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Abstract: The European Construction Sector Observatory outlined that green building envelopes
as green roofs and walls contribute to the reduction of energy demand and CO2 emissions due to
the air conditioning in summer periods, and the mitigation of heat islands in urban areas. For this
reason, the understanding about the contribution of urban greening infrastructures on buildings to
sustainable energy use for air conditioning is urgent. This paper focuses on the analysis of a vertical
surface provided with a Parthenocissus quinquefolia (L.) Planch., a winter deciduous species, as green
cover of a building, assessing the reduction of the solar radiation energy absorbed by the façade
and, consequently, the heat flux (HF) transmitted into the internal ambient. This research shows
that, in July, surface temperatures (STs) on the vegetated façade were up to 13 ◦C lower than on the
unvegetated (bare) façade. Under the climate and environmental conditions of the green wall located
at ENEA Casaccia Research Center, a saving of 2.22 and 1.94 kWhe/m2, respectively in 2019 and
2020, for the summer cooling electricity load, was achieved. These energy reductions also allowed
the saving of 985 and 862 g CO2/m2 emissions, respectively, in 2019 and 2020. Ultimately, a green
factor named K∗v was also elaborated to evaluate the influence of vegetation on the STs as well as
on HFs transmitted into the indoor ambient and adapted to the case of a detached vertical green
cover. Measurements of K∗v factor lasting three years showed the suitability of this index for defining
the shading capacity of the vegetation on the building façade surfaces, which can be used to predict
thermal gains and effects in a building endowed of a vertical green system.

Keywords: green wall; green façade; vertical greenery system (VGS); building acclimatization; energy
saving; wall surface temperature (ST); heat flux (HF); green factor (Kv); Parthenocissus quinquefolia (L.)
Planch

1. Introduction

The indoor air conditioning of buildings is currently responsible for about 40% of
Europe’s total energy consumption [1]. The European Commission (EC) of the European
Union (EU), through the Energy Performance of Buildings Directive (EPBD), set several
standards and regulations for decarbonizing the Member States’ building stock to pursue
buildings and cities more environmentally and energetically sustainable. Furthermore,
the International Energy Agency (IEA) reported that global energy consumption due to
air conditioners is responsible for nearly 20% of the total electricity used in buildings
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around the world [2]. The EU, through the Commission Document 249 of 2013 “Green
infrastructure—Enhancing Europe’s Natural Capital” [3] and the Directive 2018/844 on
energy efficiency [4], outlined the potential of nature-based solutions (NBSs) such as green
roofs and green façades as natural tools to reduce the energy demand of the building sector.
NBSs, through chlorophyll photosynthesis operated by plants, sequester carbon in leaves,
branches and roots, reducing atmospheric CO2 and contributing to the environmental
sustainability of cities [5,6]. In addition, soil and other growing mediums of these infras-
tructures act as a carbon sink [7]. In the Mediterranean climate, the widespread use of
vertical greenery systems (VGSs) on buildings improves the level of shading against solar
radiation and, thanks to the cooling capacity of vegetation, reduces the energy demand
for summer air conditioning [8]. In their 2018 review study, Besir and Cuce showed how
vegetation could provide an effective building insulation, and concluded that, overall,
greenery surfaces can reduce the energy demand for the acclimatization of buildings be-
tween 10% and 30% [9]. Different studies reported that vegetated façades favor a reduction
in the wall surface temperature behind vegetation in the range of 1.9–8.3 ◦C depending on
the orientation and the covering percentage of plant foliage, according to Kontoleon and
Eumorfopoulou [10]; an average of 5.5 ◦C for Pérez and collaborators [11]; between 1.2 and
3.9 ◦C for Perini et al. in colder climates at the beginning of Autumn using evergreen
species [12]; and up to 4 ◦C for Vox and Schettini [13,14]. Green walls of the plant-trough
based-type (https://efb-greenroof.eu/green-wall-basics/, accessed on 2 May 2022) are
also functional in energy saving; indeed, they can decrease the temperature of the air cavity
(gap) between the vegetation and the wall surface of the building, acting as a thermal buffer
and improving their thermal insulation impact on the building [15,16]. Plants provide
natural cooling in several ways, by providing shade, utilizing the solar energy in photosyn-
thesis, and especially by evapotranspiration in summer periods [17–19]; moreover, they
improve the environment inside, outside and around the building [20]. In the summer
conditions of Chicago (IL, USA), vegetative layers have been estimated to reduce the façade
surface temperature and heat flux through exterior walls by 10% on average [21]. Even
under an extreme hot and dry climate, an energy saving of 2% was associated with the
installation of vegetated façades [22]. Under Mediterranean climates, the abatement of
the temperature of the building’s external façade surface during the daytime determines
a reduction of heat transfer, resulting in less transfer of heat to the inside of the building.
Using experimental data for a whole year, it was calculated that the effective thermal
resistance of plants in green walls as passive systems for energy saving ranged from 0.07 to
3.61 m2K/W [18]. According to Tilley et al. [23], in the USA, green façades reduce building
surface temperatures by as much as 14 ◦C compared with exposed building surfaces, with
a mean indoor temperature difference of 4 ◦C during the summer, with the result of a drop
in the demand for air conditioning in warmer months and reduced energy consumption
and greenhouse gas emissions. Interestingly, the effect of vertical greenery systems on
the ambient temperature has been assessed to be dependent both on the specific vertical
greenery systems and the distance (from 0.15 up to 1 m) from the vegetated layer [24].
Unfortunately, the research results related to the quantification and modeling of green wall
energy efficiency benefits are not easily comparable, as the methodology used is different
and presents a high variability [25].

In this manuscript, we report the results of an experimental activity addressed to study
the influence of vegetation installed on the southwest (SW) wall of a building prototype. The
thermal exchanges between the building’s interior and exterior were estimated through the
external surface temperature of the vegetated façade in comparison with the unvegetated
(bare) façade. A mathematical model based on an index called green factor, Kv, defined
to evaluate the cooling performances of vegetation in green walls where the vegetation
cover is attached to the façade [26,27], was adapted and successfully tested in the case of
the green wall under study, with the green cover placed 0.6 m away from the building wall.

https://efb-greenroof.eu/green-wall-basics/
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2. Materials and Methods
2.1. Study Location

The current research study was carried out at the ENEA Casaccia Research Center
(RC), located about 25 km northwest of Rome (Italy), having a latitude of 42◦101′ N and
longitude of 12◦176′ E. According to the Köppen–Geiger climate classification, this area is
characterized by hot and dry summers, rainy winters and a solar radiation intensity that
varies greatly with the seasons [28]. To study the effects of vertical greening on the energy
saving of buildings, a vegetated wall system of about 90 m2 was installed on the southeast
(SE) and southwest (SW) façades of a building (Figure 1). The overall green wall was made
by a metal grate integrated on a stainless-steel infrastructure anchored to the ground and to
the façades of the building, and placed 60 cm from the façades of the building [29]. In this
kind of green wall, the vegetation is detached from the building façade. The experimental
activity and the data analyzed and reported on in this manuscript refer mainly to the SW
green wall.
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central North America and well adapted to Mediterranean climates, with characteristics 
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and ammonia forms (7.5%), satisfying plants’ nutritional needs from the beginning of the 
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Figure 1. Consecutive steps in the installation of the green wall at the ENEA “green” building
demonstration platform. (a) The building without the vertical green wall installation; (b) yellow
stainless-steel infrastructure with three series of planter holders, respectively at the base and on
the 1st and 2nd floor of the building; (c) transplanted plants attaching themselves to the lattice
infrastructure (April 2017); (d) plants completely covering the infrastructure (June 2019).

The cultivated plant species on the SW side was Parthenocissus quinquefolia (L.) Planch.,
a species of flowering vine belonging to the Vitaceae family, native to eastern and central
North America and well adapted to Mediterranean climates, with characteristics of a pro-
lific deciduous climber. Indeed, in a previous experimentation of ours, this species showed
very rapid development and growth, as well as good plant-shielding capacity [30]. The
commercial pots used to accommodate the plants were made of recyclable thermoplastic
resins resistant to shocks, frost and UV rays, and had a size of 100 × 46 × 40 cm. The soil
substrate contained a mixture of sphagnum peat and bentonite clay. The Parthenocissus
plants were transplanted into the pots on the SW façade at the end of March 2017 and
received nutritional treatments with “Nitrophoska Original Gold” (Compo Expert) fertilizer
at concentrations NPK 15-9-15. NPK Original Gold is a balanced complex fertilizer con-
taining both slow-release (5%) and ready-to-use nitrogen in the nitric (2.5%) and ammonia
forms (7.5%), satisfying plants’ nutritional needs from the beginning of the crop cycle and,
at the same time, providing a nitrogen reserve to be gradually released in the subsequent
phases. This was applied in the substrate, yearly, in the months of March (3 g/L), May
(1 g/L) and June (1 g/L). Regular irrigation based on the season and weather conditions
was supplied by an automated system for sustaining healthy plant growth, with occasional
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controls of the soil moisture, through the ECH2O Volumetric Water Content (VWC) sensor,
which was mostly maintained at values above 25–30% (m3/m3).

2.2. Terminology

Given the use of different terminology in the topic area of vertical greenery systems
on buildings, denoting the relevance of this issue and in order to avoid possible misun-
derstandings, the terminology chosen and used throughout this manuscript to report the
case study object of this work is briefly outlined here. The surface of the bare façade of the
building used as control to study the effects of the vegetation is denoted as an “unvegetated
façade”. In the case of the green wall, the building façade shaded and influenced by the
vegetation is denoted as a “vegetated façade”, while the detached vertical vegetation layer,
positioned 60 cm from the vegetated façade, is referred to as “green cover”.

2.3. External Surface Temperature and Microclimatic Monitoring

The thermal performance of the experimental vegetated wall was analyzed by mea-
suring the surface temperature (ST, ◦C) of both the unvegetated façade without vegetation
and the vegetated façade (Figure 2), using thermistors with an accuracy of ±0.15 ◦C.
The outdoor air temperature (Ta, ◦C) and relative humidity (RHa, %) were measured
with a Hygroclip S3 sensor (Rotronic, Zurich, Switzerland), with accuracies of ±0.1 ◦C
and ±0.8%, respectively. Solar radiation was monitored by Apogee Instruments’ devices
(www.apogeeinstruments.com, accessed on 2 May 2022). In particular, global solar radi-
ation (GR, Wm−2) in the 350–1100 nm range was recorded perpendicular to the façade
(`), i.e., in a vertical plane, in the space between the green cover and the vegetated façade
(namely inside the gap, GRgap) and on the plant canopy of the green cover facing the exter-
nal environment (GRext). The installed pyranometers incorporated a calibrated silicon-cell
photodiode sensor, with an accuracy of ±5% under clear sky conditions. Photosyntheti-
cally active radiation (PAR, µmol of photons m−2s−1) was measured in the spectral range
between 410 and 655 nm, with a spectral error lower than 5% at sunlight. For all sensors,
the set logger recording interval was 1 h. The data acquisition from the different sensors
(multiple channels) was time-synchronized, and the measured data were stored as a se-
quence of records in the mass memory of the data-logger feeding a database in a remote
server. The actual measurement period was 2019–2021.
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Figure 2. Section of the building at ENEA Casaccia RC showing the steel infrastructure sustaining
vegetation in the SW façade at the first-floor level. The picture was taken in March, when the
deciduous Parthenocissus quinquefolia (L.) Planch. Was still bare after losing its leaves in winter. On the
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left, the red circle surrounds the surface temperature sensor located on the unvegetated façade
(STuf), while on the right, the one on the vegetated façade (STvf) is circled. The other devices
surrounded by the blue square correspond to the weather station, including several sensors for
microclimate monitoring.

2.4. Determination of Thermal Properties

The total thermal resistance (R) for the specific stratigraphy of the wall of the building
prototype at ENEA Casaccia RC was calculated according to the UNI EN 1745:2020 norm,
which indicates the methods for the determination of thermal properties of masonry and
masonry products. The total thermal transmittance (U) of the building wall was obtained
as the inverse of R, equal to U = 1/R.

The thermal fluxes (heat fluxes, HFs) between the external and internal environment
in relation to vegetated and unvegetated façades were also estimated as specified in the
UNI EN 1745:2020 norm. The HFs were calculated according to the Technical Specification
UNI/TS 11300-1, which defines the methodology to calculate the energy performance of
buildings and the energy requirements for indoor climate control. The following equation
was used to calculate the thermal energy transmitted through the wall:

Q = U · S · ∆T · tc (1)

where Q (Wh) is the energy transmitted through the wall during time tc; U (Wm−2 ◦C−1)
is the thermal transmittance of the wall; S (m2) is the surface area set as 1 m2; ∆T (◦C) is
equal to (T−Tc), that is, the difference between the surface temperature (ST) of the façade
(vegetated or unvegetated) and the comfort temperature Tc (◦C) in the building interior,
in ◦C; and tc (h) is the time interval between two consecutive measures set as 1 h.

2.5. Electricity Saving

Electricity saving was estimated as the ratio between the thermal flux (in kWhm−2)
and the energy efficiency ratio (EER), the latter being the ratio between the yielded energy
and the consumed electricity, thus representing the efficiency of a room air conditioner (AC).

2.6. Saved CO2 Emissions

To estimate the saved CO2 emissions, the calculated electricity saving was multiplied
by the CO2 amount (in kg) emitted to produce 1 kWhe, which was set to 0.444 kg CO2 per
kWhe as the emission factor for gross Italian thermoelectric production in 2018, according
to ISPRA [31].

2.7. Statistical Analysis

The recorded data, stored in a cloud database, was exported into an Excel spreadsheet.
The linear relationship between the datasets was tested by simple linear regression analysis
performed by a DSAASTAT Excel plug-in. The significance between the experimental and
calculated thermal fluxes was tested using analysis of variance (ANOVA), performed by the
SigmaStat 3.1 package (Systat Software Inc., San Jose, CA, USA). The means were separated
by the Tukey’s test at a 95% confidence level.

3. Results
3.1. Microclimate Monitoring

Precise meteorological information of the study area is crucial to attain an accurate
analysis of microclimate and thermal data for assessing the energy efficiency gain from the
vertical green façade. The microclimate measured by the weather station located on the
green façade under observation was hot during summer and relatively cool during winter,
fitting the geographical location and the Csa Köppen–Geiger climate classification [28]. The
temperature, relative humidity, GR and PAR values registered hourly in 2020 are reported
in Figure 3.
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Figure 3. Hourly data recorded in 2020 of the ambient temperature and relative humidity measured
on the external side of the vegetated façade (Ta and RHa, respectively) in the upper part of the figure,
and of the solar global radiation and photosynthetically active radiation measured parallel to the
vegetated façade on the external side (GRext and PARext, respectively) in the lower part of the figure.
On the x-axis, the time is expressed as day–month of 2020.

In the summer of 2020, the mean Ta was 24.4 ◦C, with a maximum of 37.3 ◦C and
a minimum of 11.5 ◦C; in winter, the mean Ta was 9.4 ◦C, with a maximum of 19.0 ◦C
and a minimum of 1.5 ◦C. Concerning relative humidity, in summer, the mean RHa was
59.7%, with a maximum of 99.0% and a minimum of 20.2%; in winter, the mean RHair was
74.0%, with a maximum of 99.2% and a minimum of 16.7%. GRext and PARext showed a
parallel trend, with the smaller values occurring in the winter months due to the presence
of clouds, as expected. In summer, the mean GRair was 273.05 Wm−2 and mean PARair
569.60 µmol photons m−2 s−1; in winter, the mean GRair was 92.22 Wm−2 and mean PARair
was 184.48 µmol photons m−2 s−1. In 2020, most of the prevalent wind directions at the
site were the southwest (SW), where wind speeds were often in the range 3.6–5.7 m/s, and
to a small extent, the northwest (NW). Similar trends for the microclimatic parameters were
also observed in 2019 and 2021 (data not shown).

3.2. Surface Temperature on Unvegetated and Vegetated Façades

The influence of the green cover on the surface temperature (ST) and, consequently, on
the thermal fluxes was analyzed during the period from May to August in 2019 and 2020.
The comfort temperature (Tc) inside the building was established at 26 ◦C. In Figure 4, as
an example, the trends of the surface temperature on the unvegetated (STuf) and vegetated
(STvf) façades in the abovementioned months in 2020 are reported, considering that similar
trends were also observed in 2019. In May 2020, STvf was almost around or lower than
Tc, with a maximum temperature of 32 ◦C, while STuf was always higher than Tc, with
peaks of up to 50 ◦C. The ∆ST between the unvegetated and vegetated facades was higher
than 18 ◦C on particularly hot afternoons. In June 2020, the vegetated façade registered
an ST almost below 26 ◦C during the first 20 days of the month, increasing up to 35 ◦C in
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the last 10 days; on the other hand, the unvegetated façade showed an evident trend of
ST peaks of between 40 ◦C and 50 ◦C. In the two following months, ST showed a trend
very similar to the month of June, with very marked differences between the two types of
façades. In August, STvf was almost below 38 ◦C, and approximately 10–15 ◦C lower than
in the absence of plants. The maximum ∆ST between unvegetated and vegetated façades
reached 15 ◦C registered at 3:00 p.m. on 27 August 2020.
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Figure 4. Surface temperature (◦C) registered on the vegetated façade shaded by Parthenocissus (STvf,
green line) and on the unvegetated façade (STuf, red line). The light blue horizontal line at 26 ◦C
indicates the value of the indoor comfort temperature inside the building (Tc).

3.3. Dependence of Surface Temperature Difference on Global Radiation

It was hypothesized that the surface temperature difference between the unvegetated
and vegetated façades (∆ST = STuf − STvf) could be dependent on the solar incident global
radiation (GR). To test this hypothesis, a statistical correlation was performed, and the
results of this analysis are reported in Table 1. Using GR data incident on the green cover
at the level of the plant canopy, abbreviated as external GR (GRext), a strong positive
correlation was assessed with ∆ST (R2 = 0.81; Table 1; Figure 5a). Differently, using GR
data incident to the vegetated façade detected in the gap space between the vegetated
façade and the green cover, abbreviated as GRgap, only a moderate correlation was revealed
(R2 = 0.55; Table 1). Notwithstanding, from the graph in Figure 5b, it is evident that ∆ST
increased with the increase of incident GRgap, up to a certain threshold (150 Wm−2) of
solar radiation.
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Table 1. Statistical results of the ANOVA and linear correlation analysis between surface temperature
difference (∆ST) and the global radiation (GR) incident on the canopy of the vegetated surface (GRext)
and detected inside the gap (GRgap), which was the 60 cm space between the building’s surface and
the green plant cover.

Analysis of Variance Parameters Estimated

Effect DF SS MS F Value Prob. Parameter Estimate SE T Value Prob.

Model 1 46,137.49017 46,137.49017 10,647.3099 0 Intercept (a) 0.701 0.054492826 12.86966468 9.967 × 10−37

Error 2457 10,646.80323 4.333253247 GRext 0.022 0.000210841 103.1858028 0
Total 2458 56,784.2934 23.10182807

R-square: 0.81
Model 1 14,497.3 14,497.3 1344.50 3.4 × 10−192 Intercept (a) 1.08 0.13 8.09 1.56 × 10−15

Error 1086 11,710.0 10.8 GRgap 0.10 0.00 36.67 3.43 × 10−192

Total 1087 26,207.4 24.1
R-square: 0.55

DF: degrees of freedom; SS: sum-of-squares; MS: mean squares; SE: standard error.
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Figure 5. Graph of surface temperature difference between unvegetated and vegetated façades (∆ST)
and incident global solar radiation (GR). (a) ∆ST correlation with GR detected on the external plant
canopy of the green cover (GRext); (b) ∆ST correlation with GR detected inside the gap (GRgap), which
was the 60 cm space between the building’s vegetated façade and the green cover shading it.

3.4. Thermal Transmittance (U)

The thermal properties of the main components of the stratigraphy of the building
wall useful for estimating its thermal transmittance (U) are reported in Table 2. In the
calculations, only external façade ST values higher than 26 ◦C (Tc) were considered. The
influence of the shadow caused by the metal structure was neglected because of its low
absolute value. As a result, the thermal transmittance of the building wall was equal to
0.80 W/m−2K−1 (Table 2).

Table 2. Thermal properties of the stratigraphy elements of the prototype building façade calculated
according to the UNI EN 1745:2020 norm, total thermal resistance (R) and thermal transmittance (U)
of the building wall.

Wall Stratigraphy
Elements Thickness (m) Conductivity, λ

(Wm−1K−1)

Thermal
Resistance,

R (W−1m2K)

Thermal
Transmittance,
U (Wm−2K−1)

Adductance
(internal heat resistance) 0.100

Internal plaster 0.020 0.650 0.031
Hollow bricks 0.080 0.230 0.348

Air gap 0.055 0.260 0.212
Hollow bricks exterior 0.120 0.230 0.522

Exterior plaster 0.020 0.650 0.031
Adductance

(external heat resistance)

Thermal resistance of the building wall (R) 1.243 *
Thermal transmittance of the building wall (U) 0.80

* The value of the thermal resistance (R) does not exactly correspond to the sum of the thermal resistance of the
listed wall stratigraphy elements due to approximations in calculations.
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3.5. Hourly Heat Fluxes through Unvegetated and Vegetated Façades

Heat flux (HF) is defined as the amount of heat energy passing through a certain
surface per unit of time and per area. The increase of surface temperatures (ST) caused by
the incident solar radiation in the hottest months influenced HFs through the two different
types of façades. Here, the relationships between ST and HF in the vegetated and unvege-
tated façades are shown in two specific periods lasting 24 h, namely, the beginning of May
2020 (Figure 6) and the beginning of July 2020 (Figure 7).
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Figure 6. Double axis graph showing the heat flux (HF) on the left y-axis and the surface temperature
(ST) on the right y-axis, as a function of the time (24 h period) from 06:00 a.m. on the 1st to 06:00 a.m.
on the 2nd of May 2020. HFs are represented as vertical bars, STs as curved lines. Both variables
are shown as hourly mean values on the unvegetated (HFuf and STuf) and vegetated (HFvf and
STvf) façades. HF and ST differences between the unvegetated and vegetated façades (∆HF and ∆ST,
respectively) are also shown.
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(ST) on the right y-axis, as a function of the time (24 h period) from 06:00 a.m. on the 1st to 06:00 a.m.
on the 2nd of July 2020. HFs are represented as vertical bars, STs as curved lines. Both variables
are shown as hourly mean values on the unvegetated (HFuf and STuf) and vegetated (HFvf and
STvf) façades. HF and ST differences between the unvegetated and vegetated façades (∆HF and ∆ST,
respectively) are also shown.

Figure 6 focuses on the HFs and STs in both unvegetated (HFuf and STuf) and vegetated
(HFuf and STuf) façades, during a 24 h time interval from 06:00 a.m. on the 1st to 06:00 a.m.
on the 2nd of May 2020. The maximum HF difference between the two façades (∆HF) was
0.007 kWhm−2 at 2:00 p.m., corresponding to an ST difference between the two façades
(∆ST) of 8.4 ◦C.

Figure 7 shows that at higher daily temperatures registered during the time interval
from 1:00 to 06:00 p.m., the vegetated façade was more effective in decreasing ST and,
consequently, HF. The ∆HF between the two façades was higher than 0.01 kWhm−2 from
2:00 to 5:00 p.m., corresponding to a ∆ST higher than 13 ◦C. In July, starting from 11:00 p.m.,
as resulting from the yellow line related to ∆HF, the HFs vs. the interior and the exterior of
the building were almost similar; indeed, the yellow line approximates zero.

3.6. Monthly Heat Fluxes through Unvegetated and Vegetated Façades

The results of the analysis on the thermal fluxes are reported in Table 3 as the sum of
the HFs for the months from May to August, in 2019 and 2020. Even though these data are
estimated from the measured STs, this is theoretical data, since this study only considers
the effects of a single façade. Evidently, the HF across the vegetated façade represents
approximately one third of the HF across the unvegetated façade, confirming the positive
effect of the vegetation in cooling the surrounding environment.

Table 3. Monthly heat fluxes entering the interior of the building through the unvegetated (HFuf)
and vegetated (HFvf) façades, and monthly HF differences between the unvegetated and vegetated
façades (∆HF = HFuf − HFvf), in the period from May to August, 2019 and 2020.

Year Month HFuf
(kWhthm−2)

HFvf
(kWhthm−2)

∆HF
(kWhthm−2)

2019

May 1.02 0.07 0.95
June 3.00 0.73 2.27
July 3.39 0.95 2.44

August 3.91 1.37 2.54

Total 11.62 3.41 8.20

2020

May 1.70 0.13 1.57
June 1.94 0.4 1.54
July 3.47 1.37 2.09

August 3.68 1.71 1.97

Total 10.79 3.61 7.18
“th” subscript in kWhthm−2 indicates “thermal”.

The difference between the flux entering through the unvegetated façade (HFuf) and
the flux entering through the vegetated façade (HFvf), here named ∆HF, represents the
thermal heat that is blocked by the vegetation of the green cover and does not enter the
building. Looking at the saving of electric energy for cooling during the hot season as a
main result, in relation to the Mediterranean climate, it has been found that—in terms of
∆HF—the presence of a vegetated façade such as the one in the current experiment reduced
the total thermal flux entering the building by up to 8.20 and 7.18 kWhthm−2, in 2019 and
2020, respectively, in the spring–summer period from May to August of each year (Table 3).
The saving for the acclimatization electricity load from May to August was calculated as:

∆HF/EER (2)



Horticulturae 2022, 8, 526 11 of 19

where the energy efficiency ratio (EER) is a measure of the cooling power of an air-
conditioning system per unit of power consumed. It is calculated by dividing the cooling
power provided by an AC system per hour by the number of watts of electricity con-
sumed [32]. Assuming an EER for a traditional acclimatization system equal to 3.7 Wth/We,
the calculated summer cooling energy saving was 2.22 kWhem−2 in 2019 and 1.94 kWhem−2

in 2020 (“e” subscript in kWhem−2 indicates “electric” kilowatt-hours per square meter).
Furthermore, taking into account a CO2 emission of 444.4 g CO2/kWhe [31], the emission
saving corresponded to 985 g CO2/m2 in 2019 and to 862 g CO2/m2 in 2020.

3.7. Elaboration of Green Factor K∗v for Green Vertical Cover Detached from Building Wall

The above analysis utilized experimental data; indeed, the HFs and ∆HFs were
calculated from the measured STs. In order to provide engineers and technicians in the
field of green walls an easier way to estimate the energy saving achievable through the
use of a vertical green cover, under conditions similar to the current work, a mathematical
model based on the green factor was developed. Previously, a green factor, named Kv,
was already defined to evaluate the cooling performances of a vegetation cover attached
to the façade [26]. The equation that provides the value of the difference between the
incoming thermal flux (∆φ) in an unvegetated façade and in a vegetated façade can be
written as follows:

∆φ

A
= U

KvaI
he

(3)

Tu f − Tv f

Tu f − Tea
=

(
1− τv

he

h∗e

)
= Kv (4)

where U (Wm−2K−1) is the thermal transmittance of the building wall; τv is the vegetation
solar transmission coefficient; he and h∗e (Wm−2K−1) are the coefficients of surface heat
transfer, respectively, without and with the vertical green cover (coefficients of convective
exchange); Tvf (◦C) is the external ST on the vegetated façade; Tuf (◦C) is the external ST on
the unvegetated façade; Tea (◦C) is the external air temperature; Tgap (◦C) is the external air
temperature in the gap between the vegetated façade and the vertical green cover; I (Wm−2)
is the global solar radiation; and a is the absorption coefficient of the unvegetated façade, so
that aI (Wm−2) is the global solar radiation on the unvegetated façade [26,27,33]. However,
in the current study, Kv was elaborated on the basis of the vertical green cover placed 60 cm
from the wall of the building by developing the following system of equations:{

Tu f =
(

Tea +
aI
he

)
Tv f = Tgap + τv aI

he

(5)

Multiplying the first equation by the quantity τv, subtracting the second equation
from the first, and then arranging the terms:

τv
(

Tu f − Tea

)
= Tv f − Tgap (6)

Finally, τv can be calculated as:

τv =
Tv f − Tgap

Tu f − Tea
(7)

The green factor K∗v is defined by the following relationship:

K∗v = 1− τυ = 1−
(

Tv f − Tgap

Tu f − Tea

)
(8)

Since there is a 60 cm gap between the vertical green cover and the vegetated façade,
the current formula of K∗v uses a slightly modified convective coefficient, namely h∗e , instead
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of the convective coefficient he, which is used in the case of a green cover adjacent to the
building wall [30]. As a result, the presence of the vertical green cover reduces the amount
of heat that enters the interior building environment. This reduction can be estimated using
the K∗v factor. Theoretically, assuming K∗v is equal to 1, there would be a total blocking of
the HF entering the building, and therefore the ST on the vegetated façade would be the
same as the air temperature inside the gap. On the other hand, assuming K∗v is equal to
zero, there would be no reduction in the HF entering the building, and the temperature on
the vegetated façade would be the same as on the unvegetated façade, as described by the
following relationships:

K∗v = 1 =⇒
(

Tv f− Tgap
)
= 0 =⇒ Tv f = Tgap =⇒ Maximum shadow (9)

K∗v = 0 =⇒
(

Tv f− Tgap
)
=
(

Tu f− Tea) =⇒ No shadow. (10)

Clearly, K∗v may assume values between 0 and 1. The green factor may be a useful
parameter that allows the evaluation of the capacity of specific vegetation placed on a
vertical green cover to attenuate the thermal flux versus the interior of a building. As
expected, K∗v is a parameter that, multiplied by HFuf, is supposed to return a value similar
to HFvf, i.e.:

K∗v · HFuf ≈ HFvf (11)

In order to evaluate the effectiveness of the K∗v factor in the estimation of the ther-
mal flux across a vegetated façade (HFvf), its mean monthly value was calculated with
Formula (8) during the hours of direct solar radiation from 1:00 to 5:00 p.m., excluding
outliers and values >1 or <0 (negative) proceeding from measurement artifacts. The K∗v
factor values calculated for the Parthenocissus vertical green cover of the ENEA green wall
during the spring–summer months from May to September, in the years 2019, 2020 and
2021, are reported in Table 4.

Table 4. Monthly mean values ± std. dev. of K∗v calculated for Parthenocissus quinquefolia (L.) Planch.
in spring–summer months in 2019, 2020 and 2021.

Month
K∗v

2019 2020 2021

May 0.89 ± 0.09 0.80 ± 0.11 0.83 ± 0.13
June 0.92 ± 0.08 0.84 ± 0.12 0.91 ± 0.10
July 0.96 ± 0.15 0.86 ± 0.12 0.94 ± 0.05

August 0.89 ± 0.09 0.74 ± 0.08 0.86 ± 0.12
September 0.80 ± 0.14 0.67 ± 0.11 0.82 ± 0.12

Theoretically, K∗v should reflect the status of the vegetation and the result should
be almost proportional to the plants’ health, growth and development. As a result, the
K∗v values reported in Table 4 were highly related to the real status of the vegetation,
in accordance with the unstructured observations of the vegetation carried out during
the experimental period. In this regard, in the spring–summer of 2020, the vegetation
showed a lower coverage than in the previous year and in the following one, because of
a malfunction of the irrigation system, which led to a long-lasting dehydration of plants
due to the COVID-19 lockdown. Such an unexpected experimental event has been clearly
translated into the K∗v calculated values, which in 2020 were lower than in 2019 and in 2021.
From the unstructured observations, the maximum expansion (coverage) of vegetation in
the green cover was achieved in 2019, as also evident in Figure 8.
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Figure 8. Pictures of the southwest (SW)-oriented green wall on the building at ENEA Casaccia RC
in the month of July in 2019, 2020 and 2021.

According to Equation (11), the sum of the monthly K∗v multiplied by the monthly
HFuf during the selected four-month periods showed a similarity with the thermal flux en-
tering the vegetated façade (HFvf), experimentally estimated from the registered ST values
(Table 5). Since our focus was on positive fluxes entering the building, for simplification,
the “K∗v · HFuf” product in May of both 2019 and 2020 was set equal to 0, avoiding negative
values (Table 5).

Table 5. Monthly heat fluxes experimentally obtained through the vegetated façade (HFvf) and the
respective products between the experimentally obtained K∗v for Parthenocissus quinquefolia (L.) Planch.
and the heat fluxes through the unvegetated facade (namely, K∗v · HFuf ) in the period from May to
August 2019 and 2020.

Year Month HFvf
(kWhthm−2)

K∗v ·HFuf
(kWhthm−2)

2019

May 0.07 0.00
June 0.73 1.01
July 0.95 1.29

August 1.37 1.62

Total 3.41 4.34

2020

May 0.13 0.00
June 0.4 0.21
July 1.37 1.34

August 1.71 1.57

Total 3.61 3.12
“th” subscript in kWhthm−2 indicates “thermal”.

Furthermore, an ANOVA was performed to compare the thermal fluxes entering
the building through the unvegetated (HFuf) and vegetated façade (HFvf) and the green
factor multiplied by the thermal flux through the unvegetated façade (K∗v · HFuf). In this
case, the monthly mean HF values proceeding from all HF hourly values per month were
used for the statistics. As a result, there were no significant differences between HFvf and
“K∗v · HFuf”, thus confirming their similarity. On the other hand, HFuf was significantly
higher (p < 0.01) than HFvf and “K∗v · HFuf” (Figure 9).
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4. Discussion

Vertical greenery systems (VGSs) represent successful nature-based solutions (NBSs)
associated with buildings where plants may act as natural temperature regulators, a capa-
bility that makes them an efficient strategy for urban heat island mitigation [16,34,35]. In
cities where this phenomenon is relevant, a significant energy demand for the cooling of
indoor environments should be foreseen, especially under the current dramatic situation of
the Russia–Ukraine conflict, where the energy system is the main objective [36]. The aim of
this work was to study and quantify the thermal effects of a vertical green cover positioned
60 cm from the building wall in order to predict the potential energy saving for indoor
summer cooling of a green wall detached from the building wall, under the Mediterranean
conditions of the ENEA Casaccia RC, where this installation is located. The study focused
on the thermal gain that the green wall could confer during the summer period by using
Parthenocissus quinquefolia (L.) Planch., a deciduous plant species that loses its leaves in fall,
thus leaving the building façade “naked” during the cold season of the year. The research
activity also included the monitoring of microclimatic parameters, which confirmed that
the greened building at ENEA is located in an area with Mediterranean climate and a very
hot summer, with occasional air temperature peaks of up to 40 ◦C and a generally high
relative humidity.

A significant reduction of the surface temperature (ST) on the vegetated façade due to
the green cover compared to the unvegetated (bare) façade was observed throughout the
analyzed warmer months (from May to August) of the Mediterranean climate. Such an ST
reduction, which then translates into a reduction of heat transfer to the building, should be
determined by a combination of effects besides the solar radiation shielding, taking into
consideration the shading and evapotranspiration of plants, but also the air convection
in the gap [15]. Among the studies carried out in similar climatic regions on green wall
performance, as recently reviewed by Assimakopoulos et al. [37], who looked specifically
at the vertical solutions classified as green façades such as in our case study, outdoor ST
reduction was reported of up to 9 ◦C by Vox et al. [38] on warm days, close to 14 ◦C in
summer with east- or west-oriented façades, and close to 11 ◦C when south-oriented [35]. In
our study, we observed a comparable effect: the application of the green cover allowed the
external ST of the vegetated façade to be maintained at lower values than the unvegetated
façade, and the higher differences in ST were recorded in the daytime from 12:00 a.m. to
6:00–7:00 p.m. In this regard, the main parameters known to contribute to the temperature
sensed inside the building include plant foliage, often described by the leaf area index (LAI)
and leaf cover percentage traits [37,39,40], façade orientation [40] and climate [41].
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From a practical point of view, as reported in other studies [37], the difference between
the outside surface temperature in the unvegetated and in the vegetated façades in relation
to a specific wall stratigraphy and its total thermal transmittance (U) could also be consid-
ered as a main index for evaluating the positive effect that the green infrastructure may
play at the urban level in the context of a heat island.

Interestingly, our study evidenced that in a green wall system with plant cover de-
tached from the building wall, the difference between the ST on the unvegetated and
vegetated façades (∆ST) was much more dependent on the incident global radiation hitting
the external surface of the canopy cover (GRext) than on the solar radiation hitting the
interior of the gap (GRgap). This may be due to the spectral properties of the leaves, which
in turn may depend on different factors, especially those linked to the geometry and density
of the foliage. Notwithstanding, in the narrow range of the irradiation passing through the
green cover, a higher GRgap generally corresponded to superior ∆ST values.

The plant layer certainly reduced the external ST, and this contributed to the attenua-
tion of the HF transmission into the building through the façades. As expected, the highest
HF cut during the day occurred at the same time of the highest ST cut. It is worthy of note
that another advantage of green walls (as well as of green roofs) is the thermal lag [13,42]
reflecting the delay of the thermal wave transmission from the exterior into the interior of
the building through the wall, which depends on the intrinsic characteristics of the wall,
even though, according to other studies, VGSs did not provide significant variation of
thermal inertia of the construction system [40].

From the sum of the heat fluxes in the examined warm months, an overall cut of
the indoor environment entering flux has been calculated, allowing the estimation of
the summer electricity saving for indoor cooling, which was higher in 2019 than in 2020
(2.22 kWhem−2 in 2019 compared to 1.94 kWhem−2 in 2020). This difference was due to a
different coverage level of the wall over the two years. Indeed, in 2020, due to an irrigation
system malfunction, the plant growth was less flourishing than in the previous year (as can
be seen in Figure 8). It is now ascertained that increasing the leaf coverage area of green
façades can improve the thermal insulation capacity of building wall [43].

Approximately 2 kWhem−2 of electricity, which could be saved yearly for the indoor
summer climatization under the reported case study conditions, is accompanied by almost
1 kg of carbon dioxide saved yearly per m2, corresponding to the emissions avoided due
to the electricity saving. It is reported that “just 1 m2 of living wall extracts 2.3 kg of
CO2 per annum from the air” [44,45]. Our result is in line with these data, considering
that the degree of CO2 reduction depends on the weather conditions and green wall
orientation, and may be increased by selecting plants more adept at locking away CO2
from the atmosphere [46]. For completeness of information, it should be underlined that
additional CO2 amounts are subtracted from the atmosphere due to the plants’ growth and
physiological metabolism, since plants live off CO2, and an adult plant is able to absorb
10–50 kg of CO2 per year [47]. It is remarkable to point out that CO2 removal by plants
could also ameliorate indoor air quality for a healthy building environment [46,48].

The quantification of the effect of a green infrastructure on energy consumption for the
acclimatization of the indoor environment of a building would be highly desired during
its planning phase in order to obtain an estimate of the energy efficiency advantages
of applying a particular green system on a building. In fact, one of the main barriers
that hinders the spread of green infrastructures, and especially VGIs, is certainly the
difficulty of quantifying and predicting their gains and effects; on the other hand, it is
important to foresee complications in terms of the management and maintenance of a
green façade [49]. For this reason, our research has also focused on identifying a parameter
that could estimate the improvements to the building energy efficiency, with respect to
the air conditioning of internal rooms, brought about by the adoption of a green facade
thanks to its cooling function. A similar attempt was made by Ariaudo et al. [26], who
defined a Kv index (green factor) associated with the mitigating action of a green wall
adjacent to the building. As already mentioned, the green wall under study in ENEA is
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characterized by an infrastructure detached from the building at a distance of 60 cm; this
kind of structure was though to facilitate the management of the vegetation, while at the
same time reducing the risk of introducing insects and animals attracted by vegetation
into the building. In this work, we reported the equation leading to the modified Kv,
named K∗v, in which the contribution of the external air temperature in the gap between
the building wall and the green vertical cover (Tgap) is included. The K∗v index is plant
species-specific, and here it was calculated and tested in the case study of the detached
Parthenocissus green wall. It was found that the experimentally estimated thermal flux
through the vegetated façade could be successfully approximated with the product of
the thermal flux through the unvegetated façade with the green factor K∗v. The average
values of K∗v could be experimentally estimated and tabulated for a range of environmental
conditions and then provided to technicians of the sector, who, in turn, may easily estimate
the summer cooling advantage based on the heat flux through a building wall. A corollary
of our findings is that the plant species to be grown on a green wall designed with the
main aim of providing energy saving for summer cooling, besides other advantages, can
be selected on the basis of their Kv or K∗v in attached or detached green walls, respectively.
The higher energy efficiency of a green cover may be achieved by selecting plants endowed
with a high Kv, high foliage density and high carbon sequestration ability.

5. Conclusions

This study analyzed the beneficial effect, in summer, on the surface temperature of
a building wall shaded by a vertical green cover of Parthenocissus quinquefolia (L.) Planch.
in a Mediterranean area. With respect to an unvegetated façade, the presence of vertical
vegetation allowed the reduction of the heat fluxes entering the building, meaning an
electricity load saving of about 2 kWhe/m2 plus the avoidance of about 1 kg of CO2
emissions into the atmosphere per year. Even though we recognize that this result is
based on a simplified “statistical” model, in which only the thermal contribution of the SW
vegetated façade was considered for estimating the final energy saving for the summer
indoor acclimatization, it is relevant because it means that a significant energy saving may
be achieved with the spread of the application of VGSs in a city. The next step will be the
development of a more complex “dynamic” model that will consider the effects due to
the all-building envelope. Furthermore, for the purpose of providing a useful tool to the
planners of vertical greenery systems in cities, a specific green factor, Kv, was developed,
which defines the capacity of shading of specific plant species used for protecting a building
wall in a detached green wall system.
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