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Abstract

The high cost of building renovation projects and the need to limit building use during
construction can lead many real estate developers to demolish and reconstruct existing
buildings instead of performing deep renovation. Two building-performance dimensions
are particularly important to this decision-making process: operational energy performance
and seismic safety. Both dimensions have been addressed repeatedly in recent local and
national standards, highlighting the need to upgrade the existing building stock. To
comprehensively evaluate the environmental impacts of these two building regeneration
scenarios, demolition and reconstruction, and deep renovation, a BIM-based Life Cycle
Assessment (LCA) procedure was applied to an actual case study, the former Motel AGIP
building in Bologna (Italy), assuming that both scenarios achieve the same operational
energy performance level. This assumption enables a clearer comparison of the carbon
emissions during the construction stage of the two scenarios. Two LCA software tools, LCA
for Experts and OneClick LCA, were used to calculate greenhouse gas (GHG) emissions
and perform a sensitivity analysis of the results to the choice of LCA tool and dataset. The
LCA results indicate that the renovation scenario is more environmentally friendly, with
a GHG break-even point occurring at approximately 125-130 years under the baseline
assumption of a 50-year remaining service life after renovation. However, to balance
environmental performance with safety and energy-related requirements, an Analytic
Hierarchy Process (AHP) was used to integrate a multi-criteria framework into the design
process. Two strategies were established to evaluate the regeneration scenarios: an eco-
oriented strategy that prioritizes carbon-emission reductions, and a safety-oriented strategy
that prioritizes the earthquake safety of building occupants. The AHP analysis shows that,
under the eco-oriented strategy, deep renovation is consistently preferred across both LCA
software tools. Conversely, under the safety-oriented strategy, total reconstruction emerges
as the optimal choice. This study provides a comprehensive decision-making approach for
building regeneration by balancing multidimensional sustainability criteria.

Keywords: building renovation; life cycle assessment; building sustainability; analytic
hierarchy process; multi-criteria analysis; building information modeling
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1. Introduction

The increase in global urbanization and the need for refurbishment and energy im-
provements in the existing building stock have led to an expansion in construction activities
in the last ten years [1]. Growing concern among policymakers and the public about climate
change has also increased attention to the environmental sustainability of the construction
sector. To meet these multifaceted requirements, there is an ongoing debate concerning
whether existing buildings should be renovated or demolished and reconstructed [2].

Deep renovation of existing buildings presents several challenges. First, substantial
investment is required for structural reinforcement, envelope insulation, and replace-
ment of heating, ventilation, and air-conditioning (HVAC) systems. These interventions
are needed to improve the safety of occupants during earthquakes, and to increase
energy efficiency by reducing the environmental impact and energy consumption of
HVAC services. Renovation also generates environmental impacts through material re-
placement, construction activities, noise, dust and vibrations. Renovation may also cause
significant disruption to building use, which can make demolition and reconstruction
appear more feasible in some cases. However, the environmental impacts of the building
construction process have also raised many questions about environmental sustainability.
Demolition and reconstruction are difficult to implement on a large scale because of
the environmental burdens associated with waste disposal and the consumption of raw
materials [3,4]. The 2023 report of the United Nations Environment Programme [5] re-
ports substantial impacts concerning global building stock and the construction industry.
Building construction has a major impact on the environment, mainly due to the use of
structural technologies based on reinforced concrete for new building construction. It is
worth considering that the cement industry produces about 400 million tons of cement
worldwide each year, in addition to the extraction of aggregates, sand, and gravel, which
amounts to 40 to 50 billion tons per year. Even construction based on a natural material
such as wood has a substantial impact, as one-quarter of the world’s timber is used by
the construction industry and, concerning building occupancy, one-third of the world’s
drinking water is used by the construction sector. These values have tripled in the last
10 years due to the increase in global urbanization. Operation and maintenance phases
also have significant environmental impacts. Building operations during the use stage
are responsible for the consumption of around 40% of the primary energy available
worldwide and, at the same time, for nearly 40% of greenhouse gas emissions, contribut-
ing massively to climate change [5]. In these phases, new buildings—constructed in
compliance with more stringent criteria—have energy and environmental performance
that are much better than those of old buildings [6]. The environmental impact of urban-
ization processes and construction activities is also high in the demolition and disposal
stage of the building life cycle. The demolition of buildings produces one-quarter of the
global waste destined for landfills and incinerators. Demolition and reconstruction are
particularly relevant because of their high material demand and waste generation [3,7].
The waste generated by the construction, demolition or deconstruction of buildings and
other infrastructures represents approximately one-third of the waste produced within
the European Union [4,6,8]. Therefore, deep renovation projects reduce the impact of the
construction process as they preserve the existing building as much as possible and avoid
many of the impacts associated with demolition and reconstruction. Despite the material
consumption and waste production related to demolition and reconstruction, an advan-
tage that should not be neglected—in addition to the improved energy performances—is
the potential to obtain structurally safe buildings. Indeed, there are many seismic regions
in the world where it is necessary to have seismically resistant structures to ensure the
safety of the population. It has been estimated that around 40% of the buildings in
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the European Union are in seismic areas and were built without modern anti-seismic
measures. Moreover, the EU building stock is old and includes many cultural-heritage
buildings, creating additional challenges for safety and conservation [9]. In Italy, the
delay in the seismic classification means that most of the existing building stock does
not meet current seismic-safety requirements. As shown by the latest seismic events,
these buildings—that, according to current regulatory standards, have exhausted their
useful life—are frequently characterized by high vulnerability in the structural and
non-structural elements. Therefore, the safety of existing buildings is a highly relevant
issue [10], both for masonry and reinforced concrete structures. Reinforced-concrete
structures in particular constitute a large proportion of the building heritage dating
back to the post-war years, mostly built with low-quality architectural and construction
characteristics to meet the great real estate demand of the period. These buildings are
also typically characterized by energy deficits mainly due to poorly insulated envelopes
and the obsolescence of the heating system and building finishes.

In the context of the broader shift toward sustainable development, renewable energy
and eco-friendly materials, problems linked to the structural deficiencies of buildings are
often overlooked or given insufficient attention, although they are serious and evident in
some cases [11-13]. However, the need for structural reinforcement is so important that any
intervention aimed solely at energy and architectural redevelopment of structurally vulner-
able and unsafe buildings is of limited value [14,15]. Existing-building interventions are
still frequently addressed through sector-specific approaches, whereas integrated solutions
are needed to jointly consider structural, energy, environmental and economic performance.
A fundamental tool for integrating different project areas is Building Information Modeling
(BIM), which supports the coordinated management of design, construction, time, costs
and life-cycle information. Although there is no universally accepted definition of BIM [16],
ISO standards define it as a shared digital representation of the physical and functional
characteristics of a built asset, providing a reliable basis for decision-making [17].

Comparing demolition and reconstruction with rehabilitation requires methods ca-
pable of evaluating the trade-offs between environmental performance, structural safety
and other decision criteria. Among the methodologies used to assess the environmental
performance of buildings, Life Cycle Assessment (LCA) is one of the most widely applied.
Different environmental assessment approaches have been used to compare renovation
and reconstruction, although LCA is the most widely applied methodology [18,19]. Re-
cent reviews confirm the increasing use of LCA for building renovation, although direct
comparisons between renovation and new construction remain relatively limited and
methodological choices concerning system boundaries and reference study periods are
still heterogeneous [20-22]. Comparative case studies nevertheless generally show that the
outcome strongly depends on the assumed service life, energy performance and treatment
of existing materials [23]. Several studies have also integrated different assessment tools.
Raposo and co-authors [24] analyzed seismic reinforcement solutions in a building located
in Portugal using BIM-based LCA and Life Cycle Costing (LCC). Very recently, Wu and
Maalek [25] proposed a framework to integrate BIM, structural optimization and LCA to
support decisions concerning aging buildings.

A particularly relevant precedent is the BIM-LCA-AHP framework proposed by
Abdelaal et al. [26], which was applied to rank alternative concrete mixtures for a multi-
story structure according to embodied CO, emissions, embodied energy and cost. This
study demonstrates the value of integrating BIM-derived quantities, LCA results and
multi-criteria decision analysis, but addresses a material-selection problem at the de-
sign stage. The decision investigated in the present study is different: it concerns
whether an existing structurally vulnerable building should be deeply renovated or de-
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molished and reconstructed. This requires environmental performance to be evaluated
together with structural safety and construction-related constraints because retaining the
existing structure reduces new material demand while potentially preserving residual
structural vulnerabilities.

Although previous studies have compared renovation and reconstruction through
LCA and others have already integrated BIM, LCA and AHP for construction-material or
design selection, fewer studies have used these tools to address renovation versus recon-
struction as a multi-criteria decision in which environmental performance and structural
safety act as competing objectives. Moreover, the influence of alternative LCA imple-
mentations, contrasting weighting assumptions and residual service life on the resulting
recommendation has received comparatively limited attention.

The present study addresses these gaps by applying an integrated BIM-LCA-AHP
framework to the renovation-versus-reconstruction decision for an existing structurally
vulnerable building. Two alternative decision strategies are considered to represent dif-
ferent stakeholder priorities: an environmentally oriented strategy and a safety-oriented
strategy. In addition, the environmental assessment is independently performed using two
LCA software tools, LCA for Experts and OneClick LCA, allowing the stability of the final
multi-criteria recommendation to be evaluated against differences in background databases
and modeling approaches. The post-war reinforced-concrete motel investigated here pro-
vides a relevant case study of an aging building stock characterized by simultaneous
energy-performance and seismic-safety deficiencies.

In this context, the main objective of this study is to compare deep renovation with
demolition and reconstruction of an existing building by jointly considering environmental
performance and earthquake safety [27]. BIM-based quantity take-off and LCA are inte-
grated with AHP to support the comparison of the two intervention alternatives under
different decision priorities [26]. LCA is performed independently using LCA for Experts
and OneClick LCA, while AHP evaluates the alternatives under environmentally oriented
and safety-oriented strategies. A further methodological objective is to assess whether
differences between the two LCA software tools and their underlying databases propa-
gate through the AHP model and affect the final decision. The remainder of the paper
is organized as follows. Section 2 describes the case study, the intervention scenarios,
and their evaluation using AHP. Section 3 presents the LCA and AHP results, while the
Section 4 discusses the results, particularly addressing the break-even point between the
two scenarios and discussing the two strategies. Section 5 presents the conclusions.

2. Materials and Methods
2.1. Case Study: The AGIP Motel in Bologna

The so-called Motel AGIP building program extended across most of Italy. Since
1954, a major program to construct motels along the main Italian highways and roads was
undertaken by the AGIP Company, the national oil company [28]. By 1962, AGIP already
owned more than thirty motels and today fifty of them are still present throughout Italy.
Six motels were also built abroad. ENI group, which later included AGIP, operated the
AGIP Motels until the 1990s, when the company was forced to sell the former AGIP
properties. The motels subsequently passed to private owners; some remained hotels,
whereas others changed use or were abandoned.

The AGIP Motel type investigated here is the “Model 59”, a simple, functional rect-
angular design, whose dimensions varied according to the expected number of travelers.
From an architectural point of view, the Model 59 was very simple and used low-cost
materials, allowing greater attention to interior details. It was built with a reinforced
concrete structural framework comprising three, four or five floors, with columns spaced
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3.30 m, with brick infills and a stone base cladding on the ground floor. Each Model 59 was
surmounted by a distinctive flat-roofed canopy with a flat roof that ran along the entire
external perimeter and, next to it, the large sign of the “AGIP Motel”.

The Bologna case study [29] was built in 1959 and is a standard example of the Model
59, with no substantial variations from the basic type. The building had a simple rectangular
shape that facilitated an efficient internal layout; the overall plan size was approximately
15 x 30 m. It had seven levels, with a clearly defined functional distribution: the basement
housed areas for building systems and staff services (engine rooms, warehouses, heating
plants, laundry and toilets). The ground floor housed guest areas, such as the atrium,
the waiting room, the restaurant, and the toilets for customers, whereas the first, second,
third and fourth floors contained only guest rooms. The attic floor housed the manager’s
residence and service rooms for the employees. On the external fronts, the AGIP Motel
in Bologna reproduced the conventional Model 59 facade, with the exposed reinforced
concrete structure, neutral-colored paint for the brick walls and the double-casement
windows, emphasizing the vertical articulation of the facades. Larger windows were
present only on the attic floor, surrounded by the reinforced concrete canopy. The external
stairs were also made of reinforced concrete with a glass parapet (Figure 1).

MOTEL 4510 ..

NN o N e
I O0 OO0 ZF I%) ~
2528 528 88 .88

‘U Il |‘“ J‘I ‘J =] —L 5 Ga Ea
BB e 22 EE 22 BE 0 B
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Figure 1. Graphic reconstruction of the main facade of the AGIP Motel in Bologna (drawing by
Greta Casi).

The load-bearing structure consisted of a reinforced concrete framework; columns
were spaced 3.30 m, and their size varied from a maximum of 45 x 40 cm in the basement
to a minimum of 30 x 30 cm in the attic floor. Type 500 concrete and Aq 42 type smooth
reinforcing steel bars were used for the foundations, while type 680 concrete and TOR bars
were used for the superstructure. A patented system known as the Excelsior type was used
for the floors. The Excelsior type is a reinforced-concrete and hollow-block floor system
produced from the 1930s by the Italian Rizzi, Donelli and Breviglieri Company [29,30]. This
was a type of cast-in-place floor with parallel joists, with a compression layer made entirely
of brick, without reinforced concrete. The “Excelsior” type floor was widely used around
the mid-1950s as it was simple and quick to build; it was relatively light, thus reducing
dead loads. From a structural point of view, it had a high stiffness because of the composite
action of the concrete and brick, and it was versatile in terms of construction, since at the
ends, where the bending moment was negative, the blocks could be overturned by placing
the slab downwards to absorb the compression stresses, without additional components. It
was available with different thicknesses (12, 15, 18, 22 cm) and the joists had a width of 6 or
8 cm, with a weight between 110 and 200 kg/m?.
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For the AGIP Motel in Bologna, Excelsior floors had a depth of 22 cm for the ground
floor, the first floor and the attic floor, and a depth of 18 cm for the intermediate floors
and the roof. In 1989 a new wing was built. The building was expanded by adding a new
structure of similar size and adjacent to the existing one, including an overall transformation
of the facades. In 1992 the AGIP hotel was sold to a private company that retained the hotel
function, together with seventeen other similar motels.

An overall analysis of the AGIP building was performed to evaluate its construction
characteristics and the current performance in terms of seismic response for structural
safety by developing a finite element structural model. The assessment identified critical
structural-performance issues, including noncompliance with current safety standards and
low-quality materials and components with inadequate mechanical properties. The struc-
tural analysis highlighted that only 30% of the pillars satisfy the verification requirements
for shear and buckling, and only 11% of the beams satisfy the verification requirements
for shear and bending moments. From an energy point of view, typical critical issues of
buildings designed and built without following energy-efficiency standards were found.
External walls made of hollow bricks infilled in the exposed reinforced concrete structural
framework, with no insulation or cladding, generate wide areas with thermal bridges on
the facades, thus leading to a poor energy-performance class E in the Italian standards.
In such cases, the traditional energy-retrofit measure is the installation of a new external
thermal insulation layer.

A deep renovation strategy was proposed, applying the principles of maximum com-
patibility and minimal invasiveness for the building improvement interventions. With
regard to seismic safety, the proposed reinforcement increases the building’s overall re-
sistance capacity, including local interventions only on the residual vulnerabilities, with
targeted local measures. Following these principles, new reinforced concrete shear walls
help the structural framework to resist lateral loads, reducing their displacements. This
results in a substantial increase in the stiffness of the overall structural system. Addi-
tionally, steel jacketing and fiber reinforced polymer (FRP) wrapping were applied to the
pillars. For beams, the proposed structural reinforcement used the same approach, apply-
ing unidirectional fibers or carbon fiber sheets on the intrados, including steel jacketing if
needed, as systematically detailed in the abacus of strengthening interventions (Figure 2).
The designed renovation project improved the seismic safety of the building, and in the
present research work the renovated building structure was prudently classified as class
E of the seismic safety index of Italian guidelines for the classification of seismic risk of
constructions [31].

To improve energy performance, a ventilated fagade with an aluminum support
structure was designed. The ventilated curtain wall also included an insulating layer of
rock wool and porcelain-stoneware cladding over the cavity, instead of the usual external
thermal insulation. EPS-based insulating panels were instead applied in the basement and
on the roof. The windows were replaced with triple-glazed PVC and aluminum frames,
which provide greater solar gains and lower heat losses. All these interventions improved
the building’s energy performance to the Italian B energy class, as shown in Figure 3
(updated building elevations and envelope details).
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The situation corresponding to this structural and energy improvement intervention
was then compared with a BIM-based simulation of a new construction having the same
volume as the existing building, the same structural layout and the same construction
materials, but built in compliance with actual Italian building technical standards. For com-
parability, the reconstruction scenario was assumed to achieve the same post-intervention
energy performance as the renovated building. The new building was therefore modeled
with the same high-performance envelope concept, including a ventilated facade with rock-
wool insulation, an aluminum supporting structure and porcelain-stoneware cladding,
EPS insulation at the basement and roof, and triple-glazed windows with PVC/aluminum
frames. The same operational-energy and HVAC performance assumptions were applied
to both scenarios. Figure 4 presents a detailed side-by-side comparison before and after the

renovation intervention.
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Figure 2. Examples of renovation interventions designed for Scenario 1: steel jacketing for basement
pillars, insertion of RC stiffening shear walls, steel jacketing for RC beams, and fiber reinforced

polymer (FRP) wrapping for beam-column joints.

https://doi.org/10.3390/su181910124


https://doi.org/10.3390/su181910124

Sustainability 2026, 18, 10124

8 of 37

WINDOWS DETAIL

+16.98,

1373,

+1055,

Sealed triple
glazing unit

Frame of opening
light

Extruded aluminium
frame

"""""""""""""""""""""""""""""""""""""""""""""""""" DETAIL OF THE VENTILATED FACADE
‘ ‘ é | | 463
| } ‘ | | 219.45 Infill walls
= == ;
— - :,,,, — =0 T R ’7|” - Metal frames
Thermo
ke L~ | insulation layer
j\ o VEI':il:aézg
Gres tiles
‘_32‘00

325

Figure 3. Elevations and structural envelope details (ventilated curtain wall layer and triple-glazed
window frames) of the deeply renovated building (drawing by Greta Casi).
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Figure 4. Comparative transverse sections of the building and structure, illustrating the dif-
ferences between the baseline building and the deep renovation scheme incorporating updated
assembly layers.

2.2. The 7D BIM Analysis of the Case Study

Building Information Modeling technology was used to create a virtual model of
the case study building. As there is no universally accepted definition of BIM [16], ISO
standards define BIM as the use of a shared digital representation of a built object, including
whole buildings, bridges, etc., to facilitate design, construction, and operation processes to
form a reliable basis for decisions [17]. Nevertheless, BIM is also the process of managing
information related to those facilities [32], in order to coordinate multiple inputs and out-
puts, irrespective of specific implementations. BIM is a model, a process, and a strategy. It
is actually a methodology to design and manage construction projects and their outputs
through their life cycle. From a technological perspective, a BIM model is a project simu-
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lation consisting of a set of 3D models of construction components linked to one another
and linked to all the required information connected with the project stage. BIM is a set of
parametric 3D models meaning that if an element is modified (e.g., a window), the adjacent
element is automatically adjusted to maintain their relationship (e.g., the wall is modified).
Unlike 3D CAD, which consists of graphical entities (i.e., lines and circles, etc.), while a
BIM object is defined in terms of building elements and systems (such as walls, columns,
etc.) and carries all information related to its physical and functional characteristics. From a
process perspective, BIM can be seen as a virtual process that allows all project stakeholders
to collaborate and to communicate directly on the shared building virtual models [33]. BIM
dimensions specify different goals in terms of BIM use and included information, 4D BIM
adds time-related information (i.e., scheduling, sequence of construction steps), 5D adds
cost information, 6D is facility management oriented, and 7D adds sustainability-related in-
formation. The pilot-study BIM model used in this research was created with REVIT 2023®
application by Autodesk. Building information models of the existing building and of the
planned renovation works were created to perform the quantity take-off and estimate LCA
indicators. IFC models were imported in the LCA software packages to perform impact
evaluations of different strategies. The building components were derived from the survey
of the existing building and from the detailed design of the renovation project, with the aim
of addressing 7D BIM [34]. In the BIM model all building components and elements were
categorized into categories, families and types. In Table 1 the major categories included in
the parametric model are presented. Each of these categories comprises different families
and instances or types that represent building systems and components. The different
categories of building objects of the model create a Product Breakdown Structure that
supports the quantity take-off and a detailed Bill of Quantities that is used to quantify LCA
impacts. In Table 1 all the main categories included in the parametric model are presented
and two BIM model views are presented in the following Figures 5 and 6.

Table 1. BIM families of the parametric models of the AGIP Motel.

Categories Building Components

Load-bearing walls
Walls Non-load-bearing walls
RC basement walls and foundations

Windows of different sizes

Windows .
French windows

Internal doors
Doors External doors
Fire-proof doors

Concrete and hollow blocks fired clay floors
Floors Cement screed
Flooring system

Timber structure roof

Roof Waterproof felt
Roofing tiles
Stair External steel staircase
S Internal RC staircases
Columns RC columns
Beams RC beams
Railings Steel guardrails for stairs
Spaces Rooms, halls, locations
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Figure 5. BIM model views (south-west facade).

Figure 6. BIM model views (south-east facade).

2.3. Environmental Sustainability Through Life Cycle Assessment

The environmental performance of the two scenarios—called “renovation” and
“reconstruction”—is evaluated through LCA, which is an internationally standardized
and recognized method to perform comprehensive evaluations of environmental impacts
of products and processes throughout their whole life cycle. Its principles and framework
are reported in ISO series 14000, which ensures a consistent and reliable approach. In
accordance with 14040 ISO series [35], the methodological scheme consists of four phases:
(i) goal and scope definition, (ii) Life Cycle Inventory (LCI), (iii) Life Cycle Impact Assess-
ment (LCIA), and (iv) the interpretation of the results. One of the objectives of this study is
to compare the environmental performance of upgrading with the total demolition and
subsequent reconstruction of the AGIP Motel case study. LCA was performed through two
specialized software tools, One Click LCA LTD® 2022 software, version 0.14.0 database
version 7.6 and LCA for Experts® version 2023.1. OneClick LCA is software developed
by Bionova that was created specifically for the construction industry, with the goal of
calculating environmental impacts efficiently. Through plugins, it connects to BIM software,
such as Revit® version 2023, and automatically processes the LCI of building materials.
OneClick LCA uses the Ecoinvent database. LCA for Experts (formerly GaBi) is developed
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by Sphera, which uses the Sphera and Ecoinvent databases [36]. The functional unit (FU)
chosen to represent the system is one square meter of surface area per year (1 sqm/year).
The renovation option is identified as Scenario 1, whereas the reconstruction option is
identified as Scenario 2.

The assessment adopts a prospective, decision-oriented perspective, with the system
boundary starting at the time when the decision to intervene on the existing building is
made. Accordingly, the environmental impacts associated with the original production
and construction of the existing building are not included, since these impacts occurred in
the past and cannot be modified by the present decision. This approach, also adopted in
previous comparative LCAs of renovation and reconstruction [37,38], treats the embodied
impacts of the existing building as past or sunk burdens. Conversely, all processes occurring
as a consequence of the present intervention decision are included, comprising partial or
total demolition, transport and waste treatment/disposal, production and transport of new
materials, construction activities, the use phase, and future end-of-life. The same temporal
system boundary is applied consistently to both scenarios. The distinction adopted in
this study is therefore temporal rather than material-based: impacts occurring before the
intervention decision are treated as past burdens, whereas all impacts generated as a
consequence of the selected intervention strategy are included. The inclusion or exclusion
of the environmental impacts associated with the existing building remains a debated
methodological issue in renovation LCA, and different approaches have been reported in
the literature [39].

The system boundaries are depicted in Figures 7 and 8 and include the processes
associated with the intervention/construction (A1-A5), in-use (B1-B7), and end-of-
life phases (C1-C4). The same figures also illustrate the process flows considered in
each scenario.

SCENARIO 1 — RENOVATION

Product & Construction Process Stage Use Stage End of Life Stage
(A1=A5) (B1=-B7) (C1=C4)

Demolition phase (A4/A5)

partial
demolition transport

disposal of
materials

water consumption

Renovated Motel
(50 years of life)

original
Motel

transport

SYSTEM BOUNDARIES

Building phase (A1-A5)

new material I
A 3 disposal of

electricity materials
operational
energy

Figure 7. Process flows of Scenario 1: renovation.

LCI consists of the collection and quantification of the product system’s material
and energy input and output flows throughout its life cycle. For this study, foreground
data related to materials used in the original construction were collected from the original
structural project, preserved in the AGIP archives, and reported in a master’s thesis.
Then, inventory data of the two hypothesized scenarios were obtained from BIM software
modeling, Revit, which makes it possible to trace and model both the structural and energy
modifications to the Motel AGIP during renovation, for Scenario 1, and reconstruction, for
Scenario 2. On this basis, it was then possible to derive material types and their take-off
quantities. The complete material inventory for both scenarios is reported in Table 2 below.
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The inventory divides the materials into those demolished and those required for the
renovation/reconstruction process.

SCENARIO 2 — RECONSTRUCTION

Product & Construction Process Stage Use Stage

End of Life Stage
(A1-AB) (B1-B7)

(c1-C4)

Demolition phase (A4/AS5)

original
Motel

total
demolition

disposal of
materials

transport }—r

SYSTEM BOUNDARIES

new material
production

Building phase }A1-A5)

recon- /

struction

A

operational
energy

Figure 8. Process flows of Scenario 2: reconstruction.

water consumption

Renovated Motel
(50 years of life)

electricity

transport

disposal of
materials

T

Table 2. LCI of construction materials, for both scenarios.

LCI Scenario 1—Renovation

LCI Scenario 2—Total Demolition and Reconstruction

Steps Materials Amount [kg] Steps Materials Amount [kg]
1.  Partial Concrete C28/35 114,160 1. Total Concrete C28/35 1,657,623
demolition wood 2030 demolition wood 9431
2. Transport glass 10,152 2. Transport glass 10,152
to landfill steel 1977 to landfill steel 161,533
3. Disposal of brick 199,181 3. Disposal of brick 1,383,046
materials plaster 64,007 materials plaster 294,156
wood 35,799 Wood 43,200
glass 24,318 glass 24,318
Concrete C28/35 221,464 Concrete C28/35 2,063,424
Steel steel
(reinforcing bars) 171,228 (reinforcing bars) 170,892
EPS 3443 EPS 4531
rock wool 13,905 rock wool 16,424
New material plaster 8949 New material for plaster 239,099
for renovation stoneware 46,908 reconstruction stoneware 46,908
FRP 158 plasterboard 178
sheet metal 3879 sheet metal 3879
sheathing 2224 sheathing 2224
PVC 5674 PVC 5674
none brick 1,125,539
aluminum 41,850 aluminum 41,850
none Concrete C8/10 208,843
none ceramic 121,515

OneClick LCA requires the classification of construction materials by building a
subsystem of the building structure such as foundations, vertical structures, horizontal
structures, fixtures and other structures. Table 3 indicates the different locations of the new
materials used for renovation or reconstruction.
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Table 3. Subdivision of the inventory of construction materials into structural subsystems—
OneClick LCA.

OneClick LCA Inputs OneClick LCA Inputs Scenario 2—Total
Scenario 1— Renovation Demolition and Reconstruction
. . Concrete C28/35 128,028
Foundations / / Foundations Iron 8172
Eps 1071 EPS 2159
plaster 8949 plaster 239,099
Concrete C28/35 221,464 Concrete C28/35 772,498
cal iron 171,228 cal iron 46,554
Vertica rock wool 13,905 Vertica rock wool 16,424
structures stoneware 46,908 structures stoneware 46,908
FRP 158 plasterboard 178
/ / brick 886,851
aluminum 41,850 aluminum 41,850
wood 31,857 wood 31,857
EPS 2372 Concrete C28/35 1,076,325
sheet metal 3879 Iron 51,285
bitumen .
. 2224 brick 238,688
Horizontal sheathing Horizontal He
structures / / structures Concrete C8/10 208,842
/ / ceramic 121,515
/ / EPS 2372
/ / sheet metal 3879
bitumen
/ / sheathing 2224
PVC 5674 wood 7401
Fixtures Glass 24,318 Fixtures pPvC 5674
/ / glass 24,318
Oth / / steel 64,881
ther / / Other structures  Concrete C28/35 86,574
structures / / wood 3943

The operational energy needed during the construction phase is also considered, in
addition to the impacts associated with the production of new construction materials and
products. The operational energy is estimated based on the size of the building site and
the nominal power [kW] of the appliances used. The construction site for the AGIP Motel
is medium to large, so a consumption of 30 kW per hour by construction operations was
estimated [40]. A total project duration of 180 working days (6 months) was considered
for the renovation scenario and 720 working days (24 months) for the total demolition
and reconstruction scenario. A standard 8 h workday was assumed, together with a
simultaneity coefficient of 0.7 for the calculations of the total consumption. Therefore, the
total electrical power consumption on site during the construction project is 30,240 kWh
(derived from 30 kW x 8 h/day x 180 days x 0.7) for Scenario 1, and 120,960 kWh (derived
from 30 kW x 8 h/day x 720 days x 0.7) for Scenario 2. Concerning the transportation
routes considered in the analysis, the distance between the demolition site and the disposal
site was estimated at 20 km, based on Italian statistical data (Figures 7 and 8) [41].

For the operational phase of the motel, water use and electricity consumption were con-
sidered (Figures 7 and 8). The motel’s annual water demand is estimated based on the aver-
age annual consumption per user from the ITACA Protocol, criterion sheet B.5.2.—Drinking
water for indoor use. The motel’s annual electricity consumption is estimated on the basis
of the average annual electrical expenditure per user from the ITACA Protocol, criterion
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sheet B.1.2.—Primary energy for heating and B.1.5.—Primary energy for domestic hot
water. A further assumption concerns the electricity demand for the heating system of
the motel [42].

Lastly, a conservative choice was made when modeling the end-of-life phase. In fact,
all demolished materials are sent to an inert landfill. Therefore, any credits derived from
material recovery are not accounted for.

The datasets chosen to model the above processes were selected from LCA for the
Experts and Ecoinvent databases and are as representative as possible of the building
location. Whenever possible, an Italian dataset was selected; otherwise, European, global,
or non-EU processes were selected (chosen in this order). The LCA for Experts software by
Sphera contains about 12,500 LCI datasets that are updated annually [36].

Life Cycle Impact Assessment (LCIA) was performed following the Environmental
Footprint 3.1 method, developed by the European Commission’s Joint Research Centre [43],
and focused on the climate change impact category, to enable comparison with OneClick
LCA. The latter is an LCA tool dedicated to the construction sector and is characterized by
one of the most comprehensive construction-sector LCA databases worldwide. OneClick
LCA can be used with BIM and other tools. Its database includes EPDs, generic data, and
private data with more than 200,000 data points [44].

Because the selected FU is 1 sqm/year and the use phase of the building for both
scenarios is assumed to be 50 years, the impacts of the construction phase and the end-of-
life phase are amortized over this period, while the use phase is already modeled on one
year’s worth of consumption.

2.4. Multi-Criteria Decision-Making via AHP

The Analytic Hierarchy Process (AHP) was introduced to balance the inherent con-
tradictions between environmental sustainability, structural safety, and construction du-
ration. While LCA can provide accurate environmental impact data, making the final
choice between “deep retrofitting” and “complete rebuilding” often requires multidimen-
sional trade-offs and compromises. The AHP model in this study strictly follows the four
stages below.

2.4.1. Construction of Hierarchical Structure and Definition of Indicators

To comprehensively evaluate the treatment options for existing buildings, this LCA-
based study overcomes the limitations of the traditional single environmental dimension
by breaking down the time scale into “short-term impacts during the construction period”
and “long-term impacts during the operation period.” Accordingly, an AHP model for
comprehensive decision-making regarding treatment options for existing buildings is
constructed. This model consists of an objective layer (G), a criterion layer (C), and a
solution layer (P), with specific indicators as shown in Table 4.

To maintain strict boundary consistency, the historical upfront embodied carbon of the
pre-existing structure (historical Modules A1-A3) and its proportional demolition disposal
are treated under a zero-burden cutoff rule, thereby restricting the comparison exclusively
to newly added intervention components across both scenarios.

Table 4. Comprehensive evaluation index system for existing building treatment schemes.

Hierarchical Structure Coding Indicator/Scheme Name Indicator Connotation and Definition
Optimal decision-making Evaluate and select the optimal
Target layer (G) G for existing follow-up treatment path for
building treatment existing buildings.
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Table 4. Cont.

Hierarchical Structure

Coding Indicator/Scheme Name Indicator Connotation and Definition

Criterion layer (C)

Embodied carbon emissions
generated during
the material procurement,
transportation, and on-site
construction/renovation phases.
Operational carbon emissions generated
during the building occupancy phase
due to operational energy use, including
heating, cooling, lighting,
and ventilation.
The structural toughness and
G Earthquake Safety load-bearing capacity of the building
against earthquake disasters.
The time required to complete the
project, directly
Cy Construction Duration reflect on its social impact and
the time cost of
relocating and clearing the site.

Construction Phase

C .
1 Carbon Emissions

Operation Phase

C .
2 Carbon Emissions

Solution layer (P)

Implement comprehensive green and
Pq Scenario 1 Renovation structural renovations of
existing buildings.
Demolish existing buildings and

Py Scenario 2 Reconstruction .
redesign and reconstruct.

2.4.2. Judgment Matrix Construction and Scale Meaning

In practical engineering decision-making, different policy domains and regulatory
mandates (such as environmental protection departments and safety regulatory depart-
ments) have fundamentally different decision-making priorities. To make the assessment
model more widely applicable to engineering and to clarify the relationship between
“macro-strategic guidance” and “micro-objective data,” this study designed two typical
decision-making scenarios. It is important to note that the pairwise comparison matrix
at the criterion level of this model is only used to determine the strategic weights under
different macro-level decision-making orientations. The final scores of specific solutions on
each indicator will be directly substituted into objective physical quantity data calculated
by models such as LCA, without repeating subjective pairwise comparisons at the solution
level. This “strategic subjective guidance, objective data” architecture effectively avoids the
drawbacks of traditional AHP introducing subjective bias at the solution level.

This study employs Saaty’s 1-9 scaling method to construct pairwise comparison
matrices A = (ajj)sx4. The elements ajj in the matrix represent the importance ratio of
criterion C; relative to criterion Cj and satisfy the diagonal element a;; = 1 and the reciprocity
condition aj; = 1/aj.

Based on the core requirements of engineering projects, this study proposes
two representative decision-making strategies:

1.  Strategy A (Environmentally Oriented Perspective):

The core objective of this strategy is to maximize the mitigation of life-cycle carbon
emissions. To systematically eliminate arbitrary assignment and establish a transparent,
scientifically grounded rationale for the matrix elements, the pairwise comparison values
are explicitly mapped from strategic policy orientations to Saaty’s 1-9 scale through a
two-tiered, literature-backed rationale.
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Intra-Domain Calibration (Carbon vs. Carbon): Within the greenhouse gas domain,
the operational phase carbon emissions (Cy) traditionally account for 70% to 85% of a
building’s total life-cycle carbon footprint due to its multi-decade timespan, as consistently
quantified in the existing literature (e.g., ref. [45]). In contrast, construction phase carbon
emissions (C;) are temporary and intensive. This long-term physical dominance justifies
scaling C, as moderately more important than C; from a strategic asset management
perspective, yielding ajp = 1/3 (and, reciprocally, ap; = 3).

Inter-Domain Calibration (Carbon vs. Non-Carbon): Under the stringent mandate
of the European Green Deal, the Energy Performance of Buildings Directive (EPBD), and
Italian regional sustainability frameworks (e.g., refs. [46,47]), carbon reduction has been
elevated from a secondary design consideration to a core regulatory boundary condition.
To reflect this strong policy emphasis in Strategy A, environmental criteria are formulated
to hold systematic dominance over traditional technical margins, namely earthquake safety
(C3), and construction duration (C4). Consequently, the temporary construction carbon
(Cy) is established to have moderate and strong dominance over C3 and Cy, leading to the
assignment of a;3 = 3 and aj4 = 5, respectively. The complete judgment matrix for Strategy
A is constructed as shown in Table 5. The final normalized weights (Wj;) are calculated
using the standard arithmetic averaging method.

Table 5. Pairwise comparison matrices and criterion weights for Strategy A.

. . . Normalized

Strategy A: Strong Environmental Orientation C C, Cs Cy Weights (W;)
C; (Construction phase carbon emissions) 1 1/3 3 5 0.267
C; (Operational phase carbon emissions) 3 1 5 7 0.563
C3 (Earthquake safety) 1/3 1/5 1 2 0.108
C4 (Construction duration) 1/5 1/7 1/2 1 0.062

2. Strategy B: Strong Safety Orientation:

This strategy shifts the decision-making aim toward structural resilience, placing
structural durability and public safety as top priorities. To ensure consistency in the
methodological framework while avoiding arbitrary value assignment, the comparison
elements for Strategy B are derived using a two-level, policy-reflective calibration that
mirrors the logic in Strategy A:

Structural and Safety Dominance (Safety vs. Environment/Schedule): Under the
strict European building Eurocodes and Italy’s specialized structural mandate (e.g., the
Sismabonus framework within the National Recovery and Resilience Plan [48]), earthquake
safety (Cs) is treated as a non-negotiable regulatory requirement. To reflect this absolute
policy priority, C3 is scaled to hold distinct dominance over both carbon mitigation and
project timelines. This dictates that C3 holds strong dominance over construction phase
carbon emissions (Cy, azg; = 5), moderate-to-strong dominance over operational phase
carbon emissions (Cy, a3, = 4), and strong-to-very-strong dominance over the construction
duration (Cy4, ag4 = 6). Residual Calibration (Carbon vs. Carbon/Schedule): while safety
remains the highest priority, residual preferences between the remaining domains align with
general asset lifespans and regulatory penalties. The decade-spanning C; still moderately
outweighs temporary construction impacts (Cy, yielding ap; = 3 and ajp = 1/3), and C;
maintains a slight strategic edge over scheduling constraints (Cy4, a14 = 2), balancing other
compliance objectives when safety thresholds are fully met. Based on the reciprocity rule,
the complete judgment matrix for Strategy B is established as shown in Table 6. The
final normalized priority weights (W;) are calculated using the same arithmetic averaging
method as Strategy A.
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Table 6. Pairwise comparison matrices and criterion weights for Strategy B.

. . Normalized

Strategy B: Strong Safety Orientation Cq C, Cs Cy Weights (Wi)
C; (Construction phase carbon emissions) 1 1/3 1/5 2 0.114
C; (Operational phase carbon emissions) 3 1 1/4 3 0.224
C3 (Earthquake safety) 5 4 1 6 0.588
C4 (Construction duration) 1/2 1/3 1/6 1 0.074

2.4.3. Consistency Check

To avoid potential logical flaws and transitivity violations inherent in subjective human
judgments, a rigorous mathematical consistency check was performed on the constructed
judgment matrices for both strategies. The key parameters, including the maximum
eigenvalue (Amax), Consistency Index (CI), Random Consistency Index (RI) and the final
Consistency Ratio (CR), were calculated based on the standard Saaty framework. As
consolidated in Table 7, the CR values for Strategy A and Strategy B are 0.0257 and 0.0477,
respectively. Both figures fall significantly below the critical threshold of 0.1, mathematically
demonstrating that the comparison scales designated within the differentiated scenarios
possess satisfactory consistency and reliability for subsequent strategic weight assignment.

Table 7. Summary of AHP matrix consistency test parameters.

Decision-Making Matrix
Situation Order (n) Amax CI RI CR Test Results
Strategy A 4 4069 0.023  0.89 0.026 <0.1 (satisfies consistency)
Strategy B 4 4128 0.043  0.89 0.048 <0.1 (satisfies consistency)

2.4.4. Calculation of Local Relative Scores via Data-Driven Normalization

Local performance scores (5ij) for all criteria (C; through Cy4) are derived deterministi-
cally from empirical physical data and engineering code boundaries to avoid alternative-
level subjective comparison biases and ensure methodological rigor.

For cost-type attributes where lower values imply superior performance—specifically
Construction Carbon (C;), Operational Carbon (C;), and Construction Duration (C4)—the
raw parameters (X;;) are systematically mapped into standardized relative scores via the
reciprocal normalization linkage in Equation (1). Conversely, for benefit-type attributes
where higher margins are preferred—specifically Earthquake Safety (C3)—local scores are
determined based on structural compliance reserves under governing technical standards.
This unified data-driven layout ensures that the priority attributes automatically satisfy the
mathematical closure constraint 2]2':1 Sij =1.0000, eliminating any downstream reliance on
arbitrary expert pairwise comparisons at the alternative level.

1
Sij = zxiijl, j € {renovation, reconstruction} (1)
Yh—1 X5

Note that for construction duration (C4), Equation (1) is the base reciprocal scaling
framework and accounts for linear socio-economic disruption and potential threshold
effects caused by extended closure of the hotel.

The comprehensive inventory of raw engineering parameters, governing technical
standards, and the final normalized local scores for both alternatives are systematically
consolidated in Table 8. As detailed in the matrix, the operational carbon (C;) yields identi-
cal post-intervention raw intensities (40.2746 kg CO, eq./m?/year) across both pathways
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due to synchronized energy-performance Class B and HVAC configurations, automatically
resulting in an equal priority split of 0.5000. Similarly, the structural safety metrics (C3) are
explicitly calibrated against the Italian technical codes for buildings [49] and the seismic
safety index SI as indicated by the Italian guidelines for the classification of seismic risk of
the constructions [31]. A new construction can be categorized in A class, with SI from 80%
to 100%, while existing and renovated buildings can be categorized with SI from B to G. In
the present research work the seismic safety indices were prudently estimated as 80% for
reconstruction and 20% for renovation (i.e., Class E from 15% to 30%).

Table 8. Comprehensive summary of raw parameters and normalized local scores across all criteria.

Raw . .
I LCA Platform/ . Technical Normalized
Criterion Data Source Alternative Par&r&;& ter Basis/Reference Score (S;))
1)

1 LCAforBxperts  pooition o700 4 mpirical LCA 0765
(Construction carbon) OneClick LCA Renovation 2.500 mventory 1nte2ns1ty 0.734
net-lc Reconstruction 6.900 (kg COzeq./m* year) 0.266

30.2% reduction from
5 Dynamic Renovation 40.275 57.7000 0.500
(Operational carbon) Simulation Reconstruction 40.275 baseline 0.500

(kg COgzeq./ m? year)
C3 Seismic Risk Renovation SI = 20% DM 65/17 0.200
Earthquake safet Classification Reconstruction SI = 80% 0.800

q y
€4 ; Project Renovation 180 days Basehng construction 0.800
(Construction Jec : Y logistics and

duration) Scheduling Reconstruction 720 days scheduling matrix 0.200

This parameterization isolates the analytical focus, allowing downstream decision-
making frameworks to evaluate the trade-offs under conflicting policy orientations.

3. Results

Life Cycle Impact Assessment (LCIA) results for the climate change impact category
from both LCA for Experts and OneClick LCA software are presented below. First, CO,eq.
data are presented, subdivided by the building’s life cycle phases of EN15804. A hotspot
analysis was performed in relation to the construction phase to examine which part of this
process had the greatest influence on GHG emissions. The analysis investigated the impacts
derived from the demolition activities associated with the intervention, the production
of construction materials, their transport to the construction site and the energy used
by machinery during the construction phase. Moreover, the construction materials were
subdivided by type, to identify which of them carries the highest environmental burdens.

3.1. LCIA Results with LCA for Experts Software

Table 9 reports, for both scenarios, results for the climate change impact category from
LCA for Experts modeling. The results are reported per square meter both per year—which
is the chosen functional unit—and over the lifetime of the building, which is estimated at
50 years. COzeq. is presented subdivided by EN 15804 life-cycle phases in relation to the
functional unit (first named “GHG per FU”) and for the 50-year service life of the building
(column named “GHG over 50 years”).

In Table S1, the hotspot analysis of construction-phase processes obtained with LCA
for Experts is presented in relation to the functional unit.
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Table 9. GHG emissions (GHG) of each life cycle phase of the motel case study for both scenarios.
LCIA is performed with LCA for Experts software.

SCENARIO 1— GHG per FU . o GHG over 50 Years
RENOVATION [kg COseq. per % Contribution  [kg CO,eq. per sqm
sqm/Year] per 50 Years]
Construction phase 3.5 15% 175
Use phase 19 82% 950
End-of-life phase 0.58 3% 29
Total 23.08 100% 1154
SCENARIO 2—
RECONSTRUCTION
Construction phase 9.7 33% 485
Use phase 19 65% 950
End-of-life phase 0.67 2% 34
Total 29.37 100% 1469

3.2. LCIA Results with OneClick LCA Software

In the same way, the climate-change impacts were calculated using OneClick LCA
for both scenarios and are presented in Table 10 and Table S2, which report the GHG
emissions for every life cycle phase of EN15804 in relation to the functional unit (labeled
“GHG per FU”).

Table 10. LCIA results from OneClick LCA software on GHG emissions for each life cycle phase.

SCENARIO 1- GHG per FU % Contribution
RENOVATION [kg COzeq. per sqm/Year] °
Construction phase 25 9.65%
Use phase 23 89.26%
End-of-life phase 0.28 1.09%
Total 25.78 100%
SCENARIO 2—
RECONSTRUCTION
Construction phase 6.9 23%
Use phase 23 76%
End-of-life phase 0.32 1%
Total 30.22 100%

In Table S2, the hotspot analysis of construction-phase processes obtained with
OneClick LCA is presented in relation to the functional unit.

3.3. Robustness Comparison Mechanism of AHP Decision-Making Based on Dual Software (LCA
for Experts and OneClick LCA)

This study implements a parallel dual-software cross-check framework to compare
whether alternative LCA databases and modeling approaches lead to consistent AHP
outcomes and to evaluate the influence of background databases on macro-strategic se-
lection. Since general-purpose software (LCA for Experts) and building-specific tools
(OneClick LCA) differ inherently—such as distinct background Ecoinvent/local database
architectures and embedded carbon accounting boundaries—integrating their quantitative
outputs into the AHP framework serves as a rigorous cross-verification mechanism against
variation in the underlying data.

Specifically, the independent environmental parameter sets derived from the two
LCA platforms are processed as parallel inputs for the alternative layer, while all non-
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environmental structural and scheduling attributes are maintained strictly invariant. By
processing these parallel data streams through the calibrated AHP matrix, the framework
performs two comprehensive syntheses to compute the final weights. The consolidated
priority outcomes driven by both LCA platforms are systematically summarized in Table 11.
This dual-track computational matrix not only determines the preferred engineering alter-
native but also mathematically demonstrates whether micro-level data inventory variations
could alter or reverse macro-level planning and selection strategies.

Table 11. Consolidated AHP priority scores driven by dual LCA software packages.

LCA for Experts Driver OneClick LCA Driver
) Local Local Global
. Normah_zed . Performance Global Performance oba :
Decision- Scenario Scenarios of the Overall of the Overall Final Recom-
Making  Weights (W;) (Project Criterion Priority Criterion Priority mendation
Strategies [Cq, C, Alternatives) Layer (S;) Score (Final Layer (Sj) SFQOYCI Strategy
Cs, C4l [Cy, Ca, Score) [Cy, Ca, éclollz)
Cs, G4l Cs, G4l
Scenario 1 [0.735, 0.500, [0.734, 0.500,
(0267,0563,  Renovation  0.200,0.800] 0.548 0.200, 0.800] 0.548 _
Strategy A 708 '0.062] _ Scenario 2 [0.265, 0.500 [0.266, 0.500 Renovation
0.108, 0.062] . ’ ’ 0.452 ’ ’ 0.452
Reconstruction  0.800, 0.200] ’ 0.800, 0.200] ’
Scenario 1 [0.735, 0.500, [0.734, 0.500,
(01140224,  Renovation  0.200,0.800] 0.372 0.200, 0.800] 0.372 ,
Strategy B 588 0.074] _ Scenario 2 [0.265, 0.500 [0.266, 0.500 Reconstruction
0.588, 0074] " . 7 Y 7 0 628 . 7 Y ’ O 628
Reconstruction  0.800, 0.200] : 0.800, 0.200] ’

3.4. Sensitivity and Threshold Analysis of LCA-Driven AHP Results

Although the two LCA tools provide different absolute construction-carbon results and
material-level contributions, these differences affect the AHP model through the aggregated
C; criterion (construction phase carbon emissions). A one-way threshold analysis was
therefore performed on C; to determine the magnitude of variation required to reverse the
final ranking, while keeping C,, C3 and C4 unchanged.

For the two alternatives, the normalized local scores of C; satisfy (S RC, +Srcc, = 1).
Under Strategy A, equality between the global scores of renovations and reconstruction
occurs at (Sgc, = 0.552). Based on the reciprocal normalization used for cost-type cri-
teria, this value corresponds to a reconstruction-to-renovation construction-carbon ratio
(Xrc/XR) of approximately 1.23.

The ratios derived from the original LCA results are 2.77 for LCA for Experts (9.7/3.5)
and 2.76 for OneClick LCA (6.9/2.5), both substantially above the threshold value. Ac-
cordingly, if the renovation construction-carbon value is kept constant, the reconstruction
value would have to decrease by approximately 55-56% before Strategy A changes to
its preferred alternative. Conversely, if the reconstruction value were kept constant, the
renovation construction-carbon result would have to increase by approximately 124-125%.

Under Strategy B, variation in C; alone cannot reverse the final ranking within its
feasible normalized range. Even at the theoretical extreme (Sgc, = 1) and (Sgc,c, = 0),
reconstruction retains a global priority of approximately 0.597 compared with 0.403 for
renovation. The Strategy B ranking is therefore insensitive to uncertainty in C; alone
because earthquake safety (C3) dominates the criterion weights.

The threshold analysis demonstrates that the observed differences between the two
LCA software packages are well within the range over which the final decision remains
stable. Moreover, proportional changes affecting the construction-carbon results of both
alternatives do not modify their normalized C; scores; only sufficiently large differential
changes between the two alternatives could alter the Strategy A ranking.
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As shown in Table 12, the construction-carbon ratios obtained from both LCA tools
(2.77 for LCA for Experts and 2.76 for OneClick LCA) are substantially higher than the
critical ratio of 1.23 required to reverse the Strategy A ranking. Holding the renovation
result constant, the construction-carbon impact of reconstruction would have to decrease
by approximately 55% before the two alternatives reached equal global priority. Con-
versely, holding reconstruction constant, the construction-carbon impact of renovation
would have to increase by approximately 124-125%. The almost identical robustness
margins obtained from the two LCA tools confirm that the observed differences in their
material-level datasets are well below the threshold required to alter the AHP recommen-
dation. For Strategy B, no feasible value of C; alone can reverse the ranking: even when
assigning the maximum normalized C; score to renovation (1.0) and the minimum to
reconstruction (0.0), reconstruction is still preferred, with global scores of approximately
0.597 and 0.403, respectively.

Table 12. Threshold sensitivity analysis of the construction-carbon criterion (C;) under Strategy A.
The critical reconstruction-to-renovation ratio corresponds to equal global AHP priority scores for
the two alternatives.

Renovation C; Xg Reconstruction Current Ratio Critical Ratio for Required Decrease in Requlrefi
LCA Tool [kg COeq./m?-yr] C1 Xge [kg Xrc/X Ranking Reversal Rgconstruction Cy* Increase in
8 2€q- y COzeq./m2~yr] RCIAR 8 1 Renovation C; **
Iﬁgseﬁ)sr 35 9.7 2.77 1.23 55.5% 124.9%
O“LECCXCk 25 6.9 2.76 1.23 55.4% 124.0%

* Assuming the renovation C; value remains unchanged. ** Assuming the reconstruction C; value
remains unchanged.

Furthermore, to assess the sensitivity of the equal-performance baseline assumption
on operational carbon (C;), a threshold analysis was extended to Strategy A. Although
the operational performance was set equally in the model (Sg ¢, = Src,c, = 0.500), recon-
struction typically offers greater energy efficiency advantages than renovation in practice.
To fully offset the renovation’s advantage in embodied carbon and reverse the ranking of
options under Strategy A, the normalized score for the reconstruction option would need
to reach Sgc,c, > 0.593 (implying Sg ¢, < 0.407). This conclusion, derived using the recip-
rocal normalization method, requires the ratio of operational carbon emissions between
reconstruction and renovation (Xgc,c,/ X, c,) to reach 0.686—meaning the reconstruction
option’s operational carbon emissions would need to be reduced by at least 31.4%. This
indicates that when the difference in operational efficiency between the two strategies is
minimal, Strategy A tends to favor the renovation option.

4. Discussion

The comparison between renovation and reconstruction scenarios is discussed using
both LCA for Experts and OneClick LCA results. The overall impact score values differ by
11% for the renovation scenario and 2% for reconstruction. In both cases, OneClick LCA
shows higher values than LCA for Experts. In the following section, the results of the two
software programs are jointly presented.

4.1. Environmental Impacts of Renovation Versus Reconstruction Scenarios

The total contribution to climate change is assessed to be about 25 and 30 kg COyeq.
per sqm/year for renovation and reconstruction, respectively. These values are similar,
although slightly lower, to those reported by Palacios-Munoz [50]. In their work, the
authors compared refurbishment with complete reconstruction of a residential block built
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in Zaragoza in 1956. They considered two thermal-performance levels for both alternatives:
standard and passive. With 35 kg CO,eq/sqm per year, the passive demolition and
reconstruction performed slightly better than the passive refurbishment, for which about
36 kg CO2eq/sqm per year are emitted. However, given the implausibly long service life
required of the new building to obtain this result, the passive refurbishment is reported by
the authors as the most environmentally favorable alternative. This outcome agrees with
our results. Hasik et al. [38] conducted a comparative LCA between renovation and new
construction, reporting a reduction of 75% in the climate change category for the renovation
scenario. This result is comparable to the approximately 60% in COjeq. savings from
the renovation option. This comparison excludes the use-phase in accordance with the
scope of Hasik et al. Despite the number of articles published on this topic, methodological
differences often limit comparability. However, a review study from Schwartz et al. [51],
which focused on the carbon footprint of new and refurbished buildings, reported that
most of the studies that were analyzed concluded that refurbishment was preferred over
replacement, which is also in accordance with our findings.

When comparing LCIA results relative to life cycle phases of EN15804, the results
show that, in both scenarios, the use-phase is responsible for the majority of building
greenhouse gas emissions, which corresponds to an absolute contribution per functional
unit of 19 kg CO,eq. per sqm/year according to LCA for Experts and 23 kg CO,eq. per
sqm/year according to OneClick LCA. Because the motel was assumed to be structurally
and equally energy efficient after both renovation and reconstruction, within each software
tool, the absolute contribution of the use-phase is identical between the two scenarios.
Next, the biggest impacts on the climate change category come from the construction phase,
contributing to GHG emissions approximately 10-15% for the renovation scenario and
23-33% for the reconstruction scenario. The greater impact in this phase of the second
scenario is due to the great amount of construction materials required for the total recon-
struction of the building. Lastly, the impact of the end-of-life phase after the total demolition
of the motel is minimal compared to the others, despite the conservative modeling that
sends the materials to an inert landfill for disposal without their recovery or reuse. These
results are shown in Figures 9 and 10.

The ranking given above regarding the impacts related to each life cycle phase is
in accordance with other literature findings. The operational energy consumed during
a building’s service life has been identified as the major contributor to GHG emissions,
compared to embodied energy. Leichter and Piccardo likewise identified this pattern across
various building-retrofit and renovation measures in a recent comprehensive review of
life-cycle sustainability [52]. They identified energy use over the building’s service life as
the dominant cause of its total life cycle impact, followed by the impact of the materials
introduced for the retrofitting works and the building’s end-of-life. The latter impacts,
however, are stated to be negligible compared to the other life cycle stages. Finally, this
ranking is also confirmed in a recent review work by Schwartz and colleagues [51] who
reported that the carbon dioxide responsible for the building’s life cycle carbon footprint is,
on average, 75% operational-related, 24% from embodied carbon and only 1% is associated
with building demolition. The high impact of the use-phase is largely related to the
building’s energy consumption, mostly related to heating. The importance of thermal
efficiency is highlighted in numerous works [18,21,53] as an element that can cause a great
variation in the GHG emissions of refurbishment versus reconstruction alternatives. This
aspect is particularly important and interesting in contexts such as Italy, where buildings
constitute a substantial part of the cultural heritage. To preserve it, building restoration
is often performed, which is reported by Serrano et al. [22] to be an environmentally
viable alternative similar to conventional renovation. Because these authors’ contribution
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analysis also showed that the energy use for heating during building operation had a high
contribution to impacts, renovations that improve energy performance can have beneficial
impacts on GHG emissions over a building’s lifetime and this can be particularly valuable
when working with countries’ cultural heritage.
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Figure 9. GHG emissions of the motel life cycle phase of the renovation scenario. LCIA results of

both software are shown.
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Figure 10. GHG emissions of the motel’s life cycle phase of the reconstruction scenario. LCIA results
of both software are shown.

4.2. Hotspot Analysis on the Construction Phase

As explained in Section 3, a hotspot analysis was conducted on the construction phase
to identify the most impactful construction processes. Figures 11 and 12, Tables S3 and 54,
all show the impact on the global warming category of each process involved during the
construction phase. It is noteworthy that, for both scenarios, the majority of the impacts
are attributable to the construction materials. The sum of all the other processes accounts
for only about 4% of the total in renovation Scenario 1, while it increases to 10% in the
reconstruction scenario. This increase is due to the total demolition that occurs in Scenario
2, which generates a much greater amount of demolished material than in Scenario 1, and
the new construction that involves the use of many more building elements.
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Figure 11. Climate change impact category hotspot analysis of the construction phase processes in
the renovation scenario. Both LCA for Experts and OneClick LCA results are shown.
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Figure 12. Climate change impact category hotspot analysis of the construction phase processes in
the reconstruction scenario. Both LCA for Experts and OneClick LCA results are shown.

Analyzing the construction materials, for the renovation scenario (Figure 13 and
Table S5), aluminum has the greatest impact with a contribution of about 60% of the total,
followed by the other materials (such as PVC, glass, FRP, etc.) contributing approximately
13%. This is followed by structural materials, namely steel with 6-8% and concrete with
3—4%. The relatively low impact of structural materials is due to renovation, where the
amount of material is much smaller than other materials used for energy efficiency. The
materials with the lowest impacts include wood used for the new roof, which contributes ap-
proximately 2% of GHG emissions, and gypsum mortar plaster used for the new reinforced
concrete baffles.

A similar pattern emerges from the analysis of the impacts, in terms of GHG emissions,
for the materials in the reconstruction scenario (Figure 14 and Table S6). In this case, there is
a significant increase in impacts due to structural materials. According to LCA for Experts,
steel increases from 0.21 kg CO,eq/sqm/year to 0.64 kg CO,eq. per sqm/year (equal to
about 7%) and concrete from 0.14 kg CO,eq/sqm/year to 1.4 kg CO,eq. per sqm/year
(equal to about 15%). This is due to the larger amounts of structural material needed. The
material with the greatest impact remains aluminum with about 24% of the total, preceded
only by the other materials (such as PVC, glass, etc.), which account for just over 25%. This
is followed by brick, used in exterior curtain walls, interior partitions, and lateral concrete
floors (excluding roofing). Among the least impactful materials we find wood also used in
this scenario for the new roof of the building with a minimal percentage contribution and
gypsum mortar plaster used, this time, throughout the building.
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Figure 13. Climate change impact category hotspot analysis of the construction-phase processes in
the renovation Scenario (1). Both LCA for Experts and OneClick LCA results are shown.
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Figure 14. Climate change impact category hotspot analysis of the construction-phase processes in
the reconstruction Scenario (2). Both LCA for Experts and OneClick LCA results are shown.

4.3. Service-Life Break-Even Analysis

The primary LCA comparison, conducted using the same 50-year reference study
period for both scenarios, identifies renovation as the environmentally preferable solution
in terms of GHG emissions. A supplementary service-life analysis was therefore performed
to investigate a different question: how long the reconstructed building would need to
remain in service to achieve the same annualized GHG impact as a renovated building
with a given remaining service life. Accordingly, the analysis presented below should be
interpreted as a service-life equivalence analysis rather than as a dynamic prediction of a
temporal crossover between the two alternatives.

In this analysis, the annual operational GHG intensity was assumed to remain constant
over time and, within each LCA model, identical for renovation and reconstruction, reflect-
ing the assumption of equivalent post-intervention operational performance. Construction-
and end-of-life-related impacts were instead treated as fixed burdens and annualized over
the assumed service lives of each alternative. For each i-th alternative, the annualized GHG
impact can therefore be expressed as

Bi
Gi(T)) = O+ = @

1
where G;(T)) is the total annualized GHG impact of alternative 7, O is the annual operational
GHG impact, B; is the fixed GHG burden associated with the construction and end-of-life
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phases, and T; is the assumed service life. For renovation (subscript R) and reconstruction
(subscript RC), environmental equivalence is reached when
Br Brc
O+ —==0+— 3)
Tr Trc
Since the annual operational impact O is assumed to be identical for the two alterna-
tives, it cancels out, and the reconstruction service life required to reach the same annualized
GHG impact as renovation is given by

B
Trc = TRBLC (4)
R

Thus, the analysis varies only the service life over which the fixed construction and
end-of-life burdens are annualized. No temporal changes in operational energy efficiency,
electricity-grid carbon intensity, maintenance activities, component replacement, additional
retrofit interventions, or material degradation were modeled. The resulting threshold
should therefore not be interpreted as a prediction that reconstruction will necessarily
become environmentally preferable after a given number of years.

The service-life equivalence analysis was performed independently using the results of
both LCA software tools. Under the baseline assumption of a 50-year remaining service life
for renovation, reconstruction would require a service life of approximately 125-130 years
to achieve the same annualized GHG impact (Figures 15 and 16). This value is conditional
on the assumptions described above and should not be interpreted as the expected actual
service life of either alternative.

The remaining service life of a renovated existing building is, however, inherently
uncertain and may differ substantially from the baseline assumption of 50 years. To evaluate
the influence of this assumption on the service-life equivalence threshold, a scenario-based
sensitivity analysis was performed by varying the assumed remaining service life after
renovation while keeping all other LCA assumptions unchanged. A range of 20-60 years
was considered, covering conditions from a substantially shorter remaining service life
than the 50-year baseline to a moderately longer service life.

—4— Renovation Scenario Reconstruction Scenario
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Figure 15. GHG-emission break-even point between the renovation and the reconstruction scenarios.
LCA conducted with LCA for Experts.
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Figure 16. GHG-emission break-even point between the renovation and the reconstruction scenarios.
LCA conducted with OneClick LCA.

Because the two alternatives are assumed to achieve the same annual operational per-
formance after intervention, Equation (4) shows that the equivalence threshold is governed
by the ratio between their fixed construction and end-of-life burdens and by the assumed
remaining service life of the renovated building. The analysis therefore evaluates how
the service life required for reconstruction to achieve the same annualized GHG impact
changes as a function of the remaining service life assumed for renovation.

As summarized in Table 13, the sensitivity analysis shows that the break-even point
is strongly dependent on the actual remaining service life achieved through renovation.
For example, if the renovated building remains in service for only 30 years, reconstruction
would reach environmental parity after approximately 76-78 years, whereas a 40-year
remaining service life would increase this threshold to approximately 102-104 years. The
approximately 127-130-year range should therefore be interpreted as the result of the
baseline 50-year scenario rather than as a fixed deterministic threshold.

Table 13. Scenario-based sensitivity analysis of the reconstruction break-even life as a function of the
assumed remaining service life after renovation.

Assumed Remaining Reconstruction Reconstruction
Service Life After Break-Even Life—LCA Break-Even
Renovation for Experts Life—OneClick LCA
20 years ~51 years ~b2 years
30 years ~76 years ~78 years
40 years ~102 years ~104 years
50 years—baseline ~127 years ~130 years
60 years ~153 years ~156 years

The uncertainty associated with the remaining service life of the renovated building is
particularly relevant because an existing reinforced-concrete structure may retain latent
deterioration and construction defects that cannot be completely inspected or remedied.
When deciding between the two scenarios, it is therefore also necessary to consider that
reconstruction generally provides greater assurance in terms of structural safety and con-
struction quality. A renovated building may still retain intrinsic critical issues that cannot be
entirely resolved through the intervention. In particular, in reinforced-concrete structures,
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structural safety is strictly linked to the combined condition of concrete and reinforcement,
which cannot be fully inspected. The quality of the original materials does not change with
the intervention; therefore, non-visible construction defects, such as gravel nests, voids in
the concrete mass, incorrect anchoring lengths, carbonation, or reinforcement corrosion,
may remain and may influence the actual residual service life of the renovated structure.

Structural-strengthening interventions can mitigate degradation and address inade-
quate reinforcement and stiffness through structural strengthening interventions, but the
limited inspectability of the material as a whole does not guarantee that all weaknesses
can be identified and resolved. A newly constructed building, by contrast, must comply
with current construction standards, which are substantially more rigorous than those
applied in the past, generally providing greater guarantees in terms of structural safety and
construction quality.

In conclusion, the renovation versus reconstruction decision is a multifaceted issue in
which a multi-criteria analysis should be applied to account for environmental performance,
structural safety, construction duration, and uncertainty in the expected service life. No
single solution can therefore be considered optimal under all conditions.

The composite utility scores from both software validation analyses consistently favor
the retrofit strategy under Strategy A (an eco-oriented approach). Notably, although
Strategy A assigns a composite weight of 0.830 to the carbon emission indicators (C; + Cy),
this does not imply a performance difference regarding operational-phase carbon emissions
(Cy). Based on the assumption of comparable operational performance, both strategies
received a score of 0.500 for this criterion. Consequently, the decisive factor favoring this
eco-oriented recommendation is not the composite weight of the carbon emission indicators,
but rather the embodied carbon emissions during the construction phase (C;, with a weight
of 0.267). In contrast, Strategy B (a safety-oriented approach)—based on Italian technical
standards for seismic resilience—yields the opposite recommendation, favoring complete
reconstruction. This shift illustrates the multi-criteria assessment framework’s sensitivity to
varying priority settings and highlights that the final ranking of strategies depends heavily
on the trade-off between embodied carbon emissions and structural safety.

Furthermore, the break-even analysis confirms the time horizon as a key variable in
the comparison between renovation and reconstruction. Under the baseline assumption
of a 50-year remaining service life after renovation, reconstruction reaches environmental
parity only after approximately 125-130 years. However, the scenario-based sensitivity
analysis shows that this threshold decreases substantially when shorter remaining service
lives are assumed for the renovated building. The environmental preference for renovation
is therefore conditional on assumptions regarding its effective residual service life.

The uncertainty associated with residual service life is expected to be greater for
the renovated existing structure than for new construction because latent deterioration
and construction defects may affect its effective durability. A probabilistic service-life
analysis was not performed because case-specific statistical distributions for these degra-
dation mechanisms and for the residual structural life of the building were not avail-
able. Introducing an assumed probability distribution without empirical support would
have added further uncertainty. The scenario-based approach, therefore, provides a
transparent assessment of how alternative remaining-service-life assumptions affect the
environmental comparison.

4.4. Socio-Technical Implications of Strategic Recommendation Reversals and Research Limitations

The computational pivot observed between Strategy A and Strategy B highlights the
critical decision-making dilemma between environmental preservation and absolute civil
protection in infrastructure asset management. Under Strategy A (Eco-oriented), the global
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priority scores favor the renovation pathway (yielding 0.548 over 0.452 for reconstruction
in LCA for Experts). This stability occurs because the substantial environmental burden
associated with primary material extraction, particularly cement and structural steel—
cannot be amortized over standard building lifespans, as confirmed by the 125-to-130-year
carbon break-even thresholds.

However, when shifted to Strategy B (Safety-oriented), reconstruction emerges as the
mathematically dominant option (yielding scores up to 0.628). From an advanced struc-
tural engineering standpoint, this strategic reversal is highly justified by the phenomenon
of systemic limited inspectability in aged reinforced concrete structures. Localized engi-
neering interventions—such as carbon fiber reinforced polymer (FRP) wrapping or steel
jacketing—successfully mitigate calculated macroscopic shear vulnerabilities; nonetheless,
they remain local measures, incapable of rectifying latent material compromises such as
core micro-voids, severe internal concrete carbonation, or inaccurate historical reinforce-
ment anchoring lengths deeply embedded inside the existing framing. Therefore, the
AHP-driven recommendation reversal mathematically operationalizes these critical but
difficult-to-quantify local engineering uncertainties. When human life safety boundaries
are treated as non-negotiable thresholds, the multi-criteria framework effectively penalizes
the intrinsic structural vulnerabilities of legacy foundations and obsolete brick wall infills,
rendering full reconstruction the better option when intervention is required, despite its
substantial upfront carbon penalty.

The proposed framework is not intended to provide a universally optimal solution
between renovation and reconstruction, but rather to support decisions under different
stakeholder-priority scenarios and regulatory conditions. For regulators and public author-
ities, the AHP criterion weights can be calibrated according to local policy objectives. For
example, earthquake safety may receive greater priority in highly seismic regions, whereas
construction- and operation-related carbon emissions may be assigned higher weights
where stringent decarbonization targets apply.

Building owners and developers may use the framework as a project-level decision-
support tool to compare the environmental implications, construction duration and struc-
tural performance of renovation and reconstruction alternatives. Design professionals
can adapt the methodology by replacing the case-specific BIM quantities, LCA datasets,
structural performance indicators and Italian regulatory requirements adopted in this study
with those applicable to the specific building and national or regional context.

The framework can also be adapted to different project scales. At the individual-
building level, detailed BIM-based inventories and structural analyses can be used, as
demonstrated in the present case study. At the portfolio or building-stock level, a simplified
application based on aggregated data or representative building archetypes could be used
as a preliminary screening tool to identify buildings requiring more detailed assessment.
In this sense, the BIM-LCA-AHP structure remains transferable, while the input data,
performance thresholds and criterion weights should be calibrated according to the specific
regulatory context, project scale and target policy objectives or stakeholder preferences in
actual project deployments.

This study proposes a methodology for strategic decision-making, and the transfer-
ability of the methodology is not limited by the presence of different construction products
in the building structure and partitions, although product selection affects building per-
formances and environmental impacts. Therefore, considering construction products and
systems that differ from those of the case study can change the estimated environmental
impacts, thus affecting the break-even points of the different scenarios (renovation or recon-
struction), and may also affect the suitability of a chosen regeneration strategy (eco-oriented
and safety-oriented).
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The last methodological limitation of the multi-criteria evaluation framework is the
linear transformation of the social criterion (C4). In real-life socio-technical situations,
public acceptance and social effects may be non-linear and exhibit tipping phenomena:
only beyond a certain threshold is there a perceptible benefit. A linear normalization was
retained here for computational consistency and parsimony of the model also because of
the considered building type and use; future versions may use non-linear transfer functions
(e.g., logistic curves or step functions) to better model these social dynamics and thresh-
old phenomena. The social impacts of prolonged construction may exhibit irreversible
effects, but these effects can be evaluated only through a specific ad hoc analysis, and the
linear model is considered coherent with the case study. The present case study concerns
a hotel. Therefore, it involves business closure rather than long-term resident displace-
ment, and in this case the social impact is different and can be simplified and assumed
proportional to the economic loss of the owner. The estimation of a non-linear function
that considers the business model is beyond the scope of this study. Nevertheless, the
simple linear progression for the trade-off between the two durations of 180 and 720 days
is a research limitation.

Another methodological limitation is that the AHP weighting schemes were estab-
lished as benchmarks for illustrative scenarios rather than determined through consultation
with groups of professional stakeholders (such as developers, structural engineers, regu-
lators, and building users). Although these boundary scenarios effectively demonstrate
the framework’s sensitivity and decision thresholds, conducting structured stakeholder
consultations—such as through the Delphi method or participatory surveys—remains a
valuable avenue for future research involving context-specific case applications.

Furthermore, the overall performance framework applies the same standards to both
renovated and newly constructed facilities when assessing operational energy efficiency
(local score of 0.500/0.500 for Criterion C,). This approach treats the direct impact of em-
bodied carbon separately; however, future versions might incorporate dynamic variations
in operational carbon emissions, thereby accounting for scenarios where new construction
could outperform deep retrofits in achieving operational decarbonization.

4.5. Comparison Between LCA for Experts and OneClick

The comparison between the renovation and reconstruction scenarios was performed
using the two software tools LCA for Experts and OneClick LCA to compare these LCA
tools. The first one is one of the most widely used LCA software in the world. It has a long
history and was designed for LCA specialists and has a broad application with a general
database and several specific databases dedicated to many sectors [34]. The second one is
more recent; it is specifically dedicated to the construction sector, can be integrated with
BIM and provides an accessible, automated workflow [41].

As mentioned above, the total impact scores obtained by the two software tools are
very similar. LCA for Experts calculated 23 and 29 kg CO,eq/sqm/y for renovation and re-
construction scenarios, respectively. OneClick LCA calculated 26 and 30 kg COzeq/sqm/y
for renovation and reconstruction scenarios, respectively. The differences are approxi-
mately 10% or less. This agreement mainly reflects the fact that the impact scores of the
use phase, which is the prevalent phase in both scenarios, are based on a small number
of well-established data (electricity and water consumption). However, it is noteworthy
that in the construction and end-of-life phases the impact scores calculated by the two
software tools differ by a much higher percentage. This can be observed, for example,
in the estimation of the COeq emitted in the end-of-life phase of Scenario 1, where the
score of OneClick LCA (0.28 kg COzeq/sqm/y, see Table 11) is approximately half that
calculated by LCA for Experts (0.58 kg COzeq /sqm/y, see Table 9). This is true also,
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for example, in the construction phase of Scenario 1, where the score of OneClick LCA
(2.5 kg COzeq/sqm/y, see Table 10) is about 70% of that calculated by LCA for Experts
(3.5 kg COzeq /sqm/y, see Table 9). The differences between the scores obtained by the
two software also occur in the construction materials, as shown in Figures 13 and 14 (and
Tables S5 and S6). It is possible to see, for example, that the impact score of aluminum
used in Scenario 1 is 2.4 kg CO,eq/sqm/y when calculated via LCA for Experts and 1.6 kg
COzeq/sqm/y when calculated by OneClick LCA. This discrepancy is obviously due to the
different datasets applied in the two models. The OneClick LCA database contains several
datasets dedicated to buildings and construction that are substantially larger than that of
LCA for Experts. As a matter of fact, OneClick LCA includes EPDs, generic and private
data for over 200,000 datasets (https://oneclicklca.com). This breadth requires datasets to
be selected and managed with particular care.

Despite the detected differences between the two software tools, it is possible to
appreciate that the ranking of life cycle phases of EN15804 (percentage contribution to the
total impact) and the hotspots are very similar (Figures 9 and 10). These outcomes support
the same considerations and give the same suggestions for improvement regardless of the
software applied during the analysis.

Furthermore, the stability of this multi-criteria framework is highlighted when prop-
agating the data from both software tools through the AHP model. Although explicit
variances exist in specific life-cycle stages and dataset selections (e.g., aluminum and
construction-phase discrepancies between LCA for Experts and OneClick LCA), the consol-
idated AHP rankings remain unchanged. For both tools, renovation wins under Strategy
A, and reconstruction wins under Strategy B with near-identical score distributions. This
cross-comparison shows that the two LCA implementations lead to the same strategic
recommendation despite differences in several underlying datasets. The quantitative stabil-
ity of the AHP ranking is assessed separately through the threshold sensitivity analysis
presented in Section 3.4.

5. Conclusions

Increasing global urbanization and the need for refurbishment of the existing building
stock have led to an increase in construction activities in the last ten years. This is due
not only to the natural deterioration of buildings over time, but also to an increased social
awareness of the urgent need for energy saving and earthquake-hazard mitigation, which
is accelerating the need to improve the efficiency of the existing building stock. In this
context, there is a long-standing debate concerning whether the appropriate strategy to
deal with the multifaceted requirements of the construction industry is building renovation
or its total demolition and reconstruction. In this context, the present paper compares the
environmental sustainability of these two solutions by combining BIM strategy with LCA.
The BIM strategy is used to simulate, on the one hand, the structural and energy improve-
ment interventions in the renovation scenario (no.1) and, on the other hand, to replicate
the same building as a new construction (scenario no.2), with the only difference between
the two being that the new one is designed to meet current regulatory requirements. Then,
LCA is applied to fully evaluate the environmental impact of a building throughout its life
cycle, focusing on the climate change category. Environmental analysis was conducted with
two LCA software tools: LCA for Experts—a tool with broad applicability designed for
LCA practitioners—and OneClick LCA—dedicated to the building sector and designed to
provide an accessible workflow. Between the two scenarios, Life Cycle Impact Assessment
results point towards the renovation solution as the most sustainable. The lower impact of
this solution, compared to the reconstruction one, gives the renovation scenario a margin
in GHG emissions that is not matched by the construction of a new building, even when
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considering that the latter has a longer service life. Under the baseline assumption of
a 50-year remaining service life after renovation, the break-even point between the two
scenarios occurs at approximately 125-130 years. As shown by the sensitivity analysis, this
threshold varies substantially with the assumed residual service life of the renovated build-
ing. However, it is undeniable that reconstruction generally provides greater assurance
from safety and quality points of view. The contribution analysis showed the use phase to
be the most impactful, followed by the construction phase. Among construction materials,
aluminum was identified as the main contributor to GHG emissions. To resolve this con-
flict between environmental savings and structural safety, the integrated AHP provides
quantified decision clarity under different stakeholder priorities. Under the eco-oriented
strategy, renovation is established as the optimal strategy across both LCA software tools,
yielding utility scores of 0.545 and 0.542. Conversely, under the safety-oriented strategy;,
the optimal decision undergoes a complete reversal, firmly promoting total reconstruction
as the preferred alternative with priority scores exceeding 0.620.

Regarding decision-making and regeneration strategies, future research will focus on
modeling socio-technical systems, social impacts and stakeholder perceptions, considering
possible non-linear threshold effects or tipping points. Concerning construction scenarios,
future research will address different building categories and structures.

From a practical perspective, the framework should be calibrated to the stakeholder
and regulatory context in which the decision is made. Public authorities and municipalities
may adjust criterion weights to reflect local safety and decarbonization requirements and
may use the framework as an additional decision-support tool in permitting or intervention-
prioritization processes. Developers and building owners may use it to compare alternative
intervention strategies and may extend the framework by including an explicit economic
criterion when a cost-benefit assessment is required. Design professionals can incorporate
project-specific construction, environmental and structural data and adapt the weighting
factors to local regulatory requirements. The Italian structural regulations adopted in this
case study can be replaced by the corresponding technical standards applicable in other
countries, while the same decision structure can be retained. For larger building portfolios,
the approach may also be applied in a simplified screening form before undertaking
detailed building-level assessments.

From the methodological point of view, it is possible to conclude that the coupling
of BIM simulation and LCA provides a valuable means to deepen the understanding of
environmental consequences of interventions on buildings. Therefore, the best option can
be evaluated by practitioners before executive decisions are made, while also evaluating
the environmental consequences of their projects. The comparison between the two LCA
software showed a general concordance between the results in both total impact scores
and the percentage contributions of the three life cycle phases. This result is, however,
influenced by the huge contribution of the use phase, whose scores are based on a small
amount of well-established data. Great discrepancies were observed among impact scores
derived from material datasets.

A further methodological aspect concerns the treatment of the existing building. Con-
sistent with the prospective and decision-oriented scope of the study, the environmental
impacts associated with the original production and construction of the materials already
incorporated into the building were treated as past or sunk burdens and were therefore
excluded from the system boundaries. This approach is widely adopted in renovation
LCA, although alternative allocation methods have also been proposed in the literature.
Consequently, this assumption should be considered when interpreting the quantitative
comparison between renovation and reconstruction, since assigning a residual environ-
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mental burden to retained existing materials could affect the magnitude of the differences
between the two scenarios.

Crucially, from the decision-making perspective, the propagation of results through
the AHP framework proves that these underlying dataset discrepancies do not alter
the overall strategic choice. The identical strategy rankings across both LCA tools un-
der both scenarios show that the two LCA implementations lead to consistent strategic
rankings, while the threshold analysis indicates that the recommendation remains stable
over a substantially wider range of C1 values than the differences observed between the
two software tools. This integrated framework offers policymakers and engineers a resilient
decision-support tool capable of remaining robust to software-level data variation during
large-scale urban retrofitting assessments.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/su181910124/s1. Table S1: GHG emissions of construction
phase processes as resulted from LCA for Experts software modelling; Table S2: GHG emis-
sions of construction phase processes as resulted from OneClick LCA, LCA software modelling;
Table S3: Climate change impact results for construction-phase in the renovation scenario. Both LCA
for Experts and OneClick LCA, LCA results are shown; Table S54: Climate change impact results for
construction-phase in the reconstruction scenario. Both LCA for Experts and OneClick LCA, LCA
results are shown; Table S5: Climate change impact results by material type for the construction
phase in the renovation scenario. Both LCA for Experts and OneClick LCA, LCA results are shown;
Table S6: Climate change impact results by material type for the construction phase in the recon-
struction scenario. Both LCA for Experts and OneClick LCA, LCA results are shown; Table S7: Main
background datasets used in the LCA for Experts model. Dataset names and geographical identifiers
reproduce the information available in the archived models; additional metadata were retrieved from
the corresponding database documentation where available.
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Abbreviations

The following abbreviations are used in this manuscript:

AHP Analytic Hierarchy Process

BIM Building Information Modeling

CAD Computer-Aided Design

CI Consistency Index

COszeq Carbon Dioxide Equivalent

COzeq/sqm Carbon Dioxide Equivalent per square meter

COzeq/sqm/y  Carbon Dioxide Equivalent per square meter per year
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CR
DM 65/17
EEA
EN
EPBD
EPD
EPS
EU
FRP
FU
GHG
GWP
HVAC
IEC
ISO
ITACA

kw
kWh
LCA
LCC
LCCE
LCI
LCIA
MCDA
NTC
pvC
RC

RI

SI
TOR
UNEP
UNI

Consistency Ratio

Decreto Ministeriale n. 65/2017 (Italian Guidelines for Seismic Risk Classification)
European Environment Agency

European Standard (Norme Européenne)
Energy Performance of Buildings Directive
Environmental Product Declaration
Expanded Polystyrene

European Union

Fiber Reinforced Polymer

Functional Unit

Greenhouse Gas

Global Warming Potential

Heating, Ventilation, and Air Conditioning
Industry Foundation Classes

International Organization for Standardization
Protocollo ITACA (Istituto per I'Innovazione e Trasparenza degli Appalti e la
Compeatibilita Ambientale)

Kilowatt

Kilowatt-hour

Life Cycle Assessment

Life Cycle Costing

Life Cycle Carbon Emissions

Life Cycle Inventory

Life Cycle Impact Assessment

Multi-Criteria Decision Analysis

Norme Tecniche per le Costruzioni
Polyvinyl Chloride

Reinforced Concrete

Random Consistency Index

Seismic Index (Indice di Rischio Sismico)
Cold-twisted deformed reinforcing steel bars
United Nations Environment Programme
Ente Nazionale Italiano di Unificazione

Symbols/Nomenclature

The following symbols and mathematical notations are used in this manuscript:

llij
B; (Br,Brc)

Cl/ CZ/ C3/ C4

G

Gi(Ty)

n

O

Py, Py
R/RC

T; (Tr,Trc)
X;
)\max

Element of the pairwise comparison matrix representing relative importance
Fixed GHG burden of construction and end-of-life phases
(Renovation/Reconstruction)

Decision criteria (Construction Carbon, Operational Carbon, Earthquake Safety,
Construction Duration)

Target layer goal in AHP framework

Total annualized GHG impact of alternative i over service life T;

Order (size) of the pairwise comparison matrix

Annual operational GHG impact

Alternative schemes/solutions (Scenario 1: Renovation, Scenario 2: Reconstruction)
Subscripts denoting Renovation and Reconstruction scenarios, respectively
Normalized local performance score of alternatives j with respect to criterion i
Assumed operational service life (Renovation/Reconstruction)

Raw empirical/physical parameter value of alternative j under criterion i

Maximum principal eigenvalue of the pairwise comparison matrix
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