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Abstract Buildings are among the major contributors to environmental impacts, in
terms of non-renewable resource depletion, energy and material consumption, and
greenhouse gas (GHG) emissions. For this reason, modern societies are pushing
towards the refurbishment of existing buildings aiming at the reduction of their
operational energy consumption and at a major use of renewable energy and low-
carbon materials. At the same time, buildings are expected to provide population
with safe living and working conditions, even when hit by different kinds of hazards
during their service life, such as earthquakes. Until recently, life cycle assessment
(LCA) procedures tended not to include the effects of natural hazards. However,
if considered in a building LCA, earthquake-induced environmental impacts would
constitute a very informative performance metric to decision-makers, in addition
to the more customarily used monetary losses or downtime indicators. Within this
context, therefore, a comprehensive review of the existing literature is presented,
with comparisons between available methodologies being carried out in terms of
their employed seismic loss estimation method, environmental impact assessment
procedure, damage-to-impact conversion, impact-to-cost conversion, and selected
decision variable. Further, an illustrative case-study application is also included.
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1 Introduction

Life cycle assessment (LCA) procedures are intended to estimate the environmental
impacts of a process or a product, and they are often employed as a decision-making
support instrument. For instance, buildings can be treated as large products with
long and uncertain lives. Such procedures are characterised by four main steps, as
described in [1] and [2]: (i) definition of goal and scope, (ii) life cycle inventory (LCI)
analysis, including the assessment of energy andmaterials inflows and outflows asso-
ciated to the building life cycle, (iii) life cycle impact assessment (LCIA), consisting
in the quantification of impacts, and (iv) interpretation of the results, with these
showing themajor contributors, eithermaterials or processes, to global environmental
impacts in terms of specific performance metrics. Examples of metrics typically
used in LCA procedures include global warming potential (GWP), non-renewable
resource use, waste generation, and a wide range of human health impacts.

In the European Union (EU), the construction sector produces significant impacts
on the environment, consuming up to 40% of the total EU energy and producing up
to 36% of the total greenhouse gas (GHG) emissions [3]. For these reasons, there
is a strong need of renovation mainly due to a progressive transition towards low-
carbon and eco-efficient societies, as demonstrated by several national and European
policies for building stock refurbishment. For instance, the European Green Deal,
which is the new growth strategy for Europe, aims at a huge buildings’ Renovation
Wave, in order to achieve the ambitious energy and GHG reduction targets by 2030
and climate-neutrality by 2050 [4].

The ISO 21931:2010 [5] identifies three main stages in the building life cycle:

• construction stage, including raw materials extraction, transportation, compo-
nent manufacturing and processing, as well as the construction process itself;

• use stage, including operational energy usage, building component maintenance,
and resource inflow and waste outflow during the building operational phase;

• end-of-life stage, including building demolition, together with the transportation
of waste or salvaged materials, processing and disposal of waste materials.

Notably, a recent European standard [6] introduced a beyond-life stage, including
possible reuse, recycle and recovery of post-demolition materials.

Given that LCA involves the entire building life cycle, particular attention should
be addressed to regions that are characterised by high risk of natural hazards, e.g.
earthquakes, hurricanes, tornadoes, or floods, where hazardous conditionsmay result
in additional environmental impacts. Until recently, LCA procedures have tended
not to include such effects, however, earthquake-induced environmental impacts
may constitute a meaningful metric to decision-makers, allowing easier comparisons
between alternative design or retrofit strategies and providing tools to evaluate the
potential benefits of retrofitting rather than demolishing and reconstructing. There
is though still no unique opinion on how to include the additional environmental
impacts due to natural hazards into an LCA.
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The European building stock, being both earthquake-prone and heavily energy-
consuming, needs a comprehensive strategy of renovation, due to its structural defi-
ciencies and to its significant environmental impacts. The region is characterised by
wide ranges of seismic areas and of climatic zones with high variability in seismic
demands and energy needs for space heating and cooling. Nevertheless, the reno-
vation rate is still very low due to high costs of intervention, downtime, poten-
tial need of inhabitants relocation and insufficient hazard-awareness. Furthermore,
most of the retrofit interventions on existing building are solely intended to reduce
either energy consumption or seismic vulnerability, neglecting potential correlations.
However, in seismic prone sites, the vulnerability of buildings can compromise the
efficiency and the monetary savings of a sole energy refurbishment. In addition,
most of the buildings requiring refurbishment have almost exhausted their service
life, being representative of a construction era with building codes lacking of seismic
requirements.

Some studies ([7–9], among others) proved that the probability of damaging
earthquakes during the building life cycle significantly influences the environmental
impact assessment, and that post-earthquake repairs produce additional environ-
mental impacts within a building LCA to be considered as additional construction
stages. Earthquake damage can affect the remaining service life of a building and
it can result in collapse or abandonment (i.e., end of service life), or in extensive
repairs (i.e., extension of service life). Depending on when in the service life of the
building the earthquake occurs, damage and repair may be meaningful in the overall
LCA.

Furthermore, a minimal seismic retrofit in seismic prone regions may save mate-
rials and environmental initial costs, but may be ineffective against future earth-
quakes. On the contrary, a conservatively designed retrofit with higher initial costs
may lead to a much better performance during earthquakes, thus reducing losses
during the remaining service life of the building. Moreover, an integrated interven-
tion in which the retrofit system may serve multiple purposes can represent an effec-
tive strategy for a better seismic and environmental performance. As an example,
reinforced concrete shear walls may contribute not only to the structural upgrade but
also to the thermal mass of the building and reduce the HVAC (Heating, Ventilation
and Air Conditioning) demands and operational impacts. Also, an efficient choice of
materials, for reduced energy demands, for durability, for future potential demolition
and recycle, can significantly improve the environmental performance of a building.
Thus, the most desirable scenario would be a coupled seismic and energy renovation.
Unfortunately, integrated approaches have never been included into design codes due
to the lack of a solid methodological framework.

2 Literature Review

Recent interest in sustainability of buildings has motivated a growing number of
research endeavours focused on environmental impact assessment methods, and



150 M. Caruso et al.

especially on the integration of those methods into seismic loss estimation frame-
works. The differences between the results of the existing approaches is mainly
related to the seismic loss estimation framework, the environmental impacts estima-
tion method, the treatment of uncertainty and other aspects, as further discussed in
this section.

A comprehensive review of the existing literature is presented herein, also by
taking advantage of the similar efforts by Hasik et al. [10] and extending the compar-
ison with a few other works. The aim of this review is to highlight potential strengths
and limitations of the existing methodologies for a further understanding on how to
properly combine the two aspects of seismic safety and environmental impact. The
list of references is reported in Table 1 with information on (i) authors and year of
publication, highlighting how the available literature on this topic is relatively scarce
and recent, (ii) seismic loss estimation method, referring to the way the authors
estimated the expected annual monetary losses due to potential earthquakes, (iii)
environmental impact assessment method, indicating how building life cycle envi-
ronmental impacts are quantified (iv) damage-to-impact conversion method, which
is needed to assess the contribution to environmental impacts of each damage state
defined within the seismic loss assessment, (v) impact-to-cost conversion method,
which is used to translate the building’s environmental impacts into monetary losses,
and (vi) decision variable, i.e., the performance metric used.

2.1 Seismic Loss Estimation Method

Recent advances in the so-called performance-based earthquake engineering (PBEE)
led to the development of the fully probabilistic PEER PBEE methodology [20],
proposed by the Pacific Earthquake Engineering Research (PEER) Center, which is
a probabilistic approach to estimate damage and the corresponding losses depending
on the site-specific seismic hazard and on the structural response of a given building.
Most studies included in this review referred to the well-known PEER PBEE frame-
work for seismic loss estimation [21, 22], and used tools developed by the PEER
Center to estimate earthquake-induced losses on buildings (e.g., the PACTTool). The
PEER PBEE procedure for seismic loss assessment has a four-step main structure:
seismic hazard quantification at the site of interest, evaluation of structural perfor-
mance under seismic hazard, estimation of damage in different building components
conditioned on the estimated structural response, and calculation of losses due to
repair the damaged components. The results of the procedure are in terms of mean
annual frequency of exceedance of a certain value of a decision variable, such as
monetary losses, downtime, casualties, or environmental impacts (carbon emissions
or embodied energy).

While the PEERPBEEmethodology is component-based, the software toolHazus
[23], developed by the Federal Emergency Management Agency (FEMA), is typi-
cally used to estimate post-earthquake losses at a local, state and regional scale. Some
authors performed the seismic loss assessment using the Advanced Engineering
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Table 1 Summary overview of past work on integrated approaches for seismic loss estimation and
environmental impact assessment

Authors Seismic loss
estimation
method

Env. impact
assessment
method

Damage-to-impact
conversion

Impact-to-cost
conversion

Decision
variable

Menna
et al.
(2019)
[11]

Other – – Energy
consumption

Monetary
losses

Chhabra
et al.
(2018)
[9]

Other BOM LCA – Energy
consumption
and carbon
footprint

Monetary
losses

Lamperti
Tornaghi
et al.
(2018)
[12]

PEER PBEE – Damage/repair
description
+ BOM LCA

– Environmental
impacts

Alirezaei
et al.
(2016)
[13]

PEER PBEE BOM LCA
(Tally)

Repair-cost ratio – Environmental
impacts

Belleri
and
Marini
(2016)
[8]

PEER PBEE eCO2 factors
(references)

Damage/repair
description +
eCO2 factors (ICE)

– Environmental
impacts

Calvi
et al.
(2016)
[14]

Other – – Energy
consumption

Monetary
losses

Padgett
et al.
(2016)
[15]

Other CO2 factors
(references)

– Carbon
footprint

Monetary
losses

Wei et al.
(2016)
[16]

PEER PBEE – EIO LCA
(EIO-LCA US
2002)

– Environmental
impacts

Arroyo
et al.
(2015)
[17]

Hazus
AEBM

eCO2 factors
(references)

Damage/repair
description +
eCO2 factors
(references)

– Environmental
impacts

Simonen
et al.
(2015)
[18]

Other BOM LCA
(Athena IE)

Repair-cost ratio – Environmental
impacts

Menna
et al.
(2013)
[7]

Other BOM LCA
(IMPACT
2002+)

Damage/repair
description +
BOM LCA
(IMPACT 2002+)

– Environmental
impacts

Comber
et al.
(2012)
[19]

Hazus
AEBM

EIO LCA
(consultant)

EIO LCA
(consultant)

– Environmental
impacts
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Building Module (Hazus AEBM), added in the Hazus-MH Software to allow easier
implementation of building-specific damage and loss functions by users.

Lastly, a few authors preferred custom approaches, referred to as other, mostly
being similar either to PEER PBEE or Hazus. For instance, Menna et al. [11] and
Lamperti Tornaghi et al. [12] used simplified versions of the PEER PBEE procedure,
described in Vitiello et al. [24] and in Negro andMola [25], respectively, while Calvi
et al. [14] used the Displacement-Based Assessment [26].

2.2 Environmental Impact Assessment Method

Bill-of-materials (BOM), economic input-output (EIO), or hybrid procedures are
alternative ways to assess environmental impacts, as described in [27]. In the works
included in this review, environmental impacts were assessed with different LCA
tools, performing either BOM or EIO LCA, or by applying eCO2 factors.

BOM-based LCA (referred to as BOMLCA) requires individual materials quan-
tities and processing needs and rely on available databases, such as U.S. LCI [28] or
Ecoinvent [29]. Several proprietary LCA tools, like Athena Impact Estimator [30],
Tally [31], SimaPro [32] or GaBi [33], among others, have been developed, based
on ISO guidelines, and are available to perform BOM LCA of buildings.

On the contrary, EIO-based LCA (referred to as EIO LCA) requires only product
or activity cost information to be used within available tools that translate industry
sector-specific costs into the corresponding environmental impacts, such as the U.S.
EIO-LCA [34]. This method can be used for a building LCA by either selecting a
single sector best representing the building typology (e.g., construction of residential
structures) or identifying multiple sectors (e.g., concrete manufacturing, or painting
and coating), referred to as Building-EIO and Component-EIO, respectively.

As an alternative, environmental impacts can also be calculated via eCO2 factors
or estimates, available in literature or in databases, in which environmental impacts
per kilograms of materials o per specific activities are collected. As an example, the
Inventory of Carbon and Energy (ICE), developed at the University of Bath [35],
collects carbon emissions per kilograms of material applicable to the European area.
It is worth mentioning that the LCA boundaries of ICE data are from cradle to gate.

2.3 Damage-to-Impact Conversion Method

Environmental impacts can be treated in the same way as any other consequence
function (e.g., economic losses) to be integrated within a seismic loss assessment.
To do so, for each damage state (and consequent repair activity) defined in the
seismic loss estimation framework for single components (or for an entire building),
a damage-to-impact conversion is needed to get an estimate of their environmental
impacts.
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In the literature, as confirmed by Hasik et al. [10], damage and associated repair
were converted into environmental impacts by one of the following three approaches:

• EIO: each repair activity is disaggregated into a list of processes to be assigned to
specific industry sectors, whose costs are translated into environmental impacts
via specific EIO tools, e.g., the U.S. EIO-LCA [34];

• damage/repair description + BOM or eCO2 factors: impact data, resulting
from a BOM LCA or via eCO2 factors, are developed based on custom damage
and repair descriptions and then introduced within the seismic loss assessment;

• repair-cost ratio: the economic losses due to repair are usually expressed as a
percentage of the replacement cost of the building, and the same ratio can be
applied to the building pre-use environmental impact to get the impacts of the
repair activities.

2.4 Impact-to-Cost Conversion Method and Decision Variable

Some authors preferred to translate environmental impacts into costs so as to deal
with a single decision variable, i.e., monetary losses due to both seismic risk and to
building energy consumption or carbon footprint. This choice is specific of methods
where earthquake-induced environmental impacts are neglected, and only the energy
consumption of the building is considered from the environmental viewpoint. For
instance, Calvi et al. [14] proposed the quantification of the energy annual cost as
the ratio between cost of consumed energy and the total building replacement cost to
allow a unique classification of seismic resilience and energy efficiency. A few other
works translated the building carbon footprint into monetary losses by applying
existing carbon tax rates.

However, Simonen et al. [36] demonstrated that embodied carbon and embodied
energy are acceptable proxies for other environmental metrics, due to the perceived
value to practitioners and potential users. For these reasons, in the works collected
in this review, the selected decision variable was either in terms of environmental
impacts, if a damage-to-impact conversion was adopted, or monetary losses, if the
impact-to-cost conversion was used, neglecting energy-seismic correlations.

3 Application to a Case-Study (Using the FEMA P-58
Approach)

FEMA funded a series of projects, namedATC-86 andATC-86-1 [37], to incorporate
environmental impacts into the well-known FEMA P-58 seismic loss assessment
methodology, currently implemented in the PACT Tool [21, 22, 27, 38], and thus
to quantify earthquake-induced environmental impacts. This section discusses the
application to a case-study of the FEMA P-58 approach.
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Fig. 1 Floor layout of the case-study

The case-study under scrutiny is one of the buildings of a school complex in
Central Italy (i.e., Building 2 in Fig. 1). Although the original design documents are
not available, comprehensive reports of in-site inspections and material tests suggest
that the complex was built between the 60 s and the 70 s. It is a three-storey structure
composed of sixteen reinforced concrete (RC) frames along the shortest direction X,
with a U-shaped stair system, whose plan location produces an eccentricity in the
building.

3.1 Numerical Modelling

Using the available information on the structural layout and the material properties
[39], a refined 3Dnonlinear numericalmodel of the case-study (Fig. 2)was developed
with the fibre-based analysis software SeismoStruct [40].
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Fig. 2 Overview of the 3D nonlinear model on SeismoStruct [40]

Two materials were defined: existing concrete, with an average cylindrical
compressive strength equal to 16.6 MPa and an elastic modulus approximately equal
to 25,000 MPa, and existing steel for smooth reinforcement, with mean yielding
strength equal to 391 MPa and an elastic modulus equal to 210,000 MPa. The mate-
rial inelasticity was taken into account throughMander et al. [41] andMenegotto and
Pinto [42] constitutive laws for concrete and steel, respectively. Force-based elements
were used to model beams and columns, and elastic properties were assigned to the
stairs system. Masonry external infills were not modelled explicitly, but only consid-
ered as applied loads on perimeter beams. Rigid diaphragms were deemed suitable
to represent the rigid behaviour typical of concrete and hollow clay blocks mixed
floors.

3.2 Application of Damage-to-Impact Conversion Methods

In thefirst versionof thePACT tool, the results of loss assessmentswere only available
in termsof dollars, deaths anddowntime (i.e., the so-called 3Ds).However, in its latest
version, environmental impacts, in terms of carbon emissions (CO2) and embodied
energy (EE), are included as consequence functions of damageable components, as
suggested by Simonen et al. [36]. This section describes the application of the three
damage-to-impact conversionmethods introduced above, to estimate the earthquake-
induced environmental impacts of the case-study via time-based assessments, based
on simplified analysis (i.e., nonlinear static analysis).

Firstly, PACT requires the definition of a building performance model, i.e., a
collection of data related to all the structural and non-structural components within
the building that may experience damage during an earthquake. Thus, an inventory of
drift-sensitive componentswas collected for the case-study. ForRCstructural compo-
nents and masonry non-structural elements, the fragility and repair cost functions
developed by Cardone [43] and Cardone and Perrone [44] were deemed appropriate
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for the case-study, since they are mostly suitable for pre-70 s RC frame buildings
typical of the Italian existing building stock. In terms of environmental impacts,
damage-to-impact conversion methods were needed to translate the damage states
(DSs) defined for each component into the corresponding environmental impacts
due to repair. As explained in Sect. 3.3, dedicated to damage-to-impact conversions,
damage and associated repair activities were converted into environmental impacts
by the following three approaches:

• EIO LCA: the environmental impacts per dollar spent within each specific sector
were extrapolated from the web-tool EIO-LCA [31] for the industry sectors of
interest and then summed upwith their ownweight (i.e., the percentage indicating
the contribution of a single process to the global costs of the repair activity).
The examples found in Simonen et al. [14] and FEMA [36] were taken as a
reference to perform the calculations and to define the percentage distribution of
cost allocations for the different components. For instance, for exterior masonry
infills with windows, the following percentage distribution of costs was assumed
for the DS at collapse: 4% adhesive, 10% clay product, 2% cleaning, 2% coating,
2% electrical, 3% glass, 10% piping, 5% plywood, 5% stucco, and 3% windows.
The remaining cost percentage was allocated in labour, whose contribution to
environmental impact is assumed equal to zero;

• Repair description+ eCO2 factors: as suggested by Belleri and Marini [6], the
ICE database [32] was used to get the eCO2 emissions per kg of material (e.g.,
concrete, glass, clay).Average embodied carbon estimates equal to 0.11, 1.44, 0.24
kg eCO2 per kg of concrete, glass and clay bricks, respectively, were selected.
The main issue related to this approach is the need to estimate the kilograms of
material that needs to be replaced during the repair activity associated to specific
DSs. A unit volume of material was assumed for the DS at collapse (i.e., in case of
full replacement of the component), while partial volumes of material associated
to intermediate DSs were scaled down proportionally to DS-specific repair costs
to finally assign the eCO2 at each DS;

• Repair cost-ratio: given that the expected annual loss (EAL) ratio is the ratio
between the expected value of the loss exceedance curve and the building’s
replacement value, the environmental impacts due to repair activities were calcu-
lated by multiplying the EAL ratio in terms of monetary losses and the replace-
ment value in terms of environmental impacts (estimated through a Building-EIO
and equal to approximately 650,000 kg eCO2). A significant assumption of this
approach is related to the fact that also labour costs are included, so the cost
percentage allocated to labour should be excluded from the comparison. However,
since the estimation of earthquake-induced monetary losses is needed, this proce-
dure was performed after running the loss analysis on PACT and the impacts
deriving from this approach are presented in Sect. 3.3.

In conclusion, the environmental impact consequence functions, whose medians
in terms of eCO2 were calculated following the first two approaches above, were
assumed lognormally distributed, with dispersion equal to 0.4.
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Table 2 eCO2 resulting from
different damage-to-impact
(DTI) conversion methods

DTI eCO2 (kg eCO2/yr) eCO2 (% ReI)

EIO LCA 1,600 0.24

Description + ICE 1,800 0.28

Repair-cost ratio 2,000 0.30

3.3 Discussion of the Results

The results of time-based performance assessments are mainly expressed in terms of
loss curves, which plot the total expected loss as a function of the annual probability
of exceedance of that loss. From PACT loss analysis results, an EAL ratio equal to
0.4%was estimated as the ratio between the area underneath the monetary loss curve
(approximately equal toe 5,000) and the total replacement cost (approximately equal
to e 1.25 million). Concerning environmental impacts, the expected annual carbon
emissions obtained by applying the three different damage-to-impact conversion
methods described above are shown in Table 2, also expressed as a percentage of
the building’s replacement impact (ReI). As stated above, labour does not contribute
to environmental impacts and its contribution was assumed equal to the 20% of
global repair costs. Thus, the impacts due to post-earthquake repairs arising from
the repair-cost ratio approach were recalculated as the 80% of the eCO2 resulting
from the approach (i.e., equal to 2.5 t eCO2). It is worth remembering that the cost
percentage assigned to labour may vary significantly depending on the activity of
interest.

4 Conclusions

A review of the available literature on integrated approaches for seismic loss estima-
tion and environmental impact assessment was presented, together with the applica-
tion to a case-study of the FEMA P-58 approach. The critical review of the existing
approaches showed that earthquake-related losses and impactmay be significant in an
overall LCA, thus research is needed to further develop and validate amethodological
framework to assess such impact. The application of the FEMA P-58 demonstrated
that it can be used to quantify earthquake-induced environmental impact (as done
already for monetary losses).

Notably, the three damage-to-impact conversion methods described above lead
to very similar estimates of carbon emissions, demonstrating an already relatively
satisfactory robustness of the three different approaches despite their very diverse
assumptions and required information. It is worth emphasising the lack of compre-
hensive inventories from where to collect information on environmental impacts of
specific components or activities. Furthermore, often the available databases are not
updated to the current market prices, thus adjustment factors are needed to adapt the
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estimates to the present material or activity prices specific for the site of interest,
increasing the uncertainty of the results.
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