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ARTICLE INFO ABSTRACT

Keywords: The building sector is a major contributor to global GHG emissions, constituting an essential
Stranding risk player in national and global decarbonization strategies. In this framework, governments have
Building stock started requiring higher building energy performances to reduce emissions, with the new
Energy

European Energy Performance of Buildings Directive (EPBD) representing a further step in
this direction. Such requirements could be enforced at a large scale with specific penalties
for the property owners, such as the stranding of non-compliant assets, making them not
rentable or marketable until requirements are met. A few countries have already applied these
measures but with a limited extent and effective implications compared to the decarbonization
goals. Thus, while the consequent impact is potentially considerable given that a significant
share of existing buildings would be stranded, a high uncertainty characterizes its assessment,
calling for a probabilistic approach. However, no probabilistic methods have been formulated
for stranding risk. This paper critically reviews the state-of-the-art approaches for stranding
assessment of buildings. A probabilistic framework based on methodologies derived from natcat
risk assessment is also presented. A scenario-based analysis is carried out on the Italian building
stock and compared to the impact of natural hazards. Results reveal that stranding risk can
be relatively significant in terms of expected monetary losses. The categorization of this risk
as sustainability-induced “creative destruction” is also discussed. The findings provide insights
into which policies would be required to implement decarbonization pathways for the building
stock while underlining how energy retrofit design can adapt to mitigate stranding risk.

Building retrofit
Decarbonization
Risk assessment

1. Introduction

The building sector was responsible for roughly one-third of global energy consumption in 2019 [1]. A significant contributor
is the energy consumption for heating and cooling purposes [2]. To reduce the dependency on fossil fuels, lower the carbon
footprint of buildings, and improve their overall energy need, various building regulations have been introduced over the past
three decades [3,4]. This has brought interest to the study of the impact of these new regulations on the existing building stock and
the construction industry overall, with specific reference to the so-called stranding risk [5-7]. A stranded asset is an asset that has
lost value in an unanticipated way or usability sooner than expected. The stranding effect induced by climate change (CC) and its
mitigation measures can affect the building industry in several different ways.

Starting from the materials level, certain classes of widely used compounds have been banned in the past, as is the case of
chlorofluorocarbons (CFCs) previously adopted as foaming agents and refrigerants [8,9]. Indeed, due to their capacity to deplete
the ozone layer, they were gradually phased out between 1995 and 2010 under the Montreal Protocol of 1989 [10,11]. Since
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Nomenclature Definition

Abbreviation

BEP Environmental break-even period
CPB Embodied carbon performance of the building
CRREM Carbon Risk Real estate Monitor

EPB Energy performance of the building
EPC Energy performance certificate

NET Net energy consumption target

PBE Performance-based Engineering
P(Sr(;)) Probability of stranding at a given year ¢;
RT1, RT2 Retrofit Design 1 and 2

SL Service Life

TEC Total energy consumption

tp Year of stranding risk assessment

YEI Yearly Emission intensity

YEP Yearly Emission pathway

Notations and Units

EAL Expected Annual Loss [% y~! ]

Bp Building performance

Crt Retrofit cost per area [€/m?]

Ksr Retrofit cost [€]

Lrt Retrofit loss variables

Mp Mandatory performance

Nd Number of fatalities per year [y~!']
Nrt Fatalities-construction cost ratio [€!]
ucC Unit cost of construction [€/m?]

Vsr Stranding Risk Variables

the protocol’s enforcement, the ozone layer has reportedly started healing [12]. Such compounds have been replaced by HFCs,
which have a considerable GWP. The magnitude of the emissions from these HFC banks was estimated to contribute 0.3-0.5°C to
global warming by 2100 [13,14]. To mitigate such effects, the Kigali Amendment [15,16] was added to the Montreal Protocol to
introduce a gradual phase-out of high-GWP HFCs in the coming decades. Similarly, more and more attention is being paid to other
high embodied carbon materials, ranging from predominantly structural applications, such as steel and concrete [17], to insulation
materials [18].

A different type of stranding linked to the effects of CC can be induced by natural hazards [19,20]. Indeed, CC has been linked to
an increased possibility of weather-related disasters such as floods [21], hurricanes [22] and wildfires [23]. This higher likelihood
can indeed cause a possible stranding via the combination of perceived risk and under-insurance [24]. Moreover, these disasters
can directly damage the existing building stock, permanently or temporarily unusable [25].

The energy transition process itself can lead to a significant loss of value or complete stranding of the building stock situated in
those areas that were developed due to the presence of natural resources or manufacturing processes with high environmental
impact [5]. This scenario could affect, for example, a coal mining city or a logging district [6]. An allegedly more direct
stranding mechanism can be prompted by enforcing stricter building regulations requiring mandatory certificates, higher energy,
or environmental performances. An example of that has been the introduction of standardized energy performance certificates
(EPC) in the EU with the 2002 Energy Performance of Buildings Directive (EPBD) [26]. The directive required mandatory EPCs
for buildings on sale or rent, and the 2010 version [27,28] required it to be clearly stated in any advertisement. While non-
compliance with this obligation would have implied an effective stranding, the impact on the EPC outcomes on the market values of
properties has also been investigated. The outcomes of these studies range from a clear positive correlation between value and energy
performances [29,30] and weak or no correlation at all [31]. The existence of a positive correlation is, however, confirmed when
the impact of other non-mandatory certifications, such as LEED or Energy Star, are considered [32-34]. Nonetheless, this stranding
mechanism has had no significant effects given that: (i) the cost of an energy audit for a mandatory EPC is a small fraction of the
value of a property, (ii) any effect on market value is complex and influenced by many factors, (iii) more advanced certifications
are usually not mandatory. The slow rate of energy retrofits of the existing building stock somehow confirms this. Taking the EU
as an example, 80% of the buildings were constructed before 1990, and a third of them were built before 1960 [35]. In 2014, the
annual rate of new building construction was 0.19% in Spain and Italy, and 0.56% in Germany [36]. In comparison, the EU needs
to increase the annual building renovation rate from the current 0.2% to 3% to meet its environmental goal for 2050 [37].

As a result, the EU Commission has proposed revisions to the 2015 EPBD [38-41] to introduce minimum energy performance
requirements for existing residential and commercial buildings. While, to this day, the enforcement mechanism of such a requirement
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is not yet defined, this could realistically be similar to the one linked with the EPC introduction. Thus, a non-compliant building
would eventually be prohibited from selling or renting, resulting in an effective stranding. This would be in line with both the 2023
draft [40,41] final version [41] of the new EPBD, also called “EPBD IV”. Furthermore, this approach has already been enforced since
2023 by the UK for commercial and residential buildings [42], even if with wide exemption possibilities. Besides, France will enforce
renting restrictions based on EPC from 2025 [43]. A similar regulatory approach has also been considered by the Italian Central
Bank [44]. Along the same line, [45] underlines the importance of uniform EPCs for the EPBD IV implementation. Moreover, the new
EPBD underlines that any energy performance requirement should be increased following a pathway leading to a net zero-emission
target [46] by 2050 per the 2015 Paris Agreement [47]. The adherence to a decarbonization path is the basis of a state-of-the-art
method for assessing stranding risk, i.e. the Carbon Risk Real Estate Monitor, CRREM, framework [7,48,49].

This method, however, treats the risk in a deterministic way, assuming a scenario in which the hazard source, i.e. the stranding,
is already known in most of its characteristics. On the other hand, legislation introduced in Germany [50] and under discussion in
the United Kingdom [51] has shown that the enforcement of any mandatory requirement for decarbonization of buildings’ energy
is not straightforward to forecast. Moreover, CRREM is not meant to assess the impact side, i.e. the costs linked to stranding
itself, which are, by its nature, mostly coupled to retrofit activities. Meanwhile, the risks linked to natural hazards are usually
assessed with the performance-based engineering (PBE) methods [52] which, based on the total probability theorem, allows for
an independent evaluation of hazard, fragility, damage, and loss. PBE has been adapted and applied to different natural hazards,
such as tsunamis [53], hurricanes [54], wind [55], floods [56], coastal hazards in general [57] and fires [58,59]. Thus, given the
strength of sustainability trends and the significance of the possible impacts on the building stock, methods for stranding risk analysis
could benefit from a probabilistic approach to risk assessment. Moreover, an estimate of the total costs of an EPBD enforcement
scenario and extensive retrofit campaign, as in [60], could provide valuable insights into how to manage this emerging risk of the
energy transition. To improve the capabilities of current stranding risk assessment practices and to understand the importance of
this emerging risk, this paper has the following research goals, also corresponding to the phases of this study:

(1) Carry out a critical review of the current methods for stranding risk assessment of the building stock to highlight some of the
existing limitations (Section 2);

(2) Provide a viable probabilistic framework for stranding risk assessment, able to overcome some of the current limitations
(Section 3);

(3) Perform a simplified scenario-based analysis of the EPBD-induced stranding risk for the Italian building stock (Section 4.1);

(4) Compare this impact with others from natural hazards in order to assess the significance of stranding risk (Section 4.2).

To the best of authors’ knowledge there are no other studies in the scientific literature with the above-mentioned goals. The
results are then discussed in Section 5, while the main conclusions of the study are drawn in Section 6 along with some comments
on future developments.

2. Critical review of current methods

As underlined in a 2019 review [5], up to that moment, there was no analytical tool to assess the stranding risk of buildings. Still,
analytical tools had already been available to evaluate the "Environmental, social and governance", or ESG, score of real estate, such
as the Global Real Estate Sustainability Benchmark (GRESB) [61], and agreement with country-level energy performance target for
buildings [62]. To fill this gap, the CRREM framework was developed as a result of an EU Horizon 2020 research program [49,63].
As a result, also the aforementioned GRESB has integrated the CRREM framework within its benchmark system. Adopting a certain
degree of simplification, we can summarize the CRREM procedure in the following steps [7]:

(a) downscaling, to country level and building sector, of the residual budget of CO, emissions according to 1.5 and 2°C global
warming scenarios [47];

(b) a yearly emission pathway (YEP) for each building type, such as residential, commercial, etc., is evaluated and defined in
terms of a series of yearly emission intensities (YEIs) expressed in kgCO, m~2 y~!;

(c) quantify a net energy consumption target (NET) depending on the building type and climate and based on the forecasted
renewable energy budget according to the net-zero scenario in 2050 [64];

(d) the examined building is compared to the pathway. If, at a given year, its YEI is higher than YEP or total energy consumption
(TEQ) is higher than NET, the building is considered “stranded”;

(e) costs estimation as a function of energy consumption, retrofit costs, and an assumed carbon tax

Notably, both YEP and NET are not available for all countries. While CRREM appears to be the only tool to link stranding risk
to quantitative decarbonization pathways, it presents some limitations and operational shortcomings.

2.1. CRREM framework limitations

Starting from steps (a) and (b), the YEP does not consider the emissions relevant to the embodied carbon of the constructions
and retrofit activities. On one side, this is aligned with classifying emissions in three different sections, namely Scope 1,2 and 3.
This derives from the reporting protocol, which is mandatory for some private companies around the globe [65]. In particular,
Scope 1 derives from emissions directly linked to the activities of a company, while Scope 2 is mainly relevant to indirect emissions
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due to energy use and generation. Scope 3 accounts for, among other things, the use of materials that may have generated GHG
emissions not directly linked by the entity purchasing and using those materials. Also, the CRREM emphasizes the adherence to the
principle of "energy efficiency first", which aims at reducing operational consumption and emissions [66]. On the other hand, as
also underlined in the CRREM documentation [67], downscaling emission budget to economic sectors can be robust only with a
holistic approach to buildings. Moreover, while Scope 3 emissions are linked to other actors, a designer can significantly influence
the level of the embodied carbon of any retrofit or new construction [68,69].

The issue of embodied carbon may be significant given that recent studies have emphasized that buildings may exhibit poorer
environmental performance despite their high efficiency due to the significant amount of embodied carbon required during
construction or retrofitting [70]. The existing trade-off has been found to be significant in terms of whole-life emissions [71].

The optimization of these factors is markedly influenced by the carbon density of the energy grid, both in the present and in
prospective scenarios. This area has only recently garnered significant research attention [72-75]. For example, the German building
code allows for a reduction in thermal insulation requirements if low-carbon heating technologies are utilized [76].

Some studies have also integrated considerations of future climate projections [69,72,77] and risks of damage [69] into this
optimization process.

The neglect of embodied carbon aligns with the fact that most building codes have not systematically addressed the issue of
the high embodied energy and carbon footprint of construction materials. However, the French RE2020 [78], enforced in early
2022, and the Danish BR2018 [79], enforced in 2023, introduced specific thresholds for both energy consumption performance
and, for the first time, the embodied carbon of new buildings. For instance, single-family houses are now required to have an
environmental impact over their reference life lower than 160 kg CO,m™2 due to energy consumption and 410 kg CO,m~2 due to
embodied carbon. Consequently, embodied carbon is expected to outweigh energy consumption in the envisioned high-efficiency
and low-carbon energy grid scenario. This dual-performance approach may also be adopted in other countries [80] at the broader EU
level in the near future, as the Energy Performance of Buildings Directive (EPBD) is currently undergoing revision to incorporate life-
cycle emissions from building materials [38,39]. This incorporation will be based on integrating environmental product declarations
(EPD) for the materials used in the building [78,79]. A compliant EPD is becoming an increasingly important requirement in the
EU and is regulated by ISO 14025:2006, 21930:2017, and the associated EN 15804 [81]. Similar programs for Type III declarations
are now being implemented worldwide [82,83].

Along this line, the relationship between regulation enforcement and actual stranding constitutes a limitation in the assumptions
underlining step (3) of CRREM procedure. Indeed, this assumption can be expressed as follows:

PUSr) :{ I, if YEI(t)>YEP@)VTEC()> NET Vi € [1,,2050], o

0. if YEI(t;) < YEP(t;) ATEC(t;) < NET Vi, € [t,,2050],

where P(Sr(t;)) is the probability of stranding at a given year ¢, and ¢, is the year of the assessment. Eq. (1) implies that a stranding
automatically occurs when the building performance is lower than those required by the pathways. Notably, the procedure is meant
for new buildings and existing ones. However, no enforced regulation worldwide implements a stranding process in this way for
either private residential buildings or real estate. Indeed, the aforementioned example of the mandatory EPC introduced by the
2002 EPBD [26] did not require a minimum performance but merely the presence of an EPC. Also, several building codes prescribe
minimum post-retrofit performances as reviewed in [69], but none prescribe a mandatory retrofit. Moreover, the already enforced
UK regulation [42] and the new EPBD revision [41], which could introduce mandatory retrofits coupled with a stranding mechanism,
does not consider a Y EI performance while focusing on the EPB. Indeed, no building codes directly prescribe minimum retrofit
performances in terms of Y E1. It is true, however, that emission intensity reduction is indirectly obtained with other prescriptions.

2.2. CRREM operational limitations

As a result of the framework characteristics described in Section 2.1, the practical implementation of CRREM can present three
main shortcomings.

The first one is linked to the service life, SL, of new construction or retrofitted buildings. SL has long been a fundamental variable
in design conception, being it critical to determine structural and non-structural performances [84]. More recently, however, SL has
become an essential variable of the environmental impact of energy retrofits as it defines the amortization period of the embodied
carbon [69,72]. The SL of residential building components varies from 50 years for structural and non-structural components,
with the former including both infills and thermal insulation, [69,72,84], to 20-30 years for windows, heating and other energy
generation or storage systems [73]. Hence, it could be argued that a compliant retrofit design should guarantee a non-stranding of
at least 20 years to avoid reducing the SL of any major component. According to this assumption, we can write:

P(Sr(1;)) = 0, if P(Sr(t,)) =0 V1, € [1,,1, + min(SL)] )

where SL is a vector of the SLs of each building component. Nonetheless, the YEP appears more demanding than what would
currently comply with several building codes. For reference, building codes in the UK [85], Germany [76], France [86] and
Italy [87] still allow installing a natural gas boiler for thermal energy in energy retrofits. As a result, a compliant insulation retrofit
in a temperate climatic zone can deliver a final thermal energy consumption of 35 kWh m~2 y~! [88]. In the case of a modern
natural gas boiler system, this would be characterized by a carbon density of 0.213 kgCO,,, kWh™! [89], thus leading to a total
of 35-0.213 = 7.45 kgCO,,, m~2 y~!. This emission intensity, according to the 1.5 °C pathway evaluated for residential buildings
in Italy in the 2022 CRREM version v2.03, would be higher than Y EP1(2033) = 6.5 kgCO,,, m~2 y~1. The relevant pathway is
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Fig. 1. Decarbonization pathways for Italian residential buildings.
Table 1
Decarbonization pathways for Italian residential buildings from CRREM.
Year CRREM v2.02 CRREM v1.93
(kgCO,,, m2 y1) (kgCOy, m™ y™1)
2020 26.69 26.13
2021 24.91 24.89
2022 22.84 23.71
2023 20.87 22.54
2024 18.99 21.40
2025 17.28 20.28
2026 15.53 19.17
2027 13.95 18.10
2028 12.46 17.06
2029 11.06 16.06
2030 9.72 15.09
2031 8.59 14.16
2032 7.49 13.27
2033 6.46 12.41
2034 5.51 11.58
2035 4.63 10.76
2036 3.80 9.96
2037 3.05 9.16
2038 2.40 8.38
2039 1.89 7.61
2040 1.48 6.85
2041 1.26 6.11
2042 1.08 5.40
2043 0.94 4.72
2044 0.81 4.09
2045 0.68 3.52
2046 0.60 3
2047 0.52 2.55
2048 0.44 2.17
2049 0.38 1.86
2050 0.31 1.61
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depicted in Fig. 1. Therefore, under CRREM framework assumptions, adherence to enforced building codes could imply an actual
use for some components shorter than their available SL.

The second practical shortcoming is linked to the efficiency of a YEP-compliant retrofit’s economic and carbon investment. On
the economic side, the overall benefits of building retrofits are delivered by lower operational costs. Still, these benefits can vary
significantly on design characteristics and other economic variables [90]. It is known that high-energy performance buildings can
result in worse environmental performance if embodied carbon emissions are considered [70]. This effect is more evident when
future energy scenarios are taken into account [69,72,73]. Along this line, a 2023 report [68] quantifies the expected embodied
emissions linked to deep building retrofit in 88 kgCO,,, m~2 y~!. For reference, this is 58 and 293 times more than Y E P;+(2040) and
Y E P;+(2050), see Table 1. Moreover, combining economic costs and operational emissions, [88] concludes that high-performance
retrofits are not the most convenient solution regarding the marginal cost of CO, abatement. This is also confirmed by [91]
which also considers embodied emissions. Hence, taken as the only design target, adherence to the expected YEP poses the risk
of sub-optimal efficiency in terms of economic and environmental return.

The last limitation of the CRREM framework here identified derives from the connections between YEP and the energy grid
carbon intensity. Indeed, the parameter Y EP is the result of the combination of T EC and the relevant emission factor EF, which
would be the indicator of the energy carbon density. EF is relevant to the installed energy system, with a fixed value for independent
systems and a variable one for those based on electricity from the grid. Neglecting the case of a multi-component 7 EC and assuming
the case of an electricity-based energy system, the relationship can be written as follows:

YEP(:;)=TEC - EF(t,) 3)

where EF(t;) is the expected pathway of the carbon density of the electricity grid. This pathway is, however, not fixed and can be
updated based on the trend of the decarbonization process and the consequent impact on the residual budget of CO,. For instance,
this has already happened in the transition between the CRREM versions v1 and v2, where Y EP(t;) became generally steeper in
several countries to account for lower-than-planned decarbonization results. See for reference Fig. 1 and Table 1. This implies that
any requirement for a building regarding emissions and energy can change according to the present state of the residual budget.
Hence, we can rewrite Eq. (1) as follows:

PSHE)) ={ I, if YEI@)> YEP(,1,)VTEC(1;,1,) > NET V1, € [1,,2050], @)

0, if YEI(t;) < YEP(,,1,) ATEC(;,1,) < NET V1, € [1,,2050]

where #, is now influencing also Y EP and T EC. From a practical viewpoint, this means that a stranding risk assessment of a building
retrofit is not conclusive and can change based on the time of the assessment.

3. A probabilistic approach to stranding risk assessment for existing buildings

In this section, we will present a probabilistic framework for the stranding risk assessment of existing buildings. The framework
assumes stranding risk as the combination of a hazard source and the vulnerability to it. This is derived from standard risk
practices [92] from which we will neglect the exposure concept for practical reasons. Moreover, vulnerability will be considered as
the result of the building response and the associated costs. We define the vector Vsr as the expected risk variables due to stranding,
which can be formulated as follows:

Vsr = P(Mp,1,) - P(Bp < Mp) - Lrt(4p) 5)

where P(M p) is the probability that a mandatory minimum performance M p for existing buildings would be introduced at the given
time ¢;; P(Bp < Mp) is the probability that the building performance Bp would be below the mandatory threshold; Lrt is the impact
of a retrofit which depends on the difference Ap = Mp — Bp. The main assumptions of Eq. (5) are the following:

(I) The introduction of a Mp effectively results in the stranding of the building whereas Bp < Mp. The stranding is assumed to
replicate the enforcement mechanism of the 2002 EPBD [26] and the 2015 UK regulation [42], thus forbidding selling or
renting the building.

(I) Mp, Bp are assumed to be statistically independent.
(Il1) The possibility of multiple stranding events over a given period is neglected. As a result, the effects of different retrofits on
both the parameter Bp and the cumulative costs are not considered.

The expected loss derives from the impact of a retrofit that bridges the difference between Bp and M p and reverses the stranding.
This impact could be defined in simple terms of retrofit costs or other indirect metrics, such as the decline in property value or
downtime. The proposed methodologies to tackle each part of the framework are presented in Sections 3.1-3.3 while a general
scheme is depicted in Fig. 3.

3.1. Hazard model
The hazard term, as in Eq. (5), is characterized by three components, i.e. Mp, t;, and the relevant probability P(Mp,t;). In detail,

M p could potentially have several forms. One of these forms can be the EPB, intended as a given energy class of European EPCs,
which is already adopted in the relevant UK regulation [42] and indicated as a viable option in the EU EPBD revision [41]. The
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Table 2

Stranding Hazard model, characteristics and methods.
Type of Mp Hazard model Definition method
« Energy: EPB, TEC, « P(Mp,t1,), « Inference from
« Emission: YEI, « P(Mp), empirical data
« Mixed, prescriptive « Scenario-based « Expert elicitation
approach

already present integration in current legislation would support the possibility of this Mp form. Another way to consider energy
consumption as Mp could be in the more direct form of TEC, which is the ultimate goal of the EU EPBD [41]. Furthermore, a
given Y E could become a M p, which aligns with CRREM assumptions. Besides, these performance measures could be coupled and
added to a set of prescriptive measures already present in most building codes [3,69].

The probability function P(M p, ;) underlines that the likelihood of a M p enforcement can vary upon the time 7;. This can reflect
several different possibilities. For instance, P(Mp) could increase and Mp be more demanding over time due to a delay in the
decarbonization efforts or to CC-related adverse effects. On the other hand, the opposite trend could result from decreasing political
willingness and/or external economic factors. Two more simplified versions of P(Mp,;) could: (i) neglect the influence of #; leading
to the definition of a time-invariant P(M p), (ii) assume a deterministic scenario-based analysis with a given M p.

The possible methodologies to define the hazard model fall within two different categories. The first one is the inference from
empirical data which is the approach used for other hazards, both natural [93,94] and man-made [59]. However, there is available
data on large-scale stranding of existing buildings as intended in this work, while limited data exists about the occurrence of
conceptually similar stranding. In this respect, risk assessment practice can resort to expert elicitation when dealing with highly
uncertain or scarcely-recorded hazards. This method systematically gathers and synthesizes judgments from specialists in relevant
fields to assess and define potential hazards. Experts provide insights based on their knowledge, experience, and interpretation of
available information, contributing to a more comprehensive understanding of the hazards understudy [95-97]. A summary of the
characterization of the stranding hazard model is reported in Table 2.

3.2. Response model

To define a response model, it is necessary to evaluate Bp that will need to be equivalent to the type of Mp as listed in
Table 2. In general, a common component, even if not sufficient alone, of Bp is the EPB, which is based on the energy demand
of the building. A basic method for calculating the building energy demand relies on the concept of annual heating and cooling
degree days (HDD and CDD) [98-100]. This approach offers a direct and less complex process, yielding results less influenced
by the unique characteristics of each building. However, more sophisticated dynamic and simulation-based models can provide
more accurate predictions [101-103]. Overall, these methods can provide a direct measure of the energy demand, allowing a
deterministic evaluation with P(Bp < M p) possibly being either 0 or 1. On the other hand, in the case of a top-down assessment,
the energy demand can be inferred from a limited number of the building characteristics’ [104], relevant statistical data [105] or
probabilistic models [106]. These approaches can describe Bp in a probabilistic manner with a variable degree of uncertainty. As
already discussed, whereas Mp is in terms of Y EI, the energy demand must be coupled with the relevant EF. Again, the definition
of proper EFs can be done in a deterministic way in the case of fossil-fuel energy systems or electricity-based with predetermined
energy sources. However, in the case of electricity deriving from the grid, EF can be uncertain, and thus also the relevant Y EP as
in Eq. (3). A scenario-based approach is often used to take into account future energy uncertainties [69,72,73,107]. The difference
between a deterministic and a probabilistic or top-down assessment is also present in terms of compliance with a prescription-based
M p. Indeed, some specific performances of technical elements, such as envelope components, or energy systems efficiency, could
not be directly available. In this case, the statistical distribution of these characteristics can be retrieved by dedicated databases,
such as TABULA [108].

3.3. Loss model

The expected loss from stranding can be defined in different ways. The most direct is the economic cost of the retrofit able to
revert the stranding. The topic of the costs of an energy retrofit is a well-investigated topic, with analyses ranging from scenario-based
deterministic [109] to probabilistic approaches [110], see Fig. 2 for reference.

Moreover, additional costs can derive from downtime during retrofit activities. This topic has not been investigated in connection
with energy retrofit, probably due to low significance and high uncertainty. Still, probabilistic methods have been applied to assess
downtime impact following damage from natural hazards [111,112]. Another typical loss component of conventional risk assessment
for the building stock is injuries and fatalities following damage [113]. On the other hand, retrofit activities and relevant building
sites reportedly lead to injuries and fatalities among workers, as quantitatively investigated by [114,115].
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4. A case study application

This section will present a simplified application of the procedure presented in Section 3 for stranding risk assessment. Moreover,
stranding risk will be compared to natural hazards. The comparison among risks for a given building stock can provide useful insight
into planning and prioritizing risk mitigation measures and policies [57]. For instance, a comparison between expected economic
loss from different natural hazards hitting the same building stock can be carried out as made in [25]. Besides, different hazards
can be compared to provide a reference for the acceptable rate of fatalities due to buildings’ risks [116,117]. In detail, we will
assume the Italian building stock as a case study and compare a scenario-based stranding risk to the impacts of two natural hazards.
To perform a meaningful comparison, we will select comparable measures for the expected losses. In particular, concerning the
economic part, the loss will be considered as the cost for the necessary energy retrofit to reverse the stranding and for repair and
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reconstruction in the case of natural hazard damages. Thus, in both cases, the costs would restore the assets to the condition before
the negative impact.

4.1. Scenario-based stranding risk assessment of the Italian building stock

4.1.1. Scenario-based hazard and response models

Starting from the hazard model, we will assume a scenario inspired by the proposed 2023 draft of the EPBD [39,40]. The
EU Parliament approved the draft in a plenary session on 14 March 2023. After that, an institutional negotiation process started
discussing amendments to the draft and its implementation. The 2023 version approved by the EU Parliament introduced a
mandatory minimum EPC level of Class D from 2030 for non-residential and public buildings and 2033 for residential ones. However,
an updated final version has been approved in another plenary session on 12 March 2024 [41]. In this version, the planned goals
are expressed in terms of reduction of primary energy consumption for residential buildings and minimum energy performance for
non-residential ones. For example, the primary energy consumption of the residential building stock should decrease by 16% by
2030 and 22% by 2033 compared to the 2020 level. The difference between the 2023 and 2024 versions would allow for a more
gradual retrofit pace and more flexibility in mandatory requirements. Notably, additional higher requirements would be periodically
introduced until 2050 "in line with the transformation of the residential building stock into a zero-emission building stock" [41]. Finally,
the 2024 EPBD does not establish how these targets should be achieved, which is left to each EU country, but lists the enforcement
of minimum EPC thresholds as a possible way. On these premises, we will assume the enforcement of a mixed M p; composed of two
main parts. The first part is the minimum EPC level of Class D, inspired by the 2023 EPBD draft and the UK regulation with gradual
enforcement over the whole building stock in line with the 2024 EPBD. This M P, is assumed to lead to stranding for buildings
of lower EPC classes. The second segment encompasses the prescriptive measures to retrofit buildings and access fiscal incentives
currently enforced in Italy [87,109].

Concerning the response model, Bp, can be derived from the SIAPE database of the Italian National Agency for Energy [118].
SIAPE provides a publicly accessible online tool to consult the database of EPCs. In 2024 the database collects almost 5 million
residential EPCs representing a sizeable statistical sample. Also, according to Italian law, EPCs have to be prepared by a certified
professional which guarantees a minimum level of accuracy. Besides, despite any limitation of the absolute reliability of EPCs in
defining the energy class, a compliant certificate exhaustively defines the comparison between Mp, and Bp,. In particular, 30.7%
of the EPCs report a Class G, 23.4% Class F and 16% Class E, see Fig. 4 for reference. Assuming this distribution to be valid for the
whole building stock we can write:

P(Bp, < Mp,) = R, = (30.7 +23.4 + 16)% = 70.1% (6)
where R; is the expected share of stranded buildings in the scenario under study.
4.1.2. Scenario-based loss model
As per the framework presented in Section 3, the impact of stranding is linked to the retrofit that the building has to undergo

to reach Mp,. As in traditional natcat risk assessment [113], in this scenario analysis we will assume Lrt, as a vector composed of
the relevant costs and fatalities defined as follows:

Lrt, = [Crt, Nrt] )
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Table 3
Breakdown of retrofit measures costs.

Retrofit measure

Archetype
INS (€/m?) NG (€/m?) HP (€/m?) SC (€/m?)
A 263.7 14.5 36.3 11.4
B 232 8.6 21.5 17.7
C 177.7 9.3 23.3 15.1
Table 4
Retrofit costs for RT1 and RT2.
Archetype Retrofit Design
RT1 (€/m?) RT2 (€/m?)
A 289.6 311.4
B 258.3 271.2
C 202.1 216.1

where Crt and Nrt are the costs and the number of fatalities, respectively. Among the assumed retrofit designs, we will consider
the ones which entail the following measures:

» Insulation of the building envelope, including the replacement of windows - INS;

« Installation of a modern natural gas boiler and a heat pump - NG;

+ Installation of a hybrid heating system with a natural gas boiler and a heat pump - HP;
« Installation of solar collectors - SC.

On these bases, two retrofit designs are considered: (i) RT1, which entails INS, NG and SC; (ii) RT2, which entails INS, HP and SC.
As underlined by [109], RT1 does not always guarantee to reach Class D, which is, however, the case for RT2. Moreover, as shown
by Eq. (3), a net zero-emission building stock, which is the 2050 goal of the 2024 EPBD [41], would hardly be compatible with any
energy system based on fossil fuel.

In detail, [109] also presents the costs of different retrofits in agreement with the minimum requirements [87] included in Mp,
of three building archetypes. These archetypes are defined by [109] with different technical features retrieved from the TABULA
database [108]. As the most distinctive feature, building archetypes A, B and C have a total building area of 230, 1318 and 6080
m?, respectively. These archetypes were selected by [109] to be representative of the Italian residential building stock according
to two main criteria. First, the building area covers a significantly wide range of residential buildings, from single-family houses
with archetype A to large residential blocks with archetypes C. Second, the time of building construction covers four decades thus
encompassing multiple pre-retrofit characteristics: 1960s for archetype C, 1980s for B and 1990s for A. The work estimates the
retrofit costs for the four archetypes, including different interventions equivalent to the design RT1. As a reference, for archetype
A, these costs are in the range of €64700-68500, depending on the climate zone. We will consider the average value of this narrow
interval and the ratio between the cost and the building area, i.e. about 290 €/m?. The data from [109] are used to estimate the
costs of the HP. In detail, from relevant experience and industrial sources, we gather that HP has a cost roughly 2.5 times higher
than NG. A breakdown of each retrofit measure cost is reported in Table 3 while a summary of RT1 and RT2 costs is shown in
Table 4.

From Table 4, it is possible to appreciate that costs are usually lower for larger buildings and that the difference between RT2 and
RT1 is around 10%. Notably, these costs do not include professional design fees and financing costs in agreement with risk assessment
for natural hazards [25]. Overall, these values align with other works relevant to different countries. Indeed, for Germany, [88]
analyzes a wide range of possible retrofits with costs ranging from 318 to 524 €/m? depending on the type of buildings and their
final energy performances. Similarly, for Switzerland, [119] reports a retrofit cost range from 250 to 600 CHF/m?. For simplicity, we
will also assume single RT1 and RT2 costs equal to the average of the range of the three archetypes, i.e. 250 and 266.2 €/m?. While
such values can be considered the cost component Crt, of Lrty, this approximation neglects the actual prevalence of the archetypes
within the building stock. Hence, we assume Crty pry = 250 €/m? and Crtg pry = 266.2 €/m?. Thus, to approximately extend these
costs to the entire Italian residential building stock we retrieve from [113] a total surface of 2.5 billion m? based on a 2001 national
census. For reference, EU database provides a value of 2.53B m? [120] while other industry sources provide a similar estimation
at 2.8 B m? [121] or a significantly higher one at 4.1 B m? [122]. Hence, we define Ksry gry and Ksr, gy, as the expected cost to
revert the stranding of the building stock with RT1 and RT2 retrofits, respectively. Hence, Eq. (5) can be rewritten and Csr gy
and Csr gy, computed as follows:

Ksry gy = (0701 -250-2.5)B € = 438B € ®)

Ksry gra = (0701 -266.2 - 2.5)B € = 466.3B € ©)

A similar calculation has been performed for the Portuguese building stock by [60]. In detail, the work reports a total expenditure
of 76B€to retrofit 71% of the residential building stock according to the relevant building code standards. Given that the retrofitted
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Table 5
Fatalities and investments in the Italian construction sector.
Year Fatalities Investments (B €)
2018 193 126.7
2019 202 130
2020 205 122.8
2021 208 153.1
2022 171 176.6

building surface would have been close to 0.71 - 436 = 309 Mm? [120], this leads to an average retrofit cost of roughly 246 €/m?2.
The similarity between this value and Crt; gy supports the results of Egs. (8) and (9). In order to perform a comparison with other
risks and scenarios, the costs listed Ksr; gr; and Ksrg g can be transformed into an Expected Annual Loss, EAL. The EAL is the
expected yearly loss, usually normalized by a unit cost, UC, which should equal the cost of the complete building construction.
From [113] and [123] we retrieve that, for Italy, UC = 1350 €/m?2. Also, to simulate gradual enforcement and to annualize the
expected costs, we assume a constant retrofit rate set to cover the whole building stock in 2050. This implies, starting from 2024,
a period of T, = 26 years, which allows us to calculate EAL  zy; and EAL gy as follows:

EAL, gry = (0.701 - 250)/(UC - Ty) = 0.49% y~' 10

EAL, gr = (0.701 - 266.2)/(UC - T,) = 0.52% y~! (11)

EAL gy and EAL gy derive from the share of stranded buildings but are relevant to the entire residential building stock. It
has to be underlined that these values pertain to a given time interval, which makes them fixed-term risk metrics. This approach is
used to study hazards that are not ergodic [124,125], such as epidemics or seismicity during an earthquake swarm [117]. The second
component of Lrt, pertains to the fatalities caused by retrofit activities, i.e. Nrz,. It is assumed that: (i) fatalities would be among
the construction workers realizing the retrofit; (ii) other casualties such as injuries are neglected. As underlined by research works
on empirical data, casualties in the construction sector can be correlated to overall construction costs [115,126] or specific activities
such as scaffolding [114]. Opting for the cost-based approach, we retrieve from [126] that, in South Korea from 2013 to 2019, 829
fatalities occurred in residential construction works worth 347B$. Using micromorts as units of measure, mM as in [127,128], this
leads to a cost-adjusted fatality rate of Nrt,; y =2.38- 1073 mM ($ y)~!. To derive a similar value for Italy, we first rely on the database
of the National Institute for Insurance against Accidents at Work (INAIL) [129] to gather the fatalities number in the construction
sector from 2018 to 2022. The monetary value of construction works in the same years can be retrieved from [130]. The relevant
data are reported in Table 5.

Making an average of the five years listed in Table 5, we obtain Nrt, = 1.38 - 107> mM ($ y)~'. While the data here used for
Italy are not segmented for types of construction works as in [126], the magnitude similarity between Nrt, x and Nrt; supports the
validity of the approach. Moreover, a possible explanation for the higher value of Nrt, x could be that the South Korean construction
industry has a relatively higher risk level than other countries [131]. We define N, as the expected number of fatalities per year
and calculate N, gy and N gy as follows:

Ndg pry = Nrtg - Ksrgpry [Ty =23.3 y~! (12)

NdS,RTZ = Nrtx : Ksrs,RTZ/Tv =248 y_l (13)

Ndg pry and Nd; pr are, similarly to EAL gy and EAL g7y, fixed-term risk metrics relevant to the scenario understudy. Both
EALs and Nds are reported in Table 6.

4.2. Natural hazards

We have selected seismic and flood hazards given their historical significance for the Italian building stock and the availability
of risk analyses.

4.2.1. Seismic risk

The quantification of seismic risk for the existing building stock is based on the analysis performed by [113]. In detail, the analysis
combines seismic hazard models [132], exposure data and empirical fragility curves for costs [133,134] and casualties [135]. The
hazard model consisted of a map of peak ground acceleration, assuming uniform stiff soil, with a specific return period. Concerning
exposure data, the analysis employed a detailed mapping of key structural characteristics of the building stock, such as: (i) age
of construction; (ii) number of floors and (iii) type of construction, if reinforced concrete or masonry. Besides, empirical fragility
curves provided the probabilistic model for damage states resulting from the combination of peak ground acceleration and structural
characteristics. These damage states are then linked to specific repair and reconstruction costs expressed as a fraction of UC.
It is worth noting that these costs are assessed with a top-down approach rather than starting from a relevant set of materials
and activities needed for the repair and reconstruction. However, as assessed in [136], the results are still reliable. Besides, the
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Table 6
Comparison of risk metrics for the Italian building stock.
Risk metrics Type of risk
Stranding Seismic Flood
RT1 RT2
EAL (1) 0.49% 0.52% 0.063% 0.09%
Nd (™) 23.3 24.8 505 15.8

satisfactory large-scale comparison with real historical data made by [113] also supports this assumption. The results in terms of
EAL are relevant to the entire building stock and computed considering the same UC and used in Egs. (10) and (11). Hence, we
gather that EAL,,,, = 0.063% y~! and Nd,,,, = 505 y~!. These values are reported in Table 6. For reference, [113] underlines that,
while EAL,,,, is rather in line with the last 50 years of earthquake consequences in Italy, Nd,,,, is five times higher. On the other
hand, as explained by [113,137] earthquakes are associated with high uncertainties, and the relevant consequences can easily be
much above some decades average. Finally, risk metrics can vary significantly depending on the hazard level of a given area and the
built environment vulnerability. As a result, EALs can exhibit up to 2 orders of magnitude difference [113,138]. For reference, in the
case of an RC building with more than 4 floors, EAL can vary between 0.001 and 0.13% y~! according to the geographical location
and age of construction [138], whereas for older unreinforced masonry building this value can be several times higher [139].

4.2.2. Flooding risk

The quantification of flooding risk for the Italian building stock is based on a 2023 report from the Italian Central Bank [140].
This report combines data from flood hazard models [141,142], exposure levels of the building stock based on the national census,
as in [143], and damage curves [144]. The analysis presents two main approaches based on the use of two different hazard models
developed by ISPRA [141] and JRC [142] respectively. The latter provides the for every area analyzed the flood depth for each
return period considered. ISPRA model however provides data on the entire national territory and accounts in some areas for the
presence of flood defences. Flood water depth from the JRC model allows however to use empirical damage curves [144] that,
by adopting the same UC, would permit a direct comparison with the risk assessed in Sections 4.1 and 4.2.1. Thus we selected
the approach based on the JRC model which considered the actual height of the building compared to the expected flood depth.
The results provide an expected loss of “building wealth” equal to 4B€ or 0.09% per year. It has to be noted that this percentage is
assessed in comparison with the market value of the building stock. Consequently, the absolute value of the loss is also a result of
such an assumption. This could appear to be not consistent with the methodology used for EAL, gy, EAL; gy and EALy,,,. On
the other hand, the damage curves [144] used by [140] have been developed to calculate the buildings’ damage as a function of
the weather depth of the flood. Still, the damage cost is expressed as a fraction of the construction cost and not the market value
of the single building. This is also confirmed by [123] that uses the same damage curves to evaluate the EALs due to earthquakes
and floods as a fraction of the construction cost, which we have defined as UC. Thus, given the annual loss in percentage value
from [140] is, de facto, comparable with EAL gy, EAL gy and EAL,,, even if the absolute monetary value is not. Therefore,
we can write EAL ;1,4 = 0.09%y~". The expected number of fatalities can be evaluated using statistical data from 50 years between
1964 and 2014 [145]. In this period, floods have caused 784 deaths in Italy, which leads to Nd,,, = 15.8y~!. These results are
listed in Table 6. Overall, these risk metrics should be considered in perspective given the high uncertainty and current trends.
Indeed, according to [123], EAL can reach 0.57% in certain locations of the Veneto region in the north of Italy. Moreover, given
that Ndg,,, has been retrieved from historical data, it should be noted that, on average, the mortality due to floods and other
natural hazards has been declining in the last few decades [146,147].

5. Discussion and limitations
5.1. Discussion

This study carried out a simplified stranding risk assessment of the Italian building stock based on a scenario derived from the
2024 EPBD. The comparison reported in Table 6 shows that the EAL from Stranding risk in the considered scenario is roughly three
times the combined EALSs from seismic and flood risks.

This highlights the importance of investigating stranding risk and its relationships with retrofit design, environmental goals and
relevant policies. In this respect, the approach presented in Section 3 could represent a more robust method to assess such risk.
While it requires additional data and analytical efforts, especially when full-probabilistic analyses are involved, it is aligned with
other risk assessment practices. This would allow portfolio managers and insurance stakeholders to consider the relevant impacts.

Besides, the sheer size of the retrofit costs of the analyzed scenario raises the question of whether it could be categorized as
sustainability-induced "creative destruction" [148]. The concept of "creative destruction" was popularized by Schumpeter at the
beginning of the 20th century [149] as a derivation from Marxist theory [150]. The concept was used to describe the obsolescence
of old productive methods by newer, more profitable or efficient ones with consequent loss of value. The more recent [148,151],
and others hereafter, presented the impact of sustainability in terms of "creative destruction" for various industry sectors. In this
case, the sustainability trend would have prompted the replacement, i.e. “destruction”, of less environmentally friendly productive
forces. Concerning the construction sector, few studies have referred, in a qualitative way, to the same phenomenon [152,153].
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Along the same line, the Buildings Performance Institute Europe (BPIE) concluded that the level of investment required by
EPBD goals would be similar to that of the WWII postwar reconstruction [39]. Besides, a publication from the Italian National
Agency for New Technologies, ENEA, advocated for a “Marshall plan” to support the renovation of EU buildings [154]. The
reference is to the extensive damage received by the European building stock during WWIIL, which, however, exhibited different
magnitudes even among the most affected European countries as, for example, between Germany [155,156] and Italy [157].
Conversely, the comparison with destructive natural hazards in Table 6 appears to be a quantitative hint of the applicability of
the sustainability-induced “creative destruction” definition.

It is worth noticing that a similar order of magnitude has already been found by [60] for the retrofit of the Portuguese building
stock. Besides, it has been highlighted that, given the massive resources required, the implementation of decarbonization pathways
should adhere to the principle of fairness [158].

Moreover, the scale of the phenomenon could trigger the rise of several cascading risks [159,160]. In this respect, few studies
have highlighted how the transition to electricity-based thermal energy, as in the HP retrofit measure, could not be met by the
existing or short-term planned energy grid [161,162]. Another example of cascading risks is related to the increased fire risk due to
retrofits involving combustible thermal insulation [59,163] or heat pumps with flammable refrigerants [164,165] whose diffusion is
supported by the phasing out of high-gwp halocarbons [15]. Besides, the absence of countermeasures to embodied carbon in retrofit
prescriptions [69] may hinder the decarbonization efforts [68] in a mechanism similar to the energy-emission trap [166].

Finally, these results may inform the development or revisions of policies about: (i) the practical implementation of decar-
bonization pathways for the building environment, (ii) the technical requirements or minimum performances of energy retrofits,
(iii) the enforcement of stranding measures for building assets. Concerning (i), this study highlight that net-zero targets by 2050
pose significant challenges that cannot be faced by the building environment alone but require massive results for the energy sector
too. About (ii), it appears that current technical requirements for building energy retrofits are not compatible with net-zero targets
and may result in additional costs. Regarding point (iii), it is critical to consider the economic impact of stranding measures so that
they will not result in an unfair burden or an ineffective stimulus to retrofit.

5.2. Limitations

Several limitations affect the methodology and the application presented in Sections 3 and 4. First, enforcing any Mp could
follow different paths for buildings depending on their destination use. This differentiation can be made based on (i) investment or
personal use property, (ii) commercial or residential use. Thus, the combinations of these factors and additional sub-categorizations
could influence stranding risk assessment.

Both the methodology presented in Section 3 and the assessment of the EALs in Section 4 assume that a retrofit would,
immediately or in the short-term, occur right after both the stranding and any damage from natural hazards. While this is a common
hypothesis in assessing physical risks, stranding risk may exhibit a different nature.

For Mp enforced on large building stock, Mp and the average Bp may not be statistically independent. Indeed, policymakers
may calibrate the level of Mp considering the average Bp level and the consequent impact. Similarly, the evolution in time of Mp
and Bp may be correlated, since multiple stranding events could have a significant impact. Moreover, M p could also be dependent
on the loss function Lrt as in the UK regulation [42], where the retrofit costs for owners are capped for residential buildings and
linked to a financial return for commercial ones.

The definition of the loss function Lrt, is also affected by high uncertainty. For reference, a standard indicator of the economic
efficiency of a building energy retrofit is the ratio between the yearly energy saving and the initial costs, IES parameter from now
on. In this respect, a 2022 report of the Bank of Italy [167] estimated that a cost of 13.95B€ in retrofits of the building stock would
have led to yearly energy saving of 191 ktoe equal to 2.21MWh. Thus, the resulting IES equals 0.16kWh/€. In comparison, the same
study used as a basis for Table 4, estimated the IES in the range from 0.34kWh/€ in the warmest climate zone to 0.63kWh/€ in the
coldest one [109]. Thus, there is almost a 300% difference between the IES from [167] and the middle of the range from [109].
We have however not considered the report [167] because: (i) the report has, most probably, considered the cumulative costs of
both energy and seismic retrofit, as was presented in the reported source [168], which could have reduced the relevant IES; (ii) the
same source [168] does not provide enough details to verify the relevant calculations; (iii) IES has been estimated to be 0.35kWh/€
for Portugal [60] and in the range 0.40-0.65kWh/€ for Germany, not considering extreme retrofits, [88], which are more in line
with [109]. Still, the aforementioned differences highlight the variability in the cost estimation, which also significantly depends
on professional design costs, financing fees and several economic trends [169]. Besides, the fatality rate for stranding risk has been
estimated assuming a constant proportionality between fatality and costs of construction work. Nonetheless, it has to be considered
that such a relationship is more likely variable over time [170]. Along this line, factors such as carbon tax rates or others that
may contribute to loss assessment have not been considered in the scenario analysis. This simplification has allowed an approach
comparable with conventional risk assessment methods for other natural hazards. Finally, the analytical framework formalized by
Eq. (5) could result in a non-linear system if the probabilistic models for “hazard”, “response” and loss entail several parameters.
Thus, theoretically, a sensitivity analysis would be useful to quantify the parameters’ influence on results’ variance. However, in
the specific case of the scenario analysis provided in Section 4.1, Eq. (8), (9), (12) and (13) are linear combinations where the
three segments are proportionally correlated in the same way to the result. However, within the same equations, a single scenario
parameter can influence multiple factors. For instance, shifting the EPC threshold, i.e. Mp,, from class D to class E and F would
have lowered R, from Eq. (6) by 16% and 23.4% respectively. This difference would also increase in the final risk assessment given
the expected lower retrofit costs to deliver a lower A4p.
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6. Conclusions and future developments

This work has investigated the stranding risk of the building stock given the envisaged energy transition. First, a critical review
of the state-of-the-art procedures has been presented. Second, this work proposes a probabilistic framework for stranding risk
assessment. Third, we performed a scenario-based assessment of stranding risk for the Italian building stock. Fourth, the relevant
results have been compared to the effects of seismic and flood hazards.

The main conclusions, in relation to the goals presented in Section 1, are outlined below:

(1) Current methodologies, such as CRREM, are affected by some limitations mainly due to: (i) inconsistency between envisaged
decarbonization pathways and enforced minimum performance prescriptions, (ii) the evolving nature of such pathways given
the relationship with the remaining emission budget, (iii) the incompatibility between the pathways and currently adopted
technological solutions for building energy retrofits. These limitations can result in practical issues on the design level and
relevant stranding assessment.

(2) Some limitations can be solved with a more robust and probabilistic approach. From a practical viewpoint, such an approach
requires data and analysis that are not yet available, given the recent nature of stranding risk. However, existing methods
derived from other risk assessment practices can deliver such results.

(3) A scenario based on the enforcement of the 2024 EPBD has been used to evaluate the costs associated with the stranding risk
for the Italian building stock. The estimated total costs are over 400B euros.

(4) The expected annual loss from stranding, seismic and flood risk of the Italian building stock has been compared. In the
considered scenario, stranding risk is worth three times seismic and flood risks combined.

As regards further developments, the definition and application of the proposed design method could be improved by future
research along the following lines: (i) techniques such as expert elicitation can be adopted to achieve a full probabilistic definition
of the stranding hazard, (ii) the scenario analysis of stranding risks can be modified and expanded to account for any evolution
in public policies, (iii) loss functions for stranding risk can be updated and increased in detail to account for different building
archetypes and technology or materials adopted for energy retrofits, (iv) a more comprehensive approach to risk quantification for
the building stock including other man-made and natural hazards and their possible interactions, (v) extend the approach to other
geographies with different climates and hazard sources, (vi) the possible cascading risks and the environmental impact of large-scale
stranding should be investigated also considering planned decarbonization pathways.

CRediT authorship contribution statement

Rocco di Filippo: Writing — review & editing, Writing — original draft, Validation, Software, Methodology, Investigation, Formal
analysis, Data curation, Conceptualization. Gianluca Maracchini: Writing — review & editing, Writing — original draft, Validation,
Supervision, Methodology, Funding acquisition, Data curation.

Declaration of competing interest

The authors declare that they have no known competing financial interests or personal relationships that could have appeared
to influence the work reported in this paper.

Data availability
Data will be made available on request.
Acknowledgments
This work has been funded by the University of Trento, Italy in the framework of the project BETTER (CUP E63C22000500003).

References

[1] UN, United Nations Environment Programme (2021). 2021 Global Status Report for Buildings and Construction: Towards a Zero-emission, Efficient
and Resilient Buildings and Construction Sector, Tech. Rep., Nairobi, Kenya, 2021, URL https://globalabc.org/resources/publications/2021-global-status-
report-buildings-and-construction.

[2] K. Amasyali, N.M. El-Gohary, A review of data-driven building energy consumption prediction studies, Renew. Sustain. Energy Rev. 81 (2018) 1192-1205,
http://dx.doi.org/10.1016/j.rser.2017.04.095, URL https://www.sciencedirect.com/science/article/pii/S1364032117306093.

[3] U.N. UN, Mapping of existing energy efficiency standards and technologies in buildings in the UNECE region, in: ECONOMIC COMMISSION FOR EUROPE
Joint Task Force on Energy Efficiency Standards in Buildings, United Nations, Geneve, 2018, URL https://unece.org/info/publications/pub/2917.

[4] H. Zhang, K. Hewage, H. Karunathilake, H. Feng, R. Sadiq, Research on policy strategies for implementing energy retrofits in the residential
buildings, J. Build. Eng. 43 (2021) 103161, http://dx.doi.org/10.1016/j.jobe.2021.103161, URL https://www.sciencedirect.com/science/article/pii/
$2352710221010196.

[5] J. Curtin, C. McInerney, B. O Gallachéir, C. Hickey, P. Deane, P. Deeney, Quantifying stranding risk for fossil fuel assets and implications for renewable
energy investment: A review of the literature, Renew. Sustain. Energy Rev. 116 (2019) 109402, http://dx.doi.org/10.1016/j.rser.2019.109402, URL
https://www.sciencedirect.com/science/article/pii/S1364032119306100.

14


https://globalabc.org/resources/publications/2021-global-status-report-buildings-and-construction
https://globalabc.org/resources/publications/2021-global-status-report-buildings-and-construction
https://globalabc.org/resources/publications/2021-global-status-report-buildings-and-construction
http://dx.doi.org/10.1016/j.rser.2017.04.095
https://www.sciencedirect.com/science/article/pii/S1364032117306093
https://unece.org/info/publications/pub/2917
http://dx.doi.org/10.1016/j.jobe.2021.103161
https://www.sciencedirect.com/science/article/pii/S2352710221010196
https://www.sciencedirect.com/science/article/pii/S2352710221010196
https://www.sciencedirect.com/science/article/pii/S2352710221010196
http://dx.doi.org/10.1016/j.rser.2019.109402
https://www.sciencedirect.com/science/article/pii/S1364032119306100

R. di Filippo and G. Maracchini Journal of Building Engineering 96 (2024) 110448

(6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

G. Dericks, R. Potts, B. Caldecott, Stranded property assets in China’s resource-based cities: Implications for financial stability, 2018, URL https:
//www.smithschool.ox.ac.uk/sites/default/files/2022-04/Stranded- Property- Assets-in- Chinas- Resource-based- Cities- Working-Paper.pdf.

M.M. Spanner, J. Wein, Carbon risk real estate monitor: Making decarbonisation in the real estate sector measurable, J. Eur. Real Estate Res. 13 (3)
(2020) 277-299, http://dx.doi.org/10.1108/jerer-05-2020-0031.

R. di Filippo, O.S. Bursi, M. Ragazzi, M. Ciucci, Natech risk and the impact of high-GWP content release on LCA of industrial components,
Process Saf. Environ. Prot. 160 (2022) 683-694, http://dx.doi.org/10.1016/j.psep.2022.02.042, URL https://www.sciencedirect.com/science/article/pii/
$095758202200163X.

R. di Filippo, O.S. Bursi, R. di Maggio, Global warming and ozone depletion potentials caused by emissions from HFC and CFC banks due structural
damage, Energy Build. 273 (2022) 112385, http://dx.doi.org/10.1016/j.enbuild.2022.112385, URL https://www.sciencedirect.com/science/article/pii/
S0378778822005564.

UN, United Nations, Montreal Protocol on Substances that Deplete the Ozone Layer Final Act 1987, J. Environ. Law 1 (1) (1989) 128-136, http:
//dx.doi.org/10.1093/jel/1.1.128.

P. Newman, L. Oman, A. Douglass, E. Fleming, S. Frith, M. Hurwitz, S. Kawa, C. Jackman, N. Krotkov, E. Nash, J. Nielsen, S. Pawson, R. Stolarski,
G.J.M. Velders, What would have happened to the ozone layer if chlorofluorocarbons (CFCs) had not been regulated? Atmos. Chem. Phys. Discuss. 8
(2008) 20565-20606, http://dx.doi.org/10.5194/acpd-8-20565-2008.

S. Solomon, D.J. Ivy, D. Kinnison, M.J. Mills, R.R. Neely, A. Schmidt, Emergence of healing in the antarctic ozone layer, Science 353 (6296)
(2016) 269-274, http://dx.doi.org/10.1126/science.aae0061, arXiv:https://www.science.org/doi/pdf/10.1126/science.aae0061, URL https://www.science.
org/doi/abs/10.1126/science.aae0061.

G.J. Velders, D.W. Fahey, J.S. Daniel, S.0. Andersen, M. McFarland, Future atmospheric abundances and climate forcings from scenarios of global
and regional hydrofluorocarbon (HFC) emissions, Atmos. Environ. 123 (2015) 200-209, http://dx.doi.org/10.1016/j.atmosenv.2015.10.071, URL https:
//www.sciencedirect.com/science/article/pii/S135223101530488X.

S. Montzka, G. Velders, P. Krummel, J. Miihle, V. Orkin, S. Park, N. Shah, H. Walter-Terrinoni, Hydrofluorocarbons: Chapter 2. Scientific Assessment of
Ozone Depletion: 2018. Global Ozone Research and Monitoring Project-Report No. 58, Tech. Rep., Geneva, Switzerland, 2018.

E.A. Heath, Amendment to the montreal protocol on substances that deplete the ozone layer (kigali amendment), Int. Legal Mater. 56 (1) (2017) 193-205,
http://dx.doi.org/10.1017/ilm.2016.2.

WMO, World meteorological organization - Scientific assessment of ozone depletion: 2018, global ozone research and monitoring project, 2018, Report
No. 58, Geneva, Switzerland. URL https://public.wmo.int/en/resources/library/scientific-assessment-of-ozone-depletion-2018.

J. Hart, B. D’Amico, F. Pomponi, Whole-life embodied carbon in multistory buildings: Steel, concrete and timber structures, J. Ind. Ecol. 25 (2) (2021)
403-418, http://dx.doi.org/10.1111/jiec.13139, URL https://onlinelibrary.wiley.com/doi/abs/10.1111/jiec.13139. arXiv:https://onlinelibrary.wiley.com/
doi/pdf/10.1111/jiec.13139.

C. Hill, A. Norton, J. Dibdiakova, A comparison of the environmental impacts of different categories of insulation materials, Energy Build. 162 (2018)
12-20, http://dx.doi.org/10.1016/j.enbuild.2017.12.009, URL https://www.sciencedirect.com/science/article/pii/S0378778817334679.

European Central Bank and European Systemic Risk Board, ECB/ESRB, Climate-Related Risk and Financial Stability, Tech. Rep., Report of the Project
Team on climate risk monitoring, 2021, URL https://www.esrb.europa.eu/pub/reports/html/index.en.html.

J. Hirsch, T. Braun, S. Bienert, Assessment of climatic risks for real estate, Property Manag. 33 (2015) 494-518, http://dx.doi.org/10.1108/PM-01-2015-
0005.

L. Alfieri, P. Burek, L. Feyen, G. Forzieri, Global warming increases the frequency of river floods in Europe, Hydrol. Earth Syst. Sci. 19 (5) (2015)
2247-2260, http://dx.doi.org/10.5194/hess-19-2247-2015, URL https://hess.copernicus.org/articles/19/2247/2015/.

R. Snaiki, S.S. Parida, Climate change effects on loss assessment and mitigation of residential buildings due to hurricane wind, J. Build. Eng. 69 (2023)
106256, http://dx.doi.org/10.1016/].jobe.2023.106256, URL https://www.sciencedirect.com/science/article/pii/S2352710223004357.

G. Forzieri, L. Feyen, S. Russo, M. Vousdoukas, L. Alfieri, S. Outten, M. Migliavacca, A. Bianchi, R. Rojas, A. Cid, Multi-hazard assessment in Europe
under climate change, Clim. Change 137 (1-2) (2016) 105-119, http://dx.doi.org/10.1007/510584-016-1661-x.

D. Hazra, P. Gallagher, Role of insurance in wildfire risk mitigation, Econ. Model. 108 (2022) 105768, http://dx.doi.org/10.1016/j.econmod.2022.105768,
URL https://www.sciencedirect.com/science/article/pii/S0264999322000141.

C. Arrighi, M. Tanganelli, M.T. Cristofaro, et al., Multi-risk assessment in a historical city, Nat. Hazards (2022) http://dx.doi.org/10.1007/s11069-021-
05125-6.

European Parliament and Council, Directive 2002/91/EC of the European Parliament and of the Council of 16 December of 2002 on the Energy
Performance of Buildings, Tech. Rep. L 1/65 — L 1/71, Official Journal of the European Communities, 2002.

European Parliament and Council, Directive 2010/31/EU of the European Parliament and of the Council of 19 May 2010 on the Energy Performance of
Buildings, Tech. Rep. L 153/13 — L 153/35, Official Journal of the European Union, 2010.

L.M. Lépez-Ochoa, J. Las-Heras-Casas, P. Olasolo-Alonso, L.M. Lépez-Gonzélez, Towards nearly zero-energy buildings in mediterranean countries: Fifteen
years of implementing the energy performance of buildings directive in Spain (2006-2020), J. Build. Eng. 44 (2021) 102962, http://dx.doi.org/10.1016/
j.jobe.2021.102962, URL https://www.sciencedirect.com/science/article/pii/S$2352710221008202.

M. Cajias, F. Fuerst, S. Bienert, Tearing down the information barrier: The price impacts of energy efficiency ratings for buildings in the German rental
market, Energy Res. Soc. Sci. 47 (2019) 177-191, http://dx.doi.org/10.1016/j.erss.2018.08.014.

Bio Intelligence Service and Lyons, Ronan and IEEP, Energy Performance Certificates in Buildings and Their Impact on Transaction Prices and Rents in
Selected EU Countries, Tech. Rep., Final report prepared for European Commission (DG Energy), 2013, URL https://energy.ec.europa.eu/system/files/2014-
11/20130619-energy_performance_certificates_in_buildings_0.pdf.

J. Olaussen, A. Oust, Energy performance certificates- Informing the informed or the indifferent? Energy Policy 111 (2017) 246-254, http://dx.doi.org/
10.1016/j.enpol.2017.09.029.

F. Fuerst, P. McAllister, Eco-labeling in commercial office markets: Do LEED and energy star offices obtain multiple premiums? Ecol. Econ. 70 (6) (2011)
1220-1230, http://dx.doi.org/10.1016/j.ecolecon.2011.01.026, URL https://www.sciencedirect.com/science/article/pii/S0921800911000565.

V.-A. Porumb, G. Maier, I. Anghel, The impact of building location on green certification price premiums: Evidence from three European countries, J. Clean.
Prod. 272 (2020) 122080, http://dx.doi.org/10.1016/j.jclepro.2020.122080, URL https://www.sciencedirect.com/science/article/pii/$0959652620321272.
W. Li, G. Fang, L. Yang, The effect of LEED certification on office rental values in China, Sustain. Energy Technol. Assess. 45 (2021) 101182,
http://dx.doi.org/10.1016/j.seta.2021.101182, URL https://www.sciencedirect.com/science/article/pii/S2213138821001922.

M. Economidou, B. Atanasiu, D. Staniaszek, J. Maio, I. Nolte, O. Rapf, J. Laustsen, P. Ruyssevelt, D. Strong, S. Zinetti, Europe’s Buildings Under the
Microscope. A Country-By-Country Review of the Energy Performance of Buildings, 2011, ISBN 9789491143014.

G. Paoletti, R. Pascuas, R. Pernetti, R. Lollini, Nearly zero energy buildings: An overview of the main construction features across Europe, Buildings 7
(2017) 43.

H. Sibileau, et al., BPIE (Buildings Performance Institute Europe) (2021). Deep Renovation: Shifting from exception to standard practice in EU Policy,
Tech. Rep., 2021, URL https://www.bpie.eu/publication/deep-renovation-shifting- from-exception- to-standard- practice-in-eu-policy/.

J. Arbon, M. Allington, J. Lonsdale, O. Brajterman, M. Jamieson, Y. Verstraeten, Energy Performance of Buildings Directive (EPBD) - compliance study
: final report, European Commission and Directorate-General for Energy, Publications Office, 2015, http://dx.doi.org/10.2833/281509.

15


https://www.smithschool.ox.ac.uk/sites/default/files/2022-04/Stranded-Property-Assets-in-Chinas-Resource-based-Cities-Working-Paper.pdf
https://www.smithschool.ox.ac.uk/sites/default/files/2022-04/Stranded-Property-Assets-in-Chinas-Resource-based-Cities-Working-Paper.pdf
https://www.smithschool.ox.ac.uk/sites/default/files/2022-04/Stranded-Property-Assets-in-Chinas-Resource-based-Cities-Working-Paper.pdf
http://dx.doi.org/10.1108/jerer-05-2020-0031
http://dx.doi.org/10.1016/j.psep.2022.02.042
https://www.sciencedirect.com/science/article/pii/S095758202200163X
https://www.sciencedirect.com/science/article/pii/S095758202200163X
https://www.sciencedirect.com/science/article/pii/S095758202200163X
http://dx.doi.org/10.1016/j.enbuild.2022.112385
https://www.sciencedirect.com/science/article/pii/S0378778822005564
https://www.sciencedirect.com/science/article/pii/S0378778822005564
https://www.sciencedirect.com/science/article/pii/S0378778822005564
http://dx.doi.org/10.1093/jel/1.1.128
http://dx.doi.org/10.1093/jel/1.1.128
http://dx.doi.org/10.1093/jel/1.1.128
http://dx.doi.org/10.5194/acpd-8-20565-2008
http://dx.doi.org/10.1126/science.aae0061
http://arxiv.org/abs/https://www.science.org/doi/pdf/10.1126/science.aae0061
https://www.science.org/doi/abs/10.1126/science.aae0061
https://www.science.org/doi/abs/10.1126/science.aae0061
https://www.science.org/doi/abs/10.1126/science.aae0061
http://dx.doi.org/10.1016/j.atmosenv.2015.10.071
https://www.sciencedirect.com/science/article/pii/S135223101530488X
https://www.sciencedirect.com/science/article/pii/S135223101530488X
https://www.sciencedirect.com/science/article/pii/S135223101530488X
http://refhub.elsevier.com/S2352-7102(24)02016-3/sb14
http://refhub.elsevier.com/S2352-7102(24)02016-3/sb14
http://refhub.elsevier.com/S2352-7102(24)02016-3/sb14
http://dx.doi.org/10.1017/ilm.2016.2
https://public.wmo.int/en/resources/library/scientific-assessment-of-ozone-depletion-2018
http://dx.doi.org/10.1111/jiec.13139
https://onlinelibrary.wiley.com/doi/abs/10.1111/jiec.13139
http://arxiv.org/abs/https://onlinelibrary.wiley.com/doi/pdf/10.1111/jiec.13139
http://arxiv.org/abs/https://onlinelibrary.wiley.com/doi/pdf/10.1111/jiec.13139
http://arxiv.org/abs/https://onlinelibrary.wiley.com/doi/pdf/10.1111/jiec.13139
http://dx.doi.org/10.1016/j.enbuild.2017.12.009
https://www.sciencedirect.com/science/article/pii/S0378778817334679
https://www.esrb.europa.eu/pub/reports/html/index.en.html
http://dx.doi.org/10.1108/PM-01-2015-0005
http://dx.doi.org/10.1108/PM-01-2015-0005
http://dx.doi.org/10.1108/PM-01-2015-0005
http://dx.doi.org/10.5194/hess-19-2247-2015
https://hess.copernicus.org/articles/19/2247/2015/
http://dx.doi.org/10.1016/j.jobe.2023.106256
https://www.sciencedirect.com/science/article/pii/S2352710223004357
http://dx.doi.org/10.1007/s10584-016-1661-x
http://dx.doi.org/10.1016/j.econmod.2022.105768
https://www.sciencedirect.com/science/article/pii/S0264999322000141
http://dx.doi.org/10.1007/s11069-021-05125-6
http://dx.doi.org/10.1007/s11069-021-05125-6
http://dx.doi.org/10.1007/s11069-021-05125-6
http://refhub.elsevier.com/S2352-7102(24)02016-3/sb26
http://refhub.elsevier.com/S2352-7102(24)02016-3/sb26
http://refhub.elsevier.com/S2352-7102(24)02016-3/sb26
http://refhub.elsevier.com/S2352-7102(24)02016-3/sb27
http://refhub.elsevier.com/S2352-7102(24)02016-3/sb27
http://refhub.elsevier.com/S2352-7102(24)02016-3/sb27
http://dx.doi.org/10.1016/j.jobe.2021.102962
http://dx.doi.org/10.1016/j.jobe.2021.102962
http://dx.doi.org/10.1016/j.jobe.2021.102962
https://www.sciencedirect.com/science/article/pii/S2352710221008202
http://dx.doi.org/10.1016/j.erss.2018.08.014
https://energy.ec.europa.eu/system/files/2014-11/20130619-energy_performance_certificates_in_buildings_0.pdf
https://energy.ec.europa.eu/system/files/2014-11/20130619-energy_performance_certificates_in_buildings_0.pdf
https://energy.ec.europa.eu/system/files/2014-11/20130619-energy_performance_certificates_in_buildings_0.pdf
http://dx.doi.org/10.1016/j.enpol.2017.09.029
http://dx.doi.org/10.1016/j.enpol.2017.09.029
http://dx.doi.org/10.1016/j.enpol.2017.09.029
http://dx.doi.org/10.1016/j.ecolecon.2011.01.026
https://www.sciencedirect.com/science/article/pii/S0921800911000565
http://dx.doi.org/10.1016/j.jclepro.2020.122080
https://www.sciencedirect.com/science/article/pii/S0959652620321272
http://dx.doi.org/10.1016/j.seta.2021.101182
https://www.sciencedirect.com/science/article/pii/S2213138821001922
http://refhub.elsevier.com/S2352-7102(24)02016-3/sb35
http://refhub.elsevier.com/S2352-7102(24)02016-3/sb35
http://refhub.elsevier.com/S2352-7102(24)02016-3/sb35
http://refhub.elsevier.com/S2352-7102(24)02016-3/sb36
http://refhub.elsevier.com/S2352-7102(24)02016-3/sb36
http://refhub.elsevier.com/S2352-7102(24)02016-3/sb36
https://www.bpie.eu/publication/deep-renovation-shifting-from-exception-to-standard-practice-in-eu-policy/
http://dx.doi.org/10.2833/281509

R. di Filippo and G. Maracchini Journal of Building Engineering 96 (2024) 110448

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]
[49]

[50]

[51]

[52]
[53]

[54]
[55]
[56]
[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]
[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

A. Wilson, Revision of the Energy Performance of Buildings Directive: Fit for 55 package, EPRS | European Parliamentary Research Service, PE 698.901
— February 2022, 2022, URL https://www.europarl.europa.eu/RegData/etudes/BRIE/2022/698901/EPRS_BRI(2022)698901_EN.pdf.

European Parliament, Amendments adopted by the European Parliament on 14 March 2023 on the proposal for a directive of the European Parliament
and of the Council on the energy performance of buildings (recast) (COM(2021)0802 — C9-0469/2021 - 2021/0426(COD)), 2023, URL https://eur-
lex.europa.eu/legal-content/EN/ALL/?uri=EP:P9_TA(2023)0068.

Council of the European Union and European Parliament, Proposal for a Directive Of The European Parliament and of the Council on the energy
performance of buildings (recast) - Outcome of the European Parliament’s first reading (Strasbourg, 11 to 14 March 2024), 2024, URL https://eur-
lex.europa.eu/legal-content/EN/ALL/?uri=consil:ST_7532_2024_INIT.

UK Government, Secretary of State for Energy and Climate Change, Statutory Instrument, 2015 No. 962, The Energy Efficiency (Private Rented Property)
(England and Wales) Regulations 2015, 2015, URL https://www.legislation.gov.uk/uksi/2015/962/made.

Ministére de la Transition écologique et de la Cohésion des territoires, Décret n° 2021-19 du 11 janvier 2021 relatif au critére de performance énergétique
dans la définition du logement décent en France métropolitaine, 2021, URL https://www.legifrance.gouv.fr/jorf/id/JORFTEXT000042953125.

G. de Blasio, L. Lavecchia, M. Loberto, v. Michelangeli, L. Rodano, G. Roma, P. Tommasino, Il Miglioramento Dell’efficienza Energetica Delle Abitazioni
In Italia: Lo Stato Dell’arte E Alcune Considerazioni Per Gli Interventi Pubblici, Questioni di Economia e Finanza (Occasional Papers) 845, Bank of Italy,
Economic Research and International Relations Area, 2024, URL https://www.bancaditalia.it/pubblicazioni/qef/2024-0845/QEF 845 24 ITA.pdf.

M.M. Sesana, G. Salvalai, N. Della Valle, G. Melica, P. Bertoldi, Towards harmonising energy performance certificate indicators in Europe, J. Build. Eng.
(2024) 110323, http://dx.doi.org/10.1016/j.jobe.2024.110323, URL https://www.sciencedirect.com/science/article/pii/S2352710224018916.

M. Monzén-Chavarrias, B. Lépez-Mesa, J. Resende, H. Corvacho, The nZEB concept and its requirements for residential buildings renovation in Southern
Europe: The case of multi-family buildings from 1961 to 1980 in Portugal and Spain, J. Build. Eng. 34 (2021) 101918, http://dx.doi.org/10.1016/j.jobe.
2020.101918, URL https://www.sciencedirect.com/science/article/pii/$2352710220335506.

United Nations Framework Convention on Climate Change, Paris agreement, 2015, Adopted at the 21st Conference of the Parties (COP21) in Le Bourget,
near Paris, France. URL https://unfccc.int/sites/default/files/english_paris_agreement.pdf.

S. Bienert, S. McGreal, P. Taltavull, Guest editorial, J. Eur. Real Estate Res. 13 (3) (2020) 273-276, http://dx.doi.org/10.1108/jerer-11-2020-061.

M.S. Jens Hirsch, S. Bienert, The carbon risk real estate monitor—Developing a framework for science-based decarbonizing and reducing stranding risks
within the commercial real estate sector, J. Sustain. Real Estate 11 (1) (2019) 174-190, http://dx.doi.org/10.22300/1949-8276.11.1.174.

L. Pitel, Germany passes watered-down ‘boiler ban’ law after months of infighting, 2024, Financial Times, September 8, 2023. URL https://www.ft.com/
content/2b9c7e75-74a0-4410-b7b3-8bba9dd7fdbc. (Accessed 20 February 2024).

J. Ambrose, UK government backs plan to ban gas and ‘hydrogen-ready’ boilers, 2024, The Guardian, December 13, 2023. URL https://www.theguardian.
com/business/2023/dec/13/uk-government-backs-plan-ban- gas-hydrogen-ready-boilers-newbuilds-2025. (Accessed 20 February 2024).

C.A. Cornell, H. Krawinkler, Progress and challenges in seismic performance assessment, 2000, PEER Center News. URL http://peer.berkeley.edu.

N. Attary, V.U. Unnikrishnan, JW. van de Lindt, D.T. Cox, A.R. Barbosa, Performance-based tsunami engineering methodology for risk assessment of
structures, Eng. Struct. 141 (2017) 676-686.

M. Barbato, F. Petrini, V.U. Unnikrishnan, M. Ciampoli, Performance-based hurricane engineering (PBHE) framework, Struct. Saf. 45 (2013) 24-35.

M. Ciampoli, F. Petrini, Performance-based Aeolian risk assessment and reduction for tall buildings, Probab. Eng. Mech. 28 (2012) 75-84.

F. Jalayer, S. Carozza, R. De Risi, G. Manfredi, E. Mbuya, Performance-based flood safety-checking for non-engineered masonry structures, Eng. Struct.
106 (2016) 109-123, http://dx.doi.org/10.1016/j.engstruct.2015.10.007, URL https://www.sciencedirect.com/science/article/pii/S0141029615006331.
R.A. Salgado, S. Guner, A structural performance-based environmental impact assessment framework for natural hazard loads, J. Build. Eng. 43 (2021)
102908, http://dx.doi.org/10.1016/j.jobe.2021.102908, URL https://www.sciencedirect.com/science/article/pii/S235271022100766X.

D. Lange, S. Devaney, A. Usmani, An application of the PEER performance based earthquake engineering framework to structures in fire, Eng. Struct.
66 (2014) 100-115.

R. di Filippo, L. Possidente, N. Tondini, O.S. Bursi, Quantitative integration of probabilistic fire risk assessment with LCA of buildings: The environmental
impact of thermal insulation design, J. Build. Eng. 160 (2023) 683-694, http://dx.doi.org/10.1016/j.psep.2022.02.042, URL https://www.sciencedirect.
com/science/article/pii/S095758202200163X.

P. Palma, J.P. Gouveia, R. Barbosa, How much will it cost? An energy renovation analysis for the Portuguese dwelling stock, Sustainable Cities Soc. 78
(2022) 103607, http://dx.doi.org/10.1016/j.scs.2021.103607, URL https://www.sciencedirect.com/science/article/pii/S2210670721008726.

Global Real Estate Sustainability Benchmark (GRESB), GRESB real estate assessment, 2023, https://www.gresb.com/. (Accessed: Date (e.g., October 10,
2023)).

Bundesministerium fiir Wirtschaft und Energie (BMWi), Energieeffizienzstrategie gebaude, 2015, https://www.bmwk.de/Redaktion/DE/Downloads/E/
energieeffizienzstrategie- gebaeude-kurzfassung.pdf?__blob=publicationFile&v=7. (Accessed 10 October 2023).

Horizon 2020 program (Grant agreement ID: 785058), Carbon risk real estate monitor - framework for science-based decarbonisation pathways, toolkit
to identify stranded assets and push sustainable investments, 2018-2021, URL https://cordis.europa.eu/project/id/785058.

IEA, Net Zero by 2050, Tech. Rep., IEA, Paris, 2021, License: CC BY 4.0. URL https://www.iea.org/reports/net-zero-by-2050.

World Resources Institute (WRI) and World Business Council for Sustainable Development (WBCSD), The Greenhouse Gas Protocol: A Corporate Accounting
and Reporting Standard (Revised Edition), 2004, URL https://ghgprotocol.org/sites/default/files/standards/ghg-protocol-revised.pdf.

European Commission, Commission Recommendation (EU) 2021/1749 of 28 September 2021 on Energy Efficiency First: from principles to practice —
Guidelines and examples for its implementation in decision-making in the energy sector and beyond, Tech. Rep. C/2021/7014, Official Journal of the
European Union, 2021, URL https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=uriserv%3A0J.L_.2021.344.01.0030.01.ENG.

B. Sven, W. Julia, K. Hunter, From global emission budgets to decarbonization patwhays at property level, 2023, Institut fiir Immobilien6konomie
/ Institute for Real Estate Economics. URL https://www.crrem.eu/wp-content/uploads/2023/01/CRREM-downscaling-documentation-and-assessment-
methodology_Update-V2_V1.0-11-01-23.pdf.

S. Bienert, H. Kuhlwein, Y. Schmidt, B. Gloria, B. Agbayir, Embodied carbon of retrofits. Ensuring the ecological payback of energetic retrofits, 2023,
Worgl, Austria. URL https://www.crrem.eu/embodied-carbon-of-retrofits/.

R. di Filippo, G. Marrachini, R. Albatici, R. Di Maggio, O.S. Bursi, A novel approach for thermal insulation prescriptions for building energy
retrofit considering materials type-1II declarations and carbon density of heating energy, SSRN (2023) http://dx.doi.org/10.2139/ssrn.4594508, URL
https://ssrn.com/abstract=4594508.

M. Rock, M.R.M. Saade, M. Balouktsi, F.N. Rasmussen, H. Birgisdottir, R. Frischknecht, G. Habert, T. Liitzkendorf, A. Passer, Embodied GHG emissions of
buildings — The hidden challenge for effective climate change mitigation, Appl. Energy 258 (2020) 114107, http://dx.doi.org/10.1016/j.apenergy.2019.
114107, URL https://www.sciencedirect.com/science/article/pii/S0306261919317945.

N.C. Kayacetin, B. Hozatli, Whole life carbon assessment of representative building typologies for nearly zero energy building definitions, J. Build. Eng.
95 (2024) 110214, http://dx.doi.org/10.1016/j.jobe.2024.110214, URL https://www.sciencedirect.com/science/article/pii/S2352710224017820.

X. Li, D. Densley Tingley, A whole life, national approach to optimize the thickness of wall insulation, Renew. Sustain. Energy Rev. 174 (2023) 113137,
http://dx.doi.org/10.1016/j.rser.2022.113137, URL https://www.sciencedirect.com/science/article/pii/S1364032122010188.

L. Walker, I. Hischier, A. Schlueter, The impact of modeling assumptions on retrofit decision-making for low-carbon buildings, Build. Environ. 226 (2022)
109683, http://dx.doi.org/10.1016/].buildenv.2022.109683, URL https://www.sciencedirect.com/science/article/pii/S0360132322009131.

16


https://www.europarl.europa.eu/RegData/etudes/BRIE/2022/698901/EPRS_BRI(2022)698901_EN.pdf
https://eur-lex.europa.eu/legal-content/EN/ALL/?uri=EP:P9_TA(2023)0068
https://eur-lex.europa.eu/legal-content/EN/ALL/?uri=EP:P9_TA(2023)0068
https://eur-lex.europa.eu/legal-content/EN/ALL/?uri=EP:P9_TA(2023)0068
https://eur-lex.europa.eu/legal-content/EN/ALL/?uri=consil:ST_7532_2024_INIT
https://eur-lex.europa.eu/legal-content/EN/ALL/?uri=consil:ST_7532_2024_INIT
https://eur-lex.europa.eu/legal-content/EN/ALL/?uri=consil:ST_7532_2024_INIT
https://www.legislation.gov.uk/uksi/2015/962/made
https://www.legifrance.gouv.fr/jorf/id/JORFTEXT000042953125
https://www.bancaditalia.it/pubblicazioni/qef/2024-0845/QEF_845_24_ITA.pdf
http://dx.doi.org/10.1016/j.jobe.2024.110323
https://www.sciencedirect.com/science/article/pii/S2352710224018916
http://dx.doi.org/10.1016/j.jobe.2020.101918
http://dx.doi.org/10.1016/j.jobe.2020.101918
http://dx.doi.org/10.1016/j.jobe.2020.101918
https://www.sciencedirect.com/science/article/pii/S2352710220335506
https://unfccc.int/sites/default/files/english_paris_agreement.pdf
http://dx.doi.org/10.1108/jerer-11-2020-061
http://dx.doi.org/10.22300/1949-8276.11.1.174
https://www.ft.com/content/2b9c7e75-74a0-4410-b7b3-8bba9dd7fdbc
https://www.ft.com/content/2b9c7e75-74a0-4410-b7b3-8bba9dd7fdbc
https://www.ft.com/content/2b9c7e75-74a0-4410-b7b3-8bba9dd7fdbc
https://www.theguardian.com/business/2023/dec/13/uk-government-backs-plan-ban-gas-hydrogen-ready-boilers-newbuilds-2025
https://www.theguardian.com/business/2023/dec/13/uk-government-backs-plan-ban-gas-hydrogen-ready-boilers-newbuilds-2025
https://www.theguardian.com/business/2023/dec/13/uk-government-backs-plan-ban-gas-hydrogen-ready-boilers-newbuilds-2025
http://peer.berkeley.edu
http://refhub.elsevier.com/S2352-7102(24)02016-3/sb53
http://refhub.elsevier.com/S2352-7102(24)02016-3/sb53
http://refhub.elsevier.com/S2352-7102(24)02016-3/sb53
http://refhub.elsevier.com/S2352-7102(24)02016-3/sb54
http://refhub.elsevier.com/S2352-7102(24)02016-3/sb55
http://dx.doi.org/10.1016/j.engstruct.2015.10.007
https://www.sciencedirect.com/science/article/pii/S0141029615006331
http://dx.doi.org/10.1016/j.jobe.2021.102908
https://www.sciencedirect.com/science/article/pii/S235271022100766X
http://refhub.elsevier.com/S2352-7102(24)02016-3/sb58
http://refhub.elsevier.com/S2352-7102(24)02016-3/sb58
http://refhub.elsevier.com/S2352-7102(24)02016-3/sb58
http://dx.doi.org/10.1016/j.psep.2022.02.042
https://www.sciencedirect.com/science/article/pii/S095758202200163X
https://www.sciencedirect.com/science/article/pii/S095758202200163X
https://www.sciencedirect.com/science/article/pii/S095758202200163X
http://dx.doi.org/10.1016/j.scs.2021.103607
https://www.sciencedirect.com/science/article/pii/S2210670721008726
https://www.gresb.com/
https://www.bmwk.de/Redaktion/DE/Downloads/E/energieeffizienzstrategie-gebaeude-kurzfassung.pdf?__blob=publicationFile&v=7
https://www.bmwk.de/Redaktion/DE/Downloads/E/energieeffizienzstrategie-gebaeude-kurzfassung.pdf?__blob=publicationFile&v=7
https://www.bmwk.de/Redaktion/DE/Downloads/E/energieeffizienzstrategie-gebaeude-kurzfassung.pdf?__blob=publicationFile&v=7
https://cordis.europa.eu/project/id/785058
https://www.iea.org/reports/net-zero-by-2050
https://ghgprotocol.org/sites/default/files/standards/ghg-protocol-revised.pdf
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=uriserv%3AOJ.L_.2021.344.01.0030.01.ENG
https://www.crrem.eu/wp-content/uploads/2023/01/CRREM-downscaling-documentation-and-assessment-methodology_Update-V2_V1.0-11-01-23.pdf
https://www.crrem.eu/wp-content/uploads/2023/01/CRREM-downscaling-documentation-and-assessment-methodology_Update-V2_V1.0-11-01-23.pdf
https://www.crrem.eu/wp-content/uploads/2023/01/CRREM-downscaling-documentation-and-assessment-methodology_Update-V2_V1.0-11-01-23.pdf
https://www.crrem.eu/embodied-carbon-of-retrofits/
http://dx.doi.org/10.2139/ssrn.4594508
https://ssrn.com/abstract=4594508
http://dx.doi.org/10.1016/j.apenergy.2019.114107
http://dx.doi.org/10.1016/j.apenergy.2019.114107
http://dx.doi.org/10.1016/j.apenergy.2019.114107
https://www.sciencedirect.com/science/article/pii/S0306261919317945
http://dx.doi.org/10.1016/j.jobe.2024.110214
https://www.sciencedirect.com/science/article/pii/S2352710224017820
http://dx.doi.org/10.1016/j.rser.2022.113137
https://www.sciencedirect.com/science/article/pii/S1364032122010188
http://dx.doi.org/10.1016/j.buildenv.2022.109683
https://www.sciencedirect.com/science/article/pii/S0360132322009131

R. di Filippo and G. Maracchini Journal of Building Engineering 96 (2024) 110448

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[971

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

L. Walker, I. Hischier, A. Schlueter, Does context matter? Robust building retrofit decision-making for decarbonization across Europe, Build. Environ. 226
(2022) 109666, http://dx.doi.org/10.1016/j.buildenv.2022.109666, URL https://www.sciencedirect.com/science/article/pii/S0360132322008964.

B. Kiss, Z. Szalay, Sensitivity of buildings’ carbon footprint to electricity decarbonization: A life cycle-based multi-objective optimization approach, Int.
J. Life Cycle Assess. (2022) 1-20, http://dx.doi.org/10.1007/s11367-022-02043-y.

Bundesministerium fiir Wohnen, Stadtentwicklung und Bauwese, BMWSB, GEG - Geb&dudeenergiegesetz - Gesetz zur Einsparung von Energie und zur
Nutzung erneuerbarer Energien zur Wirme- und Kélteerzeugung in Gebéduden, 2020, URL https://www.buzer.de/s1.htm?g=GEG&f=1.

J.E. Gaarder, N.K. Friis, .S. Larsen, B. Time, E.B. Mgller, T. Kvande, Optimization of thermal insulation thickness pertaining to embodied and operational
GHG emissions in cold climates — Future and present cases, Build. Environ. 234 (2023) 110187, http://dx.doi.org/10.1016/j.buildenv.2023.110187, URL
https://www.sciencedirect.com/science/article/pii/S0360132323002147.

Ministere de la Transition écologique et de la Cohésion des territoires, Réglementation Environnementale RE2020, 2022, URL https://www.ecologie.gouv.
fr/reglementation-environnementale-re2020.

Social, Bolig og Aldreministeriet, Bygningsreglementet, Energiforbrug og klimapavirkning (§250 - §298), 2023, URL https://bygningsreglementet.dk/
Tekniske-bestemmelser/11/Krav/297_298.

J. Steinmann, M. Rock, T. Liitzkendorf, K. Allackere, X. Le Den, Whole life carbon models to bring down embodied emissions from new buildings -
Review of existing national legislative measures, 2022, http://dx.doi.org/10.5281/zenodo.7609298, Zenodo.

CEN, CEN 15804:2012+A2:2019 - Sustainability of construction works - Environmental product declarations - Core Rules for the Product Category of
Construction Products, 2019.

M. Gelowitz, J. McArthur, Comparison of type III environmental product declarations for construction products: Material sourcing and harmonization
evaluation, J. Clean. Prod. 157 (2017) http://dx.doi.org/10.1016/j.jclepro.2017.04.133.

E. Hunsager, M. Bach, L. Breuer, An institutional analysis of EPD programs and a global PCR registry, Int. J. Life Cycle Assess. 19 (2014) 786-795,
http://dx.doi.org/10.1007/s11367-014-0711-8.

H. Gulvanessian, EN1990 eurocode - Basis of structural design, Proc. Inst. Civ. Eng.-Civ. Eng. - Proc Inst Civil Eng-Civil Eng 144 (2001) 8-13,
http://dx.doi.org/10.1680/cien.144.6.8.40609.

HM Government, Approved document L - conservation of fuel and power, in: The Building Regulations 2010, HM Government, 2016, URL https:
//www.gov.uk/government/publications/conservation-of-fuel-and- power-approved-document-1.

MTPEI, Ministére de L’emploi, de la Cohésion Sociale Et du Logement, Arrété du 3 mai 2007 relatif aux caractéristiques thermiques et a la performance
énergétique des batiments existants, in: NOR : SOCU0751906A, Legifrance, 2023, URL https://www.gazzettaufficiale.it/eli/id/2020/10/05/20A05394/sg.
MISE, Ministero dello Sviluppo Economico, ALLEGATO E - Requisiti degli interventi di isolamento termico - requisiti tecnici per l'accesso alle
detrazioni fiscali per la riqualificazione energetica degli edifici - cd. Ecobonus, in: Serie generale - n. 246, Gazzetta Ufficiale, 2020, URL https:
//www.gazzettaufficiale.it/eli/id/2020/10/05/20A05394/sg.

R. Galvin, Policy pressure to retrofit Germany’s residential buildings to higher energy efficiency standards: A cost-effective way to reduce CO2
emissions? Build. Environ. 237 (2023) 110316, http://dx.doi.org/10.1016/j.buildenv.2023.110316, URL https://www.sciencedirect.com/science/article/
pii/S0360132323003438.

C. Kaandorp, T. Miedema, J. Verhagen, N. van de Giesen, E. Abraham, Reducing committed emissions of heating towards 2050: Analysis of scenarios
for the insulation of buildings and the decarbonisation of electricity generation, Appl. Energy 325 (2022) 119759, http://dx.doi.org/10.1016/j.apenergy.
2022.119759, URL https://www.sciencedirect.com/science/article/pii/S0306261922010315.

E. Baldoni, S. Coderoni, M. D’Orazio, E. Di Giuseppe, R. Esposti, The role of economic and policy variables in energy-efficient retrofitting assessment.
A stochastic life cycle costing methodology, Energy Policy 129 (2019) 1207-1219, http://dx.doi.org/10.1016/j.enpol.2019.03.018, URL https://www.
sciencedirect.com/science/article/pii/S0301421519301818.

F. Scrucca, D. Palladino, Integration of energy simulations and life cycle assessment in building refurbishment: An affordability comparison of thermal
insulation materials through a new sustainability index, Sustainability 15 (2) (2023) http://dx.doi.org/10.3390/s5u15021412, URL https://www.mdpi.
com/2071-1050/15/2/1412.

S. Schneiderbauer, D. Ehrlich, Risk, Hazard and People’s Vulnerability to Natural Hazards: A Review of Definitions, Concepts and Data, EUR 21410,
European Commission Joint Research Centre, 2004.

J. Baker, B. Bradley, P. Stafford, Seismic Hazard and Risk Analysis, Cambridge University Press, 2021, http://dx.doi.org/10.1017/9781108425056.

G. Abbiati, M. Broccardo, R. di Filippo, B. Stojadinovi¢, O. Bursi, Seismic fragility analysis of a coupled tank-piping system based on artificial
ground motions and surrogate modeling, J. Loss Prev. Process Ind. 72 (2021) 104575, http://dx.doi.org/10.1016/j.jlp.2021.104575, URL https://www.
sciencedirect.com/science/article/pii/S0950423021001832.

S. Rajakarunakaran, A. Maniram Kumar., V. Arumuga Prabhu, Applications of fuzzy faulty tree analysis and expert elicitation for evaluation of risks in
LPG refuelling station, J. Loss Prev. Process Ind. 33 (2015) 109-123, http://dx.doi.org/10.1016/].jlp.2014.11.016, URL https://www.sciencedirect.com/
science/article/pii/S0950423014002095.

1. Ioannou, W. Aspinall, D. Rush, L. Bisby, T. Rossetto, Expert judgement -based fragility assessment of reinforced concrete buildings exposed to fire,
Reliab. Eng. Syst. Saf. 167 (2017) http://dx.doi.org/10.1016/j.ress.2017.05.011.

P. Badida, Y. Balasubramaniam, J. Jayaprakash, Risk evaluation of oil and natural gas pipelines due to natural hazards using fuzzy fault tree analysis,
J. Natural Gas Sci. Eng. 66 (2019) 284-292, http://dx.doi.org/10.1016/j.jngse.2019.04.010, URL https://www.sciencedirect.com/science/article/pii/
$1875510019301052.

A. Bolattiirk, Determination of optimum insulation thickness for building walls with respect to various fuels and climate zones in Turkey, Appl.
Therm. Eng. 26 (11) (2006) 1301-1309, http://dx.doi.org/10.1016/j.applthermaleng.2005.10.019, URL https://www.sciencedirect.com/science/article/
pii/S1359431105003625.

E. Di Giuseppe, M. D’Orazio, G. Du, C. Favi, S. Lasvaux, G. Maracchini, P. Padey, A stochastic approach to LCA of internal insulation solutions for historic
buildings, Sustainability 12 (4) (2020) http://dx.doi.org/10.3390/5u12041535, URL https://www.mdpi.com/2071-1050/12/4/1535.

A. Benallel, A. Tilioua, A. Mellaikhafi, M.A.A. Hamdi, Thickness optimization of exterior wall insulation for different climatic regions in Morocco, Mater.
Today: Proc. 58 (2022) 1541-1548, http://dx.doi.org/10.1016/j.matpr.2022.03.324, 3rd International Congress on Materials & Structural Stability. URL
https://www.sciencedirect.com/science/article/pii/S2214785322016698.

X. Liu, X. Chen, M. Shahrestani, Optimization of insulation thickness of external walls of residential buildings in hot summer and cold winter zone of
China, Sustainability 12 (4) (2020) http://dx.doi.org/10.3390/su12041574, URL https://www.mdpi.com/2071-1050/12/4/1574.

G. Feng, B. Dou, X. Xu, D. Chi, Y. Sun, P. Hou, Research on energy efficiency design key parameters of envelope for nearly zero energy buildings in
cold area, Procedia Eng. 205 (2017) 686-693, http://dx.doi.org/10.1016/j.proeng.2017.09.885.

S.A. Al-Sanea, M. Zedan, Improving thermal performance of building walls by optimizing insulation layer distribution and thickness for same thermal
mass, Appl. Energy 88 (9) (2011) 3113-3124, http://dx.doi.org/10.1016/j.apenergy.2011.02.036, URL https://www.sciencedirect.com/science/article/
pii/S0306261911001486.

M. Aksoezen, M. Daniel, U. Hassler, N. Kohler, Building age as an indicator for energy consumption, Energy Build. 87 (2015) 74-86, http://dx.doi.org/
10.1016/j.enbuild.2014.10.074, URL https://www.sciencedirect.com/science/article/pii/S0378778814009207.

Dipartimento Unita IEfficienza Energetica del’ENEA and Comitato Termotecnico Italiano (CTI) (Ed.), Rapporto Annuale sulla Certificazione Energetica
degli Edifici 2022, Ente Nazionale Energia e Ambiente, ENEA, 2022, p. 191, ISBN:978-88-8286-437-8.

17


http://dx.doi.org/10.1016/j.buildenv.2022.109666
https://www.sciencedirect.com/science/article/pii/S0360132322008964
http://dx.doi.org/10.1007/s11367-022-02043-y
https://www.buzer.de/s1.htm?g=GEG&f=1
http://dx.doi.org/10.1016/j.buildenv.2023.110187
https://www.sciencedirect.com/science/article/pii/S0360132323002147
https://www.ecologie.gouv.fr/reglementation-environnementale-re2020
https://www.ecologie.gouv.fr/reglementation-environnementale-re2020
https://www.ecologie.gouv.fr/reglementation-environnementale-re2020
https://bygningsreglementet.dk/Tekniske-bestemmelser/11/Krav/297_298
https://bygningsreglementet.dk/Tekniske-bestemmelser/11/Krav/297_298
https://bygningsreglementet.dk/Tekniske-bestemmelser/11/Krav/297_298
http://dx.doi.org/10.5281/zenodo.7609298
http://refhub.elsevier.com/S2352-7102(24)02016-3/sb81
http://refhub.elsevier.com/S2352-7102(24)02016-3/sb81
http://refhub.elsevier.com/S2352-7102(24)02016-3/sb81
http://dx.doi.org/10.1016/j.jclepro.2017.04.133
http://dx.doi.org/10.1007/s11367-014-0711-8
http://dx.doi.org/10.1680/cien.144.6.8.40609
https://www.gov.uk/government/publications/conservation-of-fuel-and-power-approved-document-l
https://www.gov.uk/government/publications/conservation-of-fuel-and-power-approved-document-l
https://www.gov.uk/government/publications/conservation-of-fuel-and-power-approved-document-l
https://www.gazzettaufficiale.it/eli/id/2020/10/05/20A05394/sg
https://www.gazzettaufficiale.it/eli/id/2020/10/05/20A05394/sg
https://www.gazzettaufficiale.it/eli/id/2020/10/05/20A05394/sg
https://www.gazzettaufficiale.it/eli/id/2020/10/05/20A05394/sg
http://dx.doi.org/10.1016/j.buildenv.2023.110316
https://www.sciencedirect.com/science/article/pii/S0360132323003438
https://www.sciencedirect.com/science/article/pii/S0360132323003438
https://www.sciencedirect.com/science/article/pii/S0360132323003438
http://dx.doi.org/10.1016/j.apenergy.2022.119759
http://dx.doi.org/10.1016/j.apenergy.2022.119759
http://dx.doi.org/10.1016/j.apenergy.2022.119759
https://www.sciencedirect.com/science/article/pii/S0306261922010315
http://dx.doi.org/10.1016/j.enpol.2019.03.018
https://www.sciencedirect.com/science/article/pii/S0301421519301818
https://www.sciencedirect.com/science/article/pii/S0301421519301818
https://www.sciencedirect.com/science/article/pii/S0301421519301818
http://dx.doi.org/10.3390/su15021412
https://www.mdpi.com/2071-1050/15/2/1412
https://www.mdpi.com/2071-1050/15/2/1412
https://www.mdpi.com/2071-1050/15/2/1412
http://refhub.elsevier.com/S2352-7102(24)02016-3/sb92
http://refhub.elsevier.com/S2352-7102(24)02016-3/sb92
http://refhub.elsevier.com/S2352-7102(24)02016-3/sb92
http://dx.doi.org/10.1017/9781108425056
http://dx.doi.org/10.1016/j.jlp.2021.104575
https://www.sciencedirect.com/science/article/pii/S0950423021001832
https://www.sciencedirect.com/science/article/pii/S0950423021001832
https://www.sciencedirect.com/science/article/pii/S0950423021001832
http://dx.doi.org/10.1016/j.jlp.2014.11.016
https://www.sciencedirect.com/science/article/pii/S0950423014002095
https://www.sciencedirect.com/science/article/pii/S0950423014002095
https://www.sciencedirect.com/science/article/pii/S0950423014002095
http://dx.doi.org/10.1016/j.ress.2017.05.011
http://dx.doi.org/10.1016/j.jngse.2019.04.010
https://www.sciencedirect.com/science/article/pii/S1875510019301052
https://www.sciencedirect.com/science/article/pii/S1875510019301052
https://www.sciencedirect.com/science/article/pii/S1875510019301052
http://dx.doi.org/10.1016/j.applthermaleng.2005.10.019
https://www.sciencedirect.com/science/article/pii/S1359431105003625
https://www.sciencedirect.com/science/article/pii/S1359431105003625
https://www.sciencedirect.com/science/article/pii/S1359431105003625
http://dx.doi.org/10.3390/su12041535
https://www.mdpi.com/2071-1050/12/4/1535
http://dx.doi.org/10.1016/j.matpr.2022.03.324
https://www.sciencedirect.com/science/article/pii/S2214785322016698
http://dx.doi.org/10.3390/su12041574
https://www.mdpi.com/2071-1050/12/4/1574
http://dx.doi.org/10.1016/j.proeng.2017.09.885
http://dx.doi.org/10.1016/j.apenergy.2011.02.036
https://www.sciencedirect.com/science/article/pii/S0306261911001486
https://www.sciencedirect.com/science/article/pii/S0306261911001486
https://www.sciencedirect.com/science/article/pii/S0306261911001486
http://dx.doi.org/10.1016/j.enbuild.2014.10.074
http://dx.doi.org/10.1016/j.enbuild.2014.10.074
http://dx.doi.org/10.1016/j.enbuild.2014.10.074
https://www.sciencedirect.com/science/article/pii/S0378778814009207
http://refhub.elsevier.com/S2352-7102(24)02016-3/sb105
http://refhub.elsevier.com/S2352-7102(24)02016-3/sb105
http://refhub.elsevier.com/S2352-7102(24)02016-3/sb105

R. di Filippo and G. Maracchini Journal of Building Engineering 96 (2024) 110448

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]
[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]
[134]

[135]
[136]

[137]

[138]

[139]

H. Guy, S. Vittoz, G. Caputo, T. Thiery, Benchmarking the energy performance of European commercial buildings with a Bayesian modeling
framework, Energy Build. 299 (2023) 113595, http://dx.doi.org/10.1016/j.enbuild.2023.113595, URL https://www.sciencedirect.com/science/article/
pii/S0378778823008253.

T. Potrc Obrecht, S. Jordan, A. Legat, A. Passer, The role of electricity mix and production efficiency improvements on greenhouse gas (GHG) emissions
of building components and future refurbishment measures, Int. J. Life Cycle Assess. 26 (2021) 1-13, http://dx.doi.org/10.1007/511367-021-01920-2.

T. Loga, B. Stein, N. Diefenbach, TABULA building typologies in 20 European countries—Making energy-related features of residential building stocks
comparable, Energy Build. 132 (2016) 4-12, http://dx.doi.org/10.1016/j.enbuild.2016.06.094, Towards an energy efficient European housing stock:
monitoring, mapping and modelling retrofitting processes. URL https://www.sciencedirect.com/science/article/pii/S0378778816305837.

F. Ascione, R.F. De Masi, M. Mastellone, S. Ruggiero, G.P. Vanoli, Improving the building stock sustainability in European Countries: A focus on the
Italian case, J. Clean. Prod. 365 (2022) 132699, http://dx.doi.org/10.1016/j.jclepro.2022.132699, URL https://www.sciencedirect.com/science/article/
Ppii/S0959652622022971.

E. Baldoni, S. Coderoni, E. Di Giuseppe, M. D’Orazio, R. Esposti, G. Maracchini, A software tool for a stochastic life cycle assessment and costing
of buildings’ energy efficiency measures, Sustainability 13 (14) (2021) http://dx.doi.org/10.3390/5u13147975, URL https://www.mdpi.com/2071-
1050/13/14/7975.

M. De Iuliis, O. Kammouh, G.P. Cimellaro, S. Tesfamariam, Downtime estimation of building structures using fuzzy logic, Int. J. Disaster Risk Reduct.
34 (2019) 196-208, http://dx.doi.org/10.1016/j.ijdrr.2018.11.017, URL https://www.sciencedirect.com/science/article/pii/S2212420918307568.

W. Cui, L. Caracoglia, Performance-based wind engineering of tall buildings examining life-cycle downtime and multisource wind damage, J. Struct. Eng.
146 (2020) 04019179, http://dx.doi.org/10.1061/(ASCE)ST.1943-541X.0002479.

M. Dolce, A. Prota, B. Borzi, F. da porto, S. Lagomarsino, G. Magenes, C. Moroni, A. Penna, M. Polese, E. Speranza, Gerardo, G. Verderame, G. Zuccaro,
Seismic risk assessment of residential buildings in Italy, Bull. Earthq. Eng. (2021) http://dx.doi.org/10.1007/s10518-020-01009-5.

T. Nowobilski, B. Hota, Estimating the probability of accidents on building scaffoldings, Saf. Sci. 152 (2022) 105777, http://dx.doi.org/10.1016/j.ssci.
2022.105777, URL https://www.sciencedirect.com/science/article/pii/S0925753522001163.

J. Soh, J. Jeong, J. Jeong, J. Lee, Quantitative risk evaluation by building type based on probability and cost of accidents, Buildings 13 (2) (2023)
http://dx.doi.org/10.3390/buildings13020327, URL https://www.mdpi.com/2075-5309/13/2/327.

1. Iervolino, A. Pacifico, Sensitivity of seismic loss estimates to the choice of fragility functions and engineering demand parameters, Earthq. Eng. Struct.
Dyn. 50 (2021) 3083-3089, http://dx.doi.org/10.1002/eqe.3472.

E. Chioccarelli, 1. Iervolino, Comparing short-term seismic and COVID-19 fatality risks in Italy, Seismol. Res. Lett. 92 (2021) 2382-2388, http:
//dx.doi.org/10.1785/0220200368.

Ente Nazionale Energia e Ambiente, ENEA, Sistema informativo sugli attestati di prestazione energetica, SIAPE, 2023, URL https://siape.enea.it/. (Accessed
20 November 2023).

K.N. Streicher, S. Mennel, J. Chambers, D. Parra, M.K. Patel, Cost-effectiveness of large-scale deep energy retrofit packages for residential buildings
under different economic assessment approaches, Energy Build. 215 (2020) 109870, http://dx.doi.org/10.1016/j.enbuild.2020.109870, URL https:
//www.sciencedirect.com/science/article/pii/S0378778819333225.

European Commission, Directorate-General for Energy, EU building stock observatory, 2018, Original work published 2018. URL http://data.europa.eu/
88u/dataset/building-stock-observatory.

C. Samori, Il patrimonio residenziale in Italia? Vale quasi 5.350 miliardi di euro, Ingenio (2020) URL: https://www.ingenio-web.it/articoli/il-patrimonio-
residenziale-in-italia-vale-quasi-5- 350-miliardi- di- euro-il-rapporto-di-scenari-immobiliari/.

PricewaterhouseCoopers, Pwc real estate report 2022, 2022, https://www.pwec.com/it/it/publications/assets/docs/pwe-real-estate-2022.pdf. (Accessed 27
November 2023).

G. Tocchi, D. Ottonelli, N. Rebora, M. Polese, Multi-risk assessment in the veneto region: An approach to rank seismic and flood risk, Sustainability 15
(16) (2023) http://dx.doi.org/10.3390/su151612458, URL https://www.mdpi.com/2071-1050/15/16/12458.

Z. Cagnan, On how the ergodic assumption influences seismic risk, Bull. Earthq. Eng. 19 (2021) 1-25, http://dx.doi.org/10.1007/s10518-020-00992-z.
A.D. Kiureghian, Non-ergodicity and PEER’s framework formula, Earthq. Eng. Struct. Dyn. 34 (13) (2005) 1643-1652, http://dx.doi.org/10.1002/eqe.504,
URL https://onlinelibrary.wiley.com/doi/abs/10.1002/eqe.504. arXiv:https://onlinelibrary.wiley.com/doi/pdf/10.1002/eqe.504.

S. Bang, J. Jeong, J. Lee, J. Jeong, J. Soh, Evaluation of accident risk level based on construction cost, size and facility type, Sustainability 15 (2) (2023)
http://dx.doi.org/10.3390/sul15021565, URL https://www.mdpi.com/2071-1050/15/2/1565.

A. Pacifico, I. Iervolino, Seismic safety of buildings vs other risks in Italy: Preliminary analysis, in: 30th European Safety and Reliability Conference and
the 15th Probabilistic Safety Assessment and Management Conference, ESREL2020-PSAM1, Venice, Italy, 2020, http://dx.doi.org/10.3850/978-981-14-
8593-0_4798-cd.

H.-H. Tsang, J. Daniell, F. Wenzel, J. Wilson, A universal approach for evaluating earthquake safety level based on societal fatality risk, Bull. Earthq.
Eng. 18 (2020) http://dx.doi.org/10.1007/s10518-019-00727-9.

National Institute for Insurance against Accidents at Work (INAIL), Banca Dati Statistica, 2022, https://www.inail.it/cs/internet/attivita/dati-e-statistiche/
banca--dati-statistica.html. (Accessed 4 December 2023).

Direzione Affari Economici, Finanza e Centro Studi, Associazione Nazionale Costruttori Edili (ANCE), Osservatorio congiunturale sull’industria delle
costruzioni, 2022, https://ance.it/wp-content/uploads/allegati/20221025_Osservatorio_-_Ottobre 2022 _DEF.pdf.

Y. Shim, J. Jeong, J. Jeong, J. Lee, Y. Kim, Comparative analysis of the national fatality rate in construction industry using time-series approach and
equivalent evaluation conditions, Int. J. Environ. Res. Public Health 19 (4) (2022) 2312, http://dx.doi.org/10.3390/ijerph19042312.

M. Stucchi, C. Meletti, V. Montaldo, H. Crowley, G.M. Calvi, E. Boschi, Seismic hazard assessment (2003-2009) for the Italian building code, Bull.
Seismol. Soc. Am. 101 (5) (2011) 1885-1911.

M. Dolce, A. Goretti, Building damage assessment after the 2009 Abruzzi earthquake, Bull. Earthq. Eng. 13 (8) (2015) 2241-2264.

M. Di Ludovico, A. Prota, C. Moroni, G. Manfredi, M. Dolce, Reconstruction process of damaged residential buildings outside historical centres after the
L’Aquila Earthquake: Part I—“light damage” reconstruction, Bull. Earthq. Eng. 15 (2) (2017) 667-692.

F. Bramerini, G. Di Pasquale, Updated seismic risk maps for Italy, Ingegneria Sismica XXV (2) (2008) 5-23.

M. Caruso, R. Pinho, F. Bianchi, F. Cavalieri, M.T. Lemmo, Integrated economic and environmental building classification and optimal seismic
vulnerability/energy efficiency retrofitting, Bull. Earthq. Eng. 19 (2021) 3627-3670, http://dx.doi.org/10.1007/s10518-021-01101-4.

G. Valensise, E. Guidoboni, I. Iervolino, What is an exceptional earthquake? Seismol. Res. Lett. 92 (6) (2021) 3309-3315, http://dx.doi.org/10.1785/
0220210190.

G. Maracchini, R. Di Filippo, R. Albatici, O.S. Bursi, R. Di Maggio, Sustainable retrofit of existing buildings: Impact assessment of residual fluorocarbons
through uncertainty and sensitivity analyses, Energies 16 (7) (2023) http://dx.doi.org/10.3390/en16073276, URL https://www.mdpi.com/1996-1073/
16/7/3276.

F. da Porto, M. Dona, A. Rosti, M. Rota, S. Lagomarsino, S. Cattari, B. Borzi, M. Onida, D. Gregorio, F. Perelli, C. Gaudio, P. Ricci, E. Speranza, Comparative
analysis of the fragility curves for Italian residential masonry and RC buildings, Bull. Earthq. Eng. 19 (2021) http://dx.doi.org/10.1007/s10518-021-
01120-1.

18


http://dx.doi.org/10.1016/j.enbuild.2023.113595
https://www.sciencedirect.com/science/article/pii/S0378778823008253
https://www.sciencedirect.com/science/article/pii/S0378778823008253
https://www.sciencedirect.com/science/article/pii/S0378778823008253
http://dx.doi.org/10.1007/s11367-021-01920-2
http://dx.doi.org/10.1016/j.enbuild.2016.06.094
https://www.sciencedirect.com/science/article/pii/S0378778816305837
http://dx.doi.org/10.1016/j.jclepro.2022.132699
https://www.sciencedirect.com/science/article/pii/S0959652622022971
https://www.sciencedirect.com/science/article/pii/S0959652622022971
https://www.sciencedirect.com/science/article/pii/S0959652622022971
http://dx.doi.org/10.3390/su13147975
https://www.mdpi.com/2071-1050/13/14/7975
https://www.mdpi.com/2071-1050/13/14/7975
https://www.mdpi.com/2071-1050/13/14/7975
http://dx.doi.org/10.1016/j.ijdrr.2018.11.017
https://www.sciencedirect.com/science/article/pii/S2212420918307568
http://dx.doi.org/10.1061/(ASCE)ST.1943-541X.0002479
http://dx.doi.org/10.1007/s10518-020-01009-5
http://dx.doi.org/10.1016/j.ssci.2022.105777
http://dx.doi.org/10.1016/j.ssci.2022.105777
http://dx.doi.org/10.1016/j.ssci.2022.105777
https://www.sciencedirect.com/science/article/pii/S0925753522001163
http://dx.doi.org/10.3390/buildings13020327
https://www.mdpi.com/2075-5309/13/2/327
http://dx.doi.org/10.1002/eqe.3472
http://dx.doi.org/10.1785/0220200368
http://dx.doi.org/10.1785/0220200368
http://dx.doi.org/10.1785/0220200368
https://siape.enea.it/
http://dx.doi.org/10.1016/j.enbuild.2020.109870
https://www.sciencedirect.com/science/article/pii/S0378778819333225
https://www.sciencedirect.com/science/article/pii/S0378778819333225
https://www.sciencedirect.com/science/article/pii/S0378778819333225
http://data.europa.eu/88u/dataset/building-stock-observatory
http://data.europa.eu/88u/dataset/building-stock-observatory
http://data.europa.eu/88u/dataset/building-stock-observatory
https://www.ingenio-web.it/articoli/il-patrimonio-residenziale-in-italia-vale-quasi-5-350-miliardi-di-euro-il-rapporto-di-scenari-immobiliari/
https://www.ingenio-web.it/articoli/il-patrimonio-residenziale-in-italia-vale-quasi-5-350-miliardi-di-euro-il-rapporto-di-scenari-immobiliari/
https://www.ingenio-web.it/articoli/il-patrimonio-residenziale-in-italia-vale-quasi-5-350-miliardi-di-euro-il-rapporto-di-scenari-immobiliari/
https://www.pwc.com/it/it/publications/assets/docs/pwc-real-estate-2022.pdf
http://dx.doi.org/10.3390/su151612458
https://www.mdpi.com/2071-1050/15/16/12458
http://dx.doi.org/10.1007/s10518-020-00992-z
http://dx.doi.org/10.1002/eqe.504
https://onlinelibrary.wiley.com/doi/abs/10.1002/eqe.504
http://arxiv.org/abs/https://onlinelibrary.wiley.com/doi/pdf/10.1002/eqe.504
http://dx.doi.org/10.3390/su15021565
https://www.mdpi.com/2071-1050/15/2/1565
http://dx.doi.org/10.3850/978-981-14-8593-0_4798-cd
http://dx.doi.org/10.3850/978-981-14-8593-0_4798-cd
http://dx.doi.org/10.3850/978-981-14-8593-0_4798-cd
http://dx.doi.org/10.1007/s10518-019-00727-9
https://www.inail.it/cs/internet/attivita/dati-e-statistiche/banca--dati-statistica.html
https://www.inail.it/cs/internet/attivita/dati-e-statistiche/banca--dati-statistica.html
https://www.inail.it/cs/internet/attivita/dati-e-statistiche/banca--dati-statistica.html
https://ance.it/wp-content/uploads/allegati/20221025_Osservatorio_-_Ottobre_2022_DEF.pdf
http://dx.doi.org/10.3390/ijerph19042312
http://refhub.elsevier.com/S2352-7102(24)02016-3/sb132
http://refhub.elsevier.com/S2352-7102(24)02016-3/sb132
http://refhub.elsevier.com/S2352-7102(24)02016-3/sb132
http://refhub.elsevier.com/S2352-7102(24)02016-3/sb133
http://refhub.elsevier.com/S2352-7102(24)02016-3/sb134
http://refhub.elsevier.com/S2352-7102(24)02016-3/sb134
http://refhub.elsevier.com/S2352-7102(24)02016-3/sb134
http://refhub.elsevier.com/S2352-7102(24)02016-3/sb135
http://dx.doi.org/10.1007/s10518-021-01101-4
http://dx.doi.org/10.1785/0220210190
http://dx.doi.org/10.1785/0220210190
http://dx.doi.org/10.1785/0220210190
http://dx.doi.org/10.3390/en16073276
https://www.mdpi.com/1996-1073/16/7/3276
https://www.mdpi.com/1996-1073/16/7/3276
https://www.mdpi.com/1996-1073/16/7/3276
http://dx.doi.org/10.1007/s10518-021-01120-1
http://dx.doi.org/10.1007/s10518-021-01120-1
http://dx.doi.org/10.1007/s10518-021-01120-1

R. di Filippo and G. Maracchini Journal of Building Engineering 96 (2024) 110448

[140]

[141]

[142]

[143]

[144]

[145]

[146]

[147]

[148]
[149]
[150]
[151]
[152]
[153]
[154]
[155]
[156]
[157]

[158]

[159]

[160]

[161]

[162]

[163]

[164]

[165]

[166]

[167]

[168]

[169]

[170]

M. Loberto, M. Spuri, L’'impatto del rischio di alluvione sulla ricchezza immobiliare in Italia, Bank of Italy Occasional Paper (768) (2023) http:
//dx.doi.org/10.2139/ssrn.4464205, URL https://ssrn.com/abstract=4464205.

B. Lastoria, M. Bussettini, S. Mariani, F. Piva, G. Braca, Rapporto Sulle Condizioni Di Pericolosita Da Alluvione in Italia E Indicatori Di Rischio Associati,
Tech. Rep., ISPRA, Rapporto 353/2021, 2021, URL https://www.isprambiente.gov.it/it/pubblicazioni/rapporti/rapporto-sulle-condizioni-di-pericolosita-
da-alluvione-in-italia-e-indicatori-di-rischio-associati.

F. Dottori, L. Alfieri, A. Bianchi, J. Skoien, P. Salamon, River Flood Hazard Maps for Europe and the Mediterranean Basin Region, Tech. Rep., European
Commission, Joint Research Centre (JRC), 2021, http://dx.doi.org/10.2905/1D128B6C- A4EE-4858-9E34-6210707F3C81, URL http://data.europa.eu/89h/
1d128b6c-a4ee-4858-9e34-6210707f3c81.

A. Trigila, C. ladanza, B. Lastoria, M. Bussettini, A. Barbano, Dissesto Idrogeologico in Italia: Pericolosita E Indicatori Di Rischio - Edizione 2021,
Tech. Rep., ISPRA, Rapporti 356/2021, 2021, URL https://www.isprambiente.gov.it/it/pubblicazioni/rapporti/dissesto-idrogeologico-in-italia- pericolosita-
e-indicatori-di-rischio-edizione-2021.

J. Huizinga, H. De Moel, W. Szewczyk, Global flood depth-damage functions: Methodology and the database with guidelines, 2017, http://dx.doi.org/
10.2760/16510, Publications Office of the European Union, Luxembourg (Luxembourg), ISBN: 978-92-79-67781-6, KJ-NA-28552-EN-N.

P. Salvati, C. Bianchi, F. Fiorucci, P. Giostrella, I. Marchesini, F. Guzzetti, Perception of flood and landslide risk in Italy: A preliminary analysis, Nat.
Hazards Earth Syst. Sci. 14 (9) (2014) 2589-2603, http://dx.doi.org/10.5194/nhess-14-2589-2014, URL https://nhess.copernicus.org/articles/14/2589/
2014/.

H. Hamidifar, M. Nones, Global to regional overview of floods fatality: The 1951-2020 period, Nat. Hazards Earth Syst. Sci. Discuss. (2021)
http://dx.doi.org/10.5194/nhess-2021-357, Preprint.

World Meteorological Organization (WMO), WMO Atlas of Mortality and Economic Losses from Weather, Climate and Water Extremes (1970-2019), World
Meteorological Organization, WMO-No. 1267, 2020, URL https://library.wmo.int/records/item/57564-wmo-atlas-of-mortality-and-economic-losses-from-
weather-climate-and-water-extremes-1970-2019.

S. Hart, M. Milstein, Global sustainability and the creative destruction of industries, Sloan Manage. Rev. 41 (1999) URL https://sloanreview.mit.edu/
article/global-sustainability-and-the- creative-destruction- of-industries/.

J.A. Schumpeter, Capitalism, Socialism and Democracy, Routledge, London, UK, 1942, p. 139, ISBN: 978-0-415-10762-4.

K. Marx, F. Engels, The communist manifesto, 1848, Moore, S., Penguin Classics, Harmondsworth, UK, 2002, p. 226, ISBN: 978-0-14-044757-6.

S.L. Hart, Innovation, creative destruction and sustainability, Res.-Technol. Manag. 48 (5) (2005) 21-27, http://dx.doi.org/10.1080/08956308.2005.
11657334.

J. Hartshorn, M. Maher, J. Crooks, R. Stahl, Z. Bond, Creative destruction: Building toward sustainability, Can. J. Civil Eng. 32 (2005) 170-180,
http://dx.doi.org/10.1139/104-119.

E. Avrami, Creative destruction and the social (Re) construction of heritage, Int. J. Cult. Prop. 27 (2) (2020) 215-237, http://dx.doi.org/10.1017/
$0940739120000120.

P. Sweatman, Making the renovation wave work: A Marshall plan for EU buildings in three simple steps, ENEA, Energia, Ambiente E Innovazione (3) (2020)
http://dx.doi.org/10.12910/EAI2020-067, URL https://www.eai.enea.it/component/jdownloads/?task=download.send&id=874&catid=39&Itemid=101.
K.-O. Gassdorf, M. Langhans-Ratzeburg, Zahlennachweis zur KriegsfolgenKarte Westdeutschland 1939-1950, Verlagsbuchhandlung Karl-Otto Gassdorf,
Frankfurt am Main, 1950.

C. Halbmeier, C. Schroeder, The Long-Term Implications of Destruction During the Second World War on Private Wealth in Germany, 2023, Available
at SSRN: https://ssrn.com/abstract=4420830 or http://dx.doi.org/10.2139/ssrn.4420830.

C. Baldoli, L’Italia meridionale sotto le bombe, 1940-44, Meridiana (82) (2015) 37-57, URL https://www.viella.it/rivista/9788867284214. (Accessed 31
January 2024).

K. Williges, L.H. Meyer, K.W. Steininger, G. Kirchengast, Fairness critically conditions the carbon budget allocation across countries, Global Environ. Change
74 (2022) 102481, http://dx.doi.org/10.1016/j.gloenvcha.2022.102481, URL https://www.sciencedirect.com/science/article/pii/S095937802200019X.
G. Pescaroli, M. Nones, L. Galbusera, D. Alexander, Understanding and mitigating cascading crises in the global interconnected system, Int. J. Disaster Risk
Reduct. 30 (2018) 159-163, http://dx.doi.org/10.1016/].ijdrr.2018.07.004, Understanding and mitigating cascading crises in the global interconnected
system. URL https://www.sciencedirect.com/science/article/pii/$2212420918307994.

R.Z. Zaidi, Beyond the sendai indicators: Application of a cascading risk lens for the improvement of loss data indicators for slow-onset hazards and small-
scale disasters, Int. J. Disaster Risk Reduct. 30 (2018) 306-314, http://dx.doi.org/10.1016/j.ijdrr.2018.03.022, Understanding and mitigating cascading
crises in the global interconnected system. URL https://www.sciencedirect.com/science/article/pii/$2212420918303625.

P.R. White, J.D. Rhodes, E.J. Wilson, M.E. Webber, Quantifying the impact of residential space heating electrification on the texas electric
grid, Appl. Energy 298 (2021) 117113, http://dx.doi.org/10.1016/j.apenergy.2021.117113, URL https://www.sciencedirect.com/science/article/pii/
S0306261921005559.

B. Tarroja, F. Chiang, A. AghaKouchak, S. Samuelsen, S.V. Raghavan, M. Wei, K. Sun, T. Hong, Translating climate change and heating system electrification
impacts on building energy use to future greenhouse gas emissions and electric grid capacity requirements in California, Appl. Energy 225 (2018) 522-534,
http://dx.doi.org/10.1016/j.apenergy.2018.05.003, URL https://www.sciencedirect.com/science/article/pii/S0306261918306962.

Y. Ballo, R. Yakovchuk, V. Nizhnyk, A. Borysova, Determining the effect of fire from external air conditioning units on buildings’ facades, Eastern-Eur.
J. Enterprise Technol. 3 (2022) 72-79, http://dx.doi.org/10.15587/1729-4061.2022.259533.

W. Zhang, Z. Yang, J. Li, C. xing Ren, D. Lv, J. Wang, X. Zhang, W. Wu, Research on the flammability hazards of an air conditioner using refrigerant
R-290, Int. J. Refrig. 36 (5) (2013) 1483-1494, http://dx.doi.org/10.1016/j.ijrefrig.2013.03.015, URL https://www.sciencedirect.com/science/article/pii/
$0140700713000704.

W. Zhang, Z. Yang, X. Zhang, D. Lv, N. Jiang, Experimental research on the explosion characteristics in the indoor and outdoor units of a split air
conditioner using the R290 refrigerant, Int. J. Refrig. 67 (2016) 408-417, http://dx.doi.org/10.1016/j.ijrefrig.2016.03.018, URL https://www.sciencedirect.
com/science/article/pii/S014070071630038X.

M.R. Sers, P.A. Victor, The energy-emissions trap, Ecol. Econ. 151 (2018) 10-21, http://dx.doi.org/10.1016/j.ecolecon.2018.04.004, URL https://www.
sciencedirect.com/science/article/pii/S0921800917317044.

M. Alpino, L. Citino, F. Zeni, Costs and Benefits of the Green Transition Envisaged in the Italian NRRP. An Evaluation Using the Social Cost of
Carbon, Questioni di Economia e Finanza (Occasional Papers) 720, Bank of Italy, Economic Research and International Relations Area, 2022, URL
https://www.bancaditalia.it/pubblicazioni/qef/2022-0720/QEF_720.pdf.

Presidenza del Consiglio, National Recovery and Resilience Plan, NRRP, 2022, URL https://www.governo.it/sites/governo.it/files/PNRR.pdf. In Italian -
Accessed 5/2/2023.

M.A. Musarat, W.S. Alaloul, M. Liew, Impact of inflation rate on construction projects budget: A review, Ain Shams Eng. J. 12 (1) (2021) 407-414,
http://dx.doi.org/10.1016/j.asej.2020.04.009, URL https://www.sciencedirect.com/science/article/pii/S2090447920300939.

A. Gottfried, G. Di Giuda, V. Villa, P. Piantanida, Analysis of Accidents in the Construction Industry in Italy, 2012, pp. 1053-1057, http://dx.doi.org/
10.3850/978-981-08-7920-4_CS-4-0147.

19


http://dx.doi.org/10.2139/ssrn.4464205
http://dx.doi.org/10.2139/ssrn.4464205
http://dx.doi.org/10.2139/ssrn.4464205
https://ssrn.com/abstract=4464205
https://www.isprambiente.gov.it/it/pubblicazioni/rapporti/rapporto-sulle-condizioni-di-pericolosita-da-alluvione-in-italia-e-indicatori-di-rischio-associati
https://www.isprambiente.gov.it/it/pubblicazioni/rapporti/rapporto-sulle-condizioni-di-pericolosita-da-alluvione-in-italia-e-indicatori-di-rischio-associati
https://www.isprambiente.gov.it/it/pubblicazioni/rapporti/rapporto-sulle-condizioni-di-pericolosita-da-alluvione-in-italia-e-indicatori-di-rischio-associati
http://dx.doi.org/10.2905/1D128B6C-A4EE-4858-9E34-6210707F3C81
http://data.europa.eu/89h/1d128b6c-a4ee-4858-9e34-6210707f3c81
http://data.europa.eu/89h/1d128b6c-a4ee-4858-9e34-6210707f3c81
http://data.europa.eu/89h/1d128b6c-a4ee-4858-9e34-6210707f3c81
https://www.isprambiente.gov.it/it/pubblicazioni/rapporti/dissesto-idrogeologico-in-italia-pericolosita-e-indicatori-di-rischio-edizione-2021
https://www.isprambiente.gov.it/it/pubblicazioni/rapporti/dissesto-idrogeologico-in-italia-pericolosita-e-indicatori-di-rischio-edizione-2021
https://www.isprambiente.gov.it/it/pubblicazioni/rapporti/dissesto-idrogeologico-in-italia-pericolosita-e-indicatori-di-rischio-edizione-2021
http://dx.doi.org/10.2760/16510
http://dx.doi.org/10.2760/16510
http://dx.doi.org/10.2760/16510
http://dx.doi.org/10.5194/nhess-14-2589-2014
https://nhess.copernicus.org/articles/14/2589/2014/
https://nhess.copernicus.org/articles/14/2589/2014/
https://nhess.copernicus.org/articles/14/2589/2014/
http://dx.doi.org/10.5194/nhess-2021-357
https://library.wmo.int/records/item/57564-wmo-atlas-of-mortality-and-economic-losses-from-weather-climate-and-water-extremes-1970-2019
https://library.wmo.int/records/item/57564-wmo-atlas-of-mortality-and-economic-losses-from-weather-climate-and-water-extremes-1970-2019
https://library.wmo.int/records/item/57564-wmo-atlas-of-mortality-and-economic-losses-from-weather-climate-and-water-extremes-1970-2019
https://sloanreview.mit.edu/article/global-sustainability-and-the-creative-destruction-of-industries/
https://sloanreview.mit.edu/article/global-sustainability-and-the-creative-destruction-of-industries/
https://sloanreview.mit.edu/article/global-sustainability-and-the-creative-destruction-of-industries/
http://refhub.elsevier.com/S2352-7102(24)02016-3/sb149
http://refhub.elsevier.com/S2352-7102(24)02016-3/sb150
http://dx.doi.org/10.1080/08956308.2005.11657334
http://dx.doi.org/10.1080/08956308.2005.11657334
http://dx.doi.org/10.1080/08956308.2005.11657334
http://dx.doi.org/10.1139/l04-119
http://dx.doi.org/10.1017/S0940739120000120
http://dx.doi.org/10.1017/S0940739120000120
http://dx.doi.org/10.1017/S0940739120000120
http://dx.doi.org/10.12910/EAI2020-067
https://www.eai.enea.it/component/jdownloads/?task=download.send&id=874&catid=39&Itemid=101
http://refhub.elsevier.com/S2352-7102(24)02016-3/sb155
http://refhub.elsevier.com/S2352-7102(24)02016-3/sb155
http://refhub.elsevier.com/S2352-7102(24)02016-3/sb155
https://ssrn.com/abstract=4420830
http://dx.doi.org/10.2139/ssrn.4420830
https://www.viella.it/rivista/9788867284214
http://dx.doi.org/10.1016/j.gloenvcha.2022.102481
https://www.sciencedirect.com/science/article/pii/S095937802200019X
http://dx.doi.org/10.1016/j.ijdrr.2018.07.004
https://www.sciencedirect.com/science/article/pii/S2212420918307994
http://dx.doi.org/10.1016/j.ijdrr.2018.03.022
https://www.sciencedirect.com/science/article/pii/S2212420918303625
http://dx.doi.org/10.1016/j.apenergy.2021.117113
https://www.sciencedirect.com/science/article/pii/S0306261921005559
https://www.sciencedirect.com/science/article/pii/S0306261921005559
https://www.sciencedirect.com/science/article/pii/S0306261921005559
http://dx.doi.org/10.1016/j.apenergy.2018.05.003
https://www.sciencedirect.com/science/article/pii/S0306261918306962
http://dx.doi.org/10.15587/1729-4061.2022.259533
http://dx.doi.org/10.1016/j.ijrefrig.2013.03.015
https://www.sciencedirect.com/science/article/pii/S0140700713000704
https://www.sciencedirect.com/science/article/pii/S0140700713000704
https://www.sciencedirect.com/science/article/pii/S0140700713000704
http://dx.doi.org/10.1016/j.ijrefrig.2016.03.018
https://www.sciencedirect.com/science/article/pii/S014070071630038X
https://www.sciencedirect.com/science/article/pii/S014070071630038X
https://www.sciencedirect.com/science/article/pii/S014070071630038X
http://dx.doi.org/10.1016/j.ecolecon.2018.04.004
https://www.sciencedirect.com/science/article/pii/S0921800917317044
https://www.sciencedirect.com/science/article/pii/S0921800917317044
https://www.sciencedirect.com/science/article/pii/S0921800917317044
https://www.bancaditalia.it/pubblicazioni/qef/2022-0720/QEF_720.pdf
https://www.governo.it/sites/governo.it/files/PNRR.pdf
http://dx.doi.org/10.1016/j.asej.2020.04.009
https://www.sciencedirect.com/science/article/pii/S2090447920300939
http://dx.doi.org/10.3850/978-981-08-7920-4_CS-4-0147
http://dx.doi.org/10.3850/978-981-08-7920-4_CS-4-0147
http://dx.doi.org/10.3850/978-981-08-7920-4_CS-4-0147

	A probabilistic framework for stranding risk assessment and EPBD IV scenario analysis for the Italian building stock
	Introduction
	Critical Review of current methods
	CRREM framework limitations
	CRREM operational limitations

	A probabilistic approach to stranding risk assessment for existing buildings
	Hazard model
	Response model
	Loss model

	A case study application
	Scenario-based stranding risk assessment of the Italian building stock
	Scenario-based hazard and response models
	Scenario-based loss model

	Natural hazards
	Seismic risk
	Flooding risk


	Discussion and limitations
	Discussion
	Limitations

	Conclusions and future developments
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgments
	References


