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Abstract

Green facades are acknowledged as passive strategies that reduce heat accumulation, enhance
biodiversity, improve particulate matter absorption and provide psycho-physiological benefits
for users. However, evaluations of their thermal performance—accounting for seasonality,
vegetation density, and leaf characteristics—remain incomplete. This study addresses this
gap by assessing two green facade typologies on a sample building located in Northern Italy
(Cfa climate). ENVI-met microclimate simulations compared a bare wall with vegetated
fagades featuring Hedera helix (evergreen) and Parthenocissus tricuspidata (deciduous) across
four orientations and seasonal conditions, considering the sample building and the imme-
diate surrounding outdoor space. Both species reduced wall-surface temperatures (Ty) and
improved outdoor thermal comfort perception (PET), influenced by LAI dynamics, foliage
persistence, and fagade orientation. Results indicate that Parthenocissus tricuspidata achieved
the greatest cooling effect during hot periods due to higher LAI, with absolute T reductions
of up to 22.1 °C on southern fagades and 30.0 °C on western fagades. In these orientations,
PET improvements reached up to 3.0 °C (south) and 8.0 °C (west). Conversely, Hedera helix
ensured stable year-round performance and performed better on northern facades during
colder periods. The results stress the need for integrated design that aligns plant choice with
orientation and seasonal growth to optimize thermal performance, cut cooling demands, and
improve outdoor comfort.

Keywords: green fagades; microclimatic assessment; leaf area index; fagade orientation;
Parthenocissus tricuspidata; Hedera helix

1. Introduction

Green roofs and green walls are increasingly being implemented in urban areas, con-
tributing a novel dimension to urban green infrastructure [1]. The potential of green building
roofs and facades can be more actively harnessed to achieve diverse environmental benefits.

Research and practical application have predominantly focused on green roofs [2,3],
rather than green walls [4]. Moreover, the specific literature on green fagades is quite limited.
To advance the adoption of green walls, the existing knowledge should be expanded
through targeted research that informs architectural design, botanical knowledge and
building management [5].
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In recent years, a considerable body of literature has emerged on green walls, primarily
addressing their thermal and energy-related properties, in addition to studies that consider
how urban vegetation can affect air quality by influencing pollutant deposition and dis-
persion [6,7]. Experimental investigations have assessed reductions in the heat flux into
indoor environments, thereby decreasing cooling demands. Overall, the thermal efficacy of
green walls varies depending on design and constituent elements, such as plant species,
the presence and composition of any type of substrate, the presence and type of container,
irrigation methods, and the thermal insulation properties of the building envelope.

From a building technological perspective, green walls, also referred to as Vertical
Greening Systems (VGSs) [8-10], indicate solutions intended to facilitate the cultivation of
vegetation on vertical building surfaces, exploiting various plant species. Technologically,
green walls are classified into two primary types [11]: green fagades (GFs) and living walls
(LWs) [12,13]. Green fagades [14] typically involve climbing plants that grow directly on
walls through their aerial roots, leaf tendrils, lianas, vines, and scramblers. Therefore, GFs
are characterized by minimal technological components. Most green fagades do not require
irrigation, and their maintenance needs are the lowest compared to other green solutions.
In contrast, living walls, which can be either modular or continuous, promote more uniform
vegetation growth across their surface and support a greater diversity of plant species.
However, LW systems require regular irrigation and nutrient supplementation.

GFs offer a wide variety of benefits, including low maintenance requirements: a limited
level of integration between plants and walls can be seen, since these systems primarily rely
on the botanical characteristics of climbing species to grow directly by attaching their roots
or aerial roots to the vertical surfaces of backside walls [15]. Therefore, GFs are lightweight,
easy to install, and generally require low maintenance.

In urban environments, green walls are primarily valued for their aesthetic properties
and thermal benefits.

The most-acknowledged results demonstrate that, during hot summer days, green
walls can lower the temperature of the wall surface by approximately 6.0-7.0 °C [16],
ensuring an up to 40% temperature reduction in comparison to a plastered wall [17].
Research suggests that green walls can retain heat accumulated during the day, thereby
mitigating the extent of indoor cooling required at night, in addition to lowering ambient
urban air temperatures by over 1.0 °C [18].

Generally, four primary mechanisms define green systems as passive strategies for
energy conservation: (i) the interception of solar radiation resulting from the shading
effect of vegetation [19]; (ii) the thermal insulation afforded by both the vegetation and the
substrate [20]; the evaporative cooling facilitated by evapotranspiration from the plants
and substrate [21-23]; and, lastly, the modulation of wind effects on the building [24].

More specifically, the significant potential of vegetation applied to building facades
to reduce energy demands varies according to climate, building type, and envelope and
vegetation type. Previous studies within a Mediterranean continental climate [25] have
demonstrated that vertical greening system can passively decrease a building’s energy
consumption by up to 34% during the cooling season (in the case of a double-skin green
fagade) and up to 59% for a green wall.

Precise studies conducted in hot climates [26,27] found that having leaf cover on buildings
facing the equator consistently cools indoor temperatures by about 5.0 °C during summer.
This effect reduced indoor temperature range from 17.0-33.0 °C to 18.0-28.0 °C when outdoor
temperatures ranged from 21.0 °C to 31.0 °C. In winter, leaf cover also decreased indoor
temperature fluctuations, narrowing the range from 10.0-30.0 °C without leaf coverage to
12.0-27.0 °C in the case of the vegetation treatment, while outdoor temperatures ranged from
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7.0 °C to 18.0 °C. Overall, leaf cover helps moderate indoor temperatures year-round when
applied in hot climates.

Over time, several studies have investigated green walls and facades’ cost savings and
other economic benefits. Specific studies have also been conducted on life cycle assessments
of green facades [28]. Since green fagades usually have slow surface coverage and include
a limited plant selection, incomplete data are available in terms of energy savings and
cost benefit.

Expanding considerations from the building to the urban sphere (although the urban
realm is not the focus of the present research), a broad body of research has evaluated
living walls and green facades as effective methods to mitigate the urban heat island ef-
fect [1,29,30]. The results generally prove that, regardless of geographical location, green
walls reduce temperature fluctuations [31] by decreasing the maximum temperature and
increasing the minimum temperature [32,33]. The relevance of green fagades becomes
particularly evident in high-density urban contexts, where compact morphologies, a re-
duced sky-view factor, and deep street canyons intensify heat accumulation and limit
natural ventilation, as demonstrated in He et al. (2021) [34] and in Carlo et al. (2024) [35].
Similar findings [36,37] confirm that dense built environments experience stronger micro-
climatic stress due to continuous hard surfaces and restricted airflow. In this framework,
green facades represent an effective and space-efficient intervention capable of providing
shading, improving evapotranspiration, and enhancing thermal comfort precisely where
conventional horizontal greening is most constrained.

Eventually, a limited body of research has examined the impact of green walls on
adjacent air temperature and Mean Radiant Temperature, MRT [38], as well as on thermal
perceptions [39]. These studies have primarily relied on quantitative simulations, with few
experimental setups conducted.

1.1. LAI for Green Fagade Performance

According to the existing literature, the most common climbers used in the case of both
spontaneous and man-made green fagades are Hedera helix (English ivy), Parthenocissus
tricuspidata (Boston ivy), Parthenocissus quinquefolia (Virginia creeper) and Vitis vinifera
(grape), whose coverage can cover a depth of up to 200 mm.

However, the current literature remains incomplete because most studies rely on short-
term or single-season analyses, which fail to capture full annual LAI variability—especially
for deciduous species whose foliage changes substantially. Research also reports inconsis-
tent LAI values and rarely integrates LAI with other key factors such as foliage thickness,
phenology, facade orientation, or building-envelope properties. Furthermore, winter and
transitional-season performance remain understudied, leaving the combined effects of radia-
tive, convective, and seasonal dynamics insufficiently understood.

The thermal performance of a green fagade depends on multiple factors, including
plant-related characteristics—such as percentage of coverage, foliage density, and foliage
width—as well as building-envelope attributes, including fagade orientation, the presence
and position of thermal insulation within the masonry, and the solar absorption coefficient
of the facade. Local climatic conditions also play a significant role. Among the parameters
influencing the thermal benefits of green facades, the leaf area index (LAI), defined as
the ratio of leaf cross-sectional area to the unit area covered, is particularly relevant. LAI
represents a critical plant attribute, as the primary mechanisms underlying plant-mediated
cooling are solar shading and latent heat loss through evapotranspiration. However,
previous research has rarely investigated or compared the influence of LAI on the thermal
performance of green facades, despite its recognized importance [40]. Recently, LAI has
been widely used to compare plant species applied in green facades [41], to monitor plant
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growth and maturity, and to evaluate seasonal variations in energy-saving performance.
Nevertheless, its influence on thermal performance remains insufficiently supported by
multidisciplinary and transdisciplinary research. This limitation is largely due to the high
variability of LAI values reported in the literature, often derived from a limited range
of plant species and based on average values that do not capture seasonal variations,
particularly in deciduous species.

Moreover, most studies have focused primarily on cooling periods, underestimating
the impact of green facades on thermal performance during the heating season. LAI
has been shown to significantly influence cooling efficacy, with several studies reporting
reductions in exterior wall-surface temperatures, although results vary widely. Reported
temperature decreases range from 1.0 °C to 31.9 °C, including a 15.8 °C summer reduction
in Lleida, Spain, due to Wisteria sinensis coverage [42], and a 5.7 °C decrease on an eastern
wall covered by Parthenocissus tricuspidata in Greece [32]. Detailed studies [43] have also
indicated that summer energy savings from green facades are strongly influenced by
building orientation [44].

A major limitation in the literature is the lack of integration between LAI values, botanical
species selection, seasonal assessment, and wall orientation. In addition, most studies rely on
on-site measurements, which limits comparability across investigations. Another limitation
concerns the continuous annual variation in LAI, particularly for evergreen climbers. While
continuous LAI measurement is standard in agricultural research—typically performed on
horizontal planes—its application to vertical green facades, considering wall orientation and
inter-species comparison, remains largely unexplored.

1.2. Leaf Temperatures and Foliage Thickness

Additional parameters exerting a great influence on green fagade thermal behavior
are leaf temperatures and foliage thickness.

Leaf temperature is a complex parameter to determine. Several studies were conducted
in the past [45] by measuring temperature via infrared radiometer and other thermome-
ters [46]. Research has demonstrated that sunlit leaves can be approximately 20.0 °C warmer
than the surrounding air temperature, while shaded leaves can register temperatures about
1.5 °C below the air temperature during daytime [47].

The complexity of foliage temperature evaluation arises from the sophisticated energy
exchanges involved in the leaf, including energy absorption, convective heat exchange,
and transpiration. Due to this complexity, a few studies—mostly empirical—have shown
that transpiration plays a relatively strong role in reducing leaf temperatures, whereas
convection is a relatively inefficient cooling process.

Most of the studies on the effect of foliage thickness on thermal performance of
green facades are performed via field measurements [48]: quite obviously, wall-surface
temperature results showed clear variability between a bare wall and a covered wall, with
a maximum temperature reduction around noon, attesting to the benefits of dense foliage
coverage during daytime. At nighttime, the wall temperature difference between the
covered wall and the bare wall was relatively small. When measuring the temperature
under leaf surfaces, it was usually higher than the exterior wall’s surface temperatures,
especially in the daytime, but the opposite trend was observed in the evening and nighttime.

Based on field measurements in a hot and humid climate, the air near a denser and
thicker layer of foliage had a much higher air temperature than the air near thinner layers of
leaves, when measured during daytime at 5 cm from the green facade. This demonstrates
that with a foliage thickness of about 30 cm, the air temperature above the coverage
is higher than it is above thinner layers of leaves due to the dense vegetation, which
may block air circulation and raise the air temperature. Once again, most studies cannot
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provide a comprehensive annual overview of thermal behavior due to the complexity of
measurements. Additional limitations may arise from evaluations conducted on only a
limited number of orientations.

1.3. Botanical Species Evaluation for Wall Climbers

For species evaluated under different climatic conditions and wall orientations—such
as Hedera helix, Parthenocissus tricuspidata, Vitis, Jasminum, Pyracantha, Wisteria sinensis,
Parthenocissus quinquefolia, Ficus pumila, Bauhinia corymbosa, and Pyrostegia venusta—thermal
performance has been assessed across diverse environmental contexts. These species gener-
ally improve building thermal performance by intercepting solar radiation and providing
shading effects comparable to architectural elements such as overhangs, slats, and awnings.

Figure 1 illustrates the temperature reduction achieved by fagades covered with
Parthenocissus tricuspidata and Hedera helix. The results indicate that Parthenocissus tricus-
pidata performs best during summer, with an average surface temperature decrease of
approximately 8.6 °C, while Hedera helix achieves a reduction of 7.1 °C in summer and
1.5 °C in autumn.

External wall temperature reduction

14 B T0 reduction (°C) in Summer TO reduction (°C)in Autumn
12
10 Parthenocissus tricuspidata Hedera helix
8
6
4
a B
0
Cfa Cfb Cfb Dfa Cfa Cfb Cfb Cfb
-2 Tokyo Berlin Thessaloniki Chicago Delft Reading Manchester Rotterdam

Figure 1. Temperature reduction due to external wall in case of Parthenocissus tricuspidata and Hedera
helix coverage, according to literature.

Among these species, Hedera helix has been the subject of the most comprehensive stud-
ies. Its popularity is attributed to its evergreen nature, year-round growth, adaptability to
climate variability, and high resistance to frost—characteristics that support its widespread
distribution across Europe. Botanical research [49] suggests that its propagation has been
further facilitated by milder winters associated with climate change.

Recent findings in a temperate climate [50] on Hedera helix masonry wall coverage
indicate that its application as a green covering can substantially influence the thermal
behavior of masonry walls by ensuring an up to 30% lower heat transfer through covered
walls compared to uncovered walls (considering winter season). This suggests that Hedera
helix coverage has the potential to decrease heating energy demand by maintaining a
higher temperature beneath the foliage compared to exposed walls during winter, thereby
helping to limit moisture accumulation and the associated risk of mold development.
Conversely, in the summer months, the surface temperature beneath the ivy was lower
than that of the bare wall during the daytime, indicating a possible reduction in cooling
energy requirements.
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Limited research has been conducted on the thermal benefits of Parthenocissus tricuspi-
data, primarily because it is a deciduous climber with limited practical applications.

In Central Europe, Hedera helix, Parthenocissus tricuspidata, and Parthenocissus quin-
quefolia are quite common due to the spontaneous proliferation of these climbing plants
(although the latter two species are both non-native to Europe).

Parthenocissus tricuspidata is especially prevalent because of its aesthetic appeal, the
variation in its foliage color throughout the annual cycle, its thermal regulation properties,
its acoustic insulation capabilities, and its ability to reduce particle matter [51]. Moreover,
its cooling and energy-saving effects improve as solar radiation intensity and temperature
increase [52].

2. Aim and Scope

The body of research on green facades has progressively evolved over the past
20 years, developing into a transdisciplinary field that primarily addresses four key issues:
(i) urban greening and sustainability; (ii) thermal behavior, including warming and cooling
potential, and energy-saving mechanisms; (iii) on-site measurements of actual thermal and
microclimatic performance; and (iv) modeling and simulation approaches.

The relationship between the botanical behavior of climbing species—their growth
patterns, foliage density, and coverage—and the four different wall orientations has
not been thoroughly investigated. Moreover, most existing studies rely on short-term
field measurements.

To address these scientific gaps, this study employs numerical simulations to evaluate
the thermal performance of two climbing plant species applied to four wall orientations,
considering seasonal variations in leaf area index, LAI The research adopts a microclimatic
modeling approach that integrates technological and botanical parameters to optimize the
benefits of green fagades in humid temperate climates. Therefore, the focus of this study
remains on the building envelope and its thermal exchange with the outdoor environment
when covered by different climbing species and across multiple fagade orientations.

Specifically, this study investigates the thermal benefits of an evergreen climber com-
pared to those of a deciduous climber across four representative periods, each correspond-
ing to distinct seasonal variations in LAI (namely February, May, July, and October), on a
sample building in Northern Italy. The main objective is to evaluate the effects of two green
facade systems, applied on all four sides of the building envelope, using two climbing
species: Hedera helix (evergreen) and Parthenocissus tricuspidata (deciduous). The analysis
focuses on their impact both on wall-surface temperatures and on the immediate surround-
ing outdoor environment. This study will consider the two climbers’ growing cycles, leaf
density, and foliage coverage.

Specifically, this study aims to:

1. Quantify the outdoor surface-wall temperature (T) reduction (absolute difference in °C)
provided by the two selected species at different phenological stages across four wall
orientations, compared to a bare wall.

2. Identify which plant species and foliage density are most effective in reducing wall-
surface temperature (T) across four orientations during the four selected periods.

3. Analyze the wall temperature profile after sunset during summer to determine
whether green fagades retain heat or facilitate heat dissipation.

4. Assess the impact of longwave radiation in relation to variations in foliage density.

5. Evaluate how plant type and wall orientation influence outdoor thermal perception,
using Physiological Equivalent Temperature, PET, as an indicator.
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3. Methodology

The paper investigates the interactions of green fagades applied directly to a sample
building at two scales: (i) the wall scale, by analyzing temperature variations during key
growth stages of the selected species, and (ii) the user scale, by evaluating the potential of
green fagades to mitigate outdoor thermal stress in the vicinity of the green facades.

A sample building was used to evaluate differences in thermal performance at the
building-envelope scale, with a specific focus on the wall-adjacent microclimate rather than
on broader, generalized urban-cooling effects. The approach allows for a more precise
understanding of how different types of fagade greening influence near-surface thermal
behavior throughout the year.

The case study building is in Parma (44°48/05.3" N; 10°19’40.8" E), Northern Italy,
which is classified as a humid subtropical climate (Cfa) according to the Képpen—Geiger
system. Despite its classification as humid subtropical (Cfa), climatic trends in Northern
Italy, including increasing summer temperatures and more frequent drought-like condi-
tions, suggest a shift toward Mediterranean-like climate characteristics in terms of thermal
and precipitation patterns. Observational climate studies show strong warming trends and
an intensification of extreme heat events that are consistent with Mediterranean climatic
influences in this transition area [53].

The analysis focuses on the year 2024, identified as the hottest year on record based
on NASA climate data. During this period, global mean temperatures exceeded the 20th-
century baseline (1951-1980) by 1.3 °C, highlighting the relevance of investigating facade
greening strategies under extreme thermal conditions.

NASA’s Prediction of Worldwide Energy Resources (NASA POWER) dataset [54]
provides meteorological variables widely used in energy modeling. In this study, it was
preferred over the EPW file due to the need for high-accuracy satellite-derived data and
to address data scarcity for the selected location. The EPW file available for Parma is
based on heterogeneous historical years—many from the 1970s and 1980s—and therefore
fails to capture recent warming trends, overheating episodes, and extreme heat waves
recorded in the last decade. Conversely, NASA POWER offers up-to-date satellite-based
information that more accurately reflects current climatic conditions, ensuring a more
reliable representation of recent thermal patterns for simulations.

NASA POWER provides data at a 0.5° x 0.5° spatial resolution, including daily mea-
surements of near-surface air temperature, relative humidity, precipitation, solar radiation,
and wind speed. These variables derive from numerical weather prediction models that
integrate multiple observational sources.

The EPW files, by contrast, typically include measured or validated datasets—such as
Typical Meteorological Year (TMY) records—constructed from 20 to 30 years of weather-
station observations. Although historically consistent, they do not fully represent recent
climate-change-driven anomalies [55]. NASA POWER’s satellite-based reanalysis offers
broader spatial coverage and improved capacity to reflect climate-related trends, despite
some limitations. Recent evaluations [56,57] show good performance for maximum and
minimum temperatures and solar radiation, while wind speed and relative humidity still
require refinement.

Figure 2 illustrates the NASA POWER data for the year 2024. Figure 3 represents
annual trends for air temperature, relative humidity, and global solar radiation in 2024,
based on NASA POWER data for the city of Parma.

As in Figure 3, the greatest thermal variations can be detected in summer and winter
months, and this behavior deeply affects the growth stage of vegetated facades.
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Figure 2. Annual trend of dry-bulb temperature for the year 2024 at the study location (Parma, Italy),
based on NASA POWER data.

Air Temperature

(0

o g
S @

15/1
22/1
29/1
5/2
12/2
19/2
26/2
4/3
11/3
18/3
25/3
13/5
20/5
2715
3/6
10/6
17/6
24/6
17
8/7
15/7
2217
29/7
5/8
12/8
19/8
26/8
2/9
9/9
16/9
23/9
30/9
7/10
14/10
21/10
28/10
4/11
11/11
18/11
25/11
2/12
9/12
16/12
23/12
30/12

Relative Humidity

= I f A« WY
: \m”VJ\J/W il |

55
50

(%)

g oA 0 NN NN OO0 s Y Y Y Y WL OO0 O N0 0 000000000 0 0 0 o H NN N NN
53 5 OB I BT O D 0 DD I DO MO ROBORITHIBJIOIBAIAB BN oS DD gD d oo g g
EE RN RS IR P= = EE IR NI RIS AR | = J < 34 R IR 9N BRI IS IO BSOS
RN 52 2 &8
Global radiation
1200
1000
800
§600
[
400
200
0 !
o o O 0 0 4 O 0008 & Y T T L w00 0 O NN 0 0 0 00 0 0 00 0 0 0 O o oH o H O H NN N NN
Y3 B J OB AJAP ST S DL HOD N PO MO R MO RNIT AL JIZIBDIBB NSO ®mo T DD DD g gD g g
IR N S 2 HoE A EX RN ISR RS EE RN RN Hthﬁggv:EQnggg

Figure 3. Air temperature, relative humidity and global solar radiation at the study location (Parma,
Italy) based on NASA POWER data.

A comparison between the local weather station and NASA POWER was conducted
for four representative weeks—one week each in February, May, July, and October—to
assess the seasonal coherence between the two data sources (Figure 4). The results reveal a
consistent and physically interpretable pattern of agreement and divergence. In February,
the local weather station consistently showed slightly higher daytime maxima (=1-2 °C)
compared with NASA POWER. In May, the datasets show the closest match, with minimal
bias and nearly identical diurnal timing. In May, the increasing solar input enhanced the
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diurnal temperature range, leading the local station to record moderately higher daytime
maxima. In July, the divergence reached its seasonal peak, with the local station exhibiting
substantially stronger afternoon heating while maintaining close nighttime agreement. In
October, the pattern shifted again, with slightly lower daytime maxima in the local dataset
and reduced diurnal amplitude.
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it

Figure 4. Comparison between local weather station and NASA POWER.

Despite these seasonally dependent differences, both datasets show strong tempo-
ral alignment, and NASA POWER demonstrates good overall reliability when evaluated
against local observations. Calibration between the local weather station and NASA
POWER was carried out to evaluate the consistency and suitability of the datasets prior
to their use in subsequent analyses. Such comparison is essential because NASA POWER
provides spatially averaged, gridded data, while local stations measure point-scale mi-
croclimatic conditions, which can differ substantially, particularly in warm seasons when
surface energy processes amplify local variability. Given that the local station is sub-
ject to site-specific influences and lacks independent verification, NASA POWER was
adopted as the primary reference dataset, with the understanding that the identified sea-
sonal deviations represent inherent differences between point measurements and gridded
satellite-derived products.

Operationally, this paper is divided into four main phases:

(i) At first, a microclimate assessment for the base-case building and two different green
fagades and their immediate surroundings was performed, considering four different
weeks, connected to the different LAI values of two plant species, with no reference to
higher or lower air temperature peaks.

(ii) The results of each simulation were collected into graphs to compare the thermal
behavior of the four assessed weeks, with reference to the leaf area index, LAI, of the
selected species and their wall temperatures. In this study, the outdoor air temperature
(Ta) and surface-wall temperature (T) were used to compare the thermal resilience of
the two different green facades on the four different wall orientations.

(iii) The absolute difference of wall temperatures (bare wall and covered wall) was assessed
and compared over the year-long period.

(iv) Longwave radiation was considered to evaluate the role of the foliage coverage in
reflecting radiation.

(v) Lastly, PET values were considered to evaluate the thermal stress mitigation registered
near the vegetated wall to assess the thermal stress resilience potential according to
period and wall orientation.
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3.1. Materials and Methods

Microclimate assessment for the Cfa climate was carried out using ENVI-met software
V5.9.0 to evaluate the thermal performance of a green fagade formed by climbing plants
growing directly on walls, in the absence of any interposed substrate layers, relative to the
base-case condition (a bare wall).

ENVI-met, a three-dimensional microclimate modeling software, was used here to
assess and simulate the interactions between urban form, surface materials, vegetation, and
atmospheric processes at a very high spatial and temporal resolution.

It was used for microclimatic evaluations by simulating key environmental variables
such as air temperature, surface temperature, wind flow, relative humidity, mean radiant
temperature, and thermal comfort indices (e.g., PET, UTCI).

ENVI-met is currently the only microclimate simulation software that has been ex-
tensively and systematically validated for representing the effects of vegetation on the
urban microclimate. Its strength lies in the physically based modeling of plant-atmosphere
interactions at multiple scales, from grass and shrubs to trees and vertical greenery systems
such as green walls.

The software explicitly simulates key vegetation processes, including shading, evap-
otranspiration, aerodynamic resistance, leaf area density, and the exchange of heat and
moisture between plants, soil, and air. This allows ENVI-met to realistically quantify how
different types of vegetation contribute to cooling air and surface temperatures, reducing
mean radiant temperature, and improving outdoor thermal comfort [58].

The input data for the ENVI-met model were primarily categorized into four main
groups: (i) meteorological data, (ii) vegetation data, (iii) building data, and (iv) thermal
comfort data.

i Meteorological data were obtained from NASA POWER for the entire year 2024 to
enable a full forcing evaluation. Simulations were performed for four distinct periods,
each spanning 168 h (seven days), corresponding to representative stages of vegetation
growth rather than extreme temperature conditions. Considering the complete annual
growth cycle of the two selected climbers, four weeks were identified as representative
of seasonal variations in leaf area index (LAI), as illustrated in Figure 2 for Hedera helix
and Parthenocissus tricuspidata.

ii ~ With regard to the botanical data [40,45,49] (Figure 5), the first selected week (Period
A: 4-11 February 2024) corresponded to the minimum LAI for Parthenocissus tricuspi-
data (approximately 0.40), indicating a stage with minimal foliage, while Hedera helix
maintained an average LAI of 3.72. Period B (7-14 May 2024) showed an inverted
trend, with Parthenocissus tricuspidata initiating its new foliage season and reaching
a higher LAI value of approximately 4.30, while the LAI of Hedera helix remained
stable at around 3.66. The third period (21-28 July 2024) registered the lowest LAI
values (2.78) for Hedera helix, despite the plant being an evergreen climber. During
the hottest season, its LAI decreased, whereas Parthenocissus tricuspidata reached
its maximum foliage density, with an LAI of approximately 4.80. The fourth period
(9-16 October 2024) showed a decrease in LAI for Parthenocissus tricuspidata as it
began to shed its leaves, reducing its LAI to approximately 3.90. In contrast, Hedera
helix exhibited an increase in LAI, reaching about 4.29. The building models were
assumed to have all four facades fully covered with vegetation, as adopted in previous
studies [59], to represent a fully grown scenario.
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Figure 5. Average LAl values for Parthenocissus tricuspidata and Hedera helix.

Moreover, additional botanical data for the LAI [60], albedo [61,62], and emissivity [63]
of both species were averaged for each selected weekly period based on the literature and
served as representative input conditions for the plant growth cycles of Hedera helix and
Partenocissus tricuspidata, as depicted in Table 1. This approach was necessary because
LAI, albedo, and emissivity are highly sensitive to meteorological conditions—such as sky
state and the availability of photosynthetically active radiation—which strongly influence
plant transpiration and overall foliage behavior. In Table 1, the values are compared with
those obtained through a direct destructive method, in which the authors collected all leaf
material from sample plants [64]. The evaluation of LAI for both P. tricuspidata and H. helix
was performed by measuring the average leaf area over a 1 m? sample and relating it to
1 m? of fagade surface. Due to the complexity involved in accurately calculating LAI, the
literature-based values are preferred for comparative numerical evaluation.

Table 1. Botanical data used in the ENVI-met simulations for Parthenocissus tricuspidate and Hedera Helix.

Period Simulation Date

LAIP.
tricuspidata (*)

Average Albedo P.
tricuspidata **

Average Albedo
H. helix **

Emissivity P. Emissivity

1 *
LALH. helix () tricuspidata H. helix

A 4-11 February 2024
B 7-14 May 2024
C 21-27 July 2024
D 9-16 October 2024

0.95 0.97
0.95 0.97

0.40 (0.48)
4.30 (4.48)

3.72(3.73) 0.30
3.66 (3.65) 0.22
4.80 (4.90) 2.78 (2.90) 0.22 0.95 0.97
3.90 (4.03) 429 (4.23) 0.18 0.95 0.97

** The color represents the average leaf coloration observed during the corresponding period. (*) represents the
sample measured values on site.

In addition to LAI values for the two climber species, particular attention was given
to average albedo and leaf emissivity. Albedo is of special interest because it reflects
seasonal variations in foliage color. For Parthenocissus tricuspidata, changes in leaf color
significantly influence albedo: during the growing stage, leaves are predominantly light
green, with albedo values around 0.22; in autumn, the foliage turns reddish, reducing
albedo to approximately 0.18; and in winter, it increases to about 0.30. In contrast, Hedera
helix, being an evergreen species, maintains a relatively constant albedo of approximately
0.20 throughout the year. In this first attempt to evaluate the role of climbing species,
stomatal conductance has been deliberately overlooked, even though valuable attempts to
use the ENVI-met model to assess and calculate transpiration through stomatal resistance
are available [64]. Currently, ENVI-met provides two methods for estimating stomatal
resistance: a simple approach based on the work of Deardorff [65] and the A-gs model [66].
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The Deardorff approach scales a prescribed maximum stomatal resistance according to
solar radiation input and water availability, whereas the A-gs model computes plant
photosynthetic activity and derives the corresponding CO, demand, from which the
stomatal state is subsequently inferred.

iii ~ The building model and simulation settings are summarized in Table 2. Wall and roof
material properties were derived from the default ENVI-met database to represent
a non-specific building envelope, considered representative of typical U-values and
construction characteristics commonly found in buildings located in the northern
Italian climate. Soil temperature was estimated using default values and relevant
data from the literature. The simulation domain was defined as9m x 9 m x 4 m,
with a grid resolution of 1 m X 1 m x 1 m. Meteorological boundary conditions
were set to full forcing, and each simulation covered a 168 h period (seven days).
Additional grid resolutions 2 m X 2m x 2m and 3 m x 3 m X 3 m) were also
tested; however, no appreciable differences were observed, while computational time
increased unnecessarily.

Table 2. Simulation setting data used for the ENVI-met simulations.

Simulation area 44°48'05.3" N; 10°19'40.8" E
Koppen-Geiger classification Cfa
Modeling area domain 9m x9m x 4m
Grid dimension ImXx1mx1lm
Meteorological boundary condition Full forcing
Simulation duration for each period (h) 168 h
Simulation starting time 05:00 a.m.
Thickness of vegetation layer (AC) 0.10m
Air gap size between substrate and building wall (AAG) 0.00 m

Three building configurations were tested:

e  Base case: facade without vegetation (Figure 6a).

e  Hedera helix: fagade covered with Hedera helix on all orientations, growing directly on
the wall (Figure 6b).

e Parthenocissus tricuspidata: fagade covered with Parthenocissus tricuspidata on all orien-
tations, growing directly on the wall (Figure 6b).

-

a b

Figure 6. Building model used as the base case (a) and for the green facade sample building (b).

All scenarios were compared to the base case, considering all four wall orientations.

Default values (Table 3) were assumed in the ENVI-met configuration, representing
averaged parameters typical of building envelopes in Cfa climates, including the presence
of a scarce layer of insulation material, as adopted in previous studies [67]. Since different
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building materials can influence thermal performance, the objective of this study is to
isolate and compare the relative thermal behavior of different green facade configura-
tions under consistent boundary conditions by adopting standard and fixed wall layers,
as in Table 3.

Table 3. Building material properties used for the ENVI-met simulations.

Material Co?:if?tiili ty Emissivity =~ Absorption = Transmission Reflection
Default plaster 0.6 0.93 0.60 0.00 0.40
Default insulation 0.07 0.90 0.50 0.00 0.50
Default concrete 1.6 0.90 0.70 0.00 0.30

iv  In outdoor thermal comfort research, the Physiological Equivalent Temperature (PET)
and the Universal Thermal Climate Index (UTCI) are among the most widely used
indicators [68,69]. UTCl is based on Fiala’s multi-node thermoregulation model [70],
which relates the physiological effects of complex thermal environments on the human
body to those observed under a standardized air temperature (Ta), emphasizing stress
prediction under extreme conditions [71]. Conversely, PET is derived from the Mu-
nich Energy Balance Model for Individuals (MEMI) using a two-node approach [72].
It represents the air temperature at which, in a typical indoor setting, the human
heat budget is balanced with the same core and skin temperatures as those under
the outdoor conditions being assessed. Namely, the PET defines all incoming and
outgoing fluxes in the human body; therefore, PET is considered a robust biome-
teorological parameter because it links physical environmental variables to human
thermal perception [73], also involving MRT values. Based on PET’s ability to effec-
tively quantify the relationship between MRT reduction and heat stress levels under
different vegetation configurations, PET was selected as the most reliable metric for
this study. The calculation of PET requires air temperature, humidity, wind speed,
and radiation as input parameters. In this study, PET was computed using ENVI-met
software, which, according to the BIO-met model, considers a 35-year-old man with
average physiological characteristics. ENVI-met calculates PET values using 3D veg-
etation models that incorporate plant physiological properties as well as leaf-level
characteristics. In addition, ENVI-met applies a complex ray-tracing algorithm to
quantify shading (i.e., the reduction in incident solar radiation) and to model long-
wave radiation exchanges within the vegetation canopy, which constitute primary
drivers of PET reduction.

The model computes leaf-surface temperatures by solving the leaf energy-balance
equation, explicitly accounting for transpiration rates. Transpiration contributes to cooling
by lowering the air temperature in the canopy layer, as determined by the species-specific
physiological behavior of the plants. Finally, the BIO-met module uses the resulting mete-
orological fields to calculate PET, integrating human-related parameters such as activity
level and clothing insulation.

3.2. ENVI-Met Setup and Green Fagade Calculation

ENVI-met has been demonstrated [74] to be the most sophisticated and reliable soft-
ware in evaluating the complex vegetation—atmosphere feedback mechanisms by dynam-
ically linking stomatal responses to humidity fields [75]; furthermore, it provides cross-
seasonal adaptability via its Tree Calendar function, which aligns leaf area senescence with
radiative transfer processes [58].
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The ENVI-met software incorporates an integrated plant database that offers compre-
hensive information on a variety of plant species, enabling users to simulate and analyze
the impacts of different vegetation types on urban microclimates [76].

In ENVI-met, stomatal conductance and transpiration are parameterized within the
plant profile (namely the P. tricuspidata and H. helix data) using a biological, process-
based approach. ENVI-met is able to model the exchange of CO, and water vapor at
the leaf level using an adaptation of Jacobs” A—gs stomata model [66]. The A—gs model
is used to estimate the stomatal behavior of single leaves, taking into account the mi-
croclimatic conditions of the whole plant. In this model, it is assumed that plants op-
erate stomatal conductance in a way that maximizes CO, gain, while associated wa-
ter loss is minimized. As an empirical model, the A—gs model links stomatal con-
ductance (water loss) with photosynthesis (CO;, gain). Empirical studies have found
a strong correlation between the stomatal conductance of water and photosynthesis. Us-
ing this relation, the calculation of net photosynthesis rates allows the model to calculate
the stomatal behavior of a plant. Recent studies [76] indicate that ENVI-met is capa-
ble of simulating the transpiration rates and leaf temperatures of trees in both building
and urban environments.

Figure 7 illustrates the conceptual representation of a green facade in ENVI-met,
highlighting key variables at the interface with the atmosphere (air temperature, Ta) and
within the green layer (canopy air temperature, TaC). The node Ty represents the surface
temperature of the outermost wall layer and serves as the primary reference point for
evaluating heat exchange between the wall and the external environment [77].

Figure 7. Conceptual diagram of a green wall system with a greening layer, illustrating the main
variables (adapted from the ENVI-met manual).

Within ENVI-met, the transfer of longwave radiation through and within the veg-
etative layer is not modeled using explicit transmission coefficients. Instead, the ap-
proach incorporates a probabilistic parameter, referred to as coefficient P (Figure 8), which
quantifies the likelihood that incident longwave radiation will be intercepted by the
leaf surface.
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Figure 8. Longwave radiation scheme as calculated in ENVI-met (adapted from the ENVI-met manual).

The change in longwave radiation behind the plant layer (Qf \y) can be calculated as a
weighted average between the incident longwave radiation (Qrw) and that emitted by the
leaves (Qrw1):

Qiw = (1—=P) Quw + P Quw,L 1)

The total emission of longwave radiation from the facade (Qgrw) follows a sim-
ilar principle, combining the radiation emitted by the leaves and that emitted by the
wall surface:

Qcw =P Quw,r + (1 —P) Qrwwy/s (2)

Analyzing longwave radiation outcomes in ENVI-met requires evaluating how vege-
tation modifies the thermal radiation emitted by building surfaces relative to a bare fagade.
In vegetated configurations, shading and evapotranspiration lower the wall-surface tem-
perature, which in turn reduces the magnitude of longwave radiation emitted toward the
surrounding environment.

This attenuation of radiative heat release reflects the capacity of green facades to
moderate surface thermal loads and contributes to a reduction in nearby temperatures.

Lastly, attention should be given to the role of irrigation. In ENVI-met, it is assumed
that a managed irrigation system is available to support plant growth and maintain an
adequate water supply.

To represent this, an adjustable watering coefficient ((w) is defined, ranging from
0 (dry conditions) to 1 (moist conditions), indicating the level of water accessibility for
plants. For green facade systems without a substrate layer (e.g., climbing plants, as in this
research), ENVI-met assumes a constant and sufficient water supply (¢w = 1).

4. Results
4.1. Wall Temperature T

The first set of results involved a comprehensive analysis of the T profiles together
with the absolute difference profiles. Figure 9 illustrates the T trends for each orientation,
accounting for the seasonal variability of the leaf area index (LAI) of both species, with the
objective of evaluating the influence of vertical greenery on the thermal performance of
the facade compared to the reference condition (bare wall). Figure 10 presents the absolute
difference profiles for each period and orientation. All four periods span 168 h, starting
at 06:00 on the first day and ending at 06:00 on the last day, thereby ensuring a consistent
temporal framework for comparison.
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Figure 9. T profile for the four wall orientations, with reference to four different periods.

During Period A (11 February), Parthenocissus tricuspidata showed the lowest LAI
(0.30), whereas Hedera helix attained its annual maximum (3.72).

On the north facade, P. tricuspidata is associated with the lowest nighttime Ty, with
a minimum of 1.8 °C on 8 February, consistent with values recorded on the bare wall
(3.6 °C) and on H. helix (3.1 °C). The highest north-facing temperatures occurred on the
first day of the week. During the daytime, the bare wall reached 18.7 °C, slightly higher
than H. helix (17.7 °C at noon). The bare wall thermal range spanned 18.7-3.6 °C, while H.
helix showed a narrower range (17.7-3.1 °C), indicating comparable thermal behavior. The
maximum absolute difference was observed for H. helix at the mid-period (8.0 °C), whereas
P. tricuspidata exhibited a markedly lower maximum difference (1.6 °C) on the same day.
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Figure 10. Absolute difference Ty for the four wall orientations, with reference to four different periods.

On the east facade, the bare wall Ty showed two daytime peaks (12:00-14:00) on 4,
5,7, and 8 February, with a maximum of 22.3 °C on the first day (~12:00). On 5 February,
an initial peak of 18.7 °C was followed by a slight dip and a second rise to 17.4 °C at
14:00. P. tricuspidata displayed a more regular pattern, with peaks aligned to midday and
a maximum of 19.3 °C at 15:00—about four hours after the bare wall. With higher LAI,
Hedera helix shows lower averages; its maximum was 13.0 °C at 14:00 on 4 February, one
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hour after the peaks observed for the bare wall and P. tricuspidata, and its minimum was
1.9 °C at 07:00 on 8 February. In absolute difference (Figure 10), H. helix reached an average
maximum peak of 8.2 °C, with the highest value being 11.2 °C on 5 February at 13:00; in
the same interval, P. tricuspidata showed its largest deviation of 3.5 °C.

On the south facade, the bare wall attained its maximum on 9 February at 14:00
(36.3 °C), then declined. P. tricuspidata followed the same pattern, peaking at 31.1 °C due
to seasonal leaf absence. H. helix reached 13.3 °C on the same date and hour. The lowest
temperatures occurred on 8 February, coinciding with the 2024 air-temperature minimum
(mean 4.7 °C at 08:00). At that time, Ty was 3.8 °C at the bare wall, 3.3 °C with P. tricuspidata,
and 1.9 °C with H. helix. In terms of the absolute difference, the south facade showed the
largest reductions vs. the bare wall: 23.0 °C on the first day, then decreasing from 20.3 °C
to 18.2 °C and finally to 5.2 °C, which was close to P. tricuspidata. For P. tricuspidata, the
maximum coincided with H. helix’s peaks (5.1 °C), with a more homogeneous weekly trend.

On the west facade, bare-wall T peaks coincided with P. tricuspidata but were ~5.0 °C
higher (29.8 °C and 29.8 °C at 15:00-16:00 vs. 24.5 °C and 24.4 °C). Mid-period, bare-wall
maxima ranged from 20.9 to 17.4 °C, with P. tricuspidata ~2.0 °C lower. H. helix remained
markedly cooler and peaked earlier (typically 14:00), with absolute maxima of 12.9 °C on
4 February (14:00) and 9.6 °C on 7 February; the minimum was 1.7 °C at 07:00 on 6 February.
In terms of the absolute difference (Figure 10), day two of Period A showed the greatest
deviations: 20.0 °C for H. helix and 6.0 °C for P. tricuspidata. Overall, H. helix differences
were largest at the beginning, then progressively flattened.

During Period B (7-14 May), Hedera helix showed a slightly lower LAI (3.66) than
in winter, despite this being a counterintuitive seasonal trend, whereas Parthenocissus
tricuspidata increased markedly to an LAI of 4.30.

On the north facade, increasing air temperature drove a corresponding rise in bare-
wall Ty, reaching a daytime maximum of 35.0 °C and a nocturnal minimum of 10.1 °C,
indicating a large diurnal amplitude, despite limited direct radiation. The two climbers
displayed largely comparable thermal trajectories due to similar LAI values. Maximum
Ty values were recorded on 13 May at 16:00 (22.5 °C for H. helix; 21.9 °C for P. tricuspidata),
while minima occurred at 06:00 (8.4 °C and 8.1 °C, respectively); the bare wall reached
its minimum at 05:00 (11.4 °C). In terms of absolute difference (Figure 10), both climbers
showed similar trends, with inter-species deltas below 1.0 °C, although P. tricuspidata
exhibited slightly larger differences relative to the bare wall. Peak reductions occurred in
the second half of the week, with maxima on 14 May (13.7 °C and 12.9 °C).

On the east fagade, the second half of the week reproduced Period A’s pattern, with
two daily Ty peaks: a first peak between 12:00 and 13:00 (36.8-36.3 °C), followed by a
decline and a second maximum of 36.8 °C. A similar behavior was observed on the bare
wall. In contrast, H. helix and P. tricuspidata exhibited smoother profiles, peaking between
15:00 and 16:00. The two species showed comparable behavior, with H. helix consistently
~1.0 °C warmer than P. tricuspidata, and a day—night thermal amplitude of ~8.0 °C. Absolute
differences relative to the bare wall were nearly identical for both climbers (Figure 10), with
maximum values in the second half of the period (23.1 °C for P. tricuspidata; 22.4 °C for H.
helix). A secondary peak occurred approximately two hours later in both profiles.

On the south facade, bare-wall temperature increased from 7 May, reaching a maxi-
mum of 45.0 °C on 13 May at 15:00; the minimum occurred at 05:00 on 9 May (10.2 °C). The
thermal profiles of P. tricuspidata and H. helix were nearly identical, with mean daily tem-
peratures differing by <0.1 °C. Peak values for both climbers coincided with the bare-wall
maximum (13 May, 15:00), reaching 22.2 °C for H. helix and 21.5 °C for P. tricuspidata. Abso-
lute differences show comparable trends for the two species, with minimal inter-species
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variability; P. tricuspidata exhibited a slightly larger reduction relative to the bare wall. The
absolute difference between the climbers remains approximately 0.5 °C.

On the west facade, a pattern similar to that of the east facade was observed. After
relatively low temperatures during the first two days, the bare wall peaked at 52.1 °C on
13 May at 18:00. Under dense foliage, both H. helix and P. tricuspidata showed comparable
trends, peaking concurrently at 18:00 with Ty values of 20.7 °C and 20.0 °C, respectively,
indicating a substantial attenuation of peak temperatures. Nighttime minima differed less
markedly, with an average gap of ~5.0 °C between the bare wall and vegetated fagades.
Unlike Period A, absolute differences in Period B were slightly larger for P. tricuspidata,
which reached a maximum of 32.0 °C compared to 31.0 °C for H. helix.

During Period C (21-28 July), Parthenocissus tricuspidata attained its annual maximum
LAI (4.80), whereas Hedera helix, affected by high air temperatures influencing evapotran-
spiration, showed its lowest LAI (2.78).

On the north wall, bare-wall Ty peaked at 41.4 °C at 14:00 on 22 July, the hottest week
of 2024 (air temperature ~31.0 °C, NASA POWER). At the same time, H. helix reached
29.5 °C, while P. tricuspidata peaked slightly later at 27.7 °C (15:00). The lowest nocturnal
temperatures also occurred on 22 July at 02:00 (bare wall 23.0 °C, H. helix 19.7 °C, and P.
tricuspidata 19.0 °C). Absolute differences relative to the bare wall were consistently greater
for P. tricuspidata, with a maximum reduction of 13.7 °C (vs. 11.9 °C for H. helix), persisting
throughout the week, including at nighttime.

On the east facade, the bare wall showed a stable pattern over the 168 h period, with
two daily peaks separated by ~2 h: 42.2-42.5 °C between 12:00 and 13:00, followed by a
second maximum of 43.0 °C at 15:00. In contrast, both climbers exhibited a single daily peak
at 14:00 (28.5 °C for H. helix; 26.8 °C for P. tricuspidata), with average maxima of 29.8 °C and
28.1 °C, respectively. Minimum temperatures ranged from 17.7 to 20.0 °C for P. tricuspidata
and reached 18.4 °C for H. helix. Absolute difference profiles (Figure 10) mirrored those of
the north facade, with P. tricuspidata achieving the largest reductions (22.4-17.8 °C), and H.
helix with slightly lower values (19.8-16.4 °C).

On the south fagade, bare-wall peak temperatures fluctuated between 49.9 °C and
44.8 °C. Both climbers closely follow the bare-wall trend, with the largest peak reductions
on 27 July (19.6 °C for H. helix; 21.8 °C for P. tricuspidata). The greatest absolute differences
occurred at the beginning and end of Period C, when P. tricuspidata reached 22.1 °C and
21.3 °C, respectively, while H. helix ranged from 20.6 °C to 19.4 °C. The minimum reduction
for H. helix was observed on 26 July (15.8 °C).

On the west facade, central-day peaks remained near 50.0 °C, except for maxima on
21 July (57.4 °C) and 28 July (55.7 °C). Nocturnal minima occurred at 06:00-07:00, ranging
from 22.0 °C to 23.5 °C. Both climbers showed similar thermal evolutions: H. helix peaked
at 30.7 °C on 25 July at 16:00 and dropped to 18.7 °C on 22 July at 05:00, while P. tricuspidata
reached 28.5 °C on the same day and a minimum of 18.0 °C at 05:00 on 22 July. The largest
absolute differences occurred on 21 and 28 July, with P. tricuspidata reaching 30.8 °C and
27.8 °C, exceeding those of H. helix (28.1 °C and 25.9 °C).

During Period D (9-16 October; Figure 8), the two climber species exhibited similar
thermal behaviors, reflecting comparable LAI values (4.29 for Hedera helix and 3.90 for
Parthenocissus tricuspidata).

On the north fagade, bare-wall temperature variability was lower than in Periods
B and C, with a maximum of 26.7 °C (11 October, 13:00) and a minimum of 11.1 °C
(13 October, 03:00). Vegetated facades showed coincident peaks on 11 October at 14:00
(19.2 °C for H. helix; 19.2 °C for P. tricuspidata), confirming nearly identical performance.
Absolute differences were variable; however, except for the first day, the largest daily
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reductions were associated with P. tricuspidata, typically ~8.0 °C below the bare wall, with
a similar pattern for H. helix.

On the east facade, the bare wall exhibited heterogeneous behavior, peaking before
noon (29.6 °C at 11:00 on 12 October) and reaching a minimum of 9.4 °C at 08:00 on
13 October. Both climbers reached nearly identical maxima at 14:00 on 13 October (19.2 °C
for H. helix; 19.2 °C for P. tricuspidata). Minima coincided with the bare wall but were lower
(7.0 °C vs. 9.4 °C at 08:00). Absolute differences (Figure 10) were identical for both species,
increasing from 6.6-7.5 °C at the start of the week to a maximum of 17.8 °C on 13 October,
then decreasing to 11.3-8.6 °C toward the end.

On the south fagade, bare-wall T increased progressively, reaching peak values of
40.0 °C at 15:00 on two consecutive days, while the minimum (9.7 °C) occurred on
13 October at 08:00. Vegetated facades peaked between 15.2 °C and 19.2 °C at the same
hour, with minima at 08:00 on 13 October (7.0 °C for H. helix; 6.9 °C for P. tricuspidata), con-
firming substantial thermal attenuation during the transitional season. Absolute differences
peaked on the two central days (~25.0 °C for both species) and reached a minimum on
10 October (~1.0 °C).

On the west facade, the bare-wall Ty was highly variable, peaking at 39.3 °C on
11 October at 18:00 and reaching a minimum of 9.6 °C at 08:00 on 13 October. Both
climbers exhibited nearly identical profiles, with minima coincident with the bare wall but
~7.0 °C lower. Their maxima occurred earlier than that of the bare wall (11 October, 14:00),
reaching 19.2 °C for both species, indicating a time lag in the thermal response of vegetated
fagades. Absolute differences peaked at 21.8 °C on 11 October and decreased to 10.7 °C by
the last day.

According to Table 4, the largest temperature reduction relative to the bare wall for the
Hedera helix-covered fagade occurred on the west orientation during Period B, specifically on
12 May, with a peak difference of 31.3 °C between 09:00 and 17:00 (8 h). For Parthenocissus
tricuspidata, the maximum Ty reduction was observed on the same day and within the same
interval, reaching 32.0 °C.

Table 4. Wall temperature (Tj) for the four wall orientations across four seasonal periods, comparing
the reference configuration (bare wall) with vegetated facades covered by H. helix and P. tricuspidata.

Period Orientation Base Case Hedera helix Parthenocissus tricuspidata
fT(, Range To Range Max °T Date with Time wit.h °T To Range Max °T Date with Time wit.h °T
rom9am  from 9 am R . . ° Reduction from 9 am . . o Reduction
eduction Maximum °T > Reduction Maximum °T >
to 5 pm to 5 pm €0 Reduction >10°C to 5 pm 0 Reduction >10°C

(o) (@) (Duration/h) (o) (Duration/h)

North 4.5-18.9 1.6-12.6 8.3 6 February / 3.8-17.9 1.8 8 February /

East 5.0-22.3 1.7-13.0 11.9 5 February 11:00-12:00 (1) 4.2-199 3.6 8 February /

A South 5.1-36.3 1.7-13.3 23.0 4 February 11:00-17:00 (6) 4.34-31.2 5.1 4 February /

West 4.7-29.8 1.7-13.0 20.0 5 February 11:00-17:00 (6) 4.0-24.5 5.9 5 February /
North 15.4-35.6 12.0-22.5 13.1 13 May 11:00-17:00 (6) 11.5-22.0 13.7 13 May 10:00-17:00 (7)
B East 15.3-37.6 12.3-22.1 224 12 May 09:00-17:00 (8) 11.7-21.5 23.1 12 May 09:00-17:00 (8)
South 15.4-45.2 11.9-22.2 235 13 May 09:00-17:00 (8) 11.4-215 24.1 13 May 09:00-17:00 (8)
West 15.4-52.1 11.8-22.2 313 12 May 09:00-17:00 (8) 11.3-21.5 32.0 12 May 09:00-17:00 (8)
North 27.4-41.4 22.0-30.9 11.9 22 July 12:00-16:00 (4) 21.0-29.4 13.7 22 July 11:00-17:00 (6)
C East 35.6-46.8 22.4-30.7 20.5 25 July 09:00-16:00 (7) 21.1-39.1 224 25 July 09:00-17:00 (8)
South 28.7-49.9 21.9-30.9 20.5 21 July 10:00-17:00 (7) 20.9-29.2 221 21 July 10:00-17:00 (7)
West 26.9-57.4 21.8-31.3 28.7 21 July 13:00-17:00 (4) 20.9-29.2 30.8 21 July 13:00-17:00 (4)

North 13.2-25.7 8.5-19.2 9.3 14 October / 8.4-19.2 9.2 14 October /
D East 16.3-29.6 8.7-19.2 17.9 12 October 09:00-13:00 (4) 8.7-19.2 17.8 12 October 09:00-13:00 (4)
South 16.3-40.2 8.6-19.5 25.8 13 October 10:00-17:00 (7) 8.5-19.6 25.6 13 October 10:00-17:00 (7)
West 13.1-39.3 8.5-19.2 21.8 11 October 09:00-17:00 (8) 8.5-19.2 21.8 11 October 09:00-17:00 (8)

The smallest T differences were recorded during Period A, when H. helix reduced
north facade temperatures by 8.3 °C, whereas P. tricuspidata, in the absence of foliage,
achieved only a 1.8 °C reduction.
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Time intervals with temperature reductions exceeding 10.0 °C occurred for H. helix
during Period B on the south, east, and west fagades, persisting for more than eight
consecutive hours. A comparable behavior was observed for P. tricuspidata, where T
remained reduced for over eight hours.

Post-sunset thermal behavior was analyzed for each orientation across the four pe-
riods to assess the thermal lag of the bare wall relative to the vegetated fagades. Table 5
reports mean, maximum, and minimum differences between the bare and green fagades,
considering period-specific sunset times to ensure consistent post-sunset comparisons.

Table 5. Difference in T (°C) after sunset between the bare wall and the two green facade configura-
tions, Hedera helix and Parthenocissus tricuspidata.

Hedera helix Parthenocissus tricuspidata

Average T Max Ty Min T, Average T Max Ty Min T
Diff (°C) Diff (°C)  Diff (°C) Diff (°C) Diff (°C)  Diff (°C)

North 238 55 17 0.7 14 0.1
East 31 5.8 1.9 0.7 13 0.2
A South 40 144 17 0.7 21 —02
West 44 20.0 1.9 11 0.2 0.2
North 43 7.3 18 47 7.7 22
East 43 6.4 19 47 6.8 22
B south 46 7.2 1.8 5.0 7.6 22
West 6.2 133 22 6.6 13.7 25
North 39 5.0 3.0 438 5.8 338
East 41 46 33 49 55 41
C South 43 5.2 3.1 52 6.0 39
West 6.3 8.8 47 7.2 9.8 5.6
North 27 438 0.9 29 48 11
East 3.0. 55 1.0 31 55 11
D south 3.8 8.4 1.0 39 8.4 11
West 40 9.7 1.0 41 9.7 11

Suset hours: Period A: 17:31-17:41; Period B: 20:19-20:25; Period C: 20:50-20:57; Period D: 18:33-18:45.

During Period A (sunset between 17:31 and 17:41), H. helix exhibited the highest post-
sunset temperature difference, reflecting limited thermal variability. The presence of H.
helix moderated cooling, reducing exposure to cold air and maintaining more homogeneous
wall temperatures over the diurnal cycle.

By contrast, P. tricuspidata showed a thermal response similar to the bare wall during
Period A, owing to the absence of foliage, resulting in negligible average differences.
The maximum mean post-sunset temperature difference between the bare wall and H.
helix was observed during Period C (sunset between 20:50 and 20:57) on the west facade
(6.3 °C). Under the same conditions, P. tricuspidata reached its highest post-sunset difference
(7.2 °C), associated with its maximum LAI and enhanced shading and thermal buffering.

4.2. Longwave Radiation

The second stage of the analysis examined longwave radiation emitted and received
by the different fagade configurations (Figure 11).

During Period A, the bare wall recorded received longwave radiation of 293-369 W m—2,
while emitted radiation ranged from 331 to 508 W m~2 on the south and west fagades and from
329 to 426 W m~2 on the north and east facades. Vegetated fagades exhibited substantially higher
values: Hedera helix recorded a received radiation of 616-735 W m~2 and emitted radiation of
629-766 W m~2 across all orientations. On the south fagade, Parthenocissus tricuspidata exceeded
both H. helix and the bare wall, with a received radiation of 629-833 W m~2 and emitted
radiation of 641-832 W m 2.
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Figure 11. Longwave radiation received and emitted for the four wall orientations, with reference to

four different periods.

During Period B, longwave radiation increased relative to Period A for all orienta-
tions. On the bare wall, received radiation ranged from 320 to 453 W m~2, while emitted
radiation varied between 363 and 619 W m~2 on the south and west facades and 362 and
519 W m~2 on the north and east facades. Fagades covered with H. helix showed higher
values, with a received radiation of 677-886 W m 2 across all orientations and emitted
radiation of 688-878 W m~2 on the south and east fagades. P. tricuspidata followed the same
pattern, with slightly lower magnitudes than H. helix.

Period C exhibited the highest longwave radiation levels of all periods. For the bare
wall, received radiation ranged from 372 to 497 W m~2, while emitted radiation peaked on
the west facade (417-661 W m~2). Vegetated facades showed the same spatial pattern but
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with markedly larger magnitudes. H. helix recorded a received radiation of 780-980 W m~2
and emitted radiation of 790-962 W m 2, with maxima on the south and east facades. P.
tricuspidata presented comparable values, with a received radiation of 776-969 W m~2 and
emitted radiation of 773-940 W m~2, which was particularly high on the east facade.

In Period D, longwave radiation decreased markedly compared to Periods B and C.
On the bare wall, received radiation ranged from 317 to 417 W m~2 and emitted radiation
from 357 to 535 W m 2. Both vegetated configurations showed similar received radiation
(664-832 W m~2); however, H. helix exhibited slightly higher emitted radiation than P.
tricuspidata, with values between 672 and 855 W m~2.

In general, the lower surface temperature of the green vegetated surface could be
attributed to the reduction in the emission of longwave radiation and lower air temperature
immediately above the green surface. When comparing the wall orientations, west-facing
facades were the most advantageous for reducing wall-emitted longwave radiation and
south-facing facades were a close second—especially during Periods B and C. This follows
directly from the largest wall-surface temperature (Ty) drops being observed on the west
(and then south) orientation.

4.3. PET

Figure 12 shows the distribution of MRT values on the four facades, in the four periods.
Figure 11 reveals that variations in MRT closely mirror the fluctuations in PET (Figure 13),
confirming the strong radiative control exerted by fagade greening on outdoor thermal
perception. In all four orientations, periods with the highest MRT peaks—particularly
Period C, where MRT frequently exceeded the upper range of the daily cycle—corresponded
to the largest PET values and, consequently, to the most severe thermal-stress classes. In the
same period, the introduction of vegetation caused a marked reduction in MRT, especially
on the west and south fagades, where dense foliage substantially lowered mean radiant
exposure. This MRT attenuation directly underlies the significant PET drops observed in
the same orientations, with P. tricuspidata providing reductions of up to 8.0 °C, consistent
with its higher LAI and stronger shielding effect. Conversely, during Period A, MRT values
were globally lower, and only modest differences appeared between the bare and vegetated
fagades. This explains why PET reductions remained limited (=1.0 °C or less), even though
shading from H. helix slightly reduced radiant load.

Overall, MRT behavior in Figure 11 confirms that fagade greening primarily mitigates
PET through the reduction in radiative heat gain, and the magnitude of PET improvement in
each period and orientation is directly proportional to the corresponding decrease in MRT.

Building on these MRT-PET dynamics, the detailed PET profiles presented in Figure 13
further reflect how radiative conditions, seasonal forcing, and fagade orientation jointly
shape thermal-perception patterns across the four assessed periods.

Although PET is calculated from MRT, air temperature, wind speed, and relative hu-
midity, these variables form a non-linearly coupled heat-balance system, and therefore their
individual values have no standalone interpretive meaning. Analyzing them separately
would neither strengthen the results nor reflect their integrated physiological effects. Since
the purpose of this study was to assess outdoor thermal comfort near green facades—rather
than to unpack the internal thermophysiological model—PET alone was used as the ap-
propriate indicator, and its values were analyzed across the four representative weeks
and on different orientations. The PET categories shown in Figure 13 follow the standard
Matzarakis-Mayer biometeorological scale [72], which distinguishes six thermal-perception
classes, Cold, Slightly Cool, Neutral/Comfortable, Warm, Hot, and Very Hot, ranging from
distinctly cold conditions to strong or extreme heat stress.
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Figure 12. MRT profiles for the four wall orientations, with reference to four different periods.

For the most solar-exposed orientations (south and west), the base case exhibits PET
values between 8.0 and 36.0 °C in Period A, dominated by the Cold category. In Period
B, PET ranges from 14.0 to 54.0 °C, mainly within the Slightly Cool and Warm classes,
while in Period D, values vary from 13.0 to 42.0 °C, again dominated by Slightly Cool
and Warm conditions. Period C (July) shows the highest PET values (20.0-58.0 °C), with a
prevalence of the Warm and Very Hot categories. The introduction of green facades reduces
PET and shifts conditions toward lower thermal classes. In Period C, the P. tricuspidata
fagade produces the largest reductions, reaching up to 3.0 °C on the south exposure and up
to 8.0 °C on the west exposure, whereas in Period A H. helix yields maximum reductions of

approximately 1.0 °C for both orientations.
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Figure 13. PET profiles for the four wall orientations, with reference to four different periods.

For the north-facing exposure, the base case ranges from 8.0 to 24.0 °C in Period
A, with Cold conditions prevailing. In Period B, PET values increase to 16.0-53.0 °C,
mainly distributed within the Slightly Cool and Hot/Very Hot categories. During Period
C, PET spans 21.0-57.0 °C, dominated by Warm and Very Hot classes, while in Period D,
values range from 15.0-38.0 °C, with a prevalence of Slightly Cool and Warm conditions.
The east-facing facade shows comparable behavior, with PET values of 9.0-36.0 °C in
Period A, 14.0-50.0 °C in Period B, 26.0-58.0 °C in Period C, and 16.0-41.0 °C in Period D,
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corresponding to similar dominant thermal classes. Vegetation also reduces PET for the
north and east orientations. In Period C, P. tricuspidata ensures reductions of up to 4.0 °C,
while H. helix achieves decreases of up to 3.0 °C on the north facade. In Period A, H. helix
produces smaller reductions (~0.3 °C on the north fagade and ~0.9 °C on the east facade).
By contrast, P. tricuspidata induces a negligible PET increase (<0.1 °C).

According to Table 6, PET variations across the four orientations and time periods
are generally modest. During Period A, the north and east fagades show negligible PET
reductions, with decreases of less than 1.0 °C. The largest PET reduction is observed in
Period C (July) on the east-facing facade, with a peak decrease of 6.0 °C on 24 July. For
Hedera helix, this maximum reduction occurs over short intervals (09:00-11:00, 2 h; and
16:00-17:00, 1 h). Parthenocissus tricuspidata shows a comparable response, achieving a
slightly greater peak reduction of 6.9 °C on the same date and within the same time
windows. By contrast, the smallest reductions occur during Period A on the north fagade,
where both climbers provide minimal attenuation, with PET decreases of 0.5 °C for H. helix
and 0.2 °C for P. tricuspidata.

Table 6. PET for the four wall orientations, with reference to four different periods, in the base case
and green facades.

Period Orientation Base Case Hedera helix Parthenocissus tricuspidata
PET PET . s o PET . s o
Range Range Max °T Date with Time w1t.h T Range Max °T Date with Time WIt.h T
. . o Reduction . . o Reduction
from9am  from9am Reduction Maximum °T > from 9 am Reduction Maximum °T >
Y " >10°C . " >10°C
to 5 pm to 5 pm O Reduction . to 5 pm O Reduction .
o o (Duration/h) o (Duration/h)
(o) (o) (o)
North 10.0-24.1 9.9-23.7 0.5 8 February / 9.9-24.0 0.2 8 February /
A East 10.6-36.7 10.5-36.1 0.8 4 February / 10.5-36.5 0.3 4 February /
South 9.6-31.5 9.5-30.2 13 4 February 12:00-15:00 (3) 9.6-31.0 0.5 4 February /
West 9.8-36.2 9.7-35.2 1.2 4 February 15:00-16:00 (1) 9.8-35.8 0.5 4 February /
North 20.9-53.5 20.7-51.1 24 13 May 11:00-15:00 (4) 20.7-51.0 2.5 13 May 11:00-16:00 (5)
B East 18.4-50.4 18.2-49.4 17 12 May 09:00-13:00 (4) 18.2-49.4 17 12 May 09:00-13:00 (4)
South 20.4-52.4 20.2-50.9 1.5 13 May 11:00-15:00 (4) 20.2-50.9 1.5 13 May 11:00-15:00 (4)
West 18.7-54.2 18.5-50.3 3.9 12 May 13:00-17:00 (4) 18.5-50.3 3.9 12 May 13:00-17:00 (4)
North 36.9-57.9 36.5-57.7 2.5 23 July 14:00-17:00 (3) 36.5-57.7 27 23 July 14:00-17:00 (3)
09:00-11:00 (2) 09:00-11:00 (2)
C East 39.6-58.1 38.9-57.9 6.0 24 July 16:00-17:00 (1) 38.8-57.9 6.9 24 July 16:00-17:00 (1)
South 36.7-58.2 36.3-58.1 29 23 July 12:00-14:00 (2) 36.1-58.0 29 23 July 12:00-14:00 (2)
West 34.6-58.3 34.2-58.0 4.8 26-Jul 13:00-17:00 (4) 34.2-58.0 4.8 26 July 13:00-17:00 (4)
North 17.2-38.2 17.1-37.4 0.8 13 October / 17.1-37.4 0.8 13 October /
D East 20.2-41.3 20.1-40.5 14 12 October 09:00-10:00 (1) 20.1-0.5 15 12 October 09:00-10:00 (1)
South 17.1-41.2 17.01-39.6 1.6 11:00-16:00 (5) 17.0-39.6 1.6 13 October 11:00-16:00 (5)
West 19.3-42.0 19.041.3 1.6 12 October 09:00-17:00 (8) 19.041.3 1.7 12 October 09:00-17:00 (8)

4.4. Correlation Between Air Temperature, Ty, and PET

Pearson’s coefficients (Table 7) show significant, positive correlations (p < 0.01) among
air temperature (Tq;), To, and PET across all orientations and periods, evidencing coherent
thermal forcing: as T,;; increases, both Ty and PET rise.

The strength of this response is greatest on the bare wall and attenuated on vegetated
fagades, with the degree of attenuation modulated by the period-specific leaf area index (LAI).

Correlation values are systematically highest for the bare-wall condition, demonstrat-
ing a more direct and unfiltered thermal response to atmospheric warming. In contrast,
vegetated facades show weaker—although still strong—correlations, reflecting the capacity
of foliage to partially buffer and modulate the transmission of thermal loads. The degree of
attenuation is strongly influenced by the LAI: during periods with high LAI (Periods B and
C), correlations for H. helix and P. tricuspidata diverge more distinctly from the bare-wall
condition, indicating enhanced shading and evapotranspiration; during low-LAI phases
(Period A), correlations converge toward those of the bare wall.
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Table 7. Pearson correlation coefficients for Ty and PET in the base case and green facade configura-
tions, across four orientations and four distinct time periods.

Period A Period B Period C Period D
AirT (°O) AirT (°O) AirT (°O) AirT (°O)

North
To Base case 0.896 *** To Base case 0.841 *** To Base case 0.902 *** To Base case 0.823 ***
H. helix 0.721 *** H. helix 0.734 *** H. helix 0.862 *** H. helix 0.621 ***
P. tricuspidata 0.873 *** P. tricuspidata 0.722 *** P. tricuspidata 0.842 *** P. tricuspidata 0.630 ***
Base case 0.871 *** PET Base case 0.890 *** PET Base case 0.907 *** PET Base case 0.814 ***
PET H. helix 0.871 *** H. helix 0.890 *** H. helix 0.907 *** H. helix 0.813 ***
P. tricuspidata 0.871 *** P. tricuspidata 0.890 *** P. tricuspidata 0.907 *** P. tricuspidata 0.813 ***

East
Base case 0.953 *** To Base case 0.906 *** To Base case 0.928 *** To Base case 0.829 ***
To H. helix 0.728 *** H. helix 0.733 *** H. helix 0.870 *** H. helix 0.617 ***
P. tricuspidata 0.929 *** P. tricuspidata 0.719 *** P. tricuspidata 0.835 *** P. tricuspidata. 0.627 ***
Base case 0.924 *** Base case 0.906 *** Base case 0.901 *** Base case 0.819 ***
PET H. helix 0924+  PET H. helix 0905+  PET H. helix 0.89g++  PET H. helix 0.822 #++
P. tricuspidata 0.924 *** P. tricuspidata 0.905 *** P. tricuspidata 0.898 *** P. tricuspidata 0.822 ***

South
Base case 0.900 *** To Base case 0.877 *** To Base case 0.909 *** To Base case 0.776 ***
To H. helix 0.743 *** H. helix 0.726 *** H. helix 0.857 *** H. helix 0.633 ***
P. tricuspidata. 0.881 *** P. tricuspidata 0.713 *** P. tricuspidata. 0.832 *** P. tricuspidata. 0.645 ***
Base case 0.931 *** PET Base case 0.893 *** PET Base case 0.915 *** PET Base case 0.809 ***
PET H. helix 0.932 *** H. helix 0.892 *** H. helix 0.912 *** H. helix 0.813 ***
P. tricuspidata 0.931 *** P. tricuspidata 0.892 *** P. tricuspidata 0.912 *** P. tricuspidata 0.813 ***

West
T Base case 0.769 *** To Base case 0.798 *** To Base case 0.785 *** To Base case 0.707 ***
0 H. helix 0.726 *** H. helix 0.730 *** H. helix 0.846 *** H. helix 0.619 ***
P. tricuspidata 0.786 *** P. tricuspidata 0.719 *** P. tricuspidata 0.827 *** P. tricuspidata 0.627 ***
PET Base case 0.912 *** PET Base case 0.913 *** PET Base case 0.920 *** PET Base case 0.806 ***
H. helix 0.915 *** H. helix 0.913 *** H. helix 0.919 *** H. helix 0.810 ***
P. tricuspidata 0.913 *** P. tricuspidata 0.913 *** P. tricuspidata 0.919 *** P. tricuspidata 0.810 ***

*** Correlation is highly statistically significant at the 0.001 level.

During Period A (Figure 14), correlations are positive and statistically significant
but weaker than in warmer periods, reflecting reduced solar forcing. Coupling between
air temperature (T,) and bare-wall Tj is stronger than that between T, and vegetated
Ty, indicating partial thermal attenuation by green facades even under low forcing. For
Parthenocissus tricuspidata, this attenuation remains limited in Period A. On the south facade,
PET shows the strongest correlation (Figure 15).

In Period B, correlations increase relative to Period A due to enhanced solar radiation.
The east fagade exhibits the highest base-case correlations, whereas the west facade remains
the lowest, despite a relative increase. On the west facade, PET shows the strongest
correlation among configurations, while Hedera helix correlations are weaker than in Period
A. Period C represents the maximum correlation phase between T, and both Ty and PET.
The east facade shows very strong coupling in the base case, with elevated correlations
also observed for H. helix and P. tricuspidata. Although still the weakest, correlations on the
west facade exceed those of Periods A and B; PET correlations on the west facade are the
strongest, surpassing Period B values.

In Period D, correlations slightly decrease. Strong base-case correlations persist on
the east fagade, whereas vegetated configurations (H. helix and P. tricuspidata) show their
highest correlations on the south fagade. PET correlations also decline relative to other
periods, with maximum values remaining on the east fagade.
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Figure 14. Comparative analysis of Pearson correlation coefficient profiles for Ty parameters across
four wall orientations, with reference to four distinct time periods.
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Figure 15. Comparative analysis of Pearson correlation coefficient profiles for PET parameters across
four wall orientations, with reference to four distinct time periods.
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5. Discussion

Based on the results, several key observations can be drawn.

Period A shows a pronounced divergence in Ty trends, mainly driven by differences
in leaf area index (LAI) between the two climbers. Parthenocissus tricuspidata underwent
a leafless phase lasting approximately January-March, during which LAI theoretically
approached zero but, in practice, ranged between 0 and 1. In this study, LAI was set to
0.30 to account for perennial branches and residual winter foliage, explaining the reduced
yet persistent thermal effect. During Period A (mean air temperature 9.1 °C; relative
humidity 89.9%), Ty profiles of the bare wall and P. tricuspidata were similar, whereas in all
other periods, the two climbers behaved comparably. At peak conditions, the maximum
temperature difference between the vegetated facades reached 16.5 °C, reflecting the limited
shading capacity of P. tricuspidata in winter. The resulting increase in solar gains may have
favored passive heating, while facades covered with Hedera helix maintained lower Ty and
reduced longwave radiation exchange, likely due to evapotranspiration. Although this
provides physical protection, it limits passive solar gains during winter.

During Period B, both species activated and rapidly developed foliage, particularly
P. tricuspidata, whose LAI increased from 0.30 to 4.30. In the selected May week (mean
temperature 17.3 °C; relative humidity 73.3%), the bare wall exhibited elevated Ty, espe-
cially on the north and east facades, with two daytime peaks between 12:00 and 14:00. In
contrast, fagades covered with H. helix and P. tricuspidata showed similar, more uniform
thermal profiles due to high LAI values (3.66 and 4.30), which enhance shading and evap-
otranspirative cooling. Consequently, daytime heating was attenuated, and the diurnal
thermal amplitude was reduced to ~10.0 °C across all orientations, unlike the pronounced
fluctuations observed on the bare wall.

During Period C (mean temperature 26.4 °C; relative humidity 70.2%), LAI variations
closely tracked increased air temperature and solar radiation. P. tricuspidata reached full
development (LAI = 4.80), ensuring complete wall coverage and achieving substantial
reductions in Ty. H. helix was less effective because of its lower LAI, with an average
Ty difference of ~2.0 °C between species across all orientations, confirming the superior
summer performance of P. tricuspidata.

During Period D (mean air temperature 16.3 °C; relative humidity 84.8%), Ty decreased
overall and exhibited a more heterogeneous temporal pattern. H. helix and P. tricuspidata
displayed nearly identical thermal behavior—the only period in which their performance
converged—owing to their comparable LAI values (4.29 and 3.90). Differences were mainly
related to foliage albedo (0.20 for H. helix; 0.18 for P. tricuspidata). Compared to earlier
periods, nighttime cooling of the wall beneath vegetation was slower, indicating reduced
radiative losses and heat retention by the green facade, which delayed surface cooling. The
solar-shading effect can thus be interpreted as the reduction in incident solar radiation
reaching the wall surface due to the presence of the green fagade, and as the resulting
decrease in wall-surface temperature, which is the aspect directly represented in Ty and
longwave radiation graphs (Figures 10 and 11).

According to the results, the cooling mechanisms associated with green fagades operate
through two partially independent processes: radiative shading, which reduces direct
shortwave gains on the wall surface, and evapotranspiration, which contributes to cooling
the canopy air layer through latent heat flux. In periods and orientations with intense solar
forcing (particularly south and west facades in Periods B and C), radiative shading is the
dominant process, as evidenced by the largest reductions in Ty values, coinciding with
peak incoming shortwave radiation.

By contrast, evapotranspiration contributed more consistently to air-temperature
moderation, especially under high-LAI conditions and during warm, humid summer
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weeks (namely period C), where the cooling of the canopy air layer persisted beyond peak
irradiance hours.

This mechanism explains why PET decreases did not always match the timing or
magnitude of Tg reductions: Ty attenuation was primarily radiative, whereas PET improve-
ments also depended on evapotranspiration-driven reductions in local air temperature and
mean radiant temperature. The combined interpretation underscores that peak daytime
cooling is led mainly by shading, while extended thermal comfort benefits in the canopy
layer are linked to evapotranspiration, particularly evident in P. tricuspidata coverage.

Our results demonstrate that when facades are fully vegetated across all orientations
and LAI values are high, the resulting temperature reductions fall at the upper end of
the ranges reported in empirical field studies (Eumorfopoulou & Kontoleon 2009 [32];
Jim 2015 [59]). In this context, the present study not only confirms these findings but also
quantitatively extends the known variability by explicitly linking the magnitude of cooling
effects to LAI, seasonal plant dynamics, and fagade orientation.

Across all orientations and periods, LAI exerts the strongest control on Ty, with £20-30%
seasonal variations in LAI producing changes of approximately £2-6 °C in daytime wall-surface
temperature reductions, depending on orientation and forcing conditions. By contrast, albedo
changes modify Ty only marginally, generally within the order of +0.3-1.0 °C, even under
strong color shifts such as the autumn transition of P. tricuspidata. Similarly, PET displays
moderate sensitivity to LAI (typically £0.5-2.0 °C for reasonable LAI deviations), whereas
sensitivity to leaf albedo is negligible relative to the radiative and physiological drivers. These
considerations confirm that the core conclusions of the study—especially the seasonal contrast
between evergreen and deciduous species and the orientation-dependent cooling—remain
robust under plausible variations in LAI and albedo.

The analysis further shows that during Periods B, C, and D, east-oriented green facades
reached their daily temperature peaks approximately one hour later than the bare wall,
owing to combined shading and reduced radiative heat exchange that delayed morning
heating. Overall, both species provide clear benefits: Parthenocissus tricuspidata is more
effective in mitigating summer overheating, whereas Hedera helix contributes more during
colder periods.

Our findings regarding the role of LAI and the seasonal behavior of the two climbing
species—although still not directly comparable with in situ measurements—are consistent
with the existing literature on green facades. As previously highlighted in the manuscript,
Pérez et al. (2022) [40] report a clear relationship between LAI and wall-surface temperature
(Tp) reduction, demonstrating that facades with higher LAI values achieve substantially
greater cooling effects. Furthermore, Jim (2015) [59] and Pérez et al. (2017) [42] show that
both LAI and facade orientation jointly govern shading performance, in agreement with
the orientation-specific patterns observed in our simulations. Building on these insights,
the present study reinforces and extends previous knowledge by providing annual-scale,
multi-season ENVI-met simulations that demonstrate how LAlI-driven effects persist across
full climatic variability, highlighting the importance of species phenology in determining
facade-scale thermal behavior.

Beyond surface temperature reduction, green fagades also improve outdoor thermal
comfort. For all orientations, both species enhance comfort conditions for occupants located
1 m from the wall, with PET variations largely controlled by seasonal thermo-hygrometric
conditions and species-specific phenology.

During Period A (mean air temperature 9.1 °C; relative humidity 89.9%), H. helix
reduces PET by ~1.0 °C, mainly through reduced radiative exchange. Conversely, P.
tricuspidata induces a slight PET increase (<0.1 °C), which may be beneficial under cold and
humid conditions by promoting a marginally warmer thermal perception.
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In Period B (mean air temperature 17.3 °C; relative humidity 73.3%), both species
show comparable LAI values and PET responses. Under these moderate conditions typical
of a Cfa climate, green facades reduce PET and enhance outdoor thermal comfort.

In Period C (mean air temperature 26.6 °C; relative humidity 70.1%), high temperature
and humidity dominate PET, limiting human evaporative cooling. Under these conditions,
P. tricuspidata achieves larger PET reductions than H. helix, more effectively mitigating
perceived heat stress.

In Period D (mean air temperature 16.1 °C; relative humidity 86.1%), both species
exhibit similar PET responses. Green facades provide moderate temperature reductions
and improve comfort, although the effect is weaker than in warmer periods.

With regard to PET reduction and outdoor thermal comfort, the comparison with
existing studies (Lehnert et al. [38]; Dehghan Lotfabad et al. [39]) shows PET decreases
fully consistent with our results. This agreement strengthens the evidence that PET miti-
gation is closely linked to seasonal variations in LAI and to species-specific phenological
dynamics—an aspect that remains only marginally addressed in previous research.

6. Limitations

Several limitations should be acknowledged. This study focuses on plants growing
directly on walls (green facades) and deliberately excludes the potential thermal contribu-
tions of substrate layers in modular living walls. These limitations open opportunities for
further investigations aimed at comparatively assessing the thermal contribution of green
fagades and living wall systems.

The modeling framework presents an additional limitation because, by focusing on
a single, isolated building, the study does not capture the complexity of real urban envi-
ronments where interactions such as canyon effects and multiple reflections significantly
alter the energy balance. Therefore, the conclusions are intended to be applied strictly to
the building-envelope scale.

Computational constraints limited the simulations toa 1 x 1 x 1 grid resolution and
required the use of default wall and roof properties. Future research will address how
different building materials and envelope technologies influence the thermal behavior of
green facades.

Leaf area index and albedo values, which in this study rely on data from the literature
due to the absence of on-site sensor verification, inevitably introduce uncertainties. These
parameters exhibit substantial variability related to site-specific climatic conditions, to
the age and maturity of the vegetation and to the state of the sky. Consequently, the
use of generalized values may limit the accuracy of model outcomes. Future research
should therefore incorporate year-round, species-specific calibration to better capture
seasonal dynamics and improve the reliability of simulation inputs. In addition, the
microclimatic simulations exhibited systematic, temperature-dependent biases, notably
an underestimation of evapotranspirative cooling for both green fagade configurations, as
reported in previous studies.

The use of NASA POWER data also represents a limitation due to its coarse spatial
resolution (~50 km x 50 km) and associated uncertainties, particularly in relative humidity.
Finally, PET calculations were performed exclusively at the building-envelope scale. This
constitutes an important limitation, as the results reflect only the microclimatic influence of
the fagade and its immediate surroundings, while broader urban-scale factors—such as
street-canyon geometry, surrounding buildings, material properties, and other elements
of urban morphology—were not considered. Future studies should expand the boundary
conditions to more accurately evaluate the influence of green fagades on PET within realistic
urban contexts. Additional on-site measurements, particularly of wind speed and airflow
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patterns during summer conditions, are also needed to strengthen the reliability of PET
estimates and to capture ventilation-driven effects that ENVI-met may not fully resolve
under simplified boundary conditions.

7. Conclusions

This study demonstrates that green facades serve as an effective passive strategy for
mitigating wall-surface temperatures, enhancing outdoor thermal-comfort perception in
the immediate vicinity, and modulating both radiative and convective heat exchanges.

Building on the mechanistic insights discussed above, the results confirm that
vegetation-induced shading and evapotranspiration jointly contribute to facade-scale cool-
ing, with effects that vary seasonally and by species.

A comprehensive ENVI-met microclimatic simulation—covering 2016 h (168 h per
period per three facades’ types) hours with an average speed of 0.65 simulated hours per
real hour—was conducted across four representative periods to investigate the influence
of key plant functional traits, including evergreen versus deciduous habit, LAI variability,
leaf coloration, and longwave radiation exchange properties of vertical greenery.

To respond to the specific research questions, different conclusions can be drawn.

In response to Research Questions 1 and 2, both Hedera helix and Parthenocissus tri-
cuspidata demonstrably and consistently outperformed bare walls in terms of wall-surface
temperature (Ty) reduction. Thermal performance was primarily governed by fagade ori-
entation and seasonal climatic conditions. H. helix delivered the most stable and reliable
cooling effect throughout the year due to its evergreen habit and limited LAI variabil-
ity, emerging as an effective solution for year-round mitigation, including west-facing
facades. Conversely, P. tricuspidata provided more effective cooling during the warmer
season due to its high peak LAI values. However, its performance dropped sharply during
dormancy, when the absence of leaves limited its cooling capacity—while simultaneously
allowing beneficial heat gains in winter—highlighting the strong seasonal dependence of
deciduous climbers.

Addressing Research Question 3, post-sunset analyses confirm that green fagades
generally do not induce additional nocturnal heat retention under peak summer conditions,
while only a limited and transitional delay in surface cooling may occur during intermediate
periods. Both species promoted efficient dissipation of daytime heat, with nighttime cooling
rates that remained comparable to bare walls in summer, while a modest delay could occur
under transitional conditions (Period D). These results demonstrate that vegetated facades
mitigate daytime thermal stress without compromising nighttime thermal release under
peak summer conditions.

Regarding Research Question 4, the findings clearly establish foliage density as a
key driver of longwave radiation exchange. High LAI values significantly enhanced both
emitted and received longwave radiation by reducing the sky view factor and increasing
the view fraction toward high-emissivity foliage surfaces. This radiative modulation con-
tributed to improved outdoor thermal perception, as reflected by consistent reductions in
PET values, through its interaction with surface temperatures and local microclimatic con-
ditions. PET benefits were maximized on east-facing facades during periods of intense solar
forcing, with P. tricuspidata providing stronger summer reductions and H. helix ensuring
more uniform comfort improvements across seasons.

Taken together, the results explicitly indicate that green fagade performance is maxi-
mized through species-specific and orientation-sensitive design strategies. The strategic
integration of evergreen and deciduous climbers enables the optimization of seasonal
cooling, outdoor comfort, and facade-scale energy balance, reinforcing green facades as a
critical component of climate-adaptive and energy-efficient urban design.
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Future research should prioritize long-term, in situ model calibration using mature
climber specimens, supported by annual monitoring campaigns capable of capturing the
full seasonal dynamics of vegetation. Such continuous datasets—particularly those in-
cluding direct measurements of stomatal conductance, foliage density, and microclimatic
interactions—would allow research to more reliably couple numerical simulations with
empirical evidence. By integrating ENVI-met outputs with high-resolution, real-world mea-
surements collected over complete annual cycles, predictive reliability can be substantially
improved. This approach would also enable a more accurate evaluation of how climbing
species, facade materials, envelope technologies, shading strategies, and other passive
design solutions shape the thermal performance of green facades, thereby strengthening
their optimized application within climate-responsive building design.

Future research should progressively incorporate these findings into more complex,
high-density urban morphologies in order to more accurately assess fagade performance
within real-world metropolitan environments.
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