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ARTICLE INFO ABSTRACT

Keywords: This study investigates the effectiveness of envelope regulations in mitigating climate change impact on building

Glass energy demand in different locations and Representative Concentration Pathway (RCP) scenarios. It aims to

Solar Factor assess the building thermal performance (EPyonq) in compliance with main Italian energy policies (issued in

gz;ﬁﬁfg?;?ﬁznce 2005, 2015, 2020). It specifically examines how variations in total solar energy transmittance of glazed systems

Energy efficiency Policy (gg1,n) impact heat regulation and overall energy efficiency. Results are variable depending on the national

Thermal Performance Index climate zone (from A to F) and related standards. Whereas climate zone E does not show significant gains from
gg1,n modifications, in zone A reducing gg , (from 0.67 to 0.50) enhances resilience in buildings adhering to 2005
regulation (L.D. 192/2005). In climate zone C, g, reduction benefits all standards, while in zone B this
adjustment affects buildings following 2020 regulation (M.D. 06/08/2020), particularly under RCP 8.5. In
climate zone F, decreasing gq, results in higher EPyy 4, thereby compromising resilience. It is observed that
buildings designed in accordance with L.D. 192/2005, compared to other regulations, show a smaller variation of
EPtot,nd OVer time. In particular, moving from 2020 to 2070, climate zone BSh (Koppen climate classification) is
the climate zone that sees the largest EP. nq increases over the years, while Cfc is the only zone that shows EPyy,
nd decreases in all scenarios. For the other zones, a mixed behaviour is observed, with heterogeneous variations
and results. Due to climate change, increased insulation in warm areas has contributed to an increase in overall
annual consumption. Effective regulatory planning requires a comprehensive future climate assessment to
optimize building energy performance.

1. Introduction promote energy-efficient buildings [7]. Building resilience to climate

change involves preparing buildings to withstand and adapt to its im-

Climate change is a pressing global issue, characterized by rising
temperatures, sea level rise, extreme weather events, and ecosystem
disruption. To address this challenge, we must reduce emissions,
enhance energy efficiency, promote renewable energy, and adopt sus-
tainable practices [1,2]. Major energy consumers include industry,
buildings, and transportation [3]. Buildings significantly contribute to
greenhouse gas emissions [4], making the residential sector a focal point
for energy efficiency and resource conservation policies [5]. To mitigate
climate change, it is crucial to implement suitable building design
strategies that effectively reduce energy consumption and emissions.
Many nations are aligning their practices with global efforts to combat
climate change [6], particularly through policies and regulations that
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pacts, which includes sustainable design, renewable energy use, and
occupant awareness [8]. Energy-efficient buildings not only combat
climate change but also reduce energy costs and improve the built
environment for the future. Solutions include insulation, efficient win-
dows, energy-efficient HVAC (Heating, ventilation, and air condition-
ing) systems, appliances, and optimized lighting [9]. The European
Union (EU) has been promoting energy efficiency since the 1970s, with a
strong focus on buildings since the 1980s. Policies have been reinforced
to combat climate change and enhance energy security through EU di-
rectives, national regulations, energy efficiency policies and standards.
Key directives include the Energy Efficiency Directive [10], EPBD (En-
ergy Performance of Buildings Directive, 2010/31/EU, replacing 2002/
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91/EC) [11], Ecodesign [12] and Energy Services Directives [13], with
subsequent enhancements. The EPBD has been instrumental in
advancing building energy efficiency, although standards vary among
European countries [14]. For example, the Italian legislative framework
has evolved to prioritize energy efficiency over the last decades. Spe-
cifically, the Legislative Decree 192/2005 (L.D. 192/2005) [15] is the
principal national legislative document governing obligations and
measures aimed at enhancing building energy efficiency. It represents
the implementation of Directive 2002/91/EC. Subsequently, the Min-
isterial Decree of June 26, 2015 (M.D. 26/06/2015) [16] establishes the
minimum requirements for energy efficiency and energy needs in
buildings, in transposition of Directive 2010/31/EU. It defines and
regulates minimum energy performance criteria during building design
and energy performance certification mandatory for new buildings and
property sales and rentals. Following that, the Ministerial Decree of
August 6, 2020 (M.D. 06/08/2020) [17] outlines technical requirements
for eligibility for tax deductions related to energy efficiency improve-
ments in the real estate sector. Notably, the implementation of these
policies led to a significant reduction in thermal transmittance limits in
building envelopes (especially from L.D. 192/2005 to M.D. 26/06/
2015).

A previous study [18] examined the resilience of the building en-
velope to climate change within the context of these Italian energy
policies, resulting that the building resilience to climate change is
minimally influenced by the thermal transmittance of its components.

This paper analysed an additional key parameter, namely the total
transmittance of solar energy under normal incidence conditions for
glazed systems, and performed a predictive analysis of its role in the
context of climate change.

1.1. The state of the art

Currently, it is imperative to consider climate change as a crucial
factor in the sustainable design of buildings, as there is an unequivocal
correlation between climatic conditions and building performance [19].
In this context, an increase in energy demand for cooling is expected,
especially in densely populated regions [20,21]. A study [22] analyzed
the impact of climate change on indoor comfort in different climate
zones, revealing a marked warming in the Mediterranean basin within
Europe [23]. To improve the resilience of buildings, it is essential to
implement energy efficiency measures, including passive strategies
[24], and increase the self-sufficiency of buildings through the use of
renewable energy sources to ensure continuity of services even in the
event of energy supply disruptions [25]. Nearly zero-energy buildings
are expected to reduce heating demand [26]. On the other hand, how-
ever, a future increase in cooling demand could pose overheating
problems and a consequent increase in energy consumption in hot cli-
mates [27]. Systems such as heat pumps, which are widely used, may
ease the transition from fossil fuel generators for winter heating [28].
However, problems may arise in hot areas, which may lead to the
deactivation of heat pumps in extremely hot areas.

A well-designed building envelope is crucial for reducing energy
consumption and enhancing thermal comfort [29]. In hot and humid
climates, passive envelope solutions can cut thermal discomfort by up to
77 % [30]. Buildings with high thermal conductivity, low thermal mass,
and low solar absorption in the envelope contribute to increased energy
use and CO, emissions [31]. Windows, with approximately 60 % heat
loss in residential buildings, significantly impact energy efficiency [32].
The design of glazing elements in building envelopes plays a key role in
energy balance, natural light, visual comfort, and illuminance con-
sumption [33,34]. Window replacement in existing buildings provides
benefits in occupant comfort, energy savings, and natural lighting [35].

Thalfeldt et al., [36] examined various facade configurations in a
nearly zero-energy building and found that improving the thermal
characteristics of windows significantly improved energy performance.
In hot-humid areas, solar heat gain and heat transfer coefficients of
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transparent surfaces significantly influence the energy performance of
buildings [37]. In hot and humid continental summer climates, double-
pane windows show promise for improving resilience. However, inno-
vative solutions need to be implemented for humid subtropical and
Mediterranean climates characterised by hot summers, as even dynamic
systems such as electrochromic windows may not guarantee future en-
ergy savings [38].

Therefore, characterizing glazing systems is essential for assessing
the overall performance of buildings. Typically, glazing systems are
evaluated using thermal transmittance (U-value) and solar factor (g-
value) [39]. Numerous studies have analyzed factors such as window-
wall ratio, glass properties (U-value, solar heat gain coefficient, and
visual transmissivity), and the use of shading devices [40-42]. Yildiz et
al [43] highlighted the influence of window parameters, including total
area, transmissivity, solar heat gain coefficient, and orientation, espe-
cially in hot and humid climates. They found that controlling solar heat
gain through windows and other openings is essential for improving
building efficiency, reducing individual energy consumption, and miti-
gating peak demand on electrical systems, especially in summer.

The Solar Factor is a critical indicator of the energy performance of
windows and glazing [44]. Oliveti et al., [45] developed a model to
estimate solar heat gain through glazed surfaces, simplifying the
determination of thermal energy requirements for air-conditioned
buildings. De Luca et al., [46] emphasized the importance of consid-
ering solar angles and time-dependent correction factors in the energy
modelling of buildings. Despite substantial evidence of the impact of
climate change on buildings and energy systems [47], many energy
analyses still focus on current conditions, neglecting future climate
scenarios.

The significance of the correlation between current climate condi-
tions and building performance cannot be overstated. Overlooking the
impact of climate change, particularly in establishing building stan-
dards, would be a dangerous omission. This acknowledgment un-
derscores the necessity to evaluate the thermal adaptability of buildings
in the context of climate change. This involves monitoring a parameter
often overlooked in current Italian standards as climate conditions
change: the total solar energy transmittance for normal incidence of the
glazed system (gg ). Through simulations utilizing semi-stationary
thermal regime models, we provide concise and reproducible assess-
ments of the effects of climate change on buildings constructed in
accordance with evolving energy standards.

1.2. Thermal Regulation Evolution in Italy

Before examining the Italian regulatory framework, it is essential to
pay attention to the Italian climate classification. This is important
because different thermal transmittance limits are applied for each cli-
matic zone in which Italy can be divided. The Italian climate classifi-
cation is based on Degree Days, measuring temperature variations by
summing only positive differences between the base temperature and
the daily average external temperature, extended over all days of a
conventional year. Heating Degree Days (HDD) measure positive dif-
ferences between the base temperature and outdoor temperature only in
days when the external temperature falls below the design temperature
during the heating period. Conversely, Cooling Degree Days (CDD)
calculate differences only in days when the external temperature ex-
ceeds the design temperature during the cooling period [48]. In Italy,
this classification relies on HDD as defined by UNI EN ISO
15927-6:2008 [49], which calculates the sum of positive differences
between internal design temperatures (set at 20 °C) and external tem-
peratures (only if positive) throughout a year.

Over the years, the Italian construction sector has seen the imple-
mentation of various energy regulations. This study identifies three
significant regulations influencing the design of building envelopes with
increasingly stringent transmittance limits in all Italian climatic zones:
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- Legislative Decree 192/2005 (L.D. 192/2005).
- Ministerial Decree of 26 June 2015 (M.D. 26/06/2015).
- Ministerial Decree of 6 August 2020 (M.D. 06,/08/2020).

Specifically, L.D. 192/2005 came into force on January 1, 2006,
requiring the verification of thermal transmittance limits for new
buildings and all uses, excluding horizontal elements and industrial
building windows. It introduced additional transmittance limits for
accessing tax renovation deductions, although they were not mandatory
and were not taken into account.

The M.D. 26/06/2015 introduces the concept of a 'reference build-
ing’, a building similar to the one under consideration in terms of ge-
ometry (outline, volumes, floor area, surfaces of building elements and
components), orientation, spatial location, intended use, boundary sit-
uation, and having thermal characteristics and energy parameters pre-
determined in accordance with Appendix A of Annex 1 of Ministerial
Decree 26/6/15. For all input data and undefined parameters, the values
of the real building are used. For the reference building transmittance
limits, the values valid from 1 January 2019 for public buildings and
from 1 January 2021 for residential buildings were taken. As in the
previous decree, there are slightly different values for the verification of
individual components during renovation.

The M.D. 06/08/2020 defined the new limit values allowed for ac-
cess to tax renovation deductions for residential buildings.

Table 1 presents transmittance limits for roofs (Uroof), walls (Uwarn),
floors (Ufioor), and windows (Uying) in all Italian climatic zones (from A
to F), in accordance with the three national regulations. Notably, a
significant reduction in thermal transmittance limits is observed during
the transition from L.D. 192/2005 to M.D. 26/06/2015, with a further
slight reduction from M.D. 26/06/2015 to the latest decree M.D. 06/08/
2020.

2. Methodology

Energy performance analyses were carried out on a residential
building model located in diverse cities across Italy, each characterized
by distinct climates. The building envelope was configured in

Table 1
Thermal transmittance limits in compliance with L.D. 192/2005, M.D. 26/06/
2015, and M.D. 06/08/2020.

Italian climate Envelope U [W/m?K]
zones components
L.D. 192/ M.D. 26/6/  M.D. 6/8/

2005 2015 2020
A Uroof 0.80 0.35 0.27
HDD < 600 Uwall 0.85 0.43 0.38
Usioor 0.80 0.44 0.40
Uwindow 5.50 3.00 2.60
B Uroof 0.60 0.35 0.27
600 < HDD < Uwall 0.64 0.43 0.38
900 Ufioor 0.60 0.44 0.40
Uwindow 4.00 3.00 2.60
C Uroof 0.55 0.33 0.27
900 < HDD < Uwall 0.57 0.34 0.30
1400 Uttoor 0.55 0.38 0.30
Uwindow 3.30 2.20 1.75
D Uroof 0.46 0.26 0.22
1400 < HDD Uyall 0.50 0.29 0.26
< 2100 Ufioor 0.46 0.29 0.28
Uwindow 3.10 1.80 1.67
E Uroof 0.43 0.22 0.20
2100 < HDD Uwan 0.46 0.26 0.23
< 3000 Usioor 0.43 0.26 0.25
Uwindow 2.80 1.40 1.30
F Uroof 0.41 0.20 0.19
HDD. > 3000 Uwan 0.44 0.24 0.22
Usfioor 0.41 0.24 0.23
Uwindow 2.40 1.10 1.00
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accordance with three Italian regulatory limits established by Legisla-
tive Decree 192/2005 (L.D. 192/2005), Ministerial Decree of 26 June
2015 (M.D. 26/06,/2015), and Ministerial Decree of 6 August 2020 (M.
D. 06/08/2020). The analysis also incorporated an extra parameter
related to the total solar energy transmittance for the normal incidence
of the glazed system (ggin,n). Two values of ggin , were tested in all sce-
narios. Fig. 1 summarizes the layout of the research framework.
Energy analyses were conducted using the Termolog software tool
(version 13) [50], which processed annual hourly climatic data extrac-
ted from Meteonorm on a monthly basis. The building performance was
evaluated for the years 2030, 2050, and 2070, considering three RCP
scenarios: 2.6, 4.5, and 8.5. The results were reported in terms of:

- EPp ng: Heating thermal performance index [kWh/m?].
- EP¢na: Cooling thermal performance index [kWh,/m?].
- EPiot,na: Total thermal performance index [kWh/mz].

These indices are not influenced by the heating or cooling system in
use and are computed based on the specific guidelines outlined in UNI
TS 11300-1 [51].

2.1. Analysis of uncertainty

Climate change is a phenomenon in which uncertainties abound but
are not always highlighted, and are often overlooked in both the
description of climate projections and the analysis of the resulting data.

When considering the hypothesis of climate change and analyzing
observed data, it is crucial to acknowledge the limitations imposed by
the data’s temporal window to avoid projecting beyond what the data
allows or extrapolating intensities for excessively long return periods.
Conversely, when having data derived from climate models, it’s
important to have a precise understanding of what they represent, the
basic assumptions in their processing (model, scenarios), and the un-
certainties considered.

A rigorous quantitative treatment of uncertainties associated with
any analysis considering climate change and model-derived projections
is practically impossible. Therefore, an assessment of quantifiable un-
certainties is more than necessary, not only to give more meaning to the
obtained results but also to clarify the implications of the conclusions.

The report [52] shows that the forecast climate data used for RCP
scenarios 2.6 and 8.4 for Italy show a level of uncertainty of about
+4-/-15, which remains about the same for the different scenarios and for
the different years considered.

The hourly values used by Meteonorm are, nonetheless, the result of
a stochastic calculation based on monthly values (data from weather
stations, interpolated data, or imported data). Therefore, with the aim of
not increasing uncertainty, the monthly climatic values in Meteonorm
were used for the building calculations, without resorting to hourly data,
which would have been the result of manipulation.

Termolog is one of the software implementations of UNI/TS 11,300
and must be validated by the CTI (Italian Thermotechnical Committee).
Validation, introduced by Annex III of Legislative Decree 115/08 and
reiterated by Article 7 of Ministerial Decree 26/6/15, involves verifying
a maximum deviation of plus or minus 5 % compared to predetermined
case studies. The validation requirement applies only to the calculation
part related to UNI/TS 11,300 (i.e., the calculation of the energy re-
quirements of buildings), and no CTI validation is required for all other
analyses referred to by Ministerial Decree 26/6/15 (transmittance,
condensation, mold, thermal bridges, etc.).

Therefore, the overall uncertainty in building energy calculations
with climatic forecast data for scenarios from RCP 2.6 to RCP 8.5 is
overall approximately +/- 20 %.

2.2. Climates of the selected Italian locations

As already mentioned, Italy is divided into six climate zones, labeled
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Fig. 1. Layout of the working framework.

A to F. To broaden the scope of the study, the analysis was not limited to
H.D.D.-based climate zoning. In this regard, in addition to the chosen six
cities representing the six climate zones derived from the national
climate classification, additional cities belonging to the same climate
zone but characterized by different Koppen-Geiger climate classifica-
tions were also considered. The Koppen-Geiger climate classification, on
which this work is based, covers the years from 1991 to 2020, this period
was chosen as it is representative of the period in which the three Italian
energy regulations fall [53,54].

This approach led to the selection of 17 locations (as shown in
Table 2). The main selection criterion was provincial capitals. When a
particular climate did not include a provincial capital, other cities within
that climate area were chosen.

2.3. RCP scenarios for all Italian climate zones

The RCPs are scenarios for greenhouse gas concentrations in the 21st
century, as adopted by the IPCC. They depict different plausible climate
futures based on projected emissions [55]. This study selected three
scenarios from the IPCC range of trajectories: RCP 2.6, RCP 4.5, and RCP

Table 2
List of selected locations.

8.5. RCP 2.6 emphasizes ambitious emission reductions, in line with
decarbonization goals. RCP 4.5 represents an intermediate stabilization
pathway, while RCP 8.5 depicts a high-emission scenario with limited
emission reduction efforts, leading to more adverse outcomes. RCP 8.5
projects a global temperature increase of 2.6 to 4.8 °C. During the initial
years until mid-century, the differences between the RCP scenarios may
be relatively minor as greenhouse gas concentrations take time to in-
fluence the climate system. However, as time progresses, the distinct
characteristics of each RCP become more evident, with their impacts
and consequences becoming increasingly apparent in the latter half of
the century, according to the IPCC.

Meteonorm 8 [56] is a climate database providing climate data for
different time periods (2030, 2050, and 2070) and scenarios (RCP 2.6,
4.5, and 8.5) worldwide. It includes typical meteorological years and
current data, such as outdoor temperature, wind speed, solar radiation,
and atmospheric pressure.

Supplementary Data 01 shows the average outdoor monthly tem-
peratures for the cities representing different climate zones in Italy,
based on both the Koppen-Geigen climate and Italian national classifi-
cation. These temperature charts are generated using Meteonorm and

City Latitude Longitude Italian climate zone H.D.D. Koppen-Geiger climate classification Description of Koppen-Geiger classification
Lampedusa 35°30' 12°36' A 568 BSh Hot semi-arid climate

Porto Empedocle 37°17' 13°31' A 579 Csa Hot-summer Mediterranean climate
Siracusa 37°4' 15°17' B 799 Csa Hot-summer Mediterranean climate
Lecce 40°21' 18°10' C 1153 Csa Hot-summer Mediterranean climate
Foggia 41°27' 15°33' D 1530 BSk Cold semi-arid climate

Pescara 42°27' 14°12' D 1718 Cfa Humid subtropical climate

Farindola 42°26 13°49' D 2070 Cfb Temperate oceanic climate

Rome 41'53° 12°28' D 1415 Csa Hot-summer Mediterranean climate
Stazzema 43°59' 10°17' D 1726 Csb Warm-summer Mediterranean climate
Ferrara 44°50' 11°37' E 2326 Cfa Humid subtropical climate

L’Aquila 42°21' 13°23 E 2514 Cfb Temperate oceanic climate

Arezzo 43°27' 11°52 E 2104 Csa Hot-summer Mediterranean climate
Lagonegro 40°7' 15°46 E 2120 Csb Warm-summer Mediterranean climate
Belluno 46°8' 12°13 F 3043 Cfb Temperate oceanic climate

Fenestrelle 45°2' 7°3 F 3781 Cfc Subpolar oceanic climate

Asiago 45°52' 11°30 F 4163 Dfb Warm-summer humid continental climate
Tarvisio 46°30' 13°35 F 3959 Dfc Subarctic climate
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showcase data for the years 2030, 2050, and 2070. Each graph illus-
trates three RCP scenarios: RCP 2.6, RCP 4.5, and RCP 8.

2.4. The representative residential building

In this section, the characteristics of the reference building are
defined. It is well known that each location is characterised by its tra-
ditions and architecture, however, differentiating building types would
have made the comparison less effective. Therefore, a reinforced con-
crete building with insulated walls was chosen for its strength and
durability. This choice appears common in many climatic areas due to its
ability to withstand adverse weather conditions and provide a safe and
comfortable environment for occupants at a lower construction cost. The
building is a simple square plan, insulated to have the contribution of
solar radiation across all orientations. It consists of three identical floors,
featuring a net surface area of 74 m? and a net volume area of 199 m?.
Fig. 2 shows a typical floor plan of an apartment of the multi-residential
building. The analysis focuses on the building envelope without air

A4
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conditioning. The envelope design complies with the energy regulations
of each location. While the results pertain to this specific building type,
its simplicity allows for comparisons with many other buildings on the
territory. Therefore, the trends observed in the results can serve as a
reference for similar construction types.

The thermal and geometric characterization of the building envelope
is shown in Fig. 3. For the opaque envelope details such as thickness (d),
thermal conductivity (1), and density (p) of all layers are provided. To
reach the transmittance values specified by the three regulatory limits,
only the insulation thickness (EPS) was adjusted. The allowable range of
thickness variations (d) is highlighted in grey. Specifically, modifica-
tions were limited to the thickness of the insulating materials while
keeping other material properties constant.

The building envelope is configured to approach the thermal trans-
mittance limits set by Legislative Decree 192 of 2005 (L.D. 192/2005),
Ministerial Decree (M.D. 26/06,/2015) and Ministerial Decree (M.D. 06/
08/2020) as closely as possible. Table 3 presents the thicknesses applied
to the opaque envelope in each climatic zone, along with their

4. Kitchen
5. Hallway
6. Staircase

1. Utility room
2. Bathroom
3. Bedroom

T

Fig. 2. Floor plan of an apartment of the multi-residential building.
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Fig. 3. Thermal and geometric characterization of the building envelope: external wall (a), window (b), floor on the ground (c), roof (d).

corresponding legal limits.

Each apartment is equipped with seven identical windows measuring
150 cm x 160 cm. These windows feature PVC frames that are 6 cm
thick, accompanied by a 10 cm vertical partition. Moreover, the win-
dows are furnished with pastel-colored exterior shutters of opaque
transparency and aluminum blinds.

As regards the windows, the following parameters are modified:

e Gas used within the cavity (argon or krypton).

e Glazing stratigraphy (double or triple glazing).

e Type of frame (varying the number of air chambers).

e Glazing coating (options include regular glass, low-emissivity glass
with coating applied to the outer side of the innermost glass, or low-
emissivity glass with coating on the outer side of the inner glass and
additional coating on the inner side of the outermost glass).

Table 4 provides a comprehensive description of the transparent
envelope characteristics required by regulations. It showcases various

parameters, including the cavity gas options (Argon or Krypton), glass
stratigraphy (double or triple glazing), the number of air chambers in
the frame, and the glass coating variations (normal or Low-e). Addi-
tionally, it specifies whether the Low-e treatment is applied on the inner
or outer side of the glass. Specifically, “low e 1" denotes treatment on the
outer side of the inner glass, while “low e 2" signifies treatment on both
the outer side of the inner glass and the inner side of the outer glass. The
re;ulting window transmittance (U,,) ranges from 0.843 to 5.014 W/
m-°K.

2.5. The total solar energy transmittance for normal incidence of the
glazed system (gg,)

The gy, can be determined as the sum of the transmission coefficient
(75,n) and the secondary heat transfer factor (q;) [45]. Table 5 and 6
report these parameters for different glazed systems.

As reported above, this study tested the performances of the same
buildings with the total solar energy transmittance for normal incidence
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Table 3
Opaque envelope characterization in compliance with L.D. 192/2005, M.D. 26/
06/2015, and M.D. 06/08/2020 legal provisions.

Energy & Buildings 307 (2024) 113944

Table 5
Approximate values of the transmission coefficients for normal incidence (3 )
in the visible range of certain glazed systems.

Italian Regulation Insulation thickness Uset [W/mzK]
Climate [em]
Wall  Roof  Floor  Wall Roof Floor
A L.D. 192/ 2 2 1 0.701  0.785  0.463
2005
M.D. 2015 5 8 2 0.428 0.323 0.404
M.D. 2020 6 10 3 0.379 0.270  0.357
B L.D. 192/ 3 4 2 0.578  0.532  0.404
2005
M.D. 2015 5 8 2 0.428  0.323  0.404
M.D. 2020 6 10 3 0.379 0.270  0.357
C L.D. 192/ 4 4 2 0.492 0.532 0.404
2005
M.D. 2015 7 8 3 0.340 0.323  0.357
M.D. 2020 9 10 5 0.282  0.270  0.288
D L.D. 192/ 4 5 2 0.492 0.458 0.404
2005
M.D. 2015 9 11 5 0.282  0.250  0.288
M.D. 2020 10 13 6 0.260 0.217 0.265
E L.D. 192/ 5 6 2 0.428  0.402  0.404
2005
M.D. 2015 11 13 7 0.241  0.217 0.246
M.D. 2020 12 15 7 0.224  0.192  0.246
F L.D. 192/ 5 6 2 0.428  0.402  0.404
2005
M.D. 2015 12 15 8 0.224  0.192  0.229
M.D. 2020 13 16 8 0.210 0.181  0.229
Table 4

Characterization of the windows in compliance with the regulations outlined in
L.D. 192/2005, M.D. 26/06/2015, and M.D. 06/08/2020.

Italian Regulation Windows
Climate Cavity Glass N. Coating  Uy[W/
gas chambers mZK]
A L.D. 192/ - Single 2 normal 5.014
2005
M.D. 2015 Argon Double 2 normal 2.782
M.D. 2020 Argon Double 6 normal 2.534
B L.D. 192/ Argon Double 2 normal 2.782
2005
M.D. 2015 Argon Double 2 normal 2.782
M.D. 2020 Argon Double 6 normal 2.534
C L.D. 192/ Argon Double 2 normal 2.782
2005
M.D. 2015 Argon Double 2 low-e 1 1.825
M.D. 2020 Argon Double 2 low-e 2 1.727
D L.D. 192/ Argon Double 2 normal 2.782
2005
M.D. 2015 Argon Double 3 lowel 1.783
M.D. 2020 Argon Double 5 lowel 1.584
E L.D. 192/ Argon Double 2 normal 2.782
2005
M.D. 2015 Argon Triple 6 low-e 1 1.319
M.D. 2020 Argon Triple 3 low-e 2 1.287
F L.D. 192/ Argon Double 2 low-e 1 1.825
2005
M.D. 2015 Krypton  Triple 6 low-e 1 1.054

M.D. 2020 Krypton  Triple 6 low-e2  0.843

of the glazed system (g, ,) set at 0.67 and 0.50.
3. Results and discussions

The first part of this section presents considerations on external
temperatures (Section 3.1). Supplementary Data 01 reports the average
monthly outdoor temperatures for all selected locations and scenarios.

The subsequent part details the analysis of the building’s thermal
performance across all climate zones. Initially (Sections 3.2-3.6), the

GLAZED SYSTEM Tb,n
Single clear float glass 0.80-0.90
Single absorbent float glass 0.70-0.80

Patterned single glass 0.85

Single mass-coloured float glass (depending on colour) 0.30-0.60
Single reflective float glass 0.35-0.60
Single low-emissivity float glass 0.50-0.75
Double glazing 6-12-6 (clear float glass) 0.65-0.75

Double glazing 6-12-6 with low-emissivity coating (clear float glass) 0.60
Clear polycarbonate 0.80-0.90
Translucent plastic sheets 0.10-0.80

Table 6
Value of the secondary heat transfer factor (g;)
depending on the type of glazing.

GLAZED SYSTEM qi

Single 0.027
Double 0.068
Triple 0.081

results for each climate zone are presented with a focus on a single
representative city. Subsequently, overall considerations (Section 3.7)
encompass a comprehensive presentation of the results, comparing them
with the current thermal performances. Detailed outcomes for all chosen
locations, considering both gy , values of 0.67 and 0.50, are available in
Supplementary Data 02.

3.1. Considerations on the external temperatures

Overall, a monthly average external temperature increase between
2030 and 2070 is evident, especially considering the case with RCP 8.5.
In most locations, maximum temperatures rise more than minimum
temperatures. Under the RCP 4.5 scenario, temperature variations be-
tween 2030 and 2070 range from 1.1 °C. (Lampedusa, climate zone A) to
1.77 °C (Asiago, climate zone F). Locations with higher temperature
variations include (climate zone F), experiencing a change of 2.16 °C,
L’Aquila (climate zone E) with a variation of 1.86 °C, and Belluno
(climate zone F) with a variation of 1.82 °C. In Lecce (climate zone F),
the temperature change is minimal, around 0.77 °C. Under the RCP 8.5
scenario, the temperature variation is most pronounced. The tempera-
ture difference between maximum values in 2070 and 2030 shows a
significant increase from climate zone A to climate zone E. In climate
zone A, the outdoor temperature rises by approximately 2.12 °C (Porto
Empedocle) to 2.3 °C (Lampedusa) in 2070 compared to 2030. In
climate zone B, the increase is 2.34 °C (Siracusa), while in climate zone
C, it reaches 2.85 °C (Lecce). Climate zone D experiences an increase
ranging from 3.15 °C (Rome) to 3.91 °C (Pescara), while climate zone E
sees an increase between 3.18 °C (Lagonegro) and 3.86 °C (L’Aquila). In
climate zone F, the temperature rise ranges from 3.66 °C (Belluno,
climate F) to 4.36 °C (Asiago). However, minimum temperatures do not
increase by more than 2.5 °C in 2070 compared to 2030. The most
significant temperature differences are observed in climatic zones F and
E between 2030 and 2070, with even more pronounced variations under
scenario RCP 8.5. For instance, in the RCP 8.5 scenario, by the year
2070, the city of Farindola, located in the Italian climate zone D and
Koppen Cfb climate zone, experiences a maximum average monthly
temperature of 32.97 °C.

3.2. Building thermal performances in climate zone a

From the analysis of the graphs obtained for the three Representative
Concentration Pathways (RCPs), clear trends emerge for EPy, nd, EPc nd,
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and EPtot, which are consistent across all cities within the considered
climate zone. These trends are summarized in the following bullet
points:

1) Reduction in EPy 4 for all three RCP scenarios considered, less
evident reduction observed for buildings constructed per M.D.
06/08/2020 standards. M.D. 06/08/2020 constructions exhibit
greater resilience to climate change. Notably, when comparing EPy,
nd values between 2030 and 2050 and 2030-2070, a general decrease
is evident, even though it is less pronounced for building constructed
according to M.D. 06/08/2020. Overall, EPy, ,q reduction is more
conspicuous for cases with gg, equal to 0.50. However, the
distinction between the values obtained with gg, 0.50 and gg), 0.67
diminishes when considering buildings adhering to M.D. 06/08/
2020 standards.

Increase in EP.q across all three RCP scenarios with a more
significant rise under LD 192/2005 regulations. The rise in EP¢ nq
values between 2030 and 2050 and 2030-2070, at equal RCP, is
more pronounced for cases with gg, at 0.50. Similarly to EPy, nq,
when considering MD 2020, values obtained for gg , 0.67 and 0.50
are equivalent.

Increase in EP;o,nq across all considered scenarios, with a more
notable rise for LD 192/2005 at ggn, equal to 0.67. EPio;nd
demonstrates an overall increase across the spectrum of considered
scenarios, notably showcasing a more pronounced increment spe-
cifically within LD 192/2005 regulations at gg ,, set at 0.67.

2

—
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Fig. 4 presents the temporal trends of the thermal performance
indices for the location of Lampedusa.

3.3. Building thermal performances in climate zone B

Analysing the graphs obtained for the three Representative Con-
centration Pathways (RCPs), clear trends emerge for EPy, 14, EP¢ nd, and
EPiot,nd, Which are consistent across all cities within the considered
climate zone. These trends are summarized in the following bullet
points:

1) Reduction in EPj nq for all three RCP scenarios considered,
similar behaviour observed for both gg , 0.50 and 0.67. M.D. 26/
06/2015 and M.D. 06/08/2020 constructions exhibit greater resil-
ience to climate change. Notably, when comparing EPy, nq values
between 2030 and 2050 and 2030-2070, a general decrease is
evident, and it is more pronounced for building constructed ac-
cording to L.D. 192/2005. The values obtained with gg , 0.50 and gy,
n 0.67 are similar and present a similar decreasing trend.

Similar increase in EP 4 across RCP scenarios 2.6 and 4.5 for
both gg1» 0.50 and gg1 4 0.67, major increase for RCP scenario
8.5 for gg),n 0.67. EP¢ g demonstrates a consistent upward trend,
considering 2030 and 2050 and 2030 and 2070 values, across RCP
scenarios 2.6 and 4.5, showing a parallel increase for both gg , 0.50
and gg1.4 0.67. However, notably, there’s a substantial rise observed
in the EP nq values specifically within RCP scenario 8.5 for buildings
designed with g, 0.67.

Increase in EPionq across all considered scenarios. For each
considered scenario, comparing EP values between 2030 and 2050
and between 2030 and 2070 reveals a similar magnitude of increase,
irrespective of the gg1, considered.
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Fig. 5 presents the temporal trends of the thermal performance
indices for the location of Siracusa.

3.4. Building thermal performances in climate zone C

From the analysis of the graphs obtained for the three Representative
Concentration Pathways (RCPs), clear trends emerge for EPy, nd, EPc nd,
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and EPtot, which are consistent across all cities within the considered
climate zone. These trends are summarized in the following bullet
points:

1) Reduction in EPy, nq for all three RCP scenarios considered. Be-
tween 2030 and 2050, as well as between 2030 and 2070, there is a
discernible decline in EPy, pq values, prominently emphasized within
the RCP 8.5 scenario. This reduction manifests similarly across both
8gln 0.67 and 0.50, indicating a consistent trend of decrease irre-
spective of the specific gg , value considered, thereby suggesting a
parallel impact on EPy ;q values over these RCP and regulations
scenarios.

Increase in EP;q across all three RCP scenarios with a more
significant rise under M.D. 06/08/2020 and M.D. 26/06/2015
regulation with gg , 0.50. An increase in EP. 4 values is observed
between 2030 and 2050, as well as between 2030 and 2070,
particularly accentuated when considering gg, 0.67. This rise in-
dicates a distinct trend of augmentation specifically associated with
ggl,n 0.67 over the specified time frames, showcasing a more prom-
inent impact of this gg , value.

Increase in EP; nq across all considered scenarios, with a more
notable rise for LD 192/2005 at gg , equal to 0.67. An increase in
EPiot,na Vvalues is observed between 2030 and 2050, as well as be-
tween 2030 and 2070, particularly accentuated when considering
ggln 0.67. This rise indicates a distinct trend of augmentation spe-
cifically associated with gg, 0.67 over the specified time frames,
showcasing a more prominent impact on the resilience to climate
change.
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Fig. 6 presents the temporal trends of the thermal performance
indices for the location of Lecce.

3.5. Building thermal performances in climate zone D

From the analysis of the graphs obtained for the three Representative
Concentration Pathways (RCPs), clear trends emerge for EPy, nd, EPc nd,
and EPtot, which are consistent across all cities within the considered
climate zone. These trends are summarized in the following bullet
points:

1) Reduction in EPy ,q for all three RCP scenarios considered.
Across all scenarios and construction regulations, there is a consis-
tent decrease in EPy, g values between 2030 and 2050, and between
2030 and 2070. This reduction remains similar for gg , 0.67 and 0.50
across most regulations, except notably within the MD 2020 case,
where the reduction with gg, 0.67 is more pronounced. This
discrepancy underscores a distinct impact of gg , values within the
MD 26/06/2015 framework, indicating a greater reduction in EPy, nq
values for gg, 0.67 compared to gg, 0.50.

Increase in EP;q across all three RCP scenarios with a more
significant rise under M.D. 06/08/2020 and M.D. 26/06/2015
regulation with gg , 0.50. There is an increase in EPpq values
between 2030 and 2050, and between 2030 and 2070, particularly
notable in cases where gg , is set at 0.50, especially considering the
regulations of 2020 and 2015. This more pronounced increase un-
derscores a differential impact of the specific gg, 0.50 compared to
0.67 within the different regulations of M.D. 06/08/2020 and M.D.
26/06/2015.

Slight increase in EPiytng across RCP 4.5 and 8.5 scenarios,
decrease in EP;y nq across RCP 2.6 scenario. There is a marginal
rise observed in EPo( ng within both RCP 4.5 and 8.5 scenarios, while
there is a decrease noted in EPo( g for the RCP 2.6 scenario. These
contrasting trends in EPyy g indicate varying trajectories of change
across different RCP scenarios, emphasizing differential impacts on
the overall EP; ng values.
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Climate zone A: Lampedusa (BSh) - RCP 2.6

geln=0.67 ggl.n=0.50 ggln=0.67 ggl.n=050 ggln =067 ggl,n =050
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L.D. 192/2005

= EPh B EPc.

Fig. 4. Trends of thermal performance indices over the years in climate zone A.
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Climate zone B: Siracusa (Csa) - RCP 2.6

kWh/m?year

ggln =067 gel,n =050 ggln =067 gghn =050 ggln =067 gel,n=050
L.D. 192/2005 L.D. 192/2005 M.D. 2015 M.D. 2015 M.D. 2020 M.D. 2020
RCP 4.5
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RCP 8.5
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Fig. 5. Trends of the thermal performance indices over the years in climate zone B.
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Climate zone C: Lecce (Csa) - RCP 2.6

ggln=0.67
L.D.192/2005 LD. 192/2005 M.D. 2015

RCP 4.5

kWh/m?year

geln=067 geln =050
L.D. 192/2005 L.D.192/2005
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= EPh B EPC

Fig. 6. Trends of the thermal performance indices over the years in climate zone C.
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Fig. 7 presents the temporal trends of the thermal performance
indices for the location of Rome.

3.6. Building thermal performances in climate zone E

From the analysis of the graphs obtained for the three Representative
Concentration Pathways (RCPs), clear trends emerge for EPy nd, EPc nd,
and EPtot, which are consistent across all cities within the considered
climate zone. These trends are summarized in the following bullet
points:

1) Reduction in EPy, 4 for all three RCP scenarios considered, more
evident reduction observed for buildings constructed under L.
D. 192/2005 standard. The consistent decrease in EPy, nq between
2030 and 2050, and between 2030 and 2070, holds more signifi-
cance in instances where g, is set at 0.67, especially within the
context of the L.D. 192/2005 regulation. This greater relevance of
the reduction in EPp nq highlights a distinct impact of gg , set at 0.67.
EP. nq nearly constant for RCP 2.6, increase of EP. ;4 in other
RCP scenarios. EP.,q demonstrates a more diverse behavior
compared to EPh. It remains nearly constant between 2030 and 2050
and between 2030 and 2070 in the RCP 2.6 scenario, with a slight
and almost negligible increase, showing the highest values by 2050
regardless of the gg, value considered. In contrast, for other RCP
scenarios, there is an increase in EP. nq between 2030 and 2050 and
between 2030 and 2070. This rise is more noticeable for gg| , values
set at 0.67.

Decrease in EPio;nq in RCP 2.6 scenario, decrease for other
scenarios. Between 2030 and 2050, as well as between 2030 and
2070, EPyot,nd decreases regardless of the gg) ,, value or the regulation
under consideration for RCP 2.6 scenario. However, for other RCP
scenarios, there is an increase specifically for gg) , set at 0.67, notably
observed within the frameworks of the 2015 and 2020 regulations.
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Fig. 8 presents the temporal trends of the thermal performance
indices for the location of Ferrara.

3.7. Building thermal performances in climate zone F

From the analysis of the graphs obtained for the three Representative
Concentration Pathways (RCPs), clear trends emerge for EPy, nd, EPc nd,
and EPtot, which are consistent across all cities within the considered
climate zone. These trends can be summarized in the following bullet
points:

1) Reduction in EPy, nq for all three RCP scenarios considered, more
evident reduction observed for gg , 0.67. EPy g decreases be-
tween 2030 and 2050 and 2030-2070 irrespective of gg , value or
the regulation under consideration, with the most significant
decrease observed with gg , 0.67.

Increase in EP nq close to zero, slight increase with gg; , 0.67.
The EP_ 4 values are consistently close to zero, with a slight increase
observed when comparing values between 2030, 2050, and 2070
within the same building regulation. The most significant variations
occur when considering ggj , 0.67.

Slight decrease in EP¢nq across all considered scenarios. EP;qy,
nd tends to decrease slightly comparing values between 2030, 2050,
and 2070 within the same building regulation.

2)

3
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Fig. 9 presents the temporal trends of the thermal performance
indices for the location of Asiago.

3.8. Overall considerations

Tables 7-10 present the percentage changes in EPo(nq from 2020 to
2030, 2050, and 2070 for all scenarios, grouping the results by different
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Koppen zones. Positive values indicate an increase of EPynq Over the
years. Light orange cells indicate a small increase (between 0 and 10 %),
and orange cells with orange lettering indicate a large increase (i.e.
greater than 10 %). Light green cells indicate a small decrease (between
0 and —10 %), and green cells with green lettering indicate a large
decrease (i.e. less than —10 %).

In general, it is observed that buildings designed in compliance with
LD 192/2005 compared with the other regulations exhibit a smaller
variation of EPnq Over time. Due to climate change, the heightened
insulation in warm regions has contributed to a rise in annual global
consumption. Looking ahead, a reduction in transmission limits is
anticipated to have adverse consequences.

Particularly, by the analysis of the Italian climate classification,
emerges that in hot regions, like Zone A and Zone B, it becomes apparent
that opting for a gg, value of 0.5 has a greater impact on buildings
constructed under LD 192/2005, enabling the mitigation of the effects of
climate change. In Climate Zone D different behaviors are notable.
Generally, buildings designed under LD 192/2005 regulations exhibit a
more uniform trend. In Climate Zones E and F, the situation markedly
improves, providing a more substantial opportunity for improvement
and, consequently, resulting in a decrease in EP;q ng.

An analysis of the Koppen climate classification shows that the BSh
zone sees the greatest increase in EP, nq Over the years in all scenarios;
it is the zone in which the increase exceeds 10 % at most. In the BSk
zone, increases in EPy ng are present in all scenarios, but the amount of
values greater than 10 % is smaller than in BSh.

In climate Csa, the increase in EPynq occurs in all scenarios, the
trend is rather similar in all cities, except for Porto Empedocle, which
shows more marked worsening. Csb, Cfa, Cfb show a mixed trend. Csb,
Cfa, and Cfb show values between —10 and 10 % for L.D. 192/2005, the
increases rise with subsequent decrees, due to higher outside tempera-
tures. Cfc shows decreased EPiopng, it is the only area that shows de-
creases in all scenarios. Dfb shows mixed behaviour of EPy ng, but with
values between —10 and 10 %. An increase of EPy g, is evident with
0.50 gg1,n decrease with 0.67 ggn. Dfc shows all decreases of EPtot,nd
apart from a few small increases.

4. Conclusions

The article proposes an exhaustive analysis of the regulations on
energy efficiency in buildings in Italy, focusing in particular on L.D.
192/2005, M.D. 26/06/2015, and M.D. 06/08/2020, in response to the
challenges imposed by climate change. The research deals with the
effectiveness of these regulations in improving the resilience of building
envelopes in facing climate change. To this end, a newly constructed
multi-family residential building was tested in 17 locations belonging to
different climate zones, considering two main classifications: the na-
tional climate (A, B, C, D, E, F) and the related Koppen-Geiger (BSh, Csa,
BSk, Cfa, Cfb, Csb, Cfc, Dfb, Dfc). The design of the building envelope
met the transmittance limits specified for each zone by the three regu-
lations. The research emphasizes the importance of the total solar en-
ergy transmissivity for the normal impact of the glazing system on the
building’s energy performance, highlighting its role in managing ther-
mal gains/losses, energy consumption, and thermal comfort. Windows
with the appropriate transmissivity of solar energy can reduce the need
for mechanical heating/cooling, leading to lower energy consumption
and reduced greenhouse gas emissions.

In climate zone A, the change in gg 5 affects buildings according to
M.D. 192/2005 the most; going from gg, 0.67 to 0.50 through retro-
fitting measures can increase resilience at lower costs. For buildings in
compliance with M.D. 26/06/2015, changing ggi , results in a significant
reduction of EPy,nd, while for those compliant with M.D. 06,/08/2020
the changes are negligible. In climate zone B, it becomes evident that the
change in gg , has a more pronounced effect on buildings that comply
with M.D. 06/08/2020, especially considering the RCP 8.5 scenario.
Implementing retrofitting interventions to go from 0.67 to 0.50 gg , can
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Climate zone D: Rome (Csa) - RCP 2.6
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Fig. 7. Trends of the thermal performance indices over the years in climate zone D.
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Climate zone E: Ferrara (Cfa) - RCP 2.6
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Fig. 8. Trends of the thermal performance indices over the years in climate zone E.
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Climate zone F: Asiago (Dfb) - RCP 2.6
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Fig. 9. Trends of the thermal performance indices over the years in climate zone F.
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Table 7
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Percentage variations of EPyong from 2020 to 2030, 2050 and 2070 for zone BSh and BSk.

Italian | Koppen City Regulation Vear | RCP 2.6 RCP 4.5[RCP 8.5 RCP 2.6 | RCP 4.5 RCP 8.5
zone zone Zeln 0.5 Zeln 0.67

2030 6% 4% 8%  12% 10%]  14%

L.D. 192/2005 | 2050 8% 8% | 15%| 15%| 16%| 25%

2070 8% | 11%| 28%| 15%| 22%| 40%

2030 12% | 10%| 15% 6% 5% 9%

A BSh Lampedusa | M.D.26/6/2015 | 2050 |  16% | 18%| 27%| 10%| 13%| 21%

2070 17% |  23%| 45%| 11%][ 19%| 37%

2030 24% |  22%| 27% 9% 7% 12%

M.D.6/8/2020 | 2050 | 30%| 32%| 41%| 14%| 16%| 24%

2070 | 30% |  38%| 59%| 14%| 21%| 40%

2030 4% 5% 2% 3% 4% 1%

L.D. 192/2005 | 2050 5% 6% 6% 4% 5% 6%

2070 7% 4% 6% 6% 4% 7%

2030 3% 4% 2% 4% 5% 2%

D BSk Foggia M.D. 26/6/2015 | 2050 5% 7% 8% 5% 7% 8%

2070 8% 7% | 10% 8% 7% 15%

2030 5% 7% 4% 4% 5% 3%

M.D. 6/8/2020 | 2050 7% 9% |  10% 6% 7% 9%

2070 10% 9% |  13% 8% 11%| 16%

be beneficial, allowing buildings to enhance resilience at a lower cost
than alternative interventions. Intervening on gg, for buildings
compliant with M.D. 26/06/2015 also results in a reduction of EP;q ng.
Furthermore, it is advantageous to intervene on gg, in the RCP 8.5
scenario for buildings constructed according to L.D. 192/2005. In
climate zone G, it is evident that the change in gg , has a comparable
impact on all three standards.

In particular, when gg1 , is set to 0.50, the value of EP nq is lower than
when it is set to 0.67. In contrast, for EPy 1o, when gg 5 is set to 0.50,
higher values are obtained than when it is set to 0.67. This observation
applies to all three RCP scenarios. The effect of the variation of gg , is
not significant for buildings with an envelope complying with L.D. 192/
2005, but is more pronounced for buildings constructed according to M.
D. 06/08/2020, especially considering the RCP 8.5 scenario. In climate
zone D, it is observed that the influence of the variation of gg , is more
pronounced in scenarios where buildings comply with M.D. 06,/08/2020
and M.D. 26/06/2015. Implementing retrofitting measures to change
ggL.n from 0.67 to 0.50 offers distinct benefits, enhancing the resilience of
buildings with relatively lower costs than other interventions.
Conversely, intervening on g ,, for buildings complying with L.D. 192/
2005 may result in minimal changes, making such interventions less
significant. However, if the building under consideration is mainly used
during winter, the benefits associated with interventions on ggn
decrease. In climate zone E, it is not advisable to modify g , to increase
the resilience of the building. Such interventions result in minimal re-
ductions in EP;ynq and, in addition, lead to an undesirable increase in
EPy, nhq values. In climate zone F, interventions in gg) , do not contribute
to the resilience of the building, as they lead to an increase in both EPy, nq
and EPyot ng values between the scenario with gg , equal to 0.67 and that
with g, equal to 0.50.

Analysing climate change from 2020 to 2030, 2050, and 2070, it can
be seen that the BSh zone shows the greatest increase in EP nq over the
years in all scenarios, exceeding 10 % in most cases. In the BSk zone,
increases in EPynq are present in all scenarios, but to a lesser extent
than in BSh. In the Csa climate, increases in Ep are present in all sce-
narios, with a rather similar trend in all cities, except for Porto Empe-
docle, which shows a more marked worsening. Csb, Cfa, and Cfb show a
mixed trend. Csb, Cfa, and Cfb show values between —10 and 10 % for L.
D. 192/2005, with increases with subsequent decrees, due to the in-
crease in outdoor temperature. Cfc shows only decreases in EP;tng and
is the only area that shows decreases in all scenarios. Dfb shows a mixed
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behaviour of EPyond, but with values between —10 and 10 %. An in-
crease in EPionq is evident with gg , at 0.50, a decrease with gg , at
0.67. Dfc shows only decreases in EPi;ng, except for some small in-
creases. In general, it is observed that buildings designed in accordance
with L.D. 192/2005, compared to other regulations, show a smaller
variation of EPinq Over time. Due to climate change, increased insu-
lation in warm areas has contributed to an increase in overall annual
consumption. Looking to the future, a reduction in transmission limits is
expected to have adverse consequences. Variations in the results indi-
cate how a building’s energy performance is affected by climate sce-
narios and envelope standards. The results indicate that the resilience of
the envelope to climate change shows a gradual dependence on the
transmissivity of its components.

However, there does not seem to be a specific combination of values
that ensures consistent performance as climatic conditions change.
Consequently, effective regulatory planning must include a thorough
assessment of future climatic conditions. The research suggests the
importance of building envelope regulations in mitigating the impact of
climate change on energy demand under different scenarios. The results
seem valuable for making informed decisions regarding building design
and energy efficiency measures to optimise energy performance under
changing climate conditions.

The complex dynamics between buildings and climates require a
multifaceted approach based on customised energy uses and climate
considerations. Specific retrofitting or envelope improvements can be
explored to achieve more substantial resilience improvements. With the
continuous development in the field of climate-resilient buildings,
future developments could focus on the integration of advanced mate-
rials and technologies as well as the implementation of data-driven
strategies with innovative design techniques to optimise energy effi-
ciency and improve the overall performance of buildings for dynamic
adaptation to changing climatic conditions.
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Table 9
Percentage variations of EPyong from 2020 to 2030, 2050 and 2070 for zones Cfa, Cfb and Cfc.
. RCP RCP RCP RCP
ltalian Koppen City Regulation Year 2.6 RCP 4.5 8.5 2.6 4.5 RCP 8.5
zone zone
Zein 0.5 Zeln 0.67
2030 3% 0% -1% 3% 0% -1%
L.D. 192/2005 2050 0% -1% -1% 1% 1% 1%
2070 0% 2% 3% 1% 0% 4%
MD 2030 6% 2% 1% 4% 1% 0%
7 0 0 0 (1] 0 0
2030 4% 1% -1% 5% 2% 1%
M.D. 6/8/2020 2050 2% 1% 2% 4% 3% 4%
2070 1% 1% 8% 3% 3% 11%
2030 4% 1% 0% 3% 0% -2%
L.D. 192/2005 2050 -1% 1% -1% -3% 0% 2%
2070 -1% -1% -2% -2% -2% -4%
MD 2030 3% 1% 0% 3% 1% 0%
E Cfa Ferrara 26/6/.20.15 2050 -1% 2% 0% -2% 1% 1%
2070 0% 0% -2% -1% 0% 3%
2030 4% 1% 0% 3% 1% -1%
M.D. 6/8/2020 2050 -1% 2% 1% 2% 1% 1%
2070 0% 0% -1% -1% 2% 3%
2030 3% 6% 0% 1% 4% -1%
L.D. 192/2005 2050 1% 3% 8% 0% 2% 7%
. 2070 5% 2% 4% 4% 1% 5%
b Cio Farindola VD 2030 2% 6% 0% 3% 6% 0%
26/6/.20.15 2050 2% 4% 9% 3% 5% 10%
2070 5% 4% 8% 6% 5% 12%
2030 3% 6% 1% 3% 6% 1%
M.D. 6/8/2020 2050 3% 5% 10% 3% 6% 13%
2070 6% 5% 12% 6% 8% 13%
2030 1% 0% 2% 2% 1% -1%
L.D. 192/2005 2050 -3% 2% 2% -2% 3% 3%
2070 -1% 0% 0% 0% 2% 1%
MD 2030 3% 1% 0% 2% 1% -1%
E Cfb L'Aquila 26/6/.20.15 2050 -2% 3% 3% 2% 6% 7%
2070 0% -3% 10% 1% 7% 12%
2030 3% 2% 1% 3% 3% 0%
M.D. 6/8/2020 2050 -1% 3% 4% 2% 7% 9%
2070 0% 2% 11% 3% 9% 15%
2030 -3% -4% -3% 0% -2% -1%
L.D. 192/2005 2050 -4% 2% -5% 2% 0% -4%
2070 -6% -3% -9% -4% 2% -1%
MD 2030 0% 0% 0% 2% 1% 2%
F Cfb Belluno 26/6/‘20. 15 2050 1% 2% -1% 2% 4% 0%
2070 2% 2% 2% -1% 2% 4%
2030 2% 1% 1% 14% 13% 13%
M.D. 6/8/2020 2050 1% 3% -1% 13% 15% 12%
2070 -1% 1% 2% 10% 16% 18%
2030 -6% -6% -6% -7% -7% -7%
L.D. 192/2005 2050 -7% -11% | -13% 9% | -11% -12%
2070 -8% -12% | -18% 9% | -12% -19%
MD 2030 -5% -4% -4% -4% -4% -4%
F Cfc Fenestrelle 26/6/.20.15 2050 -5% -8% -9% -5% -6% -8%
2070 -6% 8% | -12% -6% -6% -10%
2030 -4% -4% -4% -5% -4% -4%
M.D. 6/8/2020 2050 -5% -7% -8% -5% -6% -6%
2070 -6% 8% | -11% -6% -5% -9%
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Table 10
Percentage variations of EPonq from 2020 to 2030, 2050 and 2070 for zones Dfb and Dfc.
Italian | Koppen City Regulation Vear | RCP26 [ RCP4.5] RCP85 [RCP2.6]RCP4.5[RCP8.5
zone zone Zeln 0.5 Zeln 0.67
2030 7% 6% 6% 2% 1% 1%
L.D. 192/2005 2050 5% 2% 0% 0% -3% -3%
2070 4% 4% -7% -1% -5% -9%
2030 9% 7% 7% 1% 1% 1%
F Dfb Asiago M.D. 26/6/2015 2050 6% 2% 1% 1% 2% -3%
2070 4% 4% -4% -1% -3% -4%
2030 8% 7% 7% 1% 1% 1%
M.D. 6/8/2020 2050 6% 2% 1% 1% 2% -4%
2070 4% 0% -3% -1% 2% -4%
2030 -5% -4% -4% -4% -3% -5%
L.D. 192/2005 2050 -7% -8% -10% -6% -7% -9%
2070 -7% -12% -14% -6% -11% -10%
2030 -3% -1% -4% -1% 1% 2%
F Dfc Tarvisio M.D. 26/6/2015 2050 -4% 4% -4% -1% -1% 2%
2070 -4% -6% -5% -1% -4% -1%
2030 2% 0% 2% -1% 1% -1%
M.D. 6/8/2020 2050 -3% -2% -3% -1% 0% -1%
2070 -3% -5% -4% 2% -3% -1%
Data availability [10] European Commission, Directive 2012/27/EU of the European Parliament and of

No data was used for the research described in the article.

Acknowledgements

The views expressed are purely those of the authors and do not
represent any official position of the European Commission.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.enbuild.2024.113944.

References

[1]

(2]

[31

[4

=

[5

—

[6

s}

[7

—

[8]

[91

M.A. Russo, D. Carvalho, N. Martins, A. Monteiro, Forecasting the inevitable: a
review on the impacts of climate change on renewable energy resources,
Sustainable Energy Technologies and Assessments, Volume 52, Part C, 2022,
102283, ISSN 2213-1388, https://doi.org/10.1016/j.seta.2022.102283.

N. Matera, D. Mazzeo, C. Baglivo, Paolo maria congedo, will climate change affect
photovoltaic performances? A long-term analysis from 1971 to 2100 in Italy,
Energies 15 (2022) 9546, https://doi.org/10.3390/en15249546.

D. D’Agostino, D. Parker, I. Epifani, D. Crawley, L. Lawrie, How will future climate
impact the design and performance of nearly zero energy buildings (NZEBs)?
Energy 240 (2022) 122479 https://doi.org/10.1016/j.energy.2021.122479.
International Energy Agency, Technology Roadmap Energy Efficient Building
Envelopes, OECD/IEA, Paris, France, 2014.

M. Koengkan, J.A. Fuinhas, F. Osmani, E. Kazemzadeh, A. Auza, N.K. Alavijeh, M.
Teixeira. Do financial and fiscal incentive policies increase the energy efficiency
ratings in residential properties? A piece of empirical evidence from Portugal,
Energy, Volume 241, 2022, 122895, ISSN 0360-5442, .

P. Nejat, F. Jomehzadeh, M. Mahdi Taheri, M. Gohari, M. Zaimi Abd. Majid, A
global review of energy consumption, CO2 emissions and policy in the residential
sector (with an overview of the top ten CO2 emitting countries), Renewable and
Sustainable Energy Reviews, Volume 43, 2015, Pages 843-862, ISSN 1364-0321,
https://doi.org/10.1016/j.rser.2014.11.066.

K. Skillington, R.H. Crawford, G. Warren-Myers, A. Kathryn, Davidson review of
existing policy for reducing embodied energy and greenhouse gas emissions of
buildings, Energy Policy 168 (2022) 112920, https://doi.org/10.1016/j.
enpol.2022.112920. ISSN 0301-4215.

C. Baglivo, P.M. Congedo, D. Mazzeo, 12 - Climate change and building
performance: pervasive role of climate change on residential building behavior in
different climates, Editor(s): P.-T. Fernando, C.-G. Granqvist, In Woodhead
Publishing Series in Civil and Structural Engineering, Adapting the Built
Environment for Climate Change, Woodhead Publishing, 2023, Pages 229-251,
ISBN 9780323953368, https://doi.org/10.1016/B978-0-323-95336-8.00003-2.

D. D’Agostino, 1. Zaca, C. Baglivo, P.M. Congedo, Economic and thermal evaluation
of different uses of an existing structure in a warm climate, Energies 10 (2017) 658,
https://doi.org/10.3390/en10050658.

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

19

the Council of 25 October 2012 on energy efficiency, amending Directives 2009/
125/EC and 2010/30/EU and repealing Directives 2004/8/EC and 2006/ 32/EC,
available at: https://eur-lex.europa.eu/legal-content/EN/TXT/? uri=CELEX%
3A02012L0027-20230504&qid=1687869958720. 2023.

Directive (EU) 2023/1791 of the European Parliament and of the Council of 13
September 2023 on energy efficiency and amending Regulation (EU) 2023/955
(recast), https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:
32023L1791.

Directive 2009/125/EC of the European Parliament and of the Council of 21
October 2009 establishing a framework for the setting of ecodesign requirements
for energy-related products (recast), https://eur-lex.europa.eu/legal-content/EN/
ALL/?uri=celex%3A32009L0125.

Directive 2006/32/EC of the European Parliament and of the Council of 5 April
2006 on energy end-use efficiency and energy services and repealing Council
Directive 93/76/EEC, https://eur-lex.europa.eu/legal-content/en/TXT/?
uri=CELEX%3A32006L0032.

M. Economidou, V. Todeschi, P. Bertoldi, D. D’Agostino, P. Zangheri, L. Castellazzi,
Review of 50 years of EU energy efficiency policies for buildings, Energy and
Building 225 (2020) 110322, https://doi.org/10.1016/j.enbuild.2020.110322.
ISSN 0378-7788.

L.D. 192/2005, Italian Legislative Decree, Attuazione della direttiva (UE) 2018/
844, che modifica la direttiva 2010/31/UE sulla prestazione energetica
nell’edilizia e la direttiva 2012/27/UE sull’efficienza energetica, della direttiva
2010/31/UE, sulla prestazione energetica nell’edilizia, e della direttiva 2002/91/
CE relativa al rendimento energetico nell’edilizia, (In Italian).

M.D. 26/06/2015, Italian Ministerial Decree, “Applicazione delle metodologie di
calcolo delle prestazioni energetiche e definizione delle prescrizioni e dei requisiti
minimi degli edifici”, (In Italian) (2015).

DM 6/8/2020, Italian Ministerial Decree, Requisiti tecnici per ’accesso alle
detrazioni fiscali per la riqualificazione energetica degli edifici — cd Ecobonus”
(2020), (In Italian).

C. Baglivo, P.M. Congedo, N.A. Malatesta, Building envelope resilience to climate
change under Italian energy policies, J. Clean. Prod. 411 (2023) 137345, https://
doi.org/10.1016/j.jclepro.2023.137345. ISSN 0959-6526.

C. Diaz-Lopez, K. Verichev, J.A. Holgado-Terriza, M. Zamorano, Evolution of
climate zones for building in Spain in the face of climate change, Sustain. Cities
Soc. 74 (2021) 103223, https://doi.org/10.1016/j.5¢5.2021.103223. ISSN 2210-
6707.

Y. Yang, K. Javanroodi, V.M. Nik, Climate change and energy performance of
European residential building stocks — a comprehensive impact assessment using
climate big data from the coordinated regional climate downscaling experiment,
Appl. Energy 298 (2021) 117246, hitps://doi.org/10.1016/].
apenergy.2021.117246. ISSN 0306-2619.

F. Salata, S. Falasca, V. Ciancio, G. Curci, S. Grignaffini, P. de Wilde, Estimating
building cooling energy demand through the Cooling Degree Hours in a changing
climate: a modeling study, Sustain. Cities Soc. 76 (2022) 103518, https://doi.org/
10.1016/j.5¢5.2021.103518. ISSN 2210-6707.

P.M. Congedo, C. Baglivo, A.K. Seyhan, R. Marchetti, Worldwide dynamic
predictive analysis of building performance under long-term climate change
conditions, Journal of Building Engineering 42 (2021) 103057, https://doi.org/
10.1016/j.jobe.2021.103057. ISSN 2352-7102.

V. Ciancio, F. Salata, S. Falasca, G. Curci, I. Golasi, P. de Wilde, Energy demands of
buildings in the framework of climate change: an investigation across Europe,
Sustain. Cities Soc. 60 (2020) 102213, https://doi.org/10.1016/j.
5c5.2020.102213. ISSN 2210-6707.


https://doi.org/10.1016/j.enbuild.2024.113944
https://doi.org/10.1016/j.enbuild.2024.113944
https://doi.org/10.3390/en15249546
https://doi.org/10.1016/j.energy.2021.122479
http://refhub.elsevier.com/S0378-7788(24)00060-4/h0020
http://refhub.elsevier.com/S0378-7788(24)00060-4/h0020
https://doi.org/10.1016/j.enpol.2022.112920
https://doi.org/10.1016/j.enpol.2022.112920
https://doi.org/10.3390/en10050658
https://doi.org/10.1016/j.enbuild.2020.110322
https://doi.org/10.1016/j.jclepro.2023.137345
https://doi.org/10.1016/j.jclepro.2023.137345
https://doi.org/10.1016/j.scs.2021.103223
https://doi.org/10.1016/j.apenergy.2021.117246
https://doi.org/10.1016/j.apenergy.2021.117246
https://doi.org/10.1016/j.scs.2021.103518
https://doi.org/10.1016/j.scs.2021.103518
https://doi.org/10.1016/j.jobe.2021.103057
https://doi.org/10.1016/j.jobe.2021.103057
https://doi.org/10.1016/j.scs.2020.102213
https://doi.org/10.1016/j.scs.2020.102213

P.M.

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

Congedo et al.

D. D’Agostino, P.M. Congedo, P.M. Albanese, A. Rubino, C. Baglivo, Impact of
climate change on the energy performance of building envelopes and implications
on energy regulations across Europe, Energy 288 (2024) 129886, https://doi.org/
10.1016/j.energy.2023.129886. ISSN 0360-5442.

D. D’Agostino, C. Becchio, G. Crespi, S.P. Corgnati, Assessment of passive and
active buildings resilience to gas supply disruption in winter across European
climates, Sustain. Cities Soc. 92 (2023) 104461, https://doi.org/10.1016/].
5cs.2023.104461. ISSN 2210-6707.

F. Ascione, R.F.D. Masi, A. Gigante, Resilience to the climate change of nearly zero
energy-building designed according to the EPBD recast: Monitoring, calibrated
energy models and perspective simulations of a Mediterranean nZEB living lab,
Energ. Buildings 262 (2022) 112004, https://doi.org/10.1016/j.
enbuild.2022.112004. ISSN 0378-7788.

C. Baglivo, P.M. Congedo, G. Murrone, D. Lezzi, Long-term predictive energy
analysis of a high-performance building in a mediterranean climate under climate
change, Energy 238 (Part A) (2022) 121641, https://doi.org/10.1016/j.
energy.2021.121641. ISSN 0360-5442.

P.M. Congedo, C. Baglivo, D. D’Agostino, D. Mazzeo, The impact of climate change
on air source heat pumps, Energ. Conver. Manage. 276 (2023) 116554, https://doi.
org/10.1016/j.enconman.2022.116554. ISSN 0196-8904.

K.T. Chan, W.K. Chow, Energy impact of commercial-building envelopes in the
sub-tropical climate, Applied Energy, Volume 60, Issue 1, 1998, Pages 21-39, ISSN
0306-2619, https://doi.org/10.1016/50306-2619(98)00021-X.

P.G. Kini, N.K. Garg, K. Kamath, An assessment of the impact of passive design
variations of the building envelope using thermal discomfort index and energy
savings in warm and humid climate, Energy Reports, Volume 8, Supplement 15,
2022, Pages 616-624, ISSN 2352-4847, https://doi.org/10.1016/j.
egyr.2022.10.182.

D. Kumar, M. Alam, R.A. Memon, B.A. Bhayo, A critical review for formulation and
conceptualization of an ideal building envelope and novel sustainability
framework for building applications, Clean. Eng. Tech. 11 (2022) 100555, https://
doi.org/10.1016/j.clet.2022.100555. ISSN 2666-7908.

E. Cuce, S.B. Riffat, A state-of-the-art review on innovative glazing technologies,
Renewable and Sustainable Energy Reviews, Volume 41, 2015, Pages 695-714,
ISSN 1364-0321, https://doi.org/10.1016/j.rser.2014.08.084.

C. Baglivo, M. Bonomolo, P.M. Congedo, M. Beccali, S.A. Antonaci, Technical-
economic evaluation of the effectiveness of measures applied to the artificial
lighting system of a school, Appl. Sci. 11 (2021) 6664, https://doi.org/10.3390/
app11146664.

M. Malvoni, C. Baglivo, P.M. Congedo, D. Laforgia, CFD modeling to evaluate the
thermal performances of window frames in accordance with the ISO 10077, Energy
111 (2016) 430-438, https://doi.org/10.1016/j.energy.2016.06.002. ISSN
0360-5442.

A. Al-Waheed Hawila, A. Merabtine, N. Troussier, R. Bennacer, Combined use of
dynamic building simulation and metamodeling to optimize glass facades for
thermal comfort, Building and Environment, Volume 157, 2019, Pages 47-63, ISSN
0360-1323, https://doi.org/10.1016/j.buildenv.2019.04.027.

M. Thalfeldt, E. Pikas, J. Kurnitski, H. Voll, Facade design principles for nearly zero
energy buildings in a cold climate, Energ. Buildings 67 (2013) 309-321, https://
doi.org/10.1016/j.enbuild.2013.08.027. ISSN 0378-7788.

M. Gercek, Z. Durmus Arsan, Energy and environmental performance based
decision support process for early design stages of residential buildings under
climate change, Sustainable Cities and Society, Volume 48, 2019, 101580, ISSN
2210-6707, https://doi.org/10.1016/j.5¢5.2019.101580.

R.F. De Masi, V. Festa, A. Gigante, S. Ruggiero, G.P. Vanoli, The role of windows on
building performance under current and future weather conditions of European
climates, Energy and Buildings, Volume 292, 2023, 113177, ISSN 0378-7788,
https://doi.org/10.1016/j.enbuild.2023.113177.

20

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

Energy & Buildings 307 (2024) 113944

F. Goia, V. Serra, Analysis of a non-calorimetric method for assessment of in-situ
thermal transmittance and solar factor of glazed systems, Solar Energy, Volume
166, 2018, Pages 458-471, ISSN 0038-092X, https://doi.org/10.1016/j.
solener.2018.03.058.

H. Poirazis, A. Blomsterberg, M. Wall, Energy simulations for glazed office
buildings in Sweden, Energ. Buildings 40 (7) (2008) 1161-1170, https://doi.org/
10.1016/j.enbuild.2007.10.011. ISSN 0378-7788.

L. Vanhoutteghem, G.C.J. Skarning, C.A. Hviid, S. Svendsen, Impact of facade
window design on energy, daylighting and thermal comfort in nearly zero-energy
houses, Energ. Buildings 102 (2015) 149-156, https://doi.org/10.1016/j.
enbuild.2015.05.018. ISSN 0378-7788.

Z.S. Zomorodian, M. Tahsildoost, Assessment of window performance in
classrooms by long term spatial comfort metrics, Energ. Buildings 134 (2017)
80-93, https://doi.org/10.1016/j.enbuild.2016.10.018. ISSN 0378-7788.

Y. Yildiz, Z.D. Arsan, Identification of the building parameters that influence
heating and cooling energy loads for apartment buildings in hot-humid climates,
Energy 36 (7) (2011) 4287-4296, https://doi.org/10.1016/j.energy.2011.04.013.
ISSN 0360-5442.

D.L. Marinoski, S. Giiths, R. Lamberts, Development of a calorimeter for
determination of the solar factor of architectural glass and fenestrations, Building
and Environment, Volume 47, 2012, Pages 232-242, ISSN 0360-1323, https://doi.
org/10.1016/j.buildenv.2011.07.017.

G. Oliveti, N. Arcuri, R. Bruno, M. De Simone, An accurate calculation model of
solar heat gain through glazed surfaces, Energ. Buildings 43 (2-3) (2011) 269-274,
https://doi.org/10.1016/j.enbuild.2010.11.009. ISSN 0378-7788.

G. De Luca, F.B.M. Degerfeld, I. Ballarini, V. Corrado, Improvements of simplified
hourly models for the energy assessment of buildings: The application of EN ISO
52016 in Italy, Energy Rep. 8 (2022) 7349-7359, https://doi.org/10.1016/j.
egyr.2022.05.120. ISSN 2352-4847.

P. Jafarpur, U. Berardi, Effects of climate changes on building energy demand and
thermal comfort in Canadian office buildings adopting different temperature
setpoints, Journal of Building Engineering, Volume 42, 2021, 102725, ISSN 2352-
7102, https://doi.org/10.1016/j.jobe.2021.102725.

A. D’Amico, G. Ciulla, D. Panno, S. Ferrari, Building energy demand assessment
through heating degree days: the importance of a climatic dataset, Appl. Energy
242 (2019) 1285-1306, https://doi.org/10.1016/j.apenergy.2019.03.167. ISSN
0306-2619.

UNI EN ISO 15927-6:2008, Hygrothermal performance of buildings - Calculation
and presentation of climatic data - Part 6: Accumulated temperature differences
(degree-days).

C. Baglivo, Dynamic evaluation of the effects of climate change on the energy
renovation of a school in a mediterranean climate, Sustainability 13 (2021) 6375,
https://doi.org/10.3390/5u13116375.

UNI/TS 11300-1. Building energy performance — Part 1: Evaluation of the energy
need for space heating and cooling (in Italian). 2014.

Report CMCC (Centro Euro-Mediterraneo sui Cambiamenti Climatici) Analisi del
Rischio, I cambiamenti climatici in Italia, https://files.cmcc.it/200916_REPORT_
CMCC_RISCHIO_Clima_in_Italia.pdf.

Koppen-Geiger Explorer (koppen.earth).

H.E. Beck, T.R. McVicar, N. Vergopolan, A. Berg, N.J. Lutsko, A. Dufour, et al.,
High-resolution (1 km) Koppen-Geiger maps for 1901-2099 based on constrained
CMIP6 projections Scientific Data 10, 724, doi:10.1038/541597-023-02549-6
(2023).

IPCC, Geneva (Switzerland), Climate Change 2014: Synthesis Report. Contribution
of Working Groups I, II and III to the Fifth Assessment Report of the
Intergovernmental Panel on Climate Change, pp 151. IPCC, 2014, https://www.
ipcc.ch/report/ar5/syr/ [accessed on February 2021].

Meteonorm - Global Meteorological Database, Meteotest (2012).


https://doi.org/10.1016/j.energy.2023.129886
https://doi.org/10.1016/j.energy.2023.129886
https://doi.org/10.1016/j.scs.2023.104461
https://doi.org/10.1016/j.scs.2023.104461
https://doi.org/10.1016/j.enbuild.2022.112004
https://doi.org/10.1016/j.enbuild.2022.112004
https://doi.org/10.1016/j.energy.2021.121641
https://doi.org/10.1016/j.energy.2021.121641
https://doi.org/10.1016/j.enconman.2022.116554
https://doi.org/10.1016/j.enconman.2022.116554
https://doi.org/10.1016/j.clet.2022.100555
https://doi.org/10.1016/j.clet.2022.100555
https://doi.org/10.3390/app11146664
https://doi.org/10.3390/app11146664
https://doi.org/10.1016/j.energy.2016.06.002
https://doi.org/10.1016/j.enbuild.2013.08.027
https://doi.org/10.1016/j.enbuild.2013.08.027
https://doi.org/10.1016/j.enbuild.2007.10.011
https://doi.org/10.1016/j.enbuild.2007.10.011
https://doi.org/10.1016/j.enbuild.2015.05.018
https://doi.org/10.1016/j.enbuild.2015.05.018
https://doi.org/10.1016/j.enbuild.2016.10.018
https://doi.org/10.1016/j.energy.2011.04.013
https://doi.org/10.1016/j.enbuild.2010.11.009
https://doi.org/10.1016/j.egyr.2022.05.120
https://doi.org/10.1016/j.egyr.2022.05.120
https://doi.org/10.1016/j.apenergy.2019.03.167
https://doi.org/10.3390/su13116375

	The role of total solar energy transmittance for normal incidence of the glazed system in climate change adaptation under I ...
	1 Introduction
	1.1 The state of the art
	1.2 Thermal Regulation Evolution in Italy

	2 Methodology
	2.1 Analysis of uncertainty
	2.2 Climates of the selected Italian locations
	2.3 RCP scenarios for all Italian climate zones
	2.4 The representative residential building
	2.5 The total solar energy transmittance for normal incidence of the glazed system (ggl,n)

	3 Results and discussions
	3.1 Considerations on the external temperatures
	3.2 Building thermal performances in climate zone a
	3.3 Building thermal performances in climate zone B
	3.4 Building thermal performances in climate zone C
	3.5 Building thermal performances in climate zone D
	3.6 Building thermal performances in climate zone E
	3.7 Building thermal performances in climate zone F
	3.8 Overall considerations

	4 Conclusions
	Funding
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgements
	Appendix A Supplementary data
	References


