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Abstract: A large portion of aging existing buildings are susceptible to significant structural damage during earthquakes and suffer from
poor energy performance. When considering how to improve the seismic performance and energy efficiency of these structures, retrofitting
has been shown to be a more attractive alternative compared to complete demolition and reconstruction. Not only is retrofitting generally
preferable from an economic perspective, but it also typically has lower levels of social and environmental impact as well. Together, these
three aspects (economic, social, and environmental) form the so-called three pillars of sustainability. Recently, research efforts have begun to
focus on developments in combined and integrated seismic and energy retrofit frameworks and techniques, showing that investing in com-
bined retrofitting schemes is often more cost effective than conducting either energy-efficiency or seismic retrofitting alone. As new national
and transnational policies place greater emphasis on the environmental impact of the built environment, it is crucial that combined retrofit
schemes be evaluated in a comprehensive manner that allows for the selection of optimal schemes when a range of key sustainability-related
decision variables (DVs) are considered. This study investigated the selection of a life cycle assessment (LCA)-based optimal combination of
seismic and energy-efficiency retrofit schemes for an existing reinforced concrete case-study building in Italy. The seismic performance of the
retrofit schemes was evaluated using detailed nonlinear time-history analysis and the Pacific Earthquake Engineering Research Centre’s
performance-based earthquake engineering (PEER-PBEE) framework, and the resulting economic costs and environmental impacts were
incorporated into the LCA methodology. A detailed energy assessment was performed for each retrofit scheme so that the costs and envi-
ronmental impacts associated with the operation of the building could be included in the LCA. Subsequently, the characteristics of each
retrofit scheme were evaluated for a range of additional DVs, which encompassed the three pillars of sustainability. Finally, a multicriteria
decision-making process was used to evaluate the optimal combination of seismic and energy retrofit schemes for several locations exhibiting
different combinations of seismicity and climatic conditions. The results of this study provide insight into which combinations of seismic and
energy efficiency retrofit measures can produce optimal solutions within the constraints set by decision makers and illustrate how assessments
of both seismic and energy retrofit interventions can be implemented in the future. DOI: 10.1061/(ASCE)ST.1943-541X.0003500. © 2022
American Society of Civil Engineers.

Introduction that these aging buildings, which generally consist of RC moment-
resisting frames (MRFs) with unreinforced masonry (URM) infills,
are not only susceptible to significant structural damage during earth-
quakes but also suffer from poor energy efficiency due to aging ma-
terials, making them relatively expensive to operate and maintain
energetically (Menna et al. 2021; Pohoryles et al. 2020). When
seeking to improve the seismic and energy performance of deficient

buildings, retrofitting of existing structures and external envelopes

A significant portion of the Italian building stock was built in the
years following the second world war, prior to the introduction of
modern design codes (Asprone et al. 2013). It is well-documented
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is generally preferred because it is more cost effective and has sig-
nificantly lower impact on the environment than complete demo-
lition and reconstruction.

The general aim of retrofitting is to address the critical deficien-
cies of a building and improve its performance. From a structural
perspective, typical deficiencies of infilled RC MRFs include un-
reinforced joints, insufficient column shear capacity, low-ductility
beams and columns, and the formation of soft-story mechanisms. A
variety of structural retrofit measures (SRMs) are available to ad-
dress these issues, including fiber-reinforced polymer (FRP) wrap-
ping (Del Vecchio et al. 2015); joint enlargement (Karayannis et al.
2008); the introduction of new lateral load resisting systems, such as
RC shear walls (Calvi 2013), steel braces (Mazzolani et al. 2018),
or exoskeleton systems (Passoni et al. 2021); and the reduction of
the seismic load through additional damping devices, such as fluid
viscous dampers (Pettinga 2020) or base isolation (Calvi 2013).

Substandard energy performance can typically be attributed
to the poor thermophysical characteristics of envelope elements,
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such as poorly insulated walls, roofs, or windows; the presence of
thermal bridges; insufficient exposure to the sun; or outdated and
inefficient lighting, heating, and cooling systems (Evangelisti et al.
2015; Zinzi et al. 2016). Typical energy retrofit measures (ERMs)
that can address these deficiencies include the installation of new
insulation materials, either in the form of external insulation panels
[such as expanded polystyrene (EPS)], loose-fill cavity insulation,
or foam insulation products (Menna et al. 2021); the installation
of high performance windows with insulated PVC frames, multiple
glass layers covered with low emissivity coatings and low conduc-
tivity gases (Menna et al. 2021; Mora et al. 2018; Rosso et al.
2020); the replacement of existing light fixtures with high efficiency
alternatives (Menna et al. 2021); the replacement of an existing heat-
ing and cooling plant with new energy efficient alternatives (Mauro
et al. 2017; Menna et al. 2021; Mora et al. 2018).

Given the broad range of SRMs and ERMs available, there has
been significant focus in recent years on developing methodologies
that aim to determine optimal seismic or energy retrofit configura-
tions for existing buildings. Various methods, such as index-based
methods (Requena-Garcia-Cruz et al. 2019), cost-benefit analyses
(Cardone et al. 2019; Sousa and Monteiro 2018), and multicriteria
decision making (MCDM) (Caterino et al. 2008; Gentile and Galasso
2019) have been used to select an optimal structural retrofit schemes
from a finite range of possible alternatives. In addition, advanced
optimization methods utilizing evolutionary algorithms have been
employed to develop optimal designs for seismic or energy retrofit
interventions considering both single-criterion and multicriteria op-
timizations (Di Trapani et al. 2020; Falcone et al. 2019; Mauro et al.
2017; Rosso et al. 2020). However, the aforementioned methodol-
ogies do not consider combined seismic and energy retrofitting in a
single assessment. Currently, seismic assessment using these frame-
works is limited to simplified procedures due to the extreme com-
putational complexity involved in performing a large number of
nonlinear time-history analyses (NLTHAS).

With the modern focus on developing sustainable solutions to
design problems, it is important that decision support systems used
to aid in the selection of optimal solutions accommodate not just tech-
nical or economic variables but also social and environmental vari-
ables. Economics, society, and the environment are the so-called three
pillars of sustainable design (WCED 1987). Of the aforementioned
decision support systems, the MCDM framework is the most com-
prehensive and flexible, and is capable of considering a broad range
of decision variables (DVs). Recent studies have used this method-
ology to successfully select optimal seismic retrofit solutions for
existing buildings while considering a selection of DVs from all three
pillars of sustainability (Clemett et al. 2022; Passoni et al. 2021).

Historically, the need for seismic and energy retrofit interven-
tions has been treated as two separate problems that have little in-
fluence on each other. However, studies have highlighted that the
benefits achieved by thermal refurbishment of existing buildings
can be significantly eroded if additional losses associated with seis-
mic hazards are not taken into consideration (Mauro et al. 2017,
Menna et al. 2019). To address this fact, recent studies have focused
on retrofitting buildings to simultaneously improve their seismic
and energy performance; however, these studies have tended to
consider only one or two possible SRMs, such as new RC walls or
FRP joint strengthening, in combination with a fixed set of ERMs
(or vice versa) instead of a range of feasible alternatives (Caruso
et al. 2020); consider only one or two possible DVs, typically eco-
nomic variables such as installation cost or total life-cycle cost in-
stead of a range of economic, environmental, and social parameters
that are key to ensuring a sustainable design (Formisano et al. 2019;
Mora et al. 2018; Pohoryles et al. 2020; Sassu et al. 2017) or; use a
decision support framework that can assist in aiding decision makers
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but stops short of providing concrete, rational recommendations for
an optimal solution (Calvi 2013; Passoni et al. 2021).

The aim of the present study was to illustrate how a general and
robust decision-making framework, such as MCDM, can be used to
combine results from seismic and energy performance assessments
and select, from a finite choice of alternatives, an overall optimal
combined retrofit scheme while considering a broad range of eco-
nomic, social, and environmental DVs. By assessing performance
of the alternatives in three different locations across Italy, this study
provides insights into how different combinations of seismic and
climatic demands can affect the choice of an optimal retrofit com-
bination solution.

Assessment and Selection Methodology

The methodology for assessing the performance of retrofit alter-
natives and selecting an optimal design comprised three primary
phases: (1) seismic retrofit design and performance assessment;
(2) energy retrofit design and performance assessment; and
(3) MCDM assessment. In this study, it was assumed that the SRMs
did not influence the energy performance of the buildings, and vice
versa for the ERMs. This allowed the seismic and energy designs to
be performed independently and the results combined in the final
MCDM stage to determine DV values.

Seismic Design and Performance

The design of the SRMs was conducted in accordance with Italian
building code norme tecniche per le costruzioni (NTC) (NTC 2018).
Nonlinear static analysis, through the N2 method (Fajfar 2000),
was used to identify critical structural weaknesses and the expected
seismic performance of case-study structures as well as to check
code requirements (drift limits, internal forces, etc.). The SRMs
were designed to address these weaknesses and improve the per-
formance of structures as much as possible, acknowledging that
the performance achieved might not be equal to the performance
required for new code-conforming buildings due to practical and
financial considerations (Calvi 2013). This design approach was
in line with the goals of recent risk-reduction programs, such as
the Italian Sismabonus scheme (Cosenza et al. 2018). Following
the design and preliminary assessment, a detailed seismic perfor-
mance and loss assessment was performed utilizing NLTHA and
the probabilistic Pacific Earthquake Engineering Research Centre’s
performance-based earthquake engineering (PEER-PBEE) meth-
odology (FEMA 2018a). The loss calculations were performed us-
ing the PEER performance assessment and calculation tool (PACT)
(FEMA 2018b). The primary output from the detailed seismic
performance assessment was the expected annual loss (EAL), the
expected annual environmental impacts (EAEI), and the annual
probability of failure (APF), which were used to calculate the values
of several of the DVs described in the following sections.

In this study, four different seismic retrofit schemes were
considered: (1) S;—Tlocal strengthening with carbon FRP (CFRP);
(2) S,—global strengthening with additional concentric steel bra-
ces; (3) S3—CFRP strengthening combined with additional concen-
tric steel braces; and (4) S;—CFRP strengthening combined with
additional viscous dampers. In addition, in all the SRMs, URM infill
was separated from the RC frames by the provision of a seismic gap
in order to eliminate column—infill interaction and reduce the shear
forces acting on the columns. The primary intervention techniques
used in each retrofit scheme are summarized in Table 1, while the
design procedure for each of the SRMs and any associated assump-
tions are reported in previous studies by the authors (Carofilis et al.
2020; Clemett et al. 2022).
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Table 1. Summary of the four seismic retrofit schemes considered in this
study

Table 2. Summary of the energy retrofit measures adopted for each of the
three energy retrofit schemes

Scheme Interventions Effect Scheme Envelope ERMs Plant/services ERMs
S1 CFRP strips to BCJ Increases joint shear resistance El External roof insulation with EPS ~ Replace fluorescent lights
CFRP bars to columns Increases column stiffness and flexural panels with efficient LEDs
capacity Install thermostatic valves
CFRP wrap of columns Increases shear resistance of elements on radiators
and beams and confinement . .
E2 El interventions +
S2 Exterior steel X-braces Reduces force and displacement External wall insulation with —
demand on MRF EPS panels
S3 CFRP as for S1 — E3 E2 interventions +

Braces as for S2 —

S4 CFRP as for S1 —
Viscous dampers Reduces displacement and acceleration
demands

Energy Performance

The energy performance of the case-study structure was assessed
using the EDILCLIMA commercial software version 11.0
(EDILCLIMA 2021), which performs static and dynamic energy
calculations that conform with Italian building energy performance
legislation. In this study, the energy demand for space heating and
cooling of buildings was determined through steady-state energy
simulations for the duration of specific heating and cooling seasons,
which are specified by local Italian design standards (UNI 2016).
The steady-state assessment method was chosen for the assessment
procedure over the more detailed dynamic simulation method be-
cause it is the method adopted by Italian design codes for the assess-
ment and energy classification of local building stock (UNI 2014a).
For energy assessments in parts of the world outside of Italy, other
software tools such as EnergyPlus (2022) can be used.

The ERMs were designed to meet the performance require-
ments described in the Italian Ministerial Decree (Il Ministro Dello
Sviluppo Economico 2015), which stipulates three different com-
binations of performance criteria that must be met depending on the
severity of the intervention methods. For small-scale interventions,
these criteria generally consist of, for example, ensuring that the
thermal transmissivity of the retrofitted components is lower than
a code-defined value. For large-scale interventions, the performance
of a retrofitted structure is assessed relative to the performance of a
building of the same geometry and occupancy type but with code-
defined thermal properties. The primary results obtained from this
type of energy performance assessment were annual electricity and
fossil fuel consumption. These were then converted into economic
and environmental variables to be used in the MCDM phase of the
evaluation procedure. The primary energy performance index
(PEC), which represents the total energy consumption of a building
in kWh/m?, was also obtained. The PEC was used to determine a
building’s energy class rating, which is a system used in Italy to
categorize the energy performance of buildings across a range
of occupational classes and climate demands. The energy classes
represent the performance of a building relative to a building with
the same geometry and occupational class but with code-defined
minimum thermal properties. The classes are represented by a
10-letter scale from A4—G; A4 represents high energy performance
above the code minimum level, Al the code minimum perfor-
mance, and G poor energy performance. PEC and the rating class
are useful metrics for comparing how effective different energy
retrofit schemes are at improving a building’s energy performance.
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Replacement of windows with Replace existing boiler

new double or triple glazing with ~ with new high efficiency

PVC frames and internal venetian ~ condensing boiler

blinds Install new lighting control
systems

Floor insulation (where required) Install new photovoltaic
panels on roof

Table 3. Decision variables adopted for the selection of the optimal retrofit
alternative

Group Symbol Description
Economic C Installation costs of the retrofit alternative
G, Expected annual costs of the retrofitted
structure
Environmental Cs Expected life-cycle environmental impacts of
the retrofitted structure
Social Cy Annual probability of failure
Cs Duration of work/disruption to occupants
Cq Architectural impact
Technical C; Need for specialized labor/technical design
knowledge
Cg Required intervention at the foundation level

In this study, three different combinations of ERMs were con-
sidered, representing different levels of intervention severity. A sum-
mary of the ERMs adopted for each energy retrofit scheme are
presented in Table 2. Envelope ERMs (column two of Table 2) aim
to reduce heat energy lost to the external environment. Plant and
services ERMs (column three of Table 3) increase the energy effi-
ciency of systems operating within a building. A detailed descrip-
tion of the retrofit interventions is provided in the following
sections.

Decision Assessment

In the decision assessment phase of the procedure, the outcomes of
the seismic and energy retrofit assessment phases were combined to
create the set of complete seismic and energy retrofit alternatives
that an optimal solution could be selected from. The MCDM frame-
work was adopted to facilitate the selection of the optimal combi-
nation of SRMs and ERMs. The methodology has been described
extensively in works by Caterino et al. (2008) and Carofilis et al.
(2022), but at its core, it provides a rational framework for consid-
ering the performance of different retrofit alternatives across a
broad range of DVs and uses a weighted average method to select
the optimal solution.

When following this procedure, a decision maker first selects a
set of variables with which to evaluate the performance of each
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design alternative. Subsequently, each variable is assigned a weight
representing how important it is to the decision maker; a larger
weight value indicates that a variable is considered more important
to a decision maker than a variable with a smaller weight. Weights
can be determined simply by the intuition of the decision maker, or
they can be determined using more rigorous methods, such as the
analytical hierarchy procedure (AHP) (Saaty 1980), for example.
Third, a decision matrix that contains the values of each decision
variable for each design alternative is developed. The values of the
decision matrix are then normalized, and the ideal and least ideal
solutions for each decision variable are determined (i.e., the best
and worst performing design alternatives for each particular deci-
sion variable). Each design alternative is then compared to the ideal
and least deal alternatives for each variable by calculating the
n-space Euclidean distance between the decision matrix values
for a design alternative and the ideal and least ideal alternatives.
Last, the relative closeness of each alternative to the least ideal sol-
ution is calculated, and the alternative with the highest relative
closeness (i.e., the alternative that is the farthest from the least
ideal) is chosen as the preferred solution.

The DVs used in this study are presented in Table 3 and were
based on those adopted in previous optimal retrofitting studies that
used the MCDM framework (Caterino et al. 2008; Gentile and
Galasso 2019), where the rationale for selecting DVs C;, C,,
Cs, Cq, and C; can be found. For the remaining DVs, the expected
annual cost of the retrofitted structure, C,—which includes the
maintenance of structural and energy retrofit interventions, annual
energy costs (AEC), and the expected annual loss from seismic
damage—was considered as it provides insight into the expected
life-cycle costs of each alternative. C4, the APF, which is charac-
terized by the annual rate of structural damage that could cause
collapse, was included in the assessment as a measure of structural
safety and the ability of a structure to prevent loss of life during an
earthquake event. The life-cycle environmental impacts (LCEI),
Cs, was chosen as the representative environmental impact (EI)
DV because it is a comprehensive parameter that encompasses
all sources of environmental impact over the life of a structure
(Caruso et al. 2020; Passoni et al. 2021).

In the present study, the four seismic and three energy retrofit
schemes outlined in the preceeding sections, were combined, lead-
ing to 12 possible retrofit alternatives. Henceforth, the combined
alternatives will be referred to using the notation Agp, where S
and E are numbers indicating the seismic and energy retrofit
schemes, respectively, that comprise the combined alternative.
Once combined, the retrofit alternatives were evaluated to deter-
mine the values of each of the DVs indicated in Table 3. The weight
vector used in this study to define the relative importance of the
different DVs under consideration was determined using the
AHP described by Caterino et al. (2008).

Application to Case-Study Structure

Description of Structure

The building chosen as the case study for this research was an RC
MREF school building with URM infills located in Isola del Gran
Sasso d’Italia, Abruzzo, Italy (Prota et al. 2020). The school consists
of two aboveground stories and a small partial basement at the east
end. The first and second floors each have an area of approximately
630 m? and interstory heights of 3.75 and 4.25 m, respectively. The
structural system consists of two-way RC MRFs in the longitu-
dinal and transverse directions. URM infills and partitions are present
throughout the building, and large penetrations in the exterior infill
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allow for the presence of windows. Because this structure was built
between the 1960s and 1970s, it is an example of typical Italian con-
struction prior to the introduction of modern seismic design codes
(Prota et al. 2020). A more detailed description of the building, along
with architectural plans and elevations, can be found in Prota et al.
(2020).

To investigate how the choice of an optimal retrofit alternative is
affected by different combinations of climatic conditions and seismic
hazards, the case-study structure was assumed to be located in three
different locations in Italy, all of which experience similar moderate
to high levels of seismicity but have cold (C), moderate (M), and
warm (W) climates. Citta di Castello (latitude 43.4700° N, longitude
12.2314° E) was assumed to be representative of a C-type site,
and Isola del Gran Sasso d’Italia (latitude 42.5056° N, longitude
13.6592° E) and Catania (latitude 37.5013° N, longitude 15.0742° E)
were considered representative of M-type and W-type sites, respec-
tively. Each of the sites is indicated in Fig. 1, which depicts climate
conditions in terms of heating degree days (HDD) and seismic de-
mands across Italy in terms of peak ground acceleration (PGA) on
rock at the 712-year return period (life-safety return period for build-
ing class III according to NTC 2018).

Seismic Performance Assessment

Modeling and Preliminary Assessment

A numerical model of the case-study building was developed using
the OpenSees version 3.3.0 software framework (McKenna et al.
2010), and a three-dimensional representation of the model is pre-
sented in Fig. 2. The model consists of flexural elements (i.e., beams
and columns), beam-column joints (BCJs), a staircase, and ma-
sonry infill. Typical frame elements (beams, columns, and BClJs)
were modeled following the suggestions presented by O’Reilly
and Sullivan (2019) for simulating the structural behavior of older
Italian RC frames. The staircases were modeled using simple elastic
frame elements, with one element representing each stair unit. Con-
crete and steel material properties were obtained from Prota et al.
(2020). More information on the modeling of the RC frame ele-
ments for this case-study structure can be found in the studies
of Carofilis et al. (2020, 2021). Equivalent diagonal struts were
used to model the effects of the URM infill; details were elaborated
in previous studies by the authors (Clemett et al. 2022). In addition
to the modeling of specific structural elements, the laterizio floor
system was assumed to be rigid; as is typical in other similar studies
(Caruso et al. 2020; Gabbianelli et al. 2020; O’Reilly et al. 2018).
Second-order geometric effects were modeled using the P-A for-
mulation. The base nodes of the numerical model were considered
fully fixed, and any effects resulting from soil-structure interactions
were neglected. Last, 5% tangent stiffness proportional Rayleigh
damping was adopted at the frequencies of the first and third fun-
damental modes of vibration.

As previously mentioned, it was assumed that the ERMs do not
affect the structural response of retrofitted buildings. This can be
justified by the fact that the majority of energy retrofit measures
apply to nonstructural components, such as windows or lighting
systems, or to the slab elements, such as the roof and ground floor,
all of which are not typically included in structural analyses. With
regard to the addition of insulation panels to the masonry infills—it
is conceivable that these could have an effect on the lateral strength
and stiffness of the infill; however, because the infills were sepa-
rated from the frame as part of the seismic retrofit schemes, this is
unlikely to affect the global response of the structure.

The results of the preliminary seismic assessment are presented,
for each site (C, M, W), in Figs. 3 and 4 as pushover curves in-
dicating the four limit-state demands defined in NTC [immediate
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@ Zone F: HDD > 3001
Zone E: 2101 <HDD < 3000
Zone D: 1401 <HDD <2100
Zone C: 901 <HDD < 1400
Zone B: 601 <HDD <900
@ Zone A: HDD < 600

(a)
Site Conditions:
Citta di Castello (C): HDD=2347, PGA?=0.300g;

Isola del Gran Sasso d'Italia (M): HDD=2038, PGA=0.293g;

Catania (W): HDD=833, PGA=0.287¢g

@ PGA': 0.25g-0.30g
9 PGA: 0.20g-0.25¢
PGA: 0.15g-0.20g
PGA: 0.10g-0.15g
PGA: 0.05g-0.10g
PGA: <0.05g

(b)

1pGA values for 712 year return period on rock
2pGA values for 712 year return period at site (Soil Class B)

Fig. 1. (a) Climate conditions; and (b) seismic hazard at each of the sites (C, M, and W) investigated in this study. [Reprinted from Menna et al. 2019,
under Creative Commons-BY-3.0 license (https://creativecommons.org/licenses/by/3/0/).]
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Fig. 2. Three-dimensional representation of the numerical model developed in OpenSees. (Adapted from Engineering Structures, Vol. 225,
W. Carofilis, D. Perrone, G. J. O’Reilly, R. Monteiro, and A. Filiatrault, “Seismic retrofit of existing school buildings in Italy: Performance evaluation

and loss estimation,” 111243, © 2020, with permission from Elsevier.)

occupancy (SLO), damage limitation (SLD), life safety (SLV), and
near collapse (SLC)], the limit-state capacities of the structure, and
the corresponding drift profiles. The higher base shear coefficients
observed in the y-direction can be attributed to the fact that the col-
umns are bending about their major axis (Prota et al. 2020).

The preliminary assessment identified the moment capacity of
the BCJs at which tensile cracking occurs and the shear capacity of
the short columns adjacent to the URM infills as the critical struc-
tural weaknesses. These elements limit the performance of the struc-
ture to such an extent that the expected lateral capacity of the
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structure is between 13% and 15% of the anticipated demand at
the SLV limit state.

Preliminary Assessment of the Seismic Retrofit Schemes

To address the critical structural weaknesses identified in the pre-
vious section, the four structural retrofit schemes introduced pre-
viously were designed and applied to the case-study structure.
Additional considerations for modeling the retrofitted structures
in OpenSees are described in Carofilis Gallo et al. (2021) and
Clemett et al. (2022).
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Fig. 4. Drift profiles of the as-built structure for the SLO, SLD, SLV, and SLC limit states in the (a—d) x-direction; and (e-h) y-direction.

The preliminary seismic assessment of the structural retrofit
schemes was conducted using the same N2 method used for assess-
ing as-built structure. The results of these assessments for Site C are
presented in Figs. 5 and 6, which present pushover curves with limit
state demands and capacities and limit state drifts, respectively. For
brevity, the results for Site M and Site W are not presented, given
that, due to the similar seismicity at each of the sites, few differences
were observed in the response of the buildings.

In all cases, the structural retrofit schemes resulted in an im-
provement in the base shear capacity of the structure at the life safety
limit state, which is, in general, greater than 45% of the level re-
quired for new code-compliant buildings. S3 and S4 exhibited the
largest improvements in base shear capacity at each of the three
sites, achieving capacities between 75% and 102% of the code-
specified demand. S1 exhibited the lowest improvement of all the
retrofit schemes, achieving base shear capacities between 37% and
45% in the x-direction and 45%-55% in the y-direction. It is
worth noting that the total base shear capacity of S1 increased
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significantly and was higher than both S2 and S4; however, the
increased strength and reduced ductility of the structure resulted
in a much higher base-shear demand.

The interstory drifts were larger for the retrofitted alternatives
than they were for the as-built structure; this was a direct result of
the separation of the URM infill from the MRF. However, the drift
profiles in Fig. 6 show that each of the retrofit schemes satisfied the
code-specified limits.

Performance-Based Seismic Assessment

The second phase of the structural analysis was a comprehensive
performance-based seismic assessment and loss analysis. The pro-
cedure that was followed and the assumptions that were made
are detailed in Clemett et al. (2022). First, the seismic hazard at
each of the three investigated sites was characterized, and a set of
representative ground motions for each site were selected for use
in the NLTHAs. The record sets were selected using the average
spectral acceleration (AvgSA)-based selection procedure outlined
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in Carofilis Gallo et al. (2021). Second, using the record sets, a
multiple-stripe analysis (MSA) was conducted for each of the
sites. The key engineering demand parameters (EDPs) that were
monitored and recorded for use in the loss assessment phase were
absolute peak floor acceleration (PFA), peak story drift (PSD), and
peak floor velocity (PFV). The nondirectional maximum of the
medians of the maximum values observed for each EDP across
all stories at each intensity in each direction are presented in Fig. 7.
For brevity, only the MSA results from Site C are presented in
Fig. 7, because there were no significant differences between
the values obtained for the different sites. It is clear from Fig. 7
that S4, the retrofit scheme combining CFRP and dampers, pro-
vided a significant reduction in both PFA and PSD compared
to the other alternatives. The drifts observed with retrofit schemes
S1-S3 were larger than those of the as-built structure, and the ac-
celerations were lower. This can be attributed to a reduction in the
stiffness of the building caused by the separation of the concrete
frame and masonry infill. Above a return period of approximately
700 years, a large increase in the PSD was observed, which can be
attributed to the beginning of the formation of the plastic mecha-
nism within the structure, which eventually leads to collapse at the
highest intensity levels.

In addition, the collapse fragility parameters were determined
from the MSA results. The median AvgSA and dispersion ()

values were modified to account for additional modeling uncer-
tainty (O’Reilly and Sullivan 2018), and the final values used in
the loss assessment are presented in Table 4. The collapse fragility
curve for the as-built structure (SO) was included for comparison.

Third, an inventory of damageable components in the building,
their potential damage states, and expected repair costs and EI con-
sequences was developed. It was at this stage that the combination
of the seismic and energy retrofit schemes had to be considered,
because, as previous studies have highlighted, the value of ERMs
can significantly influence the results of the loss assessment (Calvi
et al. 2016; Mauro et al. 2017; Menna et al. 2019). This study uti-
lized the component inventory that was developed as part of recent
work by Clemett et al. (2022); it was modified to account for addi-
tional repair consequences associated with the different ERMs.
These changes are summarized in Table 5 and are consistent with
the approach used in previous studies (Mauro et al. 2017).

The final step in the detailed seismic assessment was the loss
analysis. In addition to the inventory of damageable components,
an estimate of replacement costs and replacement environmental
impacts was required. This study assumed a basic replacement cost
of €2,652,242 and replacement EI of 1,830,000 kgCO,e (Clemett
et al. 2022) for the as-built structure. To account for increased build-
ing value associated with the different energy retrofit schemes, the
replacement costs and Els were increased in proportion to the
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Fig. 6. Limit state drifts for each of the retrofit schemes designed for Site C: (a) SLO; (b) SLD; (¢) SLV; and (d) SLC.

expected material costs of the ERMs, following the environmental
economic input-output life cycle assessment (EEIOLCA) pro-
cedure described by Clemett et al. (2022). The replacement costs
and EIs used in the loss assessment for the different retrofit com-
binations are shown in Table 6, in which S; indicates that the re-
placement values depend only on the energy retrofit scheme and
are independent of the structural retrofit scheme employed. For
simplicity, it was assumed that only the ERMs, as opposed to the
SRMs, increase the value of the building above the cost of the
as-built configuration.

Using the data summarized in the foregoing, a detailed loss as-
sessment of the 12 retrofit alternatives at each of the three sites was
performed. The EAL, EAEI and APF for each retrofit combination
are presented in Table 7. The results for the as-built structure are
also presented (Ag).

Energy Performance Assessment

Modeling and Preliminary Assessment

The energy performance of the case-study building was assessed us-
ing the EDILCLIMA software (EDILCLIMA 2021). The monthly
weather data used in this study to specify the thermal loads was
obtained from UNI 10349:2016 (UNI 2016). The majority of the
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modeling parameters were defined by local design codes based on
the building’s occupancy class, which, for a school building, is E.7
(Italian Government 1993; UNI 2014a, b). The case-study building
was modeled using four different thermal zones representing the
basement, ground floor, first floor, and the stairwell. All thermal
zones were considered conditioned, with heating and cooling set-
point temperatures of 20°C and 26°C, respectively. The internal heat
gain of 4 W/m? recommended by UNI 11300-1 (UNI 2014a) ac-
counts for the additional heat energy produced by building occu-
pants. Additional internal heat gains due to the domestic hot water
system and electrical and plant equipment were not explicitly con-
sidered. Ventilation of the building was assumed to be provided
naturally (i.e., no mechanical ventilation plant), and the air ex-
change method was used to model its effect. A value of one com-
plete air change per hour (1 vol/h) was adopted to represent the
low airtightness of the building prior to retrofitting (Pohoryles et al.
2020). The lighting power demand was adopted from suggested val-
ues for different room typologies (Recommended Lighting Levels in
Buildings 2021), and the expected operational time was obtained
from UNI 11300-2 (UNI 2014b). In addition, emergency lighting
and control devices were assumed to use a total of 6.0 kWh of elec-
tricity per year (UNI 2014b).
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Fig. 7. Median nondirectional PFA, PFV, and PSD recorded at each intensity level during the MSA for Site C.

Table 4. Collapse fragility parameters of the structural retrofit schemes,
modified to account for additional modeling uncertainties

The building envelope was modeled using centerline dimen-
sions, and the thermal properties of the envelope elements were
determined by defining the stratigraphy of each component’s con-

Site C Site M Site W - . ~attl &1

Sch Median ) 7 Median () 5 Median (o) 8 stituent materials. The total thermal transmissivities (U-values) of

cheme veaanl can 19 can 1 the envelope elements are summarized in Table 8. The values pre-
SO 0.107 0.401 0.118 0.400 0.116 0420 sented in the table include the thermal surface resistances and the
S 0.291 0.442 0.353 0412 0.359 0.400 slab-on-ground effect (when appropriate). Thermal bridges were
52 0.225 0.464 0.238 0.445 0.238 0.435 included to correct for the two-dimensional heat flow that occurs
S3 0.324 0.396 0.328 0.468 0.336 0.474 t the int i £ diff ¢ buildi | Th 1 brid
S4 0.565 0.426 0537 0.409 0522 0348 at the intersections of different building elements. Thermal bridges

were modeled at intersections between external wall elements;

Table 5. Influence of the ERMs on the consequences of repair in the damageable component inventory

Energy retrofit measure Effect on loss assessment

Roof insulation with This ERM is applied to the roof, which, as a rigid diaphragm, is assumed to be undamaged. The cost is accounted for in the

EPS panels increased replacement cost of the structure.

Wall insulation with This ERM is applied to the existing walls, and the consequences are added to the existing fragility models. The cost is
EPS panels increased depending on the thickness of the insulation.

Floor insulation with This ERM is applied to the floor slab, which is assumed to be undamaged. The cost is accounted for in the increased
EPS panels replacement cost of the structure.

High performance windows
LED lighting
Lighting controls

The replacement cost of the window components is increased depending on the type of window considered.

The value of the lighting units is increased to represent the increased cost of LED bulbs.

The cost of lighting controls was not considered to affect the repair consequences of any existing components. The cost is
accounted for by the increased replacement cost of the structure.

The cost of this ERM is very low, and the added value to the repair consequences of the existing pipe components is negligible.
This ERM affects the value of the boiler. The replacement value was increased to represent the new equipment.

This ERM is applied to the roof, which, as a rigid diaphragm, is assumed to be undamaged. The cost is accounted for in the
increased replacement cost of the structure.

Thermostatic valves
Condensing boiler
Photovoltaic panels
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Table 6. Replacement costs and EIs used in the loss analysis for the
combined retrofit alternatives

Site C Site M Site W
Alt. € kgCO,e € kgCO,e € kgCO,e

SiE; 2,703,835 1,869,777 2,700,684 1,867,485 2,688,077 1,858,315
SiE, 2,744,588 1,899,420 2,729,918 1,888,749 2,712,451 1,876,044
SiE; 2,890,738 2,005,724 2,858,340 1,982,159 2,841,825 1,970,146

Note: Alt. = Alternative.

external and internal wall elements; external walls and RC columns;
external walls and roof/suspended floors/ground floors; and external
walls and windows. The thermal transmissivity of the windows was
adopted from UNI 11300-1 (UNI 2014a) assuming air filled double-
glazed windows with metal frames and no low emissivity coatings.
The nominal solar transmittance of the windows was assumed to be
0.750 (UNI 2014a). It was assumed that white internal curtains were
present to help regulate the building’s solar heat gains during the
summer months. No external shading of the envelope from local
topography or special shading devices was considered in the model.

Heating energy was assumed to be supplied by a traditional natu-
ral gas boiler system. A boiler efficiency of n = 0.8 was adopted to
model the reduced performance of an aging heating system and was
consistent with values adopted in other studies, such as Menna et al.
(2021). In addition, distribution and control efficiencies were ac-
counted for, assuming a poorly insulated horizontal distribution sys-
tem and room temperature control provided by a single thermostat
located at the boiler outlet. Distribution of the heated water was as-
sumed to use 55 W of electricity. The heat from the water was im-
parted to the rooms through fan-coil heat exchangers, which are a
common component of school buildings (Perrone et al. 2020). The
nominal power of the emitters was assumed to be equal to the power
of winter thermal losses through the building envelope. The nomi-
nal power of the emitters was assumed to be 60 W (UNI 2014b).
Domestic hot water demand was assumed to be 0.2 L per person per
day (UNI 2014b). The total number of building occupants was es-
timated from the office and seating layout of the school to be 235
people. This equated to a hot water demand of 47 L/day. Domestic
hot water was assumed to be provided by the same heating system
used for space heating.

The resulting PECs, equivalent CO, emissions, AECs, and Italian
energy class ratings for the case-study building, located at each of the
three study locations, are presented in Table 9. Electricity and natural
gas consumption, which are direct outputs from the EDILCLIMA

model, can be used to calculate equivalent CO, emissions and PEC
using conversion factors calibrated to represent the characteristics of
Italian electricity generation and natural gas production (Il Ministro
Dello Sviluppo Economico 2015; UNI 2014c). AEC was calculated
using the nonresidential electricity and natural gas pricing data for
Italy in June 2020 (Eurostat—Electricity Prices 2021; Eurostat—
Natural Gas Prices 2021), including taxes and levies. The elec-
tricity and natural gas costs adopted were 0.1753 €/kWh and
0.0291 €/kWh, respectively. Last, the energy class rating was deter-
mined by comparing the PEC of the case-study building to a code-
defined reference building (Il Ministro Dello Sviluppo Economico
2015).

Modeling and Assessment of the Energy Retrofit Schemes
Three different energy retrofit schemes, were considered for each
climate zone and designed in accordance with local legislative re-
quirements. Each retrofit scheme was modeled in EDILCLIMA us-
ing the same basic parameters as the as-built structure. Additional
modeling considerations for each retrofit intervention are summa-
rized in the following paragraphs.

The EPS insulation panels used for the roof and walls were as-
sumed to have a thermal conductivity of 0.035 W/mK (Building
Envelope 2019). The thickness of the insulation was designed to
ensure that the U-value of the retrofitted elements met the minimum
code requirements (Il Ministro Dello Sviluppo Economico 2015).
The final U-values and corresponding insulation thicknesses for
each retrofit scheme are presented in Table 10. Floor insulation
was provided as part of the E3 scheme for Site C to satisfy the more
stringent code requirements for the average thermal transmissivity
of the building envelope. A 20-mm layer of EPS insulation, with
the same thermal properties as the roof and wall insulation, was ap-
plied directly to the slab-on-grade and overlaid with vinyl-rubber
flooring. The thermal transmissivities of the new window ele-
ments were adopted from UNI 11300-1 (UNI 2014a), assuming
six-chamber PVC frames and the glass properties summarized
in Table 11. It was assumed that the original curtains were replaced
with white internal venetian blinds in the classrooms and toilet
areas to reduce solar heat gain during the summer. A curtain factor
of 0.25 was adopted from UNI 11300-1 (UNI 2014a) to capture
this effect. In addition to increased thermal resistance, the new
windows were assumed to improve the airtightness of the struc-
ture. This improvement was modeled by reducing the number of
air changes to 0.5 vol/h for the E3 retrofit scheme. The replace-
ment of existing fluorescent tube lights with LED lights was mod-
eled by assuming that the more efficient LEDs required 50% less

Table 7. EAL, EAEL and APF obtained from the detailed loss assessment for each of the 12 alternatives for each location investigated

Site C Site M Site W
Alt.  EAL (€) EAEI (kgCO,e) APF (x1072) EAL (€) EAEI (kgCO,e) APF (x1072) EAL (€) EAEI (kgCO,e)  APF (x1072)
Ago 38,557 26,357 1.139 34,151 23,344 1.002 34,459 23,565 1.004
Ay 9,399 6,081 0.267 6,775 4,240 0.166 4913 2,998 0.101
Ay 10,009 6,544 0.290 7,320 4,634 0.187 5,116 3,158 0.108
Az 10,727 7,022 0.294 7,478 4,755 0.181 5,376 3,347 0.112
Ay 16,130 10,238 0.458 15,897 10,099 0.455 10,664 6,634 0.286
Ay 16,304 10,421 0.473 15,982 10,279 0.470 10,863 6,789 0.293
Ay 17,031 10,936 0.469 16,065 10,340 0.437 12,265 7,794 0.330
Az 9,601 5,565 0.205 10,115 6,051 0.246 7,482 4,352 0.166
Az 10,095 5,979 0.230 10,657 6,452 0.266 7,600 4,424 0.167
Asz 10,531 6,247 0.224 11,464 6,996 0.274 7,711 4,503 0.162
Ay 3,083 1,745 0.052 3,452 2,045 0.079 2,512 1,427 0.043
Ay 3,213 1,846 0.057 3,585 2,138 0.074 2,579 1,477 0.040
Ay 3,321 1,913 0.054 3,593 2,134 0.068 3,302 1,943 0.059

Note: Alt. = Alternative. All costs are expressed in euros in June 2020.
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Table 8. Thermal transmissivities of the external envelope components
excluding thermal bridge effects

Envelope element U-value (W/m? K)

External walls 0.809
External basement walls 0.388
Ground floor slab-on-grade 0.541
Basement floor slab-on-grade 0.435
Roof 1.609
Windows 4.1

Table 9. Performance summary of the case-study building in the as-built
configuration at each site

Parameter Units Site C Site M Site W
PEC kWh/m? 372 309 164
Eq. CO, kgCO,e 92,192 76,651 40,337
Annual energy cost € (June 2020) 14,878 12,718 7,646
Energy class — F E D

Table 10. U-values of the retrofitted wall and roof elements, excluding
thermal bridge effects

U-values in W/m? K
[insulation thickness (mm)]

Site Scheme Roof Wall
C El 0.202 (150) —
E2 0.202 (150) 0.182 (150)
E3 0.202 (150) 0.182 (150)
M El 0.215 (140) —
E2 0.215 (140) 0.230 (110)
E3 0.215 (140) 0.213 (120)
w El 0.285 (100) —
E2 0.285 (100) 0.287 (80)
E3 0.245 (120) 0.247 (100)

Note: In columns 3 and 4, insulation thickness (in mm) is indicated in
parentheses.

electricity to produce the same level of illumination in each room
(metroLED 2014). The installation of thermostatic valves was mod-
eled by increasing room temperature regulation efficiency, as de-
tailed in the Italian design code (UNI 2014b). The thermostatic
valves were assumed to have a proportional band of 1°C. The new
condensing boiler was assumed to have a nominal combustion
power of 60 kW and a nominal efficiency of 1 = 1.07. The new
lighting control system employed required manual switching on of
lights with automatic switching off when a room was unoccupied.
An appropriate control reduction factor (0.80) was obtained from
UNIEN 15193 (UNI 2008). Last, 20 160-W polycrystalline photo-
voltaic panels, oriented to the south, were installed on the roof of
the school as part of the E3 retrofit scheme.

The results of the energy performance assessment are presented
in Table 12. The AECs and the energy class ratings indicate that all
the retrofit schemes successfully improved the energy performance
of the structure at each of the sites investigated. The first level of
retrofit (E1) resulted in a 28%—35% reduction in annual PEC. Similar
trends were seen in the results of the E2 and E3 retrofit schemes,
which exhibited reductions in the range of 46%—50% and 75%—-80%,
respectively. At all three sites, the E3 retrofit scheme ensured equal or
better performance than code minimum standard, with energy class
ratings of Al and A2 observed.

Decision Assessment

Determination of the Decision Matrix Values and
Weight Vectors

This section details the methods that were used and the assumptions
that were made to calculate the values of the decision variables and
the weight vector for each of the decision assessments. The final
decision variable values and the weight vectors are presented at the
end of the section.

Cl—Installation Cost: Installation cost is the combined cost of
the seismic and energy retrofit schemes for each alternative, consid-
ering efficiencies that can be gained by implementing both retrofit-
ting schemes simultaneously—for example, only accounting once
for the hire of scaffolding, and so forth. The cost estimation of the
seismic retrofit schemes has been described in previous work by the
authors (Clemett et al. 2022); for the energy retrofits, the cost of
the EPS insulation was estimated using data provided by Formisano
etal. (2019). The costs of the condensing boiler unit and solar panels
were obtained from the work of Mauro et al. (2017). The work of
Sassun et al. (2016) was used to estimate the cost of alterations to
existing blockwork and the plastering and finishing of the walls.
The cost of the window units was estimated using cost estimate data
available from the United States (Homewyse 2021). The cost data
was converted from US dollars to Italian euros (in June 2020) using
the methodology proposed by Silva et al. (2020). Cost premiums of
7.5% and 30% were assumed for the argon-filled double- and triple-
glazed windows, respectively, over the standard air-filled double-
glazed windows. An estimation of the cost of small retrofit items,
such as LED tube lights and thermostatic valves, was obtained from
data available on commercial retail websites. These assumptions and
the final cost estimates were verified as reasonable values by a local
energy retrofitting consultant in Pavia, Italy.

C2—Expected Annual Costs: The expected annual cost of a
retrofit alternative comprises three parts; the EAL, the maintenance
cost of the retrofit components, and the AEC. The EAL and the AEC
were determined from the seismic and energy performance analyses,
and the corresponding results can be found in Tables 7 and 12, re-
spectively. The cost of structural maintenance over the lifetime of the
structure (75 years) was obtained by considering the interventions
outlined by Caterino et al. (2008) and scaling them based on the
quantity of materials used. An annual inflation rate of 1% per year
was used to calculate the increased costs associated with the various

Table 11. Window types adopted for the E3 retrofit scheme at each site and their corresponding thermal properties

Window property Site C Site M Site W

Description Argon-filled triple glazing, 4-8-4-8-4 glass, Argon-filled double glazing, 4-16-4 glass, Air-filled double glazing,
two panes with low emissivity (0.05) coatings one pane with low emissivity (0.05) coating 4-12-4 glass, no coating

U-value (W/m?K) 1.2 1.4 2.6

Solar transmittance 0.500 0.670 0.750
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Table 12. Performance summary of the retrofitted case-study building

PEC Eq. CO, AEC Energy
Site.  Scheme  (kWh/m?)  (kgCO,e) [€ (June 2020)] class
C El 257.48 63,872 10,355 D
E2 199.41 48,564 8,218 D
E3 73.22 16,919 3,445 Al
M El 221.76 52,476 8,765 D
E2 166.63 40,716 7,121 C
E3 64.92 14,982 3,109 A2
w El 106.4 26,118 51,012 C
E2 81.5 19,822 4,210 B
E3 40.34 8,828 2,198 A2

maintenance interventions in the future. The discounting of future
costs to account for the benefits of investing money earmarked for
future spending was not accounted for in this study, because it re-
quires knowledge of capital assets and the income of the decision
maker, which fall outside the scope of this study. However, these
items are worth considering on a project-specific basis. Concerning
the energy retrofit, it was assumed that the EPS insulation would not
require any maintenance; however, visual inspection of the plaster
finish would be required every 5 years, with minor patching required
to ensure weather tightness. The cost of the visual inspection was
assumed equal to the cost of concrete visual inspections reported by
Caterino et al. (2008). Complete replacement of the LED lights was
assumed to be required every 16 years. The maintenance of the solar
panel was assumed to comprise biannual cleaning of the panels, an
annual professional inspection, and one panel replacement every
10 years to account for potential damage. To calculate the expected
annual costs, the EAL and AEC were multiplied by the nominal
design life of the building and added to the total maintenance costs.
This value was then normalized by the nominal life of the structure
and the floor area in a procedure analogous to the life-cycle perfor-
mance metric proposed by Caruso et al. (2020).

C3—Expected LCEI: The expected LCEI value was calculated
using Eq. (1) (Caruso et al. 2020):

IEI + EAEL o X SL + MEI
A x SL

LCEI = (1)

where IEI = installation EI of the retrofit alternative; EAEL g eqrofic =
EAEI of the retrofitted structure; SL = expected service life of the
structure postretrofit; MEI = total maintenance EI of the alternative
over the expected service life; and A = total floor area of the build-
ing. The value of each component was determined following the
procedure described in previous work by the authors (Clemett et al.
2022).

C4—Annual probability of failure: The values for the annual
probability of collapse were determined from the results of the de-
tailed seismic performance assessment (i.e., using PACT) and can
be found in Table 7.

C5—Duration of works: The data presented by Mazzolani et al.
(2018) and found on Homewyse (2021) were used to estimate the
duration of the structural intervention works. The reference values
were scaled based on material quantities and floor area when ap-
propriate, and it was assumed that a maximum of 60 workers were
present on site at a given time. The contribution of the energy retro-
fitting schemes to the overall duration of work was accounted for
by adding a fixed number of days (assuming an additional 20 work-
ers) to the duration estimates of the structural interventions. These
assumptions are detailed in Table 13.
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Table 13. Assumptions for the additional contributions of the energy
retrofit schemes (in days) to the total duration of work for the combined
alternatives

Energy retrofit scheme

Structural

retrofit scheme E, E, E;
S1/S3/S4 3 3 7
S, 3 5 10

C6—Architectural Impact: A qualitative ranking of the alterna-
tives based on their architectural impact was performed using AHP,
as described by Caterino et al. (2008). The preference matrix used
in this study was based on the professional judgment of the authors.
This matrix only considered the impact of the structural retrofit
schemes, because the energy retrofit schemes were all assumed to
have a similarly low visual impact once construction was complete.

C7—Need for specialized labor/design knowledge: The values
for this variable were determined using AHP and the judgment of
the authors in a procedure analogous to the one used in Cs.

C8—Required interventions at the foundations: The maximum
ratio of the vertical support reactions between the as-built case-study
building and each of the retrofit alternatives was used to represent
the amount of work required to improve the foundations of the ex-
isting structure to cope with the loads of the retrofitted structure.

Weight Vector: The weight vector, one of many possible ac-
ceptable vectors, was determined using AHP and the professional
judgment of the authors. The following assumptions guided the se-
lection of the values for the pairwise comparisons of the variables:
(1) the decision maker was assumed to be the owner and operator of
the building—this is not unreasonable, because the state generally
provides funding for capital and ongoing expenditures of school
buildings—therefore, C; and C, were almost equal, with slight pref-
erence given to ongoing costs; (2) sustainability is a key consider-
ation in modern designs—Cj; (ElIs) was considered to be equally as
important as the cost variables; (3) the annual probability of failure,
C,, is a very relevant variable and was considered to be as important
as the installation cost of the building and the LCEIs; (4) the retrofit
interventions must be able to be completed during the summer hol-
iday period when the school is empty—therefore, Cs was consid-
ered to be almost as important as the cost-related variables; (5) a
school building is relatively insensitive to architectural changes un-
less they directly impact the work space, which is an uncommon
occurrence—therefore Cq was given low importance relative to the
other variables; (6) Italy is a seismically active country with many
aging buildings requiring retrofit; (7) assuming that most engineers
and contractors are familiar with common retrofit concepts and tech-
niques, C;, specialist design knowledge and installation skills, was
considered less important in this study; and (8) Cg, intervention at
the foundation, may represent an additional cost incurred during the
installation of the retrofit alternatives; therefore this factor was given
moderate importance. It is important to note that the choice of the
weight vectors is the biggest source of uncertainty in the MCDM
procedure, and it can significantly impact the results of the decision
analysis (Carofilis et al. 2022).

The final values for the weight vectors and the decision variables
are presented in Fig. 8 and Table 14, respectively.

Selection Results and Discussion

The decision matrices and weight vectors presented in the previous
section were used as inputs to the MCDM procedure. The prefer-
ential rankings obtained from each analysis are presented in Fig. 9,
in which the alternative in rank 1 is considered the most preferred
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Fig. 8. Weight vectors used in the MCDM procedure.

option, given the selection criteria and weights, and the alternative
in rank 12 is the least preferred. The values presented in the second
column for each site indicate the relative closeness of each alter-
native to the fictitious ideal retrofit alternative, a parameter used
to rank the alternatives in preferential order. The relative closeness
values lie in the range (0,1), with a value of 1 indicating that an
alternative is the ideal solution. The differences between the relative
closeness values can be used to understand how strongly one sol-
ution is preferred over another. Shading has been used to easily

identify differences in the rankings at each site. The different levels
of shading correspond to the alternatives retrofitted with the differ-
ent S1, S2, S3, and S4 retrofit schemes.

The results from Site W, where climate demands were less severe
relative to seismic demand, exhibit a clear trend compared to the
other sites. The rankings of the alternatives are grouped by structural
retrofit scheme, with the S4 scheme being the most preferred option,
followed by S3, S2, and finally S1. This trend indicates that, at least
for the warmer site, the seismic retrofit scheme had a more signifi-
cant effect on the overall ranking of an alternative than the energy
retrofit scheme. Inspection of the relative closeness values indicates
that the rankings of the first six alternatives were reasonably close,
with only a 10% variation in the relative closeness between the al-
ternatives ranked first and sixth; there was a more significant gap
between the S3 and S2 alternatives. For a given structural retrofit
scheme, it appears that, in general, the alternative with the E3 energy
retrofit scheme is the least preferred alternative, and E2 is the most
preferred. This tends to indicate that in warmer climates it may not
be advantageous to provide maximum levels of energy efficiency
retrofit (e.g., providing new roof and wall insulation and replacing
the primary heating system), because the associated benefits do not
outweigh the costs when considered in a combined seismic-energy
MCDM framework. Further inspection of the relative closeness
values across the three different energy retrofit schemes for a given

Table 14. Decision variable values for the selection of the optimal retrofit alternative

Site Alt. C, (6) C, (€) C3 (kgCOse) C, (x1072) Cs (days) Cg C; Cg
Site C Ay 1,209,497 19.99 57.64 0.267 60 0.0227 0.0844 6.12
A, 1,293,366 19.36 47.69 0.290 60 0.0227 0.0844 6.12
Az 1,521,766 17.11 26.85 0.294 64 0.0227 0.0844 6.12
Ay 190,167 20.79 54.83 0.458 22 0.0555 0.0135 16.49
Ay 274,036 19.85 44.68 0.473 24 0.0555 0.0135 16.49
Ass 502,435 17.61 23.87 0.469 29 0.0555 0.0135 16.49
Az 250,365 17.63 51.75 0.205 37 0.0934 0.0844 16.55
Az 334,734 16.92 41.77 0.230 37 0.0934 0.0844 16.55
Asz 563,133 14.47 20.78 0.224 41 0.0934 0.0844 16.55
Ay 609,778 17.92 50.10 0.052 44 0.1617 0.1511 5.14
Ay 695,647 16.95 39.89 0.057 44 0.1617 0.1511 5.14
Ay 922,046 14.26 18.75 0.054 48 0.1617 0.1511 5.14
Site M Ay 1,229,555 16.87 48.28 0.166 61 0.0227 0.0844 5.71
Ay 1,290,386 16.55 40.72 0.187 61 0.0227 0.0844 5.71
Az 1,462,370 14.45 23.49 0.181 65 0.0227 0.0844 5.71
Ay 183,363 19.48 46.57 0.455 22 0.0555 0.0135 16.54
Ay 244,694 18.83 38.83 0.470 24 0.0555 0.0135 16.54
Ay 416,678 16.68 21.52 0.437 29 0.0555 0.0135 16.54
Az 297,092 18.07 44.19 0.246 42 0.0934 0.0844 16.61
Az 357,922 17.74 36.56 0.266 42 0.0934 0.0844 16.61
Az 529,907 16.10 19.67 0.274 46 0.0934 0.0844 16.61
Ay 584,415 17.05 42.12 0.079 44 0.1617 0.1511 4.77
Ay 645,245 16.43 34.27 0.074 44 0.1617 0.1511 4.77
Ay 817,230 14.22 16.99 0.068 48 0.1617 0.1511 4.77
Site W Ay 1,215,433 13.03 28.43 0.101 63 0.0227 0.0844 5.71
A, 1,266,544 13.00 24.58 0.108 63 0.0227 0.0844 5.71
Aps 1,444,776 12.41 17.93 0.112 67 0.0227 0.0844 5.71
Ay 158,651 13.11 25.04 0.286 22 0.0555 0.0135 16.54
Ay 209,762 13.08 21.18 0.293 24 0.0555 0.0135 16.54
Ass 387,993 13.30 15.12 0.330 29 0.0555 0.0135 16.54
Az 272,351 13.55 23.93 0.166 42 0.0934 0.0844 16.61
Az 323,462 13.46 20.01 0.167 42 0.0934 0.0844 16.61
Asz 501,694 12.76 13.28 0.162 46 0.0934 0.0844 16.61
Ay 532,024 13.66 22.62 0.043 43 0.1617 0.1511 4.80
Ay 583,135 13.54 18.68 0.040 43 0.1617 0.1511 4.80
Ay 761,367 13.27 12.23 0.059 47 0.1617 0.1511 4.80

Note: Alt. = Alternative.
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Site C Site M Site W
Rank Alternative Rel. Clos. Alternative Rel. Clos. Alternative Rel. Clos.
1 Az 0.6408 Ay 0.6325 Ap 0.6599
2 Ay 0.6182 Ay 0.617 Ay 0.6456
3 Az 0.6098 Ay 0.5949 Ay 0.6326
4 Ay 0.6083 Azz 0.5924 Az 0.6163
5 Az, 0.5903 Az 0.5699 Asz 0.6143
6 Ay 0.584 Ay 0.5607 Az 0.5996
7 Ass 0.5443 Az 0.5577 Ay 0.5623
8 Ay 0.5239 Ay 0.5228 Ay 0.5585
9 Ay 0.5154 Ay 0.5168 Ay 0.5264
10 Az 0.3987 Az 0.4547 Ap 0.4426
11 App 0.3566 Ay 0.4198 Ay 0.4415
12 Ay 0.3553 Ap 0.4194 Aps 0.4385

Fig. 9. Rankings of the retrofit alternatives at each location obtained using the MCDM procedure.

structural retrofit scheme reveals that the variations of the relative
closeness values are between 1% and 7%, depending on the struc-
tural scheme.

Looking at Site M, similar trends to those at Site W can be ob-
served. Again, the ranking of alternatives is, generally, grouped ac-
cording to the structural retrofit alternative, with the S4 alternatives
preferred over the S3, S2, and S1 options. However, at this site,
which has a much colder climate than Site W, the alternatives retro-
fitted with the E3 energy scheme are preferred over the E1 and E2
alternatives for each of the four structural retrofit schemes. The in-
creasing importance of energy performance can be observed by the
fact that, for this site, A23 is ranked higher than A33. This is a clear
indication that the benefits of the improved E3 energy retrofit of A23
outweigh the better structural performance of A33, despite the higher
installation costs associated with it. The variations in relative close-
ness values of alternatives with the same structural retrofit scheme
but different energy retrofit schemes are between 3.5% and 8.5%.

The increasing influence of the energy retrofitting schemes is
also evidenced in the rankings of the alternatives for Site C, which
has the coldest climate of the three investigated sites. At this site, the
top six ranking spots are still occupied by the S4 and S3 alterna-
tives, although they alternate back and forth depending on the en-
ergy retrofit scheme adopted. The alternatives with the E3 scheme
are the preferred choice, followed by E2 and E1. Despite this behav-
ior, the overall variations of the top six alternatives remains around
10%. The variations of the relative closeness values for the alterna-
tives with a given structural retrofit solution are between 4% and
8.5%, depending on the scheme.

Looking at the results across each of the sites, it appears that
as heating demands increase, the impact of the energy retrofit al-
ternatives on the ranking order becomes more important and, sub-
sequently, the more energy-efficient retrofit alternatives are the
preferred solutions. It is also interesting to note that the first-ranked
alternative is different for each of the sites. This tends to indicate
that for given sites with similar seismicity, climate demands affect
the choice of the optimal combined retrofit alternative. Across all
three sites, the S1 alternatives are consistently ranked as the least
preferred alternatives, primarily due to their substantial installation
costs, which are 2—6 times the cost of the other alternatives. The
high installation costs are the result of requiring many CFRP bars,
which are costly and labor intensive to install, to control structural
drifts. This indicates that retrofit schemes using only CFRP to con-
trol global behavior are not efficient solutions, and superior results
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can be obtained using multiple intervention techniques, such as
braces and CFRP or dampers and CFRP.

Conclusions

This paper presented a general and robust methodology for the se-
lection of an optimal combination of seismic and energy retrofitting
schemes from a set of predefined alternatives by utilizing an MCDM
framework and investigated how the choice of an optimal solution
varies for buildings located at sites with different combinations of
seismic hazards and climate conditions. It was observed that climate
demands have a significant impact on the choice of an optimal com-
bined retrofit alternative. This is an important finding, particularly
when considering a portfolio of buildings with a wide spatial dis-
tribution, such as school buildings owned by regional or national
governing bodies, because it highlights that the same combination
of energy and seismic retrofit may not be optimal in all locations.
The difference between implementing optimal and nonoptimal solu-
tions could prove significant; for example, if a decision maker is sub-
ject to strict environmental, social, or economic constraints. While
this study was conducted with the intent of showcasing a decision-
making framework that can be relatively easily implemented by de-
sign professionals, the detailed analysis methods used, particularly
for seismic performance assessment, make the procedure somewhat
time-consuming and computationally expensive. To make this meth-
odology more attractive to practicing engineers, future research will
focus on simplifying aspects of this procedure to make it more
accessible and time-efficient. Such research developments pos-
sibly include investigating the use of simplified loss assessment
techniques, such as the Italian seismic risk assessment guidelines
(Sismabonus) or component-based loss assessment using the results
from pushover analyses instead of complex time-history analyses, to
see if they produce similar results to the detailed approach described
herein.
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