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Abstract: Existing buildings can reach a performance enhancement and extend their nominal service
life through renovation measures such as seismic rehabilitation. In particular, when buildings
have almost exhausted their service life, seeking an optimal solution should consider whether
costs and environmental effects are worthwhile, or new construction is preferred. In this paper,
a methodology to consider seismic hazard into probabilistic approaches for life-cycle analyses is
presented considering the possibility of structural enhancement over an extended building lifespan.
A life-cycle-based decision support tool for building renovation measures is developed and applied
to a selected case study. Unlike standard “static” analyses, which in this work show shortcomings by
underestimating impacts of vulnerable buildings, such an approach brings out environmental and
economic advantages of retrofit measures designed to improve the structural performance.
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1. Introduction

In a perspective of sustainable development, the Europe 2020 strategy aims for a control of
environmental impacts as an instrument of European economic growth. On such an issue, the
construction sector is subjected to a particular attention: with reference to recent information of
International Energy Agency (IEA), the existing building stock is responsible for 50% of material
depletion and 40% of energy consumption, generates 36% of greenhouse gases (GHG) emissions and
a third of the total waste [1]. Moreover, people spend 90% of their time in buildings that should
guarantee the highest level of safety, comfort and wellness [2].

As a consequence of the recent economic crisis of the construction sector in all European countries,
the number of new buildings is significantly decreased, even if by 2050 2.6 billion people will require
new housing, work places and infrastructure due to rapid urbanization and population growth [2].
With respect to this, the renovation of existing buildings through retrofit is an effective strategy: the
overall building performance is improved and additions of new volumes and surfaces are allowed,
without encountering any demolition and rebuilding, which has proved to have higher environmental
impacts [3,4]. This challenge calls research for improvements to established design procedures and
construction approaches, which could be more effective and support the achievement of a net carbon
neutral society.
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In the last few decades, methodologies have been developed to assess environmental and economic
impacts, such as life-cycle approaches, used in the building sector especially in the context of building
certification labelling systems. They support the decision-making process and represent an instrument
for developing and applying new and more sustainable materials, technologies and measures. Recently,
the results’ transparency and the trustworthiness of such analyses have been discussed. One of the
debated topics is the influence of uncertainties and the importance to include them in the analysis
to improve the robustness of life-cycle assessment (LCA) and to allow a better interpretation and
communication of the results [5]. Another important aspect is the inclusion of unexpected events
such as earthquakes: in a context of buildings mostly outdated (almost 40% [2]) and with seismic
vulnerabilities, such events could lead in the worst case scenario to irreversible consequences such
as high reconstruction costs, environmental damage and lost human lives. On the other hand, users
could implement preventive renovation measures that could minimize the environmental impacts and
final costs, if such measures have been conceived following a life-cycle thinking perspective. Thanks to
these, the building can extend or even restart its own service life [6].

With regard to the methodological point of view, standard life-cycle (or so called “static”)
approaches do neither consider dynamic effects, such as impact profile variation in time, service life
variation, technological improvements and subject willingness, nor sources of uncertainty, such as
unexpected events, that might lead to service-life reduction. Thus, stakeholders might be wrongly
supported leading to miscalculation or missing information on the building life-cycle. Given the above,
the focus of the paper is to address a methodology for the inclusion of seismic hazard and building
structural quality enhancement: in life-cycle analyses carried out under consideration of probabilistic
approaches in order to provide a tool for decision making on renovation measures.

2. Life-Cycle Assessment (LCA) State of the Art

LCA, defined as “an evaluation of the inputs and outputs of a product system”, is a widely applied
methodology whose framework is provided in standards ISO 14040 and ISO 14044. The environmental
assessment of products is conducted thought 4 steps, namely goal and scope, life-cycle inventory (LCI),
life-cycle impact assessment (LCIA) and a final results interpretation [7,8]. By contrast with industrial
processes, buildings cannot be standardized as easily and several issues cause a particular complexity
of the assessment. Among them, we mention:

• the long lifespan of entire building (50–100 years);
• the shorter, but varying lifespan of building parts and components;
• the complex interaction and interconnection of numerous materials and processes;
• the unique character of each building;
• the building evolution over time due to maintenance, refurbishment or renovation measures.

Most of them cannot be exactly predicted during the planning and design phase: the long lifespan
and user behavior and choices can especially require more assumptions and, if neglected, may question
the environmental performance and the results’ credibility [5]. For such reasons, research on LCA
has focused on uncertainties and their effects. The aforementioned standards address uncertainties
analysis within the interpretation phase without any specifications or any systematic procedures and
therefore many studies provide different approaches [9,10].

In literature there are several uncertainties classifications which consider common sources (i.e.,
data comprehensiveness, subjective factors, temporal or local conditions) which may all affect the
results of LCA studies [11–13]. For the investigated case, uncertainty due to methodology and external
factors, which are the focus of this work, have been prioritized depending on their influence on results
coming from environmental assessment. Further sources are assumed negligible.
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2.1. Uncertainties Due to Methodology

As for many mathematical models, LCA does not refrain from approximation: the basis of such
approximation is related to a linearized calculation of the vector r of environmental impacts according
to (1):

r = Q×H×G−1
× u, (1)

where Q is the matrix of characterization factors, H is the environmental intervention matrix of
emissions per unit process of product systems, G is the technology matrix representing the inter-process
flows needed for functioning of the product system, and u is the external supply vector, related to the
functional unit [11,14].

Such a vector cannot always express the variability given, i.e., spatial and temporal factors, and
consequently this can mislead final decisions [15]. In order to solve this issue and improve the reliability
in LCA, the ISO norms recommend technical standards which lead to the implementation of input
variability in form of simple probability distribution. In addition to this, a global sensitivity analysis is
generally accepted for a comprehensive uncertainty analysis [14].

Beside such procedures, probabilistic and sampling-based methods have been developed and
applied: while sensitivity analysis tries to characterize output uncertainty by apportioning it to its
input constituents, probabilistic methods such as Bayesian inference, Gaussian process (GP), and
polynomial chaos expansion methods characterize and propagate uncertainties throughout the system
to outputs and quantify them [16].

Among them, the Monte Carlo sampling is mostly applied, where parameters are provided
dependently from probability functions and the output vector is calculated. Simulations are repeated
thousands of times and the results are provided in the form of probability distribution rather than a
unique value. Especially in a LCA framework, with an adequate uncertainties quantification, efforts
can be focused on collecting more (accurate) information on LCA phases that contribute the most to
the LCA output. It has been shown that the trade-off between parameter uncertainty and model-form
uncertainty can help in determining an optimal model to reduce the overall uncertainty [17].

2.2. Design Changes Due to External Factors

The complexity of a building design is due to a variety of factors which influence the final decision
during the whole planning process. Some of them may induce design changes even during the
operating phase of a building [18]: several studies tried to identify all of them and agree on a distinction
between internal and external factors [18–21]. By contrast with internal factors, which could be
included during the project management, external factors are parties not directly involved. In addition
to this, none of all external factors can be foreseen and consequently a prediction may be possible only
through statistical methodologies [22]. As reported by Yana et al., they can be distinguished in [18]:

• political and economic matters;
• third parties’ requests;
• technological advancement;
• natural environment.

Political and economic matters can dictate policies and regulations; economic fluctuations (price
increase, inflations etc.) can furthermore influence the decision making. Requests coming from
third parties (i.e., neighborhood) concern mostly end users and regulatory bodies. A technological
advancement can be helpful by promoting more performing and optimized products. Lastly, the
natural environment involves a multitude of matters: weather and geological conditions or natural
disasters that are hardly predictable. The latter, even without a high frequency, represent a still open
issue for the engineering design criteria. A common example is earthquakes, which are included in the
overall building design for seismic-prone regions [23].

By a LCA-methodological point of view, such issues have been handled so far in different ways.
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The problem is usually solved a priori, by considering a seismic resistant building and consequently
neglecting further vulnerabilities. The impact related to seismic hazards is limited to renovation
measures, which are carried out in pre-specified periods of the building operating phase [24]. Even if
capable of bringing an idea about the impact of the single intervention, such examples do not envisage
unforeseen future losses and the random nature of seismic events.

In FEMA’s Advanced Engineering Building Module (AEBM) [25] and in PEER-PBEE studies [26],
probabilistic methodologies are investigated rather than the abovementioned deterministic one. On the
basis of a probabilistic seismic hazard assessment (see Section 3.1), seismic losses are evaluated and
the environmental impacts expressed by a repair or retrofit measure belonging to a predetermined
set [25,26]. As already noticed by Calvi et al., such approaches do not take into account a possible
building performance upgrade over time of the buildings lifecycle [27].

In general, all the mentioned applications do not include user subjectivity, which, depending on
its own economic availability and aesthetical preference, represents an active actor within the choice of
renovation measures.

2.3. Uncertainties in Service Life

In the field of life-cycle assessment, there is wide consensus on the consideration of a service
lifespan coming from structural and seismic design requirements: building components are designed
for a service life between 30–70 years and then refurbished or substituted, while the building is planned
with a 50 years’ service life (Design working life category 4: Building structures and other common
structures [28]). The structure shall be designed such that deterioration over the considered building
lifespan does not impair the structural performance, considering regular maintenance. After the
working life, the structure needs to be checked for possible deterioration and retrofitted or dismantled.
Such assumption differs however from information coming from building stock data. According to
the latest report of Building Performance Institute Europe (BPIE), a substantial share of the existing
building stock in Europe is older than 50 years and has not always been subjected to renovation
measures to enhance the overall performance or many of the buildings still in use are hundreds of
years old [29].

With regard to building renovation works, the cost of the intervention is a relevant factor which
could compromise the definition of the plan for necessary measures. Therefore, social and technical
benefits have to find a compromise with the national economic situation and the fund availability.
A model for works planning can be based on predicting the time when building critical elements
may reach degradation levels that exceed acceptable values [30]. Nevertheless, even a degradation
level cannot be scientifically defined or a service life cannot be assessed by deterministic approaches.
Therefore, in the literature, probabilistic or engineering methods which combine both deterministic
and probabilistic ones, such as the factor method (ISO:15686-1) [31], have been developed but not
frequently applied by architects and planners.

Eurocodes [28] state that to achieve an adequately durable structure, the designer should take
into account various aspects such as the intended or foreseeable use of the building, the expected
environmental conditions, the structural detailing, and the intended maintenance during the designed
working life, among others. However, in some conditions, the knowledge of such factors has changed
during the building life: for instance, different and not predictable use of the building may have
been arisen since the initial design, the knowledge of the environmental factors, such as seismic
hazard, has changed during time due to the increased availability of earthquake data, and an increased
knowledge of the structural and material performance has been available due to the advancement of
scientific research.

All these issues contribute to increasing uncertainties in the working life and, consequently, in the
impacts assessment.
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3. Method: Probabilistic life-cycle analyses with Inclusion of Seismic Hazard Model

The presented methodology consists in a probabilistic model enriched by factors related to
technological, economic and environmental changes, ensuring its flexibility over an extended building
lifespan. The service life is dictated by using stage and user aware choices, and, especially for
construction with significant structural vulnerabilities, by earthquakes.

The main steps are:

1. “As is” situation analysis. Investigations about the reference building (when t = 0, today’s
situation), in order to verify its compliance with current building code, minimal requirements of
design limit states and vulnerabilities.

2. Events choice. With particular respect to the geographical location, earthquakes with different
magnitude and frequency are taken into account. The frequency is evaluated by Geophysics
and Volcanology institutions on the basis of the classical probabilistic seismic hazard analysis
(PSHA) model.

3. Decision tree set up. In the occurrence of earthquakes, different scenarios are considered. In the
worst case, where the building will present a damage level greater than 40% of the building value, a
demolition and a re-build will generally occur. Over time the reference building may be subjected
to further improvements by user decision and under particular technological, environmental and
economic conditions which influence intervention willingness.

4. Future scenarios analysis. Because of an eventual adjustment, the response to seismic loads
(here called Building Quality—BQ) could be improved.

5. Probabilistic Model setting. A Monte Carlo sampling method is set up and all aforementioned
considerations are included.

The inclusion of Probabilistic Seismic Hazard Analysis (PSHA) in life-cycle assessment (LCA)
and life-cycle cost (LCC), while introducing more uncertainties in the analyses (e.g., aleatory and
epistemic uncertainties related to the structural performance), provides a rational way to deal with
them. In particular, accounting for unforeseen events such as earthquakes allows a more comprehensive
LCA and LCC and to analyze the effects of events that could alter classic results.

3.1. Life-Cycle Impact Assessment (LCIA) and Cost (LCC) Method of Measurement

The total environmental impact and cost are calculated as the sum of impacts (2) and costs (3)
recorded every year of the observation time of n years.

GWPtot =
n∑

i=1

GWPprod, i +
n∑

i=1

GWPB4−B5, i +
n∑

i=1

GWPEoL, i (2)

€tot =
n∑

i=1

€prod, i +
n∑

i=1

€B4−B5, i +
n∑

i=1

€EoL, i (3)

where

GWPprod, i/€prod, i , GWP (LCA) or cos ts (LCC) due to production on year i.

GWPB4−B5, i/€B4−B5, i , GWP (LCA) or cos ts (LCC) due to renovation measures on year i.
GWPEoL, i/€EoL, i , GWP (LCA) or cos ts (LCC) due to end of life on year i.

3.1.1. Construction Phase and Building Renovation Measures

Regarding the embodied carbon derived by the building production, replacement or refurbishment,
a dynamic measurement has been considered, by adjusting the value at t = 1 year (i.e., at present)
by using price increase rate and discount rate for cost analyses (5) and a decarbonisation rate for
the environmental assessment (4), which expresses technological advancements suitable to reduce
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environmental impacts due to manufacturing. The discount rate has been neglected in environmental
analyses [10].

GWPprod, i = GWPprod, i−1·
1− rd(
1 + r f

)i (4)

€prod, i = €prod, i−1·
1− rd(
1 + r f

)i (5)

where

i is a year belonging to the investigate period (100 years)
GWPprod, i−1, is the embodied carbon in the (i− 1) year

€prod, i−1, are cos ts in the (i− 1) year

rd, is the considered decarbonisation rate (LCA)/price increase rate (LCC)
r f , is the considered discount factor

3.1.2. End-of-Life

In this approach, the end-of-life (EoL) costs and environmental impacts are dictated by a final
dismantling after 100 years’ analysis. As well as for the production, the value is corrected by taking
into account average decarbonisation, price increase and discount rates [10].

GWPEoL, i = GWPEoL, 99y·
1− rd,avarage(

1 + r f ,avarage
)100

(6)

€EoL, i = €EoL, 99y·
1− rd,avarage(

1 + r f ,avarage
)100

(7)

where

rd,avarage =

∑n
i rd,i

n
is the evaluated decarbonisation (LCA)/price increase (LCC) rate (8)

r f ,avarage =

∑n
i r f ,i

n
is the evaluated discount rate (LCA/LCC) (9)

3.2. Seismic Hazard

3.2.1. Probabilistic Seismic Hazard Analysis (PSHA)

By contrast with other cases such as weather conditions, seismic events cannot be forecast, but
the current state of knowledge allows predictions: the available models are capable to address the
likelihood of a seismic event [32].

In order to maintain conservative assumptions, the Poisson Model is generally used for seismic
hazard assessment to represent the occurrence rate of an earthquake through time-independent models.
The probability density function is expressed as following:

fExp(t) = λ eλt (10)

where:
λ = N/∆T, mean rate of events per unit time (11)

TR = λ−1 = ∆T/N, is the average return period (12)
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On the basis of this, Cornell developed the probabilistic seismic hazard analysis (PSHA), which is
still nowadays used for deriving hazard curves and embedded into seismic design regulations [33]. In
PSHA the annual probability of exceedance of a ground motion Y ≥ y is:

γ(y) =
∑

i

vi

y
fm(m) fr(r) fε(ε) P[Y > y

∣∣∣ m, r, ε]dm dr dε (13)

where:

vi is the activity rate of the ith-source of earthquakes
fm(m) is the probability density function of earthquake magnitude
fr(r) is the probability density function of source-to-site distance
fε(ε) is the ground motion shape uncertainty density function
Y>y|m,r,ε is the conditional probability that Y exceeds y, given m, r, ε

For simplicity, hazard curve and annual frequencies can be provided by seismologists (such as the
Institute for Geophysics and Volcanology, INGV, in Italy) [34]. For each geographical location different
earthquake intensity, expressed for instance in terms of peak ground acceleration (PGA), are associated
with their mean annual frequency of occurrence and, according to building design regulation, to a
design limit state [32,35].

3.2.2. Inclusion of PSHA Method in Probabilistic LCA

In the present paper, the occurrence of a seismic event is taken into account by a Monte Carlo
simulation. The building lifespan is subdivided into years and for each year the occurrence of an
earthquake with a given intensity is considered by comparing a random value nr with the earthquake
occurrence probability P (λ) under the following conditions:

random value (nr)


> P(λ1, t), no earthquake

≤ P(λ1, t), light earthquake occurence

≤ P(λ2, t), medium earthquake occurence

≤ P(λ3, t), strong earthquake occurence

(14)

where:

λ j is the mean rate of earthquake occurrence.

The occurrence probability P(λ) is the Probability Mass Function (PMF) for Poisson’s distribution
(see Equations (10)–(12)). In this application only one seismic event (n = 1) is allowed in the considered
time step, t = 1 year. Consequently, different earthquakes cannot occur simultaneously, and, if that is
the case, only the highest intensity earthquake is considered. The generalized equation can be assumed
here as following:

P(λ, n) =
e−λ λn

n!
→

n=t=1
λ e−λt (15)

This assumption allows the evaluation of a yearly increases of environmental impacts and costs
overall the building lifespan. Due to the discrete and limited number of the earthquake intensity levels,
it is expected to observe scattered results in the cumulative distribution functions.

3.3. Life Duration of Building and Building Parts

For this analysis, a wider time duration of 100 years has been considered, in order to assume
an extended service life of the whole building, where the structure is not highly damaged. While
structural service life is dictated more dynamically by earthquake occurrence, non-structural building
parts present in this application a pre-defined lifespan: every 30 years’ service life, their replacement
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takes place. The chosen building lifespan leads to the generation of 10,000 random value runs, i.e., 100
times the building lifespan.

4. Case Study

A case study has been selected as a proof of concept for the proposed methodology: an integrated
structural and architectural renovation intervention, which can potentially improve the energy
performance through further measures. An 8-storey apartment building is considered located in
L’Aquila, a region of high seismicity in Italy, and designed for gravity loading, without accounting for
seismic actions. Two different structural retrofit measures have been considered and analyzed. In this
section, the results of a static and the proposed probabilistic LCA are reported and compared. Table 1
shows the specification of the LCA analysis.

Table 1. Specification of life-cycle assessment (LCA) analysis according to [7,8,36]

Specification of LCA Analysis

Goal and Scope

Evaluation of Global Warming Potential (GWP) for the construction and
demolition of a reinforced concrete (RC) residential building for social
housing. Evaluation of potential scrap steel coming from RC reinforcements.
The use stage is neglected because of missing information about energy
performance of the building.

System Boundaries

B4: Building parts replacements (non-structural elements), which include
end-of-life of substituted parts and production of new ones.
B5: Refurbishment or addition of new elements which were not initially
foreseen.
C + D: End-of-life and credits. For the end-of-life of steel systems the pattern
of re-use is modelled.

Functional Unit [m2 net surface] multi apartments building designed for 50 years service life

Impact Categories GWP [kg CO2 eq.] Characterization Method CML 2001–January 2016

4.1. Static LCA

The LCA analysis has been carried out for the reference building and for the selected retrofit
measures, specifically a diagrid system and shear walls. For both examples the modelling and the
final impact evaluation have been realized with help of GaBi ts pc-tool [37] and Generis software [38],
on the basis of environmental databases updated on 2019.

4.1.1. Rebuilding

Data collection has been made for the whole considered building and for each part of it.
The stratigraphic information has been collected and included in the final model in GaBi ts software.
For the End-of-Life of the building, a whole demotion has been envisaged with a rebuilding process.
The new building will be considered equivalent to the old one in terms of geometry but with structural
elements fully complying with current seismic regulations.

Life-Cycle Impact Assessment: according to the results of the impact assessment for global
warming potential, 490 kg CO2 eq./m2 are calculated. Most of the environmental impacts are due
to the construction process during which structural reinforced concrete (RC) elements are the most
relevant (see Figure 1). The calculated value does not differ too much from results of analyses carried
out for new buildings in the Italian territory, which estimate 488.5 kg CO2 eq./m2 [39]. Hence, for the
rebuilding process the same LCIA result can be claimed valid.

Reconstruction Costs Assessment: the lack of precise information about manufacturing processes
and further costs related to reconstruction of damaged buildings does not allow a direct calculation
of the costs. An indirect evaluation is possible consulting likely reconstruction costs per net surface
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of RC buildings after strong earthquakes which include, e.g., professional fees, geotechnical tests,
dismantling, strengthening and repair costs.

Buildings 2020, 10, x FOR PEER REVIEW 8 of 22 

Table 1. Specification of life-cycle assessment (LCA) analysis according to [7,8,36] 

Specification of LCA Analysis 

Goal and Scope 

Evaluation of Global Warming Potential (GWP) for the construction and 
demolition of a reinforced concrete (RC) residential building for social housing. 
Evaluation of potential scrap steel coming from RC reinforcements. The use stage 
is neglected because of missing information about energy performance of the 
building. 

System Boundaries 

B4: Building parts replacements (non-structural elements), which include end-of-
life of substituted parts and production of new ones. 
B5: Refurbishment or addition of new elements which were not initially foreseen. 
C + D: End-of-life and credits. For the end-of-life of steel systems the pattern of re-
use is modelled. 

Functional Unit [m2 net surface] multi apartments building designed for 50 years service life  
Impact Categories GWP [kg CO2 eq.] Characterization Method CML 2001–January 2016 

4.1. Static LCA 

The LCA analysis has been carried out for the reference building and for the selected retrofit 
measures, specifically a diagrid system and shear walls. For both examples the modelling and the 
final impact evaluation have been realized with help of GaBi ts pc-tool [37] and Generis software [38], 
on the basis of environmental databases updated on 2019. 

4.1.1. Rebuilding 

Data collection has been made for the whole considered building and for each part of it. The 
stratigraphic information has been collected and included in the final model in GaBi ts software. For 
the End-of-Life of the building, a whole demotion has been envisaged with a rebuilding process. The 
new building will be considered equivalent to the old one in terms of geometry but with structural 
elements fully complying with current seismic regulations. 

Life-Cycle Impact Assessment: according to the results of the impact assessment for global 
warming potential, 490 kg CO2 eq./m2 are calculated. Most of the environmental impacts are due to 
the construction process during which structural reinforced concrete (RC) elements are the most 
relevant (see Figure 1). The calculated value does not differ too much from results of analyses carried 
out for new buildings in the Italian territory, which estimate 488.5 kg CO2 eq./m2 [39]. Hence, for the 
rebuilding process the same LCIA result can be claimed valid. 

 
Figure 1. LCIA results of reference building (Source GaBi ts [37]). 

Reconstruction Costs Assessment: the lack of precise information about manufacturing 
processes and further costs related to reconstruction of damaged buildings does not allow a direct 
calculation of the costs. An indirect evaluation is possible consulting likely reconstruction costs per 
net surface of RC buildings after strong earthquakes which include, e.g., professional fees, 
geotechnical tests, dismantling, strengthening and repair costs. 

For most of the highly damaged RC buildings (usability rating class E according to Italian 
practice) following the recent earthquakes in L’Aquila on 2009, a mean unit cost for re-construction 

Figure 1. LCIA results of reference building (Source GaBi ts [37]).

For most of the highly damaged RC buildings (usability rating class E according to Italian practice)
following the recent earthquakes in L’Aquila on 2009, a mean unit cost for re-construction of 1300 €/m2

net surface has been evaluated [40,41]. Demolition activities are, meanwhile, evaluated for RC buildings
with 152 €/m2 net surface [42]. The discount due to the scrap steel of reinforcement bars has been
considered negligible.

4.1.2. Replacement

The first renovation alternative consists in a substitution of the non-structural elements belonging
to the external envelope and to the internal partition walls. The total emission derives by considering
the production of the new elements and the dismantling of the old ones (see Table 2). With regard to
costs, lump-sum costs are derived by information from local authorities [42] and evaluated as 245 €/m2

net surface.

Table 2. Replacement measure specification (Source: Generis [38]).

Construction
GWP

[kg CO2 eq./m2

Element]

Quantity
[m2]

Total GWP
[kg CO2 eq.]

External wall: bricks with composite thermal insulation 44.1 1942 85,642.2
Internal partition wall: double coating and acoustic insulation 27.9 2204 61,491.6

Sloped roof with insulation 98.6 188 18,536.8

- Total 165,671
- /m2 Net Surface Area 90.0

4.1.3. Diagrid Retrofit System

A diagrid is a global intervention which provides an external reinforcement directly attached
to the building. An additional exoskeleton reshapes the building façade, improves the structural
performance by sustaining static and seismic loads that exceed the capacity of the existing structure.
The global system is activated by transferring the seismic inertia loads through floor diaphragms. As a
result, a box-structural behavior of the retrofitted building is obtained (see Figure 2) [43,44].

The envisaged system is made by cross bracing steel elements with variable circular hollow
cross sections. At each floor, a floor diaphragm made by steel profiles, metal sheets and protected by
lightweight concrete connects the grid to the existing floors. A concrete foundation system transfers
loads from the structure to the soil.

Life-Cycle Impact Assessment: the evaluation of the potential environmental impacts is reported
in Table 3. After the data collection, impacts are calculated for raw material supply and manufacturing
(A1–A3), disposal (C3–C4) and credits due to recycling (D) modules, according to EN 15804 [36].
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By contrast with other renovation measures, the main advantage of the diagrid is due to its dried
technique: this allows an easier dismantling and more chances to the scrap steel elements to be recycled
or, in the best case integrally reused.
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Table 3. Diagrid data collection and LCIA results (Source: Generis [38]).

Element [unit] Quantity Global Warming Potential
[kg CO2 eq./unit]

Global Warming Potential
[kg CO2 eq.] Total

- A1 − A3 C1 − C4 D A1 − A3 C1 − C4 D
Steel profiles [kg] 105,221 0.994 8.87 × 10-4 −0.223 104,631 93.35 −23,464.30
Metal sheet [kg] 1447 2.68 0.003 −1.58 3878 4.63 −2280

Lightweight concrete [m3] 9.21 72.77 2.81 0 670.5 25.88 0
Concrete (C30/37)
Foundation [m3] 60.92 219 18 −21.4 13,340 1096 −1304

- Total 122,520 1220 −27,048
[/m2 Net Surface] 66.05 0.66 −14.58

Costs Assessment: for a screening cost assessment of the diagrid, three groups of activities have
been considered (see Table 4): (I) pouring of lightweight concrete per floor diaphragm, (II) steel
components erection, (III) new foundations together with total required materials. Information is
derived by local authorities and include raw materials, manufacturing and machine costs [42] and
it provides a conservative estimation. Since they do not include value added tax (VAT) and by
considering the lack of information, they are increased by 22%. Lastly, the recovery steel elements
have been considered with reference to the current scrap European prices updated on the end of year
2019. Furthermore, the final unit price per square meter in Table 4 is calculated with reference to the
net surface in the as-is layout, and reduces quite remarkably if one considers the extension of the net
surface in the post-retrofit condition, thus including the red shaded area in Figure 2.

Table 4. Diagrid cost analysis [42].

Element Unit Cost Quantities Total [€]

HEM steel profiles 3.09 €/kg 13,465 41,606.85
Metal sheet 3.65 €/kg 1447 5281.55

Lightweight concrete 240.74 €/m3 4.81 1157.96
Grid–Circular hollow profiles 4.15 €/kg 91,756 380,787.10

Concrete Foundation 111.54 €/m2 100 11,154

- Total 439,987.45 €
- +VAT 22% 536,784.69 €
- - 253,20 €/m2

- Scrap Steel Value 212.35 €/ton −10.68 €/m2
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4.1.4. Shear Wall Retrofit System

The second retrofit system considered is composed by steel cross bracings located in specific parts
of the building. The additional system is made by steel circular hollow profiles and it is assembled
by employing X- or V-cross bracing. The V-Cross bracing elements are used in the neighborhood of
openings for sake of usability (see Figure 3).
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The location of such elements has been selected to re-establish the floor symmetry and regularity.
An additional floor is realized where new surfaces are added. The connection between the new system
and the building has been made in correspondence to the floor RC edge beams by steel elements and
connectors. A concrete foundation system transfers loads from the structure to the soil. The unit price
per square meter in Table 5 is calculated by spreading the total cost over the net surface in the as-is
condition, and does not reflect the beneficial effect of the expansion of the net surface (red shaded area
in Figure 3).

Table 5. Shear walls system data collection and LCIA results (Source: Generis [38]).

Element [unit] Quantity Global Warming Potential
[kg CO2 eq./kg]

Global Warming Potential
[kg CO2 eq.] total

- - A1 − A3 C3 − C4 D A1 − A3 C3 − C4 D
Steel hollow profile [kg] 138,099 0.99 8.87 × 10−4 0.22 137,326 122.52 −30,796

Lightweight concrete [m3] 4.78 72.77 2.81 0 347.84 13.42 0
Concrete (C30/37)
Foundation [m3] 30.46 219 18 −21.4 6670 548 −651.79

Total 1,444,344 684.2 −31,448
[/m2 net surface] 77.81 0.37 −16.95

Life Cycle Impact Assessment: by collecting all materials, the total impact of the shear walls
system has been evaluated through environmental databases according to EN 15804 (see Table 5) [36].
Due to the high quantity of steel and the large cross section of the chosen profiles, the total GWP is
higher in the shear wall systems compared to the diagrid system.

Costs Assessment: the screening cost assessment considers steel components erection, additional
floor and foundation system construction together with total required materials (see Table 6).
Information is derived by local authorities and includes raw materials, manufacturing and machine
costs [42]. Costs are increased by 22% VAT as well as for the diagrid system and the recovery steel
elements refers to the current scrap European prices updated on the end of year 2019.
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Table 6. Shear walls system cost analysis [42].

Element Unit Cost Quantities Total [€]

Diaphragm—Lightweight concrete 240.74 €/m3 4.78 1151.70
Grid–Circular hollow profiles 4.15 €/kg 138,099 573,112.75

Concrete Foundation 111.54 €/m2 50 5577

Total 579,841 €
+VAT 22% 707,406 €

333.68 €/m2

Scrap Steel Value 212.35 €/ton −13.83 €/m2

4.1.5. Comparing Results

As shown in Figure 4, the impact and cost assessment carried out by static approaches does not
encourage renovation measures associated with a structural enhancement, especially because of the
evaluated total costs.
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This may be due to the selected functional unit, which, by referring on net surface of dwellings,
can reflect the equal performances of renovation measures only in “standard” conditions, namely
under static permanent or variable loads and wherever seismic events do not occur. In a context
of seismic hazard, a building provided with diagrid system can be comparable to a new building
in terms of the remaining structural service life, resistance and displacements due to seismic loads,
performances which cannot be improved through replacement of non-structural elements.

Rather than reviewing and establishing a new functional unit, in the next section such a shortcoming
is handled by revising the methodology and applying probabilistic approaches. As an advantage, the
seismic hazard can be included as well as further sources of uncertainties.

4.2. Probabilistic LCA

This section shows the results of the probabilistic LCA under seismic hazard with Monte Carlo
simulations. The environmental impact and costs at year-1 are given by the results of static LCA–LCC
and processed according to the Section 3.

4.2.1. Seismic Event Choice

Earthquake magnitudes are derived for the geographical location of L’Aquila. The chosen events
refer to the designed nominal service life of dwellings (50 years) and with higher return periods (300
and 600 years). For the considered case study, earthquakes between 50–300 years return period may
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lead to a mean damage level not higher than 25% of the building. Higher return periods, due to higher
damages, lead to demolition and reconstruction. Table 7 reports the characteristics of the considered
earthquakes [34].

Table 7. Earthquakes characteristics for geographical location of L’Aquila (Source INGV [34]). Note:
PGA is the peak ground acceleration on stiff soil in terms of m/s2.

Earthquake Return Period Mean Annual Frequency of Earthquake PGA 50th Percentile

50 0.02 0.1038
300 0.003333 0.2316
600 0.001667 0.3602

4.2.2. Fan Diagram—Today’s Scenarios

Depending on human decisions, there are three main groups of possibilities:

• No retrofit. Service life of non-structural elements is extended. Nevertheless, the overall structural
performance does not comply with current regulations (Building quality—BQ 1)

• Diagrid/shear wall intervention. The service life of the building can be extended: the intervention
adjusts the building structural response under seismic loading according to current regulation
(BQ 3).

• Demolition and re-building. This entails complications, such as the relocation of inhabitants, waste
production and long-term works. For such reasons, demolition and rebuilding is not considered
as an option to start the analysis with.

4.2.3. Fan Diagram—Future Scenarios

By considering the quality of the building at year-0, future scenarios are analyzed (Figure 5).

• Reference building without adequate adjustments may resist low-intensity earthquakes (λ1).
After repairs, some vulnerabilities can be solved (BQ 2) but the occurrence of medium- and
high-intensity earthquakes (λ2–λ3) cause severe damage and eventually its collapse. This leads
to a new construction: the new building is considered equivalent in shape and complying with
seismic design requirements (BQ 3).

• The building with a new retrofit intervention enhances immediately its behavior (BQ 3). In the
case of strong earthquake occurrence (λ3) the building may be subjected to moderate damage
evaluated for 25% of the building value in terms of costs and environmental impacts.
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Figure 5. Future scenarios depending on the building quality: (a) not-retrofitted reference building; (b)
retrofitted reference building.
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Scenarios are converted into a matrix (see Table 8) in which interventions related to earthquake
events and building quality (BQ) are converted in GWP and costs (Tables 9 and 10). Both matrices are
processed in a Monte Carlo Simulation by means of the software MATLAB [45]. In Figure 6 a flow
chart shows the building quality function variation due to earthquakes’ occurrence.

Table 8. Interventions due to seismic event occurrence and building quality (BQ).

BQ
Events No Earthquake EQ1 EQ2 EQ3

1: As is 0 1/4 * (Building) Dem. + Building Dem. + Building
2: Repaired 0 0 1/4 * (Building) Dem + Building
3: Adjusted 0 0 0 1/4 * (Building)

Table 9. GWP in kg CO2/m2 due to seismic event occurrence and building quality.

BQ
Events No Earthquake EQ1 EQ2 EQ3

1: As is 0 123 497 497
2: Repaired 0 0 123 497
3: Adjusted 0 0 0 123

Table 10. Costs expressed in €/m2 due to seismic event occurrence and building quality.

BQ
Events No Earthquake EQ1 EQ2 EQ3

1: As is 0 143 1252 1252
2: Repaired 0 0 143 1252
3: Adjusted 0 0 0 143
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For impacts and costs discounting rates, the Italian price increase rate is derived from direct
measurements or as the average value of the inflation rate (evaluated in 2019 as 0.82% [46]). The discount
rate is derived from government bonds (expiring date at least of 10 years—2.8% [47]). LCA analyses
consider a “business as usual” modelled decarbonisation rate of 1.6% [48].
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4.2.4. Monte Carlo (MC) Simulation Results

After obtaining a series of possible CO2 emissions and costs values, results are processed. Relevant
statistical values are derived, e.g., minimum, maximum, mean and median values (see Table 11).

Table 11. Probabilistic LCA–LCC results (10,000 runs MC simulation).

GWP (100 Years), [kg CO2 eq./m2] Min Max Median Mean St. dev.

Reference Building (RB) 299 2,221 458 542 234
RB+Retrofit Diagrid (DG) 253 566 253 268 39

RB+Shear Walls (SW) 262 576 262 277 39

Costs (100 Years), [€/m2] Min Max Median Mean St. dev.

Reference Building (RB) 639 3,704 845 938 326
RB+Retrofit Diagrid (DG) 445 881 446 458 40

RB+Shear Walls (SW) 534 969 534 546 40

It is worth to notice that, due to the recorded values distribution, the median and arithmetic mean
are different, especially for RB case, this may be related to different reasons, such as a non-Gaussian
distribution, and, more likely, to the discrete number of the considered earthquake intensity levels
and to the given deterministic repair costs and environmental impacts for each earthquake scenario.
In addition, RB cases are characterized by higher dispersion. Besides these limitations, the results
obtained still allow general considerations on the effects of including the earthquake occurrence in
LCA and LCC analyses.

The results are grouped in ranges of values and their occurrence within such ranges is counted.
The following graphs represent the probability trends. Two groups of values are distinguished
(see Figure 7): one in correspondence to low-medium values (200–500 kg CO2 eq.) and another
to high environmental impacts (500 to 1000 kg CO2 eq.). The second group reveals the effects of
the occurrence of medium and strong intensity earthquakes. For a not-retrofitted building, critical
consequences are expected and consequently high economic and environmental impacts due to the
demolition and re-building process are observed (Figure 7a). A building provided with structural
retrofit systems (Figure 7b,c) does not reveal high impact occurrence because preventive initiatives
have been undertaken. Few cases are recorded in the shear wall case (Figure 7c), due to higher
environmental impacts of reinforcement production.
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With regard to LCC results, a non-retrofitted building presents costs occurrence that is rather
homogenous between 700–1100 €/m2 while values higher than 1200 €/m2 have more than 20% probability
of occurrence. Retrofitted buildings (Figure 8b,c) do not record high costs.
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Lastly, probabilistic LCA and LCC results are shown over the 100 years’ observation time of the
building (Figure 9). For each year average GWP and costs are calculated and summed with previous
values in order to analyze the yearly increase. This visualization of the results enables to evaluate
the measure impact over time. As shown by the graphs, every 30 years a building refurbishment
increases costs and impacts. GWP curves present a linear trend, while costs, because of discounting,
are non-linear. This is especially noticeable for the reference building, where sensitivity to change is
higher. In this regard, the building quality variation is visible through the curve gradient. When the
building achieves the highest building quality, both GWP and costs curve trends become as flat as
for buildings provided with structural retrofit. Nevertheless, this occurs for the reference building
only beyond 75 years’ analysis. The reference building seems to be advantageous in terms of GWP
only in a short or medium period (20 years ca. for both diagrid and shear walls). In comparison with
lifecycle costs of the reference building, the diagrid proved to be the most advantageous renovation
with a payback time of 44 years. It is worth noting that if we would have considered standard profiles
instead of circular ones for the diagrid, we would have had a payback time of 33 years. In any case,
if we account for the extra floor surface provided by the new retrofit system (92m2 per floor for the
diagrid and 55 m2 per floor for the shear walls system), the cost over the building lifecycle reduces
(dashed lines in Figure 9) with a payback time of 27 years (22 years with standard profiles) for the
diagrid and 47 years for the shear walls system.
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5. Discussion

The comparison between the two methodologies highlights that probabilistic LCA and LCC can
solve miscalculation due to uncertainties and thus prevent from misleading LCA-based decisions.
The probabilistic approach enriches the analyses by adding additional functions and parameters related
to environmental, economic contingencies and external factors, leading to a more complex model
which can allow stakeholders to make more aware choices.

According to the results obtained, static analyses are not able to consider the advantage of a seismic
retrofit, since it may be not capable through a single trustworthy value to reveal the performance of
the construction under seismic actions and the risk of long-term losses due to the lack of a suitable
anti-seismic structural system. On the contrary, the presented method performs both probabilistic
LCA–LCC and includes a statistical assessment in order to provide impact occurrence probability for
different ranges of values. Among the analyzed solutions, the retrofit system with a diagrid achieves
more economic and environmental savings in shorter terms, while the analyzed shear wall system can
be considered not efficient for the considered case study.

In comparison with the PEER-PBEE probabilistic model, the proposed approach introduces a
function related to the building quality. Thank to this, the structural enhancement due to repairs of
seismic adjustments has been included and consequently a reduced likelihood of damage in the case of
subsequent earthquakes. As a disadvantage, the missing variation of the building quality function may
lead to the considered case study overestimating results that would not always encourage anti-seismic
reinforcements within the decision making process over the building life cycle (Appendix A).

To validate this study, in particular referring to the occurrence rate of the simulated earthquakes,
a comparison between the results of the model and the target annual frequency of exceedance has
been made: for 10,000 runs over 100 years’ observation time, the recorded frequency can slightly
diverge (see Table 12) but an accuracy of 10−2

÷ 10−3 is achieved. More MC runs would improve the
convergence between values model and empirical values, but, on the other hand, generate problems
due to the used calculation software limits and the high quantity of values to be processed.

Table 12. Comparison with Mean Annual Frequency of Exceedance from probabilistic seismic hazard
analysis model and frequency recorded by Monte Carlo (MC) Simulation.

Earthquake Return Period Mean Annual Frequency of Exceedance MC Sim Recorded Frequency

50 0.02 0.019142
300 0.033333 0.003337
600 0.001667 0.001657

It is necessary to underline the “Proof-of-Concept” character of the presented methodology, which
still contains inaccuracies and approximations. A first approximation can be related to the probabilistic
seismic hazard assessment (PSHA) model, which is currently used and it results advantageous
because it describes earthquake occurrence and effects by requiring a limited number of parameters.
Due to the complexity of introducing Monte Carlo simulations in the LCA evaluation, future research
will focus on the development and investigation of simplified procedures to include earthquake
effects in LCA, analogously to what has developed in earthquake engineering, such as software
(as PACT—Performance Assessment Calculation Tool, FEMA P-58 [48]) or direct loss assessment
procedures (such as the displacement-based loss assessment [49]).

More significant inaccuracies are related to the correct assessment of the building damage and to
the cost of retrofit. In this work, three seismic events with increasing intensity have been considered,
which lead to a certain building damage level. Actually, there is a variety of events with different
consequences, depending on the vulnerability of the existing building: in this regard, the inclusion of a
wider set of earthquakes would improve the technical aspect of the analyses, by adding more scenarios.
Specific local damages and interventions may be included in order to derive more accurate predictions
under seismic hazard on building components level.
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The framework could be enriched through the inclusion of more sources of LCA uncertainties.
On one hand, this enables more transparent results but on the other hand increases the complexity
of the model. Hence, it is important to identify uncertainties that, individually or together with
other factors, influence results’ robustness. Lastly, a more detailed data collection or the extension
of LCA-LCC system boundaries, through i.e., the inclusion of building energy demand information,
would improve the analysis with more comprehensive results.
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Appendix A

In Table A1 are the results of 10,000 runs of Monte Carlo simulation of LCA–LCC analyses by
varying the starting building quality of the reference building on year y = 1. BQ variation due to
earthquake occurrence is not considered.

Table A1. Probabilistic LCA–LCC results without BQ variation due to earthquake occurrence.
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Table A1. Cont.
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In Table A2 are the results of 10,000 runs Monte Carlo simulation of LCA–LCC analyses by varying
the starting building quality of the reference building on year y = 1. BQ variation due to earthquake
occurrence is considered.
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