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A B S T R A C T

Accounting for 32% of global energy consumption, buildings not only impact climate change but are also affected 
by it. To address these challenges, in addition to decarbonising the building stock, there is a need to implement 
climate-resilient solutions that enhance climate adaptation. The proposed study explores the energy efficiency 
and climate resilience of non-traditional solutions like green façades for a representative Italian residential 
building archetype in two distinct climate zones, Rome and Turin, under current (2020s) and projected (2050s 
and 2090s) climate scenarios. The green façade is analysed using a detailed calculation tool implemented within 
the EnergyPlus (version 23.2) energy simulation software. The analysis covers both existing buildings without 
insulation and buildings retrofitted with insulation, solar shading, and ventilative cooling.

Results indicate that green façades—particularly when applied to multi-orientations of the building—can 
significantly reduce cooling need and overheating in pre-retrofit buildings, with reductions of up to 59% and 
85%, respectively. In retrofitted buildings, green façades offer additional benefits beyond standard retrofit 
packages, with further cooling need reductions of up to 24.7% and decreasing overheating by up to 54.8%. 
Although their relative effectiveness generally declines with climate change due to rising temperatures and 
reduced plant evapotranspiration, green façades continue to provide relevant benefits even under the 2090s 
scenario. A comparison between the two climate zones reveals greater cooling reductions in Rome due to higher 
summer heat loads and lower winter heating penalties. These findings underscore the green façade potential as a 
passive design strategy to support the transition towards more sustainable and climate-resilient residential 
buildings.

1. Introduction

Climate change is one of the most critical global challenges, with 
profound implications for the built environment. In the European Union, 
the building sector accounts for approximately 40% of final energy 
consumption and 36% of energy-related greenhouse gas (GHG) emis
sions [1]. Consequently, buildings are both major contributors to 
climate change and among the most vulnerable systems to its impacts 
[2,3]. As global temperatures rise, the balance between heating and 
cooling demands is shifting in many regions, with growing concern over 

overheating risk and added stress on technical building systems, 
particularly cooling systems [4]. This issue is especially critical in urban 
areas, which currently accommodate the majority of the global popu
lation [5], act as significant GHG emitters [6], and serve as focal points 
for both global and local warming [7].

The urban heat island (UHI) effect—caused by the replacement of 
natural surfaces with artificial materials that store heat and inhibit 
evaporation—exacerbates urban temperatures compared to rural sur
roundings [8]. The consequences of elevated urban temperatures 
include increased rates of morbidity and mortality among urban pop
ulations [9,10], growing building cooling energy demand with 
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implications for energy security [11], deterioration of urban ecosystems 
[12], and declining air quality [13]. Huang et al. [10] reported that UHI- 
associated mortality is higher in cities in the southern and eastern parts 
of Europe, which are more exposed to high-temperature days. Addi
tionally, a rise of just 1 ◦C in urban temperatures can increase electricity 
consumption and peak load by 0.5–8.5% and by approximately 21 
(±10.4) W per person, respectively [14], potentially leading to black
outs and energy insecurity.

These climate- and urban-related conditions not only increase heat 
exposure but also reduce the efficacy of conventional energy retrofit 
strategies. While thermal insulation and airtightness are essential for 
reducing heating demand, highly insulated buildings may underperform 
or even worsen indoor thermal comfort during summer months if not 
complemented by passive and active cooling measures [15–17].

In response to these intensifying risks, the concept of resilient cooling 
has emerged as a crucial strategy to ensure that buildings remain ther
mally safe, comfortable, and functional under both typical conditions 
and during extreme climate events. These two dimensions are comple
mentary. The first concerns long-term climate trends, such as changes in 
annual energy needs and indoor thermal comfort conditions over future 
time horizons. The second concerns short-duration extreme conditions, 
such as heatwave events. From a broader resilience perspective, these 
dimensions should be considered jointly, since a transition towards 
resilience depends on the capacity to respond to extreme events while 
also adapting to long-term trends and changing trajectories [18,19].

The IEA EBC Annex 80 – Resilient Cooling of Buildings – defines 
resilient cooling as “low-energy and low-emission cooling solutions that 
strengthen the ability of individuals and communities to withstand, 
recover, and adapt to climate-related heat stress” [20]. This paradigm 
marks a shift from an exclusive focus on energy efficiency to a broader 
emphasis on robustness and adaptability across different time scales and 
climate change-induced events. Annex 80 classifies solutions into pas
sive, hybrid, and active categories, with a particular focus on passive and 
low-energy strategies—such as climate-responsive building elements, 
ventilation, shading, and vegetation—that limit reliance on mechanical 
cooling. In the review of resilient cooling strategies, four resilience 
capacities—absorptive, adaptive, restorative, and recovery—are 

increasingly recognized for their dual role in mitigating overheating 
and providing co-benefits. These co-benefits are essential for evaluating 
whether cooling systems can continue to function or quickly recover 
during disruptive events. Nature-based solutions, including green roofs 
and façades, are explicitly highlighted as part of passive strategies that 
reduce indoor overheating while delivering additional benefits for cities 
[21]. Similarly, the Guide of The Federation of European Heating, 
Ventilation and Air Conditioning Associations (REHVA) on Resilient 
Cooling underscores the role of vegetation-based measures, especially in 
buildings where access to active systems is limited [22].

Vegetation-based strategies offer significant potential for both 
building-level and urban-scale interventions. For instance, parks in 
Addis Ababa are shown to decrease air temperature by up to 6.72 ◦C, 
with cooling effects extending 240 m beyond the park boundaries [23]. 
In Manchester, a 5% increase in urban tree cover was associated with a 
5% reduction in cooling energy [24]. In high-density urban areas with 
limited space for new green infrastructure, buildings offer valuable 
surfaces for vegetation integration, including green roofs and walls. 
These latter include both green façades and living walls. Green façades 
and living walls differ primarily in the position of the growing medium. 
In green façades, the substrate is placed horizontally on the ground or at 
different heights along the façade, whereas in living walls, the growing 
medium is positioned vertically, either directly attached to the façade or 
installed detached from it [25].

While green roofs can achieve substantial reductions in building 
energy use—up to 60% for heating and 70% for cooling in non-insulated 
buildings and up to 10% and 30%, respectively, when installed on 
insulated rooftops [26]—their impact on urban microclimates is limited 
when applied on high-rise structures [23,24]. In contrast, green walls 
can cover a remarkable share of urban vertical surfaces—up to twice the 
building footprint [28]—and contribute to both urban cooling and 
building energy efficiency, depending on multiple variables such as 
climate, urban geometry, façade orientation, plant coverage, and leaf 
area index (LAI) [29–32]. Iaria and Susca (2022) [26] demonstrated 
that, in the Mediterranean climate, the cooling effect of green façades 
and living walls at pedestrian level (i.e., at 2 m from the ground level) 
increases with the building height (up to ~20 m) and plant coverage, 

Nomenclature

Acronyms
DHT Dynamic Heat Transfer
EBC Energy in Buildings and Communities
EMS Energy Management System
GF Green Façade
GHG Green House Gas
IEA International Energy Agency
KPI Key Performance Indicator
LAI Leaf Area Index
RCP Representative Concentration Pathway
REHVA Federation of European Heating, Ventilation and Air 

Conditioning Associations
TMY Typical Meteorological Year
UHI Urban Heat Island
VC Tool Ventilative Cooling Potential Tool
VPD Vapour Pressure Deficit

Quantities
A area (m2)
ACH air changes per hour (h− 1)
EP energy performance (kWh⋅m − 2)
g total solar energy transmittance (solar factor) (− )
HE hours of exceedance (h)

K areal heat capacity
q (areic) heat flux (W⋅m − 2)
U thermal transmittance (W⋅m –2K − 1)
V volume (m3)
WHE weighted hours of exceedance (h)
α absorptance (− )
τ transmittance (− )

Subscripts
add additional
bare bare wall
C space cooling
cond conduction
conv convection
env envelope
evap evapotranspiration
g gross
gl glazing
H space heating
lw longwave radiation (infrared)
nd need
sh shading
sw shortwave radiation (solar)
v vegetation
w wall
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with a near-linear relationship between coverage and temperature 
mitigation. LAI was found to be a key determinant of cooling potential 
for green façades. The UHI adaptation potential of green façades is 
almost negligible when LAI equals 1.5 and increases almost linearly with 
the increase in LAI. Besides, as far as living walls are concerned, LAI 
plays a more limited role since water evaporation is provided by the 
substrate layer. Nevertheless, for both green façades and living walls, 
the percentage of plant coverage and LAI are more influential in miti
gating air temperatures than the building height [27]. The air mitigation 
potential of green walls also depends on the building arrangement. A 
study investigating the effect of green wall installation has shown that in 
Turin, green walls are more efficient in decreasing UHI when installed in 
street canyons parallel to the main wind direction [33]. In terms of 
energy performance, green walls have been shown to reduce heating and 
cooling demand by up to 16.5% and ~ 51%, respectively, particularly 
when applied across the whole building envelope [34].

Both green roofs and green walls can provide several environmental 
and societal co-benefits. Building-integrated vegetation technologies 
can contribute to noise attenuation [35,36], reduce air pollutants and 
sequester carbon [37–40], regulate stormwater runoff and improve 
water quality [41–44], enhance urban biodiversity [45,46], and 
contribute to urban beautification while providing aesthetic and psy
chological benefits [47–49].

Despite the well-documented benefits of building-integrated vege
tation technologies, several barriers still hinder the widespread adoption 
of both green roofs and green walls. Knifka et al. [50] identified the lack 
of financial resources or willingness to bear installation costs, limited 
social acceptance and motivation, and challenges related to the practical 
and technical implementation of green façades as the most significant 
barriers to their deployment. Similarly, in the case of living walls, both 
installation and maintenance costs represent major limitations to their 
large-scale diffusion [51]. Ascione et al. [52] reviewed the literature on 
green wall systems, emphasizing, among other aspects, the technical 
relevance of the back wall. For direct green façades, the substrate wall 
should be free of holes and cracks to prevent the infiltration of climbing 
plants and the resulting risk of structural deterioration. Furthermore, in 
living wall systems, a crucial technical issue concerns the protection of 
the building envelope against water infiltration, which can be ensured 
either by installing a waterproof membrane or by providing an air gap 
between the living wall and the building envelope.

Regarding green roofs, additional technical constraints are associ
ated with their applicability. Intensive and extensive green roofs are 
generally suitable for flat or moderately sloped rooftops to ensure 
adequate rainwater retention, whereas extensive green roofs cannot be 
used for recreational purposes because of their limited structural resis
tance [53]. In terms of public perception, green roofs are widely 
recognized as effective measures for mitigating urban overheating and 
improving building energy efficiency; however, the willingness to pay 
for their installation on private buildings remains limited. Conversely, 
public acceptance and willingness to invest in green roofs for public 
buildings are generally higher. This discrepancy is mainly related to 
concerns about installation and maintenance costs, as well as the 
perceived risk of rooftop water infiltration [54].

At the same time, the long-term economic benefits of green roofs are 
often underestimated. Green roofs can protect underlying roof layers 
from excessive thermal fluctuations, thereby extending the lifespan of 
waterproofing membranes from approximately 20 to 50 years and 
reducing maintenance requirements over time [55]. Nevertheless, the 
considerable structural load associated with intensive green roofs re
mains a major constraint for their implementation in existing buildings 
[56].

Economic analyses of green roofs and green walls are generally 
dominated by direct installation and maintenance costs, while intan
gible benefits, such as improvements in well-being and perceived envi
ronmental quality, are rarely included in return-on-investment 
assessments [57]. Nevertheless, studies do exist reporting that building- 

integrated vegetation technologies can positively affect property values 
[58]. For instance, Bianchini and Hewage reported that extensive and 
intensive green roofs can increase property values by approximately 
2–5% and 5–8%, respectively [59]. Furthermore, green roof installation 
has been associated with increases of up to 16% in building rental prices 
[60], thereby representing a potential driver for the wider diffusion of 
building-integrated vegetation technologies.

Recent studies have extended this line of inquiry to assess the resil
ience of green façades under projected climate scenarios. For instance, 
Dehghan et al. (2025) analysed green walls in Turin under 2050 climate 
projections and found improvements in outdoor thermal comfort—with 
reductions in the universal thermal climate index by 0.55 ◦C—and a 
significant decrease in summer carbon emissions despite increased 
winter heating loads [61]. Similarly, Chew et al. (2023) identified 
climate-induced risks for green façades in tropical climates, including 
material degradation and reduced structural integrity due to increased 
temperature, rainfall, and wind stress [62]. In hot and dry climates such 
as Qatar, Andric et al. (2020) found that while green walls and roofs 
provided only modest energy savings (~3%), their broader 
benefits—including improved air quality and reduced UHI 
effects—justify their integration into climate adaptation strategies, 
especially when combined with insulation and efficient glazing [63]. In 
Egypt, Fahmy et al. (2017) applied a coupled outdoor–indoor simulation 
methodology to assess the performance of green façades and roofs under 
future climate scenarios. Their findings showed that while energy sav
ings declined under more extreme future conditions, strategic placement 
of vegetation and increased green coverage still resulted in up to 21.3% 
energy cost savings and thermal comfort improvements in dense urban 
areas [64]. Further confirming these results, a study by Fahmy et al. 
(2020) demonstrated that urban canopy green coverage—particularly 
green façades—can lower indoor temperatures by up to 2.04 ◦C and 
reduce HVAC energy consumption by 6–7% in Egyptian suburban resi
dential developments under future climate conditions (2020, 2050, and 
2080) [65]. These findings emphasise the need for future-oriented 
façade design strategies that balance cooling efficiency with durability 
and resilience under intensified climatic stresses.

Despite increasing recognition of the role of nature-based strategies 
in climate adaptation, simulation-based studies quantifying the perfor
mance of green walls under future climate conditions remain relatively 
scarce. This study aims to address this gap by investigating the energy 
efficiency and climate resilience of green façades in the Italian resi
dential building sector under future climate conditions, with a focus on 
the long-term trend dimension of climate resilience. Green faça
des—based on climbing plants supported by a vertical structure—were 
selected as the focus of this study because they are commonly used in 
retrofitting strategies due to their low maintenance and installation costs 
[66]. The analysis applies detailed mathematical modelling of the green 
façade within the Energy Plus simulation environment to assess a 
representative archetype of the Italian single-family houses built in the 
period 1946–1960. Two distinct climate zones in Italy—Rome and 
Turin—are considered across three time periods: the 2020s 
(2001− 2020), 2050s (2041–2060), and 2090s (2081–2100).

Green façades are examined in various application scenarios, 
including different wall orientations, alongside a parametric evaluation 
of several building components under current energy efficiency regu
lations. Future typical meteorological years (TMYs) are used to reflect 
evolving climate conditions and to support a consistent long-term 
comparison of energy need and thermal comfort under climate 
change. They are suitable for this comparative purpose because they 
represent typical annual climate conditions. This focus does not under
mine the relevance of extreme or semi-extreme weather events, which 
remain a complementary dimension of climate-resilience assessment. 
The performance is assessed through key performance indicators (KPIs), 
including weighted hours of exceedance beyond thermal comfort 
thresholds and annual thermal energy need for space heating and 
cooling. This integrated assessment provides a robust basis for 
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evaluating the potential of green façades to enhance long-term building 
performance and support climate resilience in urban environments.

2. Materials and methods

2.1. Green façade

Green walls are vegetative systems integrated into building enve
lopes that can provide multiple benefits, such as an increase in external 
wall thermal insulation, shading, evapotranspiration, and wind shield
ing (e.g., [67,68]). These mechanisms, in turn, influence both building 
energy consumption and urban microclimate [34].

Green walls are generally categorised into two main categories: 
green façades and living walls, each encompassing a range of configu
rations. Typically, green façades are characterised by a growing medium 
horizontally positioned and vegetation growing vertically adherent to 
the building envelope (direct green façade) or supported by structures, 
such as trellises, spaced away from the building walls (indirect green 
façade). Due to their simple structure, green façades can be easily 
installed on building exteriors.

By contrast, living walls feature an engineered substrate vertically 
positioned on building façades, either attached or detached from the 
building envelope [25]. Living walls are more complex than green fa
çades, as they include an irrigation system and can be continuous or 
modular, depending on the type of support on which plants are grown 
[69].

Additionally, green façades are generally more cost-effective than 
living walls [70]. Direct greening systems typically range from 30 to 45 
€/m2 [71,72]. In a comprehensive review, Manso et al. [73] reported 
that the average construction cost of living walls is approximately 750 
€/m2. The same study estimated annual maintenance costs to average 
around 5.6 €/m2/year for green façades and 19 €/m2/year for living 
walls. However, green wall systems are influenced by several factors 
that can significantly affect both installation and maintenance costs, 
including water availability and the level of technological complexity 
adopted. Furthermore, ongoing advances in construction technologies 
may improve the overall cost-effectiveness of green wall solutions, as 
highlighted in recent studies [74]. Therefore, the widespread imple
mentation of green façades in urban areas may require lower in
vestments, making them a more feasible solution for potentially 
reducing UHI and building energy demands, depending on various 
factors.

Two primary mechanisms are critical when considering green 
facades: 

1. Shading provided by vegetation can reduce solar radiation by 
approximately 70–95%.

2. Between 20 and 40% of the incoming solar radiation is used for 
evapotranspiration, which promotes air cooling [75].

Specifically, a study carried out by Bakhshoodeh et al. [76] focused 
on Perth, Australia, in a Mediterranean climate during hot weather 
conditions, showed that the mean contribution of evapotranspirative 
cooling to the overall cooling effect of the green façades was approxi
mately 35% for deciduous plants and 25% for non-deciduous plants. 
These findings highlight the predominant role of shading in reducing 
façade surface temperatures.

2.2. Mathematical model and simulation framework of green façade (GF)

To evaluate the thermal effects of green façades on building enve
lopes, a Dynamic Heat Transfer (DHT) model was implemented, 
following the approach outlined by Zhang et al. [77]. The model in
tegrates the Beer–Lambert law for shortwave radiation attenuation and 
the Penman–Monteith equation for estimating evapotranspiration, 
capturing both radiative and convective interactions between 

vegetation, wall surfaces, and the ambient environment.
The energy balance on the vegetated external wall surface accounts 

for four primary heat flux components: net solar radiation (qsw), net 
longwave radiation (qlw), convective heat flux (qconv), and conductive 
heat flux (qcond): 

qsw + qlw + qconv + qcond = 0 (1) 

Shortwave radiation is affected by the vegetation transmittance (τv) 
and the wall absorptance (αw), while the net longwave radiation ac
counts for emission and transmission through vegetation and interaction 
with the sky, ground, and air [77,78].

The vegetation energy balance includes net absorbed shortwave ra
diation (qsw,v),net longwave radiation exchange (qlw,v), convective heat 
exchange (qconv,v), and latent heat flux from transpiration (qevap): 

qsw,v + qlw,v + qconv,v + qevap = 0 (2) 

Due to the nonlinear T4 terms, the model is linearised during the 
simulation using a first-order expansion around the previous timestep to 
enable the solution of the equations.

To integrate this model with EnergyPlus, two Python Plugins were 
developed by authors to inject an additional heat source term: 

qadd = (qsw + qlw)GF–(qsw + qlw)bare (3) 

The additional heat source (qadd) is computed at each simulation 
timestep and provided to EnergyPlus as a boundary condition on the 
external wall surface. The first term represents the net shortwave and 
longwave radiation fluxes acting on the wall in the presence of the green 
façade ((qsw + qlw)GF), while the second term represents the same fluxes 
on the uncovered bare wall ((qsw + qlw)bare). The difference between 
these two terms captures the net thermal effect of the vegetation layer on 
the external wall surface heat balance.

Fig. 1 shows the interaction between EnergyPlus and the Python 
Plugin Green Façade module.

The plugin was developed and described in detail in Nesci et al. [66], 
where the complete theoretical description of the mathematical model 
and its implementation are provided. The underlying mathematical 
model is based on the Dynamic Heat Transfer (DHT) model of Zhang 
et al. [77], where the model was experimentally validated against field 
measurements conducted on real green façades in Guangzhou, China, 
under hot-summer/warm-winter climate conditions. The validation 
compared simulated and measured values of solar and longwave radi
ation, vegetation temperature, and external wall surface temperatures. 
The maximum mean percentage error (MPE), mean bias error (MBE), 
and root mean square error (RMSE) were 1.61%, 0.45 ◦C, and 0.75 ◦C, 
respectively, demonstrating the high accuracy and low uncertainty of 
the model [77].

2.3. Key performance indicators

To assess the climate resilience of buildings under changing climatic 
conditions, four KPIs were selected, addressing both thermal comfort 
and energy performance. These indicators are drawn from the official 
KPI set adopted in IEA-EBC Annex 80 [79] and were chosen based on 
two main criteria: a) their capacity to capture thermal discomfort during 
free-floating conditions (i.e., in the absence of active space cooling or 
during power outages), and b) their effectiveness in evaluating the 
thermal performance of the building fabric under both cooling and 
heating operations. The definitions and assessment methods of all 
selected indicators are derived from the international technical 
standards.

The first KPI is the Hours of Exceedance (HE), which represents the 
number of hours during which the operative temperature in the zone 
exceeds the upper boundary of the acceptable indoor thermal comfort 
range. This indicator captures the frequency of thermal discomfort 
under free-floating conditions and is based on the adaptive comfort 
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model defined in Annex H.2 of ISO 17772-1 [80]. The second KPI is the 
Weighted Hours of Exceedance (WHE), an extension of HE that in
corporates the severity of each exceedance. Each hour is weighted ac
cording to the magnitude of deviation from the comfort threshold, 
following EN ISO 7730 (Method B) [81]. This provides a more detailed 
representation of warm discomfort by integrating both intensity and 
duration.

The third and fourth KPIs are the thermal energy needs for space 
cooling and heating per unit conditioned floor area (EPC,nd and EPH,nd 
(kWh⋅m− 2)). The terminology “need” is adopted following ISO 52000- 
1:2017 [82]. These indicators reflect the building's basic energy need 
under ideal thermal conditions—namely, a uniform and optimally 
controlled indoor temperature, without the influence of specific tech
nical building systems. The energy needs are calculated under simplified 
conditions, assuming purely convective heat emission and continuous 
system operation without power [83].

Including space heating energy need among the selected KPIs allows 
for a balanced evaluation of the building's thermal performance across 
all seasons. Green façades can influence winter conditions depending on 
their design (e.g., deciduous vs. evergreen vegetation), orientation, and 
climatic context—either by providing additional insulation or by 
reducing beneficial solar gains. Therefore, accounting for heating need 
supports the identification of seasonal trade-offs and contributes to a 
more comprehensive assessment of the building's year-round thermal 
resilience.

The specific vegetation parameters adopted for the green façade 
model (e.g., leaf area index, leaf transmittance) were selected to repre
sent practical and well-established deciduous climbing systems suitable 
for the Italian context; a detailed justification of these assumptions is 
provided in Section 3.3.

3. Case study

3.1. Building description

The methodology was applied to a representative Italian single- 
family house constructed between 1946 and 1960. This case study was 
selected from a set of archetypes developed under the CIP-IEE-2008 

-TABULA research project [84]. This typology-based approach sup
ports the development of bottom-up energy models, enabling results to 
be scaled from a representative archetype to the broader building stock 
[85,86]. Buildings from this construction period offer substantial 
energy-saving potential compared to other periods [86,87], making this 
archetype particularly relevant for investigating climate resilience and 
energy efficiency improvements. Moreover, the single-family house 
presents a high sensitivity to climate change due to its high shape factor 
(Aenv/Vg = 0.73 m− 1) [88]. The building model was assessed in two 
distinct climatic zones, represented respectively by Rome and Turin. The 
selected archetype and climatic contexts concern a substantial and 
relevant part of the national stock. According to the last available census 
data [89], approximately 51% of the total Italian residential buildings 
contain only one dwelling and can therefore be regarded as single-family 
residential buildings. The selected locations also represent two of the 
most widespread Italian climatic conditions. Rome belongs to climatic 
zone D, whereas Turin belongs to climatic zone E. National building- 
stock analyses indicate that zones D and E together contain approxi
mately three quarters of Italian residential buildings, covering overall 
73% of the Italian municipalities and 71% of the Italian population. The 
case study was assessed under three climatic scenarios, as detailed in 
Section 3.3.

The case study was modelled considering two configurations: a pre- 
retrofit variant, representing the building in its original state, and a post- 
retrofit variant reflecting a refurbished version. In the pre-retrofit 
variant, the case study presents envelope technologies that are typical 
of its construction period, i.e., solid brick masonry walls and single- 
glazed windows, in accordance with TABULA.

3.2. Retrofit measures

In the post-retrofit variant, the building envelope is refurbished to 
comply with the minimum energy performance requirements set by the 
Italian national regulations for the reference building in different cli
matic zones [90]. The thermal transmittance and areal heat capacity 
values of the envelope components for both pre- and post-retrofit vari
ants are reported in Table 1 for each site. The areal heat capacity values 
show that the addition of the insulation layer during retrofit contributes 

Fig. 1. Interaction between the EnergyPlus and Python green façade module. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.)
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negligible thermal mass, leaving the thermal inertia of the building 
envelope virtually unchanged between pre- and post-retrofit conditions.

Additionally, for the post-retrofit variant, the building was equipped 
with movable solar shading devices, consisting of external wooden 
Venetian blinds; under this configuration, the value of the total solar 
energy transmittance of the system glazing plus shading, ggl+sh, is equal 
to 0.15. In the model, the blinds are activated when the beam plus 
diffuse solar irradiance incident on the window exceeds 300 W⋅m− 2 

[91].
To better assess the specific effect of the green façade, a ventilative 

cooling system was integrated in the post-retrofit variant to further 
mitigate the risk of summer overheating due to insulation, which am
plifies indoor cooling loads. The system was implemented through 
EnergyPlus's Energy Management System (EMS) by dynamically 
adjusting the air change rates (ACH), based on thermal conditions, to 
maximize the benefits of nighttime cooling and support comfort during 
transitional seasons. In free-floating mode, ventilative cooling was 
activated when the indoor operative temperature exceeded the upper 
adaptive comfort limit, and the indoor air temperature was at least 2 ◦C 
higher than the outdoor temperature. The system was deactivated when 
the operative temperature fell below the lower adaptive limit or when 
the indoor temperature dropped below the outdoor temperature. Under 
ideal load conditions, activation occurred whenever a cooling load was 
detected, and the indoor air temperature exceeded the outdoor air 
temperature by at least 2 ◦C. Deactivation was triggered when no 
cooling load was present or when the indoor temperature was lower 
than the outdoor temperature. In both cases, the ACH was set to 3 h− 1 

during activation and reduced to 0.2 h− 1 when deactivated.
The chosen air exchange rate during the activation of ventilative 

cooling was determined using the Ventilative Cooling Potential Tool (VC 
Tool), developed within the IEA-EBC Annex 62 project [92]. To assess 
the extent to which ventilative cooling can offset cooling loads, the VC 
Tool estimates the energy contribution of ventilative cooling by 
analyzing a single-zone energy balance, assuming a well-mixed indoor 
air volume, and accounting for building envelope thermal properties, 
internal heat gains, ventilation requirements, and occupancy patterns. 
In this study, direct cooling through increased airflow was considered 
when the outdoor air temperature was at least 2 ◦C lower than the in
door air temperature. This threshold follows the recommendations of 
the Ventilative Cooling Design Guide [93] developed under Annex 62. 
Additionally, the thermal effect of fan energy consumption was 
accounted for by increasing the inlet air temperature by an average of 
0.4 ◦C. The Specific Fan Power (SFP) was set at 1.08 kW⋅m− 3s, under the 
Italian reference building regulations [90]. When the conditions for 
ventilative cooling were not met—as well as in all pre-retrofit cases—the 
ACH was set equal to the minimum value required for indoor air quality 
as specified in the draft Italian National Annex of EN 16798–1 [94].

3.3. Modelling configurations and assumptions

The green facade scenarios were applied to both pre- and post- 
retrofit building variants. The analysis explores different green façade 
orientations, beginning with greenery coverage limited to the South- 
facing façade, and then expanding to a multi-orientation configura
tion, encompassing the South, East, and West façades. The different 

simulation configurations are summarised in Fig. 2, which presents the 
cases analysed in this study.

The green façade was modelled assuming deciduous climbing vege
tation with 100% façade coverage. The adopted configuration is repre
sentative of indirect green façade systems based on climbing vegetation 
supported by cables or trellis structures, consistently with the typology 
described in Section 2.1 [95]. The assumed vegetation type is repre
sentative of common deciduous climbing species widely used in green 
façade applications in Italian and Mediterranean contexts, such as Par
thenocissus tricuspidata and Wisteria sinensis [95–97]. A monthly variable 
LAI between 1 and 5 was used to reproduce the seasonal growth cycle of 
the vegetation with lower values in winter and maximum foliage 
development in summer. The chosen LAI range is within the recom
mended range for deciduous climbing plants (1.0–6.0) and consistent 
with previous studies on green façades in Mediterranean and temperate 
climates [77] where LAI was found to be one of the main parameters 
controlling shading and evapotranspirative cooling performance. A leaf 
transmittance value of 0.23 was assumed, obtained through spectral 
integration of leaf optical data based on the ISO 9050:2003 [98] to the 
implementation framework proposed by Zhang et al. [77] and adapted 
in Nesci et al. [66]. The dimension of the leaf was fixed at 0.10 m × 0.05 
m. The minimum stomatal resistance was fixed at 100 s⋅m− 1, within the 
range of 50–300 s⋅m− 1 consistent with literature values for the plant 
species considered [77]. Soil moisture was represented by a fixed 
average value, unchanged across time steps and climate scenarios. The 
model does not simulate a dynamic soil-water balance, VPD-induced 
stomatal closure, irrigation demand, plant mortality, or stress-related 
changes in LAI and vegetation coverage. The results therefore repre
sent potential performance under maintained vegetation conditions.

Dynamic simulations were performed using EnergyPlus (version 
23.2), integrated with a custom Python plugin designed to implement 
the mathematical model of the green façade. Standard user behavior was 
assumed across all simulations, with internal heat gains and occupancy 
profiles also defined according to the same reference. To assess the 
thermal energy needs for space cooling and space heating, an ideal load 
system was assumed under EN ISO 52016-1 [83], with infinite power 
and purely convective thermal load.

The analyses focused on two Italian cities: Rome and Turin, 
belonging, respectively, to ASHRAE climate zones 3 A (Warm Humid) 
and 4 A (Mixed Humid) [99], and to Köppen–Geiger classification Csa 
(Hot-summer Mediterranean) and Cfa (Humid subtropical) [100].

To evaluate climate resilience, simulations were conducted using the 
Typical Meteorological Years (TMYs) for three timeframes: 2020s 
(2001–2020), 2050s (2041–2060), and 2090s (2081–2100). The 
weather files were generated following the approach developed by the 
IEA-EBC Annex 80 Weather Data Task Group [101]. For Rome, the TMYs 
were taken directly from the existing Annex 80 dataset. For Turin, the 
TMYs were generated specifically for this study, following the same 
Annex 80 methodology. This ensured consistency between the two cities 
in terms of time horizons, weather-file format and climate-data 
processing.

The weather files were based on Euro-CORDEX climate projections 
from the CMIP5 generation of climate models. Future climate conditions 
were represented under the Representative Concentration Pathway 8.5 
(RCP 8.5), a high-emission scenario commonly used for conservative 

Table 1 
Thermal transmittance and areal heat capacity values of the building envelope components of the case study.

Building components Pre-retrofit building variant Post-retrofit building variant

Turin and Rome Turin Rome

U-value [W⋅m− 2 K− 1] Κ-value [KJ⋅m− 2 K− 1] U-value [W⋅m− 2 K− 1] Κ-value [KJ⋅m− 2 K− 1] U-value [W⋅m− 2 K− 1] Κ-value [KJ⋅m− 2 K− 1]

Opaque walls 1.48 559 0.26 564 0.29 562
Roof 2.20 452 0.22 457 0.26 455
Bottom floor 2.00 489 0.26 494 0.29 492
Windows 4.90 – 1.40 – 1.80 –
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climate-resilience assessments. For the European cities, the dataset used 
MPI-ESM-LR as the driving global climate model and REMO as the 
regional climate model, with a spatial resolution of 0.11◦ (approxi
mately 12.5 km). The projections were dynamically downscaled and 
then bias-corrected using Quantile Delta Mapping and Multivariate Bias 
Correction with N-dimensional Probability Density Function Transform. 
The bias correction was performed month by month using the available 
observational data for calibration, to preserve monthly variability and 
reduce systematic deviations between raw model outputs and local ob
servations. The final files were prepared in EnergyPlus Weather File 
(EPW) format for dynamic building simulation.

Table 2 summarises the average values of air temperature, specific 
humidity, and global horizontal solar irradiance in June, July, and 
August for both sites, highlighting the changing trends over time. While 
air temperature and specific humidity show increasing trends for both 
cities across all future scenarios, the global horizontal solar irradiance 
follows opposite trends in the two cities, increasing in Rome and 
decreasing in Turin. This divergence is physically consistent with Euro- 
CORDEX projections for northern Italy, where increased atmospheric 
moisture and cloud cover associated with future warming are projected 
to reduce surface solar radiation [102,103], in contrast to central and 
southern Italy where solar radiation is projected to increase.

4. Results

The effect of green façade deployment on indoor thermal comfort 
performance is evaluated using Hours of Exceedance (HE) and Weighted 
Hours of Exceedance (WHE), which account for both the frequency and 
severity of thermal discomfort. In addition, energy performance impli
cations were evaluated by analyzing the building's cooling and heating 
needs. Results are provided for both “pre-retrofit” and “post-retrofit +

ventilative cooling” configurations, across Rome and Turin, under three 
climatic scenarios—2020s, 2050s, and 2090s—and for three façade ty
pologies: baseline (i.e., bare façade), South-facing green façade, and 
multi-oriented green façades. The complete set of results for all config
urations is provided in the tables in Appendix A.

4.1. Thermal comfort performance

In Rome, under the 2020s climatic scenario, and in pre-retrofit 
condition, the baseline case shows 1877 HE and 3475 WHE, as dis
played in Fig. 3(a) and Table A.1. Implementing a South-facing green 
façade leads to 1760 HE and 2989 WHE, equal to a reduction of 6.2% 
and 14.0%, respectively. The impact is much greater with the multi- 
oriented green façades configuration, which limits discomfort to 834 
HE (− 55.6%) and 1094 WHE (− 68.5%), thereby demonstrating the 
superior mitigation potential of full façade coverage. This trend persists 
under future climate scenarios. For instance, in the 2050s, the South- 
facing green façade configuration reduces HE by 8.1% and WHE by 
13.2%, while in the 2090s, the reductions, compared to the baseline 
case, are 3.8% for HE and 8.9% for WHE. In contrast, the multi-oriented 
green façades configuration achieves a 32.8% reduction in HE and 
51.6% in WHE in the 2050s and maintains notable performance in the 
2090s with reductions of 27.1% and 39.6%, respectively.

In Turin, pre-retrofit results show similar benefits (Fig. 4(a) and 
Table A.2). Under the 2020s climate scenario, the baseline case yields 
747 HE and 1103 WHE. The application of a South-facing green façade 
reduces HE to 552 (− 26.1%) and WHE to 769 (− 30.3%), while multi- 
oriented green façades lower the HE to 135 (− 81.9%) and WHE to 
170 (− 84.6%). These improvements persist in projected climates, con
firming the long-term comfort benefits of façade greening, especially 
under future warming scenarios. The South-facing façade provides a 

Fig. 2. Overview of the analysed configurations.

Table 2 
Average climate variables for Rome and Turin during June, July, and August across the three climate scenarios (2020s, 2050s, 2090s).

Climate variable Air temperature [◦C] Specific humidity 
[gv⋅ kga

− 1]
Global horizontal solar irradiance [W⋅m− 2]

Climate scenarios 2020s 2050s 2090s 2020s 2050s 2090s 2020s 2050s 2090s

Rome 24.4 26.3 28.9 13 13.7 15.9 309.4 309.5 310.6
Turin 23.1 24.2 27.1 8.1 11.9 12.7 253.6 251.4 248.2
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reduction of HE by 24.3% and 10.5%, and of WHE by 29.5% and 16.5%, 
for the 2050s and 2090s, respectively. As in Rome, results indicate that 
in Turin, the more the climatic scenarios are projected into the future, 
with an increase in the discomfort hours of the baseline case, the 
smaller, though still relevant, is the effectiveness of adopting green 
facades.

In post-retrofit conditions, Rome's baseline (i.e., 2020s) HE drops 
from 1877 (pre-retrofit) to 592 (post-retrofit) (− 68.5%), due to enve
lope retrofit and ventilative cooling (Fig. 3(b) and Table A.3). The South- 
facing green façade further reduces HE to 551 (− 6.9%) and WHE to 701 
(− 9.4%), while multi-oriented green façades achieve more substantial 
reductions compared to the post-retrofit baseline case: 359 HE (− 39.4%) 
and 416 WHE (− 46.3%). The relative contribution of green façades to 
comfort improvement becomes more pronounced in post-retrofit con
ditions due to the lower absolute baseline. This pattern is consistent 
across future climate scenarios. Under the 2050s scenario, the South- 
facing GF provides relative performance quite like that of the 2020s, 
with the percentage reduction in WHE unchanged. In comparison, the 
multi-oriented GFs deliver for both HE and WHE approximately 10% 
lower reductions than those observed in the 2020s. In the 2090s, the 
baseline in Rome shows HE rising to 2139 (pre-retrofit) and 1310 (post- 
retrofit). In the post-retrofit condition, the South-facing GF leads to a 
slight improvement (1288 HE, − 1.7%, and 2818 WHE, − 3.0%), sug
gesting limited effectiveness as climatic extremes intensify. The multi- 
oriented GFs still perform notably better, reducing HE to 1232 
(− 6.0%) and WHE to 2539 (− 12.6%), with a percentage reduction 
performance significantly lower than for the 2020s or 2050s, but still 
offering meaningful gains, i.e., an absolute reduction of 367 weighted 

discomfort hours.
In 2020s in Turin, retrofit improvements reduce HE from 747 to 125. 

As shown in Fig. 4(b) and Table A.4, the addition of a South-facing GF 
further improves performance, lowering HE to 102 (− 18.4%) and WHE 
to 109 (− 19.3%), while the multi-oriented GFs configuration provides a 
slightly greater reduction, with HE decreasing to 101 (− 19.2%) and 
WHE to 107 (− 20.7%). These reductions, while numerically small, still 
contribute to occupant comfort. Under the 2050s climate scenario, 
discomfort increases considerably, with the baseline case's HE rising to 
366 and WHE to 416. The South-oriented GF reduces HE to 221 
(− 39.6%) and WHE to 240 (− 42.3%), while the multi-oriented GFs 
result in 175 HE (− 52.2%) and 188 WHE (− 54.8%). By the 2090s, the 
baseline case reaches discomfort levels of 912 HE and 1256 WHE. The 
South-facing GF configuration achieves reductions to 858 HE (− 5.9%) 
and 1161 WHE (− 7.6%), indicating only modest gains under more 
intense climatic stress. However, multi-oriented GFs still maintain a 
valuable contribution, lowering HE to 781 (− 14.4%) and WHE to 1009 
(− 19.7%); although the relative improvement is smaller than in the 
2050s scenario, the absolute reduction in discomfort hours remains 
important for thermal resilience.

4.2. Energy performance

In the pre-retrofit condition for Rome, under the 2020s climate 
scenario, the baseline cooling need is 32.1 kWh⋅m− 2 and heating need is 
57.0 kWh⋅m− 2, as shown in Fig. 5(a) and in Table A.5. The South-facing 
green façade configuration decreases the cooling need to 27.2 kWh⋅m− 2, 
corresponding to a 15.3% reduction. However, heating need rises to 

Fig. 3. Thermal comfort indicators in Rome for pre-retrofit (a) and post-retrofit (b) in the 2020s, 2050s, and 2090s.

Fig. 4. Thermal comfort indicators in Turin for pre-retrofit (a) and post-retrofit (b) in the 2020s, 2050s, and 2090s.
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64.5 kWh⋅m− 2, marking a 13.2% increase. This is expected, as vegeta
tion on the South façade reduces wintertime solar gains. The multi- 
oriented green façades achieve an even more pronounced reduction in 
cooling need, lowering it to 15.7 kWh⋅m− 2, equal to a decrease of 51.1% 
compared to the baseline case. Conversely, this configuration increases 
heating need up to 74.3 kWh⋅m− 2 (+30.4%). In the 2050s climate sce
nario, the baseline cooling need rises significantly to 42.8 kWh⋅m− 2 as 
climate change intensifies summer temperatures. The South-facing GF 
configuration reduces this to 36.7 kWh⋅m− 2 (− 14.3%), while multi- 
oriented GFs bring it down to 22.8 kWh⋅m− 2 (− 46.7%). However, 
both configurations are associated with an increase in heating energy 
need: from 35.2 kWh⋅m− 2 in the baseline case to 41.2 kWh⋅m− 2 

(+17.0%) for the South-facing GF and to 48.3 kWh⋅m− 2 (+37.2%) for 
the multi-oriented configuration. Despite this increase, the net energy 
balance remains favourable, as the reduction in cooling need outweighs 
the rise in heating need. By the 2090s, the baseline cooling need reaches 
its maximum value of 65.0 kWh⋅m− 2, reflecting the impact of extreme 
warming. The South-facing GF reduces this to 57.8 kWh⋅m− 2 (− 11.1%), 
while multi-oriented GFs provide the most considerable savings at 40.7 
kWh⋅m− 2 (− 37.4%). Meanwhile, heating need drops to 14.9 kWh⋅m− 2 

in the baseline case, increasing to 19.0 kWh⋅m− 2 (+27.5%) with south- 

facing coverage and to 23.6 kWh⋅m− 2 (+58.4%) with multi-oriented 
greening. These results highlight a shift in energy needs, with cooling 
need becoming dominant as winter heating becomes less relevant.

In Turin, the pre-retrofit baseline case under the 2020s climate sce
nario shows a cooling need of 13.5 kWh⋅m− 2, with heating of 112.6 
kWh⋅m− 2, shown in Fig. 6(a) and in Table A.6. The South-facing GF 
reduces cooling to 10.4 kWh⋅m− 2 (− 23.0%) while increasing heating to 
121.3 kWh⋅m− 2 (+7.7%). The multi-oriented GFs perform even better in 
terms of cooling, reducing the need to just 5.5 kWh⋅m− 2 (− 59.3%), but 
this comes with a significant heating penalty, raising the need to 128.5 
kWh⋅m− 2 (+14.2%). This trade-off underscores the importance of 
context-specific façade strategies, particularly in climates with sub
stantial winter heating needs.

In the 2050s, cooling need increases to 18.8 kWh⋅m− 2. Green façades 
continue to mitigate this rise: the South-facing GF reduces it to 15.2 
kWh⋅m− 2 (− 19.1%), and the multi-oriented GFs configuration further 
cuts it to 9.3 kWh⋅m− 2 (− 50.5%). Heating need increases from 100.0 
kWh⋅m− 2 (baseline) to 108.1 kWh⋅m− 2 (+8.1%) with South-facing GF 
and 114.9 kWh⋅m− 2 (+14.9%) with multi-oriented GFs. In the 2090s 
climate scenario, the baseline cooling need rises to 36.1 kWh⋅m− 2. The 
South-facing green façade brings this down to 30.3 kWh⋅m− 2 (− 16.0%), 

Fig. 5. Thermal energy needs for space heating and cooling in Rome for pre-retrofit (a) and post-retrofit (b) in the 2020s, 2050s, and 2090s.

Fig. 6. Thermal energy needs for space heating and cooling in Turin for pre-retrofit (a) and post-retrofit (b) in the 2020s, 2050s, and 2090s.
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while multi-oriented GFs reduce it to 21.1 kWh⋅m− 2 (− 41.5%). Mean
while, heating need drops due to milder winters, and the increase due to 
greenery is consistently smaller than in previous climate scenarios: from 
72.8 kWh⋅m− 2 in the baseline case to 79.3 kWh⋅m− 2 (+8.9%) with 
South-facing greening, and 83.9 kWh⋅m− 2 (+15.1%) with multi- 
oriented coverage. Although the heating penalty persists, its absolute 
magnitude diminishes, while cooling savings grow more substantial 
over time.

In the post-retrofit condition for Rome, for the 2020s, the baseline 
cooling need drops from 32.1 to 19.0 kWh⋅m− 2 due to the retrofit, 
shown in Fig. 5(b) and in Table A.7. The addition of a South-facing GF 
further reduces this to 17.9 kWh⋅m− 2 (− 5.8%), while the multi-oriented 
configuration lowers it to 14.7 kWh⋅m− 2 (− 22.6%). On the other side, 
heating need, already reduced from 57.0 to 8.1 kWh⋅m− 2, increases to 
9.1 kWh⋅m− 2 (+12.3%) with South-facing greening and to 10.5 
kWh⋅m− 2 (+29.6%) with full façade coverage. In the 2050s, the post- 
retrofit baseline cooling need reaches 26.0 kWh⋅m− 2, the South-facing 
GF cuts this to 24.6 kWh⋅m− 2 (− 5.4%), and the multi-oriented sce
nario to 20.5 kWh⋅m− 2 (− 21.2%). Heating need remains small, 
increasing from 2.4 to 2.9 (+20.8%) and 3.6 kWh⋅m− 2 (+50%) 
respectively. Despite these relative increases, the absolute values remain 
low, and the net annual energy impact favors façade greening.

In the 2090s, Rome's baseline cooling need increases sharply to 37.5 
kWh⋅m− 2 due to climate warming. The South-facing green façade pro
vides limited relief (− 4.3%), lowering the need to 35.9 kWh⋅m− 2, 
whereas multi-oriented GFs reduce it to 31.3 kWh⋅m− 2 (− 16.5%). The 
heating need is negligible, remaining near zero in all scenarios.

In the post-retrofit condition for Turin, in the 2020s, the baseline 
cooling need falls from pre-retrofit's 13.5 kWh⋅m− 2 to 8.5 kWh⋅m− 2, as 
shown in Fig. 6(b) and in Table A.8. A South-facing green façade reduces 
this to 7.8 kWh⋅m− 2 (− 8.2%), while multi-oriented façades lower it 
further to 6.4 kWh⋅m− 2 (− 24.7%). The heating need, reduced from 
112.6 to 19.5 kWh⋅m− 2 by the retrofit strategies, increases slightly to 
20.4 kWh⋅m− 2 (+4.6%) and 21.2 kWh⋅m− 2 (+8.7%), under the two 
green facade configurations respectively. Anyhow, this increase remains 
lower than the cooling gains achieved. In the 2050s, with warmer 
summers and milder winters, cooling needs reach 12.0 kWh⋅m− 2 in the 
baseline scenario. South-facing GFs reduce this to 11.1 kWh⋅m− 2 

(− 7.5%) and multi-oriented GFs to 9.4 kWh⋅m− 2 (− 21.7%). Heating 
grows slightly from 16.4 kWh⋅m− 2 to 17.5 kWh⋅m− 2 (+6.7%) and 18.2 
kWh⋅m− 2 (+11.0%), respectively, with the heating penalty increasingly 
offset by the summer savings. In the 2090s, the baseline case cooling 
need peaks at 21.8 kWh⋅m− 2. The South-facing green façade cuts this to 
20.4 kWh⋅m− 2 (− 6.4%), while the multi-oriented option brings it down 
to 18.0 kWh⋅m− 2 (− 17.4%). Heating need grows modestly from 10.1 
kWh⋅m− 2 to 10.9 kWh⋅m− 2 (+7.9%) and 11.4 kWh⋅m− 2 (+12.9%), 
respectively. While the heating penalty persists, the absolute benefit in 
cooling performance continues to outweigh it, especially in the long- 
term climate scenarios.

To clarify the attribution of effects in the post-retrofit scenarios, the 
refurbished configuration without green façade is treated as the post- 
retrofit baseline. Table 3 summarises the additional marginal contribu
tion of green façades beyond the retrofit package, which includes en
velope insulation, solar shading and ventilative cooling.

5. Discussion

The results presented in this study highlight the potential of green 
façades to enhance the climate-change resilience of residential buildings 
in the analysed Italian building stock segment. However, the effective
ness in improving thermal comfort and reducing cooling energy needs 
under current and future climate scenarios varies significantly depend
ing on the climatic zone, building retrofit conditions, green façade 
orientation, and reference time horizon. This overall pattern is consis
tent with the literature: vertical greenery consistently improves summer 
comfort, with performance governed by multiple factors—most notably 

climate and façade exposure (orientation) [31,32,34,67].
Findings show that green façades reduce thermal discomfort, 

particularly when applied to multiple orientations. This highlights the 
benefits of covering multiple façades to reduce thermal stress, especially 
in pre-retrofit buildings with low envelope performance, where multi- 
oriented green façades reduce WHE by 68.5% in Rome and 84.6% in 
Turin under the 2020s climate scenario, and still achieve reductions of 
39.6% and 53.2%, respectively, by the 2090s. The WHE reductions are 
compatible with reported 0.5–2.0 ◦C indoor temperature attenuation 
and fewer overheating hours for vertical greenery systems when 
adequate coverage is provided [30,67,69]. In addition, the observed 
advantage of multi-orientation over a single south-facing façade reflects 
that treating several orientations spreads shading and evapotranspira
tion across the day, thereby reducing peak solar heat gains [31,32,63].

In the post-retrofit condition, the integration of energy efficiency 
measures, including ventilative cooling, already leads to a substantial 
reduction in discomfort hours compared to the baseline, providing a 
strong baseline for further optimisation through green façades. In this 
context, green façades can still contribute meaningfully to further im
provements. This reduction, for both types of green façade application, 
reaches its peak in the 2020s for Rome (up to 46.3%) and in the 2050s 
for Turin (up to 54.8%), with the application of multi-oriented green 
façades consistently outperforming South-facing green façades. These 
results further support the view that summer benefits persist even after 
retrofit actions, in agreement with experimental and numerical evidence 
on insulated façades [31,67]. Although the relative improvement di
minishes under more extreme future scenarios like the 2090s, with re
ductions dropping from 46.3% in the 2020s to 12.6% in the 2090s in 
Rome and from 54.8% in the 2050s to 19.7% in the 2090s in Turin, the 
absolute reduction in discomfort hours avoided remains considerable, 
continuing to support the objective of long-term thermal resilience. This 
pattern aligns with climate-scenario analyses of overheating mitigation 
in the literature, which report significant absolute reductions in 
discomfort hours, even as the relative effectiveness declines under 
projected warming scenarios [2,4].

The decline in percentage effectiveness under future climates should 
not be attributed to VPD-induced stomatal closure, since this 

Table 3 
Summary of the additional marginal contribution of green façades in the post- 
retrofit scenarios, calculated with respect to the post-retrofit baseline without 
green façade.

City Climate 
Scenarios

Strategies WHE 
variation 
(− )

EPC,nd 
variation 
(− )

EPH,nd 

variation 
(− )

Rome

2020s

South-facing 
GF

− 9.4% − 5.8% 12.3%

Multi- 
oriented GF

− 46.3% − 22.6% 29.6%

2050s

South-facing 
GF

− 9.4% − 5.4% 20.8%

Multi- 
oriented GF − 35.8% − 21.2% 50.0%

2090s

South-facing 
GF

− 3.0% − 4.3% 0.0%

Multi- 
oriented GF

− 12.6% − 16.5% 0.0%

Turin

2020s

South-facing 
GF − 19.3% − 8.2% 4.6%

Multi- 
oriented GF − 20.7% − 24.7% 8.7%

2050s

South-facing 
GF

− 42.3% − 7.5% 6.7%

Multi- 
oriented GF

− 54.8% − 21.7% 11.0%

2090s

South-facing 
GF − 7.6% − 6.4% 7.9%

Multi- 
oriented GF − 19.7% − 17.4% 12.9%
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physiological response is not represented in the model. Rather, it mainly 
reflects the increasing cooling and overheating baseline: green façades 
provide relevant—and in some cases increasing—absolute savings, 
although these correspond to smaller percentage reductions as the 
baseline load grows. In practice, maintaining the assumed performance 
may require drought-tolerant species, adequate irrigation and regular 
maintenance, particularly under the 2090s climate. [30,69]

From an energy performance perspective, the results confirm the 
substantial cooling energy savings achievable through the application of 
green façades in pre-retrofit buildings. In the 2020s, the cooling energy 
need in Rome decreases by 51.1%, and up to 59.3% in Turin, when 
multi-oriented green façades are implemented. These values lie at the 
upper end of the ranges (26–60% reductions in cooling energy for 
multiple-façade applications) reported for vertical greenery analyses in 
Mediterranean/warm-temperate contexts [31,34,69,75].

However, these cooling benefits are accompanied by increased 
heating needs, since the green façade also reduces useful solar gains in 
winter. To make this seasonal trade-off explicit, Tables A.5 to A.8 report, 
alongside the cooling and heating needs, the total annual thermal energy 
need of each configuration and its change with respect to the corre
sponding bare-wall baseline. This aggregate is computed at the building- 
demand level and does not account for the different energy carriers and 
system efficiencies of heating and cooling; it is therefore used here to 
compare the seasonal balance of the configurations, not as a primary- 
energy or cost indicator, which would require the techno-economic 
assessment identified as future work. The net annual balance depends 
strongly on climate and building state. In Rome pre-retrofit, the winter 
penalty nearly cancels the summer benefit under the current climate, 
where the multi-oriented configuration leaves the total annual thermal 
need almost unchanged (+1.0% in the 2020s), but the balance turns 
increasingly favourable as summers warm, reaching a 19.5% reduction 
by the 2090s. In Turin pre-retrofit, the higher baseline heating need 
dominates: the absolute winter penalty of the multi-oriented configu
ration outweighs the cooling saving under the current and mid-century 
climates, so the total annual thermal need increases (+6.3% in the 2020s 
and + 4.5% in the 2050s), and the balance becomes favourable only 
under the 2090s scenario (− 3.6%). This confirms that, in colder climates 
with high heating demand, the annual benefit of green façades cannot be 
inferred from cooling savings alone. The picture is more favourable in 
the post-retrofit buildings, where insulation and solar control strongly 
reduce the heating need and therefore the absolute winter penalty: here 
the multi-oriented configuration lowers the total annual thermal need in 
almost all cases, by up to 16.3% in Rome and 7.8% in Turin. These re
sults are consistent with reports that winter penalties concentrate on 
south-facing greening in colder climates when solar gains are reduced, 
while the net annual balance tends to remain favourable in warmer 
climates and in well-insulated buildings [63].

In Rome's post-retrofit scenarios, energy efficiency measures com
bined with ventilative cooling lead to significant reductions in both 
heating and cooling energy needs. Yet, green façades still offer addi
tional energy benefits, especially in mitigating rising cooling needs 
projected in future climate scenarios. Accordingly, the post-retrofit re
ductions attributed to green façades should be interpreted as additional 
marginal benefits beyond envelope insulation, solar shading and ven
tilative cooling, rather than as the combined effect of the full retrofit 
package. For example, in the 2050s, multi-oriented green façades ach
ieve a further 21.2% reduction in cooling needs, despite the already 
optimized baseline. These trends suggest that, under future climates, 
green façades remain a potentially effective solution for achieving a 
considerable relative reduction in annual cooling loads—especially in 
cities like Rome, where summer energy need is expected to rise 
sharply—despite the relatively smaller absolute energy savings in post- 
retrofit buildings. Comparable future-scenario studies likewise report 
persistent energy and comfort benefits (even as they decline towards the 
end of the century), corroborating the long-term value of façade 
greening when summer loads escalate [64,65].

Lastly, Turin's post-retrofit cooling energy results present a more 
balanced profile as green façades continue to support the reduction of 
cooling need by up to 24.7% in the 2020s, while introducing manage
able heating penalties, especially as winters become milder in the future. 
This reinforces the value of green façades as a climate-adaptive retrofit 
solution, capable of supporting both energy savings and thermal comfort 
goals in future residential building design.

Furthermore, the results obtained for green façade applications 
should be interpreted with reference to the specific building archetype 
adopted in the simulations, which does not include balconies. Different, 
and potentially less favourable, outcomes may be obtained for buildings 
with different geometries or façade configurations, such as those 
incorporating balconies. A key aspect affecting the long-term perfor
mance of green façades is maintenance. The simulations assumed full 
vegetation coverage of all available façade surfaces (excluding open
ings), corresponding to plants in good health and supported by adequate 
irrigation. Consequently, maintenance requirements, irrigation needs, 
and the costs associated with plant replacement represent critical factors 
influencing the effectiveness of the system [104]. Fire safety is also 
closely linked to maintenance: recent studies have shown that healthy 
and well-maintained vegetation can exhibit self-extinguishing behavior, 
whereas dry or poorly maintained plants may increase fire risk 
[105,106]. Therefore, fire safety considerations should be addressed 
within the broader framework of vegetation management and mainte
nance practices. Although green façades entail installation and main
tenance costs throughout their service life, these costs can be partially 
offset through incentive schemes, such as tax credits. Furthermore, 
many of the benefits provided by green walls—including aesthetic 
enhancement, biodiversity support, and improvements in environ
mental quality and well-being—are difficult to monetize and are 
therefore often underestimated in conventional economic assessments. 
Finally, although multi-oriented applications represent the upper range 
of potential benefits in the simulations, single-orientation applications 
may be more feasible in practice where façade accessibility, ownership, 
maintenance or cost constraints limit full façade coverage.

6. Conclusions

This study evaluates the potential of green façades to enhance the 
climate resilience of the Italian residential buildings for the use category 
and climatic zones concerned in the analysis, by mitigating indoor 
overheating and reducing cooling energy needs under both current and 
future climate scenarios. By applying detailed mathematical modelling 
of the green façade within EnergyPlus, the research examined various 
green façade configurations applied to pre- and post-retrofit building 
conditions across two climate zones of Rome and Turin and three 
timeframes (2020s, 2050s, and 2090s).

The results indicate that green façades can significantly improve 
indoor thermal comfort and reduce cooling energy need, especially in 
pre-retrofit single-unit buildings. Multi-oriented green façades configu
rations proved most effective for thermal comfort, reducing weighted 
hours of exceedance by up to 84.6% in Turin and 68.5% in Rome in the 
2020s, and lowering cooling needs by up to 59.3% and 51.1%, respec
tively. Although relative percentage reductions generally decrease as 
baseline cooling loads and overheating increase, green façades continue 
to provide relevant absolute benefits under future climates. These results 
are conditional on maintaining the assumed vegetation coverage and 
LAI; future studies should quantify irrigation demand, water stress and 
plant survivability through dynamic, species-specific modelling. How
ever, the contribution of green façades in reducing cooling energy need 
remains considerable, even in the 2090s, particularly in Rome, where 
growing summer cooling loads increase the need for passive solutions. 
Additionally, the lower heating need in Rome makes the energy trade-off 
associated with green façade shading more favourable than in Turin, 
where winter heating needs are higher.

Despite the improved performance of post-retrofit single-unit 
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buildings—benefiting from enhanced insulation, solar control, and 
ventilative cooling—green façades continue to deliver meaningful 
cooling reductions. For instance, in the 2050s, multi-oriented green fa
çades reduce cooling needs by 21.2% in Rome and 21.7% in Turin, 
indicating that their potential contribution is not limited to pre-retrofit 
buildings. Despite the promising theoretical findings, several technical 
and economic barriers continue to hinder the widespread adoption of 
green façades. The most significant constraints include installation and 
maintenance costs, technical challenges associated with waterproofing 
and building integration, and the limited willingness of private stake
holders to invest in such systems. Nevertheless, the potential increase in 
property values, together with the improvement of environmental 
quality, may contribute to the attractiveness of green façades as effective 
strategies for enhancing urban sustainability and supporting climate- 
resilient building design, although the techno-economic aspects were 
not quantitatively assessed in the present study. To further promote 
their large-scale implementation, dedicated urban policies and financial 
incentive mechanisms should support their deployment. In this context, 
some countries and municipalities have already adopted pioneering 
initiatives. For example, the Vancouver City Council endorsed, in May 
2007, the Passive Design Toolkits, which include green wall imple
mentation in new buildings [107]. Similarly, the municipality of Co
logne provides subsidies covering up to 50% of eligible costs, with a 
maximum annual contribution of € 20,000 (up to 40 €/m2), to encourage 
the deployment of green roofs and green walls [108].

The results are valid for the building stock represented by the ana
lysed archetype, and results cannot be transferred to other building ty
pologies, construction periods, urban morphologies and climatic zones. 
Nevertheless, the proposed methodology can be replicated and adapted 
to investigate other contexts in future studies. Moreover, future research 
should also expand the scope to include other types of vertical greenery 
systems, such as living walls. Additionally, analyses will incorporate the 
broader urban context, including interactions with the microclimate, 
urban form, and street canyon geometry, to fully capture the synergistic 
effects of façade greening at the neighbourhood or city scale. Further
more, experimental validation of the simulation framework, particularly 
for the analysed climatic contexts, building archetype and retrofit con
figurations, post occupancy evaluation, and techno-economic assess
ment of installation and operational costs are identified as important 
priorities to further consolidate and extend the findings of the present 
study.

Overall, this study provides simulation-based evidence that green 
façades, and multi-oriented configurations in particular, can improve 
the climate resilience of the analysed residential building archetype in 
the two climatic contexts considered. Within the adopted modelling 
assumptions, the simulations indicate that these benefits are consistent 
for the analysed archetype in both climatic contexts, delivering summer 
cooling savings and improved indoor comfort that grow under future 
climate scenarios. The net annual balance between summer savings and 
winter heating penalties depends on climate and building state, and 
becomes more favourable as cooling demand grows and in well- 
insulated post-retrofit buildings, with the strongest overall balance 
observed in the warmer climatic context analysed. Further generalisa
tion of these findings beyond the analysed archetype and climatic con
texts would benefit from case-specific experimental validation, post- 
occupancy evaluation and techno-economic assessment, which are 
needed to assess the robustness, real-world performance and practical 
feasibility of the simulated configurations. Pending such evidence, the 
results should be regarded as simulation-based evidence supporting 
further investigation rather than as validated design recommendations 
or policy prescriptions to inform large-scale renovation strategies or 
urban greening incentives. They nevertheless provide a basis for future 
validation and for assessing the potential role of green façades in 
building renovation and climate adaptation strategies. Where such 
measures are considered, particular attention should be given to resil
ient vegetation species, adaptable irrigation systems, and solutions 

capable of maintaining year-round energy performance while delivering 
wider urban co-benefits.
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Table A.1 
Thermal comfort indicators (Rome – Pre-retrofit).

Climate 
Scenarios

Strategies HE 
(h)

WHE 
(h)

HE variation 
vs Baseline 
(− )

WHE 
variation vs 
Baseline (− )

2020s Baseline 1877 3475 – –
South-facing 
green façade

1760 2989 − 6.2% − 14.0%

Multi- 
oriented 
green façades

834 1094 − 55.6% − 68.5%

2050s Baseline 1985 4107 – –
South-facing 
green façade

1825 3565 − 8.1% − 13.2%

Multi- 
oriented 
green façades

1333 1988 − 32.8% − 51.6%

2090s Baseline 2139 5275 – –
South-facing 
green façade

2057 4804 − 3.8% − 8.9%

Multi- 
oriented 
green façades

1559 3184 − 27.1% − 39.6%

Table A.2 
Thermal comfort indicators (Turin – Pre-retrofit).

(continued on next page)
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Table A.2 (continued )

Climate 
Scenarios 

Strategies HE 
(h) 

WHE 
(h) 

HE variation 
vs Baseline 
(− ) 

WHE 
variation vs 
Baseline (− )

Climate 
Scenarios

Strategies HE 
(h)

WHE 
(h)

HE variation 
vs Baseline 
(− )

WHE 
variation vs 
Baseline (− )

2020s Baseline 747 1103 – –
South-facing 
green façade

552 769 − 26.1% − 30.3%

Multi- 
oriented 
green façades

135 170 − 81.9% − 84.6%

2050s Baseline 1103 1635 – –
South-facing 
green façade

835 1153 − 24.3% − 29.5%

Multi- 
oriented 
green façades

280 335 − 74.6% − 79.5%

2090s Baseline 1520 2825 – –
South-facing 
green façade

1360 2360 − 10.5% − 16.5%

Multi- 
oriented 
green façades

878 1322 − 42.2% − 53.2%

Table A.3 
Thermal comfort indicators (Rome – Post-retrofit + ventilative cooling).

Climate 
Scenarios

Strategies HE 
(h)

WHE 
(h)

HE variation 
vs Baseline 
(− )

WHE 
variation vs 
Baseline (− )

2020s Baseline 592 774 – –
South-facing 
green façade

551 701 − 6.9% − 9.4%

Multi- 
oriented 
green façades

359 416 − 39.4% − 46.3%

2050s Baseline 1162 1638 – –
South-facing 
green façade

1068 1484 − 8.1% − 9.4%

Multi- 
oriented 
green façades

807 1052 − 30.6% − 35.8%

2090s Baseline 1310 2906 – –
South-facing 
green façade

1288 2818 − 1.7% − 3.0%

Multi- 
oriented 
green façades

1232 2539 − 6.0% − 12.6%

Table A.4 
Thermal comfort indicators (Turin – Post-retrofit + ventilative cooling).

Climate 
Scenarios

Strategies HE 
(h)

WHE 
(h)

HE variation 
vs Baseline 
(− )

WHE 
variation vs 
Baseline (− )

2020s Baseline 125 135 – –
South-facing 
green façade

102 109 − 18.4% − 19.3%

Multi- 
oriented 
green façades

101 107 − 19.2% − 20.7%

2050s Baseline 366 416 – –
South-facing 
green façade

221 240 − 39.6% − 42.3%

Multi- 
oriented 
green façades

175 188 − 52.2% − 54.8%

2090s Baseline 912 1256 – –
South-facing 
green façade

858 1161 − 5.9% − 7.6%

Multi- 
oriented 
green façades

781 1009 − 14.4% − 19.7%

Table A.5 
Energy performance indicators (Rome – Pre-retrofit).

Climate 
Scenarios

Strategies EPC,nd 

(kWh⋅m− 2)
EPH,nd 

(kWh⋅m− 2)
EPC,nd +

EPH,nd 

(kWh⋅m− 2)

EPC,nd 

variation 
vs 
Baseline 
(− )

EPH,nd 

variation 
vs 
Baseline 
(− )

EPC,nd +

EPH,nd 

variation 
vs 
Baseline 
(− )

2020s

Baseline 32.1 57.0 89.1 – – –
South- 
facing 
green 
façade

27.2 64.5 91.7 − 15.3% 13.2% 2.9%

Multi- 
oriented 
green 
façades

15.7 74.3 90.0 − 51.1% 30.4% 1.0%

2050s

Baseline 42.8 35.2 78.0 – – –
South- 
facing 
green 
façade

36.7 41.2 77.9 − 14.3% 17.0% − 0.1%

Multi- 
oriented 
green 
façades

22.8 48.3 71.1 − 46.7% 37.2% − 8.8%

2090s

Baseline 65.0 14.9 79.9 – – –
South- 
facing 
green 
façade

57.8 19.0 76.8 − 11.1% 27.5% − 3.9%

Multi- 
oriented 
green 
façades

40.7 23.6 64.3 − 37.4% 58.4% − 19.5%

Table A.6 
Energy performance indicators (Turin – Pre-retrofit).

Climate 
Scenarios

Strategies EPC,nd 

(kWh⋅m− 2)
EPH,nd 

(kWh⋅m− 2)
EPC,nd +

EPH,nd 

(kWh⋅m− 2)

EPC,nd 

variation 
vs 
Baseline 
(− )

EPH,nd 

variation 
vs 
Baseline 
(− )

EPC,nd +

EPH,nd 

variation 
vs 
Baseline 
(− )

2020s

Baseline 13.5 112.6 126.1 – – –
South- 
facing 
green 
façade

10.4 121.3 131.7 − 23.0% 7.7% 4.4%

Multi- 
oriented 
green 
façades

5.5 128.5 134.0 − 59.3% 14.2% 6.3%

2050s

Baseline 18.8 100.0 118.8 – – –
South- 
facing 
green 
façade

15.2 108.1 123.3 − 19.1% 8.1% 3.8%

Multi- 
oriented 
green 
façades

9.3 114.9 124.2 − 50.5% 14.9% 4.5%

2090s

Baseline 36.1 72.8 108.9 – – –
South- 
facing 
green 
façade

30.3 79.3 109.6 − 16.0% 8.9% 0.6%

Multi- 
oriented 
green 
façades

21.1 83.9 105 − 41.5% 15.1% − 3.6%

Table A.7 
Energy performance indicators (Rome – Post-retrofit + ventilative 
cooling).

Climate 
Scenarios

Strategies EPC,nd 

(kWh⋅m− 2)
EPH,nd 

(kWh⋅m− 2)
EPC,nd +

EPH,nd 

(kWh⋅m− 2)

EPC,nd 

variation 
vs 
Baseline 
(− )

EPH,nd 

variation 
vs 
Baseline 
(− )

EPC,nd +

EPH,nd 

variation 
vs 
Baseline 
(− )

2020s

Baseline 19.0 8.1 27.1 – – –
South- 
facing 
green 
façade

17.9 9.1 27.0 − 5.8% 12.3% − 0.4%

Multi- 
oriented 

14.7 10.5 25.2 − 22.6% 29.6% − 7.0%

(continued on next page)
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Table A.7 (continued )
Climate 
Scenarios 

Strategies EPC,nd 

(kWh⋅m− 2) 
EPH,nd 

(kWh⋅m− 2) 
EPC,nd +

EPH,nd 

(kWh⋅m− 2) 

EPC,nd 

variation 
vs 
Baseline 
(− ) 

EPH,nd 

variation 
vs 
Baseline 
(− ) 

EPC,nd +

EPH,nd 

variation 
vs 
Baseline 
(− )

green 
façades

2050s

Baseline 26.0 2.4 28.4 – – –
South- 
facing 
green 
façade

24.6 2.9 27.5 − 5.4% 20.8% − 3.2%

Multi- 
oriented 
green 
façades

20.5 3.6 24.1 − 21.2% 50.0% − 15.1%

2090s

Baseline 37.5 0.0 37.5 – – –
South- 
facing 
green 
façade

35.9 0.1 36.0 − 4.3% 0.0% − 4.0%

Multi- 
oriented 
green 
façades

31.3 0.1 31.4 − 16.5% 0.0% − 16.3%

Table A.8 
Energy performance indicators (Turin – Post-retrofit + ventilative 
cooling).

Climate 
Scenarios

Strategies EPC,nd 

(kWh⋅m− 2)
EPH,nd 

(kWh⋅m− 2)
EPC,nd +

EPH,nd 

(kWh⋅m− 2)

EPC,nd 

variation 
vs 
Baseline 
(− )

EPH,nd 

variation 
vs 
Baseline 
(− )

EPC,nd +

EPH,nd 

variation 
vs 
Baseline 
(− )

2020s

Baseline 8.5 19.5 28 – – –
South- 
facing 
green 
façade

7.8 20.4 28.2 − 8.2% 4.6% 0.7%

Multi- 
oriented 
green 
façades

6.4 21.2 27.6 − 24.7% 8.7% − 1.4%

2050s

Baseline 12.0 16.4 28.4 – – –
South- 
facing 
green 
façade

11.1 17.5 28.6 − 7.5% 6.7% 0.7%

Multi- 
oriented 
green 
façades

9.4 18.2 27.6 − 21.7% 11.0% − 2.8%

2090s

Baseline 21.8 10.1 31.9 – – –
South- 
facing 
green 
façade

20.4 10.9 31.3 − 6.4% 7.9% − 1.9%

Multi- 
oriented 
green 
façades

18.0 11.4 29.4 − 17.4% 12.9% − 7.8%
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