum temperature differences are calculated
by subtracting the bare wall temperature from the vertically greened wall temperature for each
temperature value during the cooling phase, which is every 5 min.

Season (Intensity) Autumn (50) Spring (50) Summer (50) Winter (50) Summer (95) Winter (95)

Characteristics of cooling phase of the bare wall

Temperature difference (◦C) 3.62 9.02 8.00 3.51 11.50 6.53

Duration (h) 9.40 9.42 9.00 9.30 12.75 8.25

Cooling rate (◦C/h) 0.38 0.96 0.89 0.38 0.90 0.79

Impact of vertical greening on the temperature differences of the cooling phase

Average temperature
difference (◦C)

Near 0.57 0.61 0.65 1.23 0.67 0.98
10 cm 0.89 0.86 0.86 1.28 0.70 1.10

Maximum temperature
difference (◦C)

Near 1.11 1.11 1.19 2.10 1.58 2.10
10 cm 1.11 1.12 1.42 2.10 1.88 2.10

Significancy test cooling phase

p-value, Kruskal–Wallis test Near 0.02544 0.03226 0.15105 <0.00001 0.43581 0.23041
10 cm 0.00008 0.00704 0.02805 <0.00001 0.38407 0.04338

The statical analysis is summarized in Table 1 and can confirm most of the observa-
tions. Vertical greening on a masonry wall during representative days for each season
shows more statistically significant results than vertical greening implemented on a wall
during an extreme representative day. Generally, the results of every simulation day show
more significant results in the experimental setup with vertical greening at a distance of
10 cm from the masonry wall relative to the masonry wall with vertical greening near the
surface; hence, vertical greening on a distance would have a more significant impact on the
microclimate.

However, the experimental results are not only dependent on the environmental
boundary conditions but on the characteristics of plants and materials. The properties of
the vegetation or materials can affect the magnitude at which vertical greening modifies
the local microclimate, which also includes the insulation properties of the vegetation layer.
Plant characteristics such as the leaf area indexes, the thickness of the vertical greening, and
the type of plant affect the environmental impact of the vertically greened layer [8,10,24].
Material properties such as the heat capacity of materials or the reflexivity of a material can
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influence the temperature differences between the vertically greened part and the bare part
of the wall [25–27].

Furthermore, as the insulation mechanism has a contrasting effect on the environ-
mental impact of vertical greening compared to shading and evaporation in the period
with solar irradiation, it can have a beneficial effect on managing degradation processes of
historic building materials in areas with a low amount of solar irradiation. The constantly
higher surface temperature and lower relative humidity could have the capacity to lower
the risk of frost damage on historic façades [28–31]. Unfortunately, the insulation capacity
of vertical greening generally increases the risk of salt crystallization or biodegradation:
the higher temperature in combination with the lower humidity are favourable for salts to
crystallize [30,32,33].

As the insulation properties are present when solar irradiation is absent and overruled
by other mechanisms such as transpiration or shading, when solar irradiation is present, the
insulation effect of vertical greening will be the most relevant for areas with a low amount
of solar irradiation, such as a façade that is north-oriented or shaded by surrounding
buildings. Since the insulation capacity of vertical greening on building façades has the
same characteristics as insulation materials, the energy-efficiency-related challenges faced
by insulation materials can also apply to the insulation capacity of vertical greening.

Nevertheless, the aforementioned degradation processes, just like the insulation capac-
ity of vertical greening, depend on several boundary conditions, such as seasonality and its
intensity, climate types or orientation, and also on the absolute values of temperature and
relative humidity. For instance, the most significant insulation impact of vertical greening
is reached during wintertime, which is the season with the highest risk of frost damage
due to reoccurring freeze–thaw cycles. Depending on the change in absolute value of the
minimum surface temperature of the wall, the amount of freeze–thaw cycles will change,
varying in effect between beneficial and adverse. The same principle of reoccurring cycles is
applicable for salt crystallization but is mainly dependent on the relative humidity values.

5. Conclusions

It is well established that ground-based vertical greening has an impact on the lo-
cal environment, which has been widely researched through case studies or simulations.
However, the mechanisms supporting and realising the environmental impact of vertical
greening is poorly understood. Laboratory studies create opportunities to investigate
different mechanisms, such as the insulation effect, by controlling the right environmental
conditions. This paper demonstrates a preliminary methodology to investigate the insu-
lation impact of vertical greening by laboratory studies and presents the initial results on
the insulation capacity of vertical greening by excluding solar irradiation and working
with only ambient air conditioning in laboratory studies. The experimental results provide
the first insights into the crucial boundary conditions for estimating the magnitude of
influence of vertical greening’s insulation capacity. The characteristics of the cooling phase
of a wall, such as duration, temperature difference, and cooling rate, are dependent on the
seasons and clearly have an impact on the insulation properties of a vegetation layer on
a wall. Further research could contribute to develop a standardised laboratory approach
to support the interpretation of case studies and could broaden our knowledge about all
boundary conditions affecting the insulation capacity.
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