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Abstract: Fluorocarbons are an important category of greenhouse gas emissions, and currently,
their use is prohibited due to their significant contribution to the global ozone depletion potential
(ODP). During this century, they will continue to emit greenhouse gases into the environment since
they are present in the thermal insulation foam and HVAC systems in existing buildings; however,
proper disposal of these banks of CFCs/HFCs from existing buildings can limit their effects on
the environment. However, there are no studies that have investigated quantifying the achievable
environmental savings in this case. In this study, a comparative life cycle assessment (LCA) is
conducted to evaluate, for the first time in the literature, the environmental savings achievable
through the removal and disposal of CFC/HFC banks from buildings including damage-related
emissions. To cope with the scarcity of data, uncertainty and sensitivity analysis techniques are
applied. The results show that, for the selected archetype building, the largest annual emissions
of CFCs/HFCs come from the external thermal insulation of the envelope. The removal of this
material can lead to an additional significant reduction in the GWP (up to 569 kgCO2eq/m2) and
the ODP (up to 117 × 10−3 kgCFC-11eq/m2), i.e., higher than that achievable by reducing energy
consumption through energy retrofit measures (276 and 0, respectively). Thus, CFC/HFC banks
should not be neglected in LCA studies of existing buildings due to their possible significant impact
on a building’s ecoprofile.

Keywords: environmental retrofit; energy retrofit; life cycle assessment (LCA); fluorocarbon; HFC;
CFC; uncertainty analysis; sensitivity analysis; natural hazards; performance-based earthquake
engineering (PBEE)

1. Introduction

The building sector is responsible for 36% of the global energy demand [1] and more
than one-third of total global greenhouse gas emissions [2,3]. In addition, energy supply
has long become a factor of critical importance for many countries [4]. More precisely,
a significant share of building energy consumption in the EU is directly linked to oil
and gas, which are mainly imported [5]. Moreover, in 2017, natural gas provided 37%
of the district heating in the EU [6], followed by coal with a share of 25%, which comes
with significant health and environmental consequences [7]. Consequently, recently, the
European Union has put forward several initiatives to promote both energy efficiency and
lower environmental impacts in an increasing number of sectors [8–10]. In this regard,
growing attention is being paid to the environmental footprint of the building sector [11–14].

Due to the poor energy performance of existing buildings, the main environmental
impact is related to building energy consumption for space heating. Therefore, the main
actions to reduce the impact of the sector are achieved through energy efficiency mea-
sures [15,16]. However, during the building operation stage, other sources of emissions
can be observed, which may be potentially relevant in the life cycle assessment (LCA) of a
building, despite being generally neglected in common approaches.
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One source of emissions is the presence of residual chemicals in building components
that have, on the one hand, high environmental impacts (active or passive) which are
progressively reintegrated into the environment through different release mechanisms. On
the other hand, proper removal and treatment of these substances, when possible, can
reduce (or even eliminate) their potential environmental impact, and therefore, can improve
the environmental performance of buildings [15,16].

Chlorofluorocarbons (CFCs) and hydrofluorocarbons (HFCs), for example, are sub-
stances with high environmental impacts that have been widely used in the past both as
blowing agents for thermal insulation and as refrigerants for domestic systems or equip-
ment [17]. Although CFCs are prohibited and HFCs are being phased out, these chemicals
are still significantly present within the existing building stock (in the so-called “banks”
of CFCs and HFCs), and are gradually emitted into the environment through different
release mechanisms [18]. CFCs are characterized by a high global warming potential
(GWP) and, above all, a high ozone depletion potential (ODP). To preserve the ozone
layer, these substances have been gradually phased out worldwide since 1995, until they
were completely banned in 2010 according to the 1989 Montreal Protocol [19,20]. HFCs,
which are used as a replacement for CFCs, are characterized by a negligible ODP but a
high GWP (although lower than that related to CFCs) [21]. In particular, the contribution
of HFCs to global warming, which is still growing globally, is estimated to be around
0.3–0.5 ◦C by 2100 [22,23]. Therefore, in order to mitigate its effects, the Kigali amendment
has provided for them to be phased out over the coming decades [23,24]. However, during
the current century, it is expected that CFC/HFC banks will continue to emit up to 5 million
tons of CFCs (mainly CFC-11 and CFC-12) [17], equal to 35 billion tons of CO2eq, and up
to 2 billion tons of CO2eq per year for HFCs (before their emissions start to decrease in
2030) [23].

The main emission mechanisms of CFC/HFC banks are known and are mainly related
to the release of blowing agents [25,26] and the operational leakages of refrigerants [27,28].
Another emission mechanism is related to structural or non-structural damage caused
by extreme events such as earthquakes and hurricanes [18]. In this context, given the
high environmental impacts linked to these substances, and considering that several
environmental guidelines provide recommendations on their management during disposal
to limit or eliminate their environmental impacts [15], the quantification of their extent is of
fundamental importance: (i) to correctly estimate the emissions and environmental impacts
attributable to the existing building sector [17]; (ii) to assess the possible environmental
impacts of extreme natural events such as earthquakes, which may trigger the release of
such substances into the environment, as a result of damage to buildings [18,29]; (iii) to
estimate the actual environmental savings that can be achieved through environmental
retrofit interventions that include, where possible, the correct replacement and disposal of
critical building components, e.g., by replacing the thermal insulation coating.

Nonetheless, any quantification of emissions from these mechanisms is complex, as
it tends to be influenced by uncertainty, lack of data [17,30,31], and the complexity of the
effective emission mechanisms [32]; thus, these issues are still the subject of study and
research [17,18]. Therefore, to date, there are very few studies aimed at quantifying and
considering such emissions within an LCA of buildings. As an analytical tool, an LCA
that included the ODP and the GWP impacts related to emissions of these substances in
buildings has recently been presented by Di Filippo et al. [18]. Nonetheless, this study
follows a deterministic approach, not considering other existing uncertainties. Moreover,
in the literature, there is no application of this tool to a real case study.

In this framework, the aim of this work is twofold: (i) To quantify the reduction in
environmental impacts obtainable through the removal of CFC/HFC banks for a case study
in Italy; to this end, the analytical tool developed in the aforementioned study by [18] was
applied, for the first time, to a real case study, and adequately extended to consider the
uncertainties present in the calculation process through sensitivity and uncertainty analysis
techniques [11,33,34]. (ii) To compare two different environmental retrofit strategies in



Energies 2023, 16, 3276 3 of 22

terms of environmental impact. The first retrofit strategy considers the superposition of a
new ETICS layer above the existing insulation. The second retrofit, instead of reaching the
same thermal performance as in the first strategy, foresees the removal and disposal of the
existing ETICS layer and the subsequent addition of a new and thicker ETICS layer.

In summary, the results are aimed at supporting decision-makers and practitioners in
the assessment of the environmental convenience of retrofit interventions involving the
removal and disposal of CFC/HFC banks from existing buildings.

This paper is structured as follows: In Section 2.1, the phases of the study are briefly
summarized. The case study is described in Section 2.2 while the methods used to estimate
the expected annual impact due to CFC/HFC banks and to compare the two different envi-
ronmental strategies are reported in Sections 2.3 and 2.4, respectively. The methodologies
adopted for the uncertainty and sensitivity analyses are reported in Section 2.5. Finally,
Section 3 reports the results of the study, while the conclusions are presented in Section 4.

2. Phases, Materials, and Methods
2.1. Phases

This study can be divided into three main phases:

• In the first phase, a building archetype representative of Italian buildings containing
CFC/HFC banks is identified and characterized according to the literature in terms of
constructive features, thermal characteristics, and energy performance to provide a
significant reference study described in Section 2.2.1 [35].

• Then, to evaluate the opportunity of removing and disposing of CFC/HFC banks
from buildings as an environmental retrofit strategy, the annual GWP and ODP due
to the building CFC/HFC emissions are quantified for the first time in the literature,
and then compared with the impacts related to the annual energy consumption for
space heating. The methodology developed in [18] is adopted to consider all the
release mechanisms, also extending it to consider all the sources of uncertainty in the
calculation process (see, in this respect, Sections 3.1 and 3.2).

• Finally, the impact of removing CFC/HFC banks in the life cycle environmental impact
of an exemplary retrofit solution is evaluated through the comparison of two iso per-
formance environmental retrofit strategies described in Section 2.2.2, mainly differing
from the removal and disposal of CFC/HFC banks before the retrofit intervention
described in Section 3.3.

2.2. Case Study
2.2.1. Description of the Selected Building

The case study is an archetype, six-story, multi-residential reinforced concrete building
placed in the largest climatic zone of Italy (i.e., with heating degree days between 2100 and
3000, referring to a base temperature of 20 ◦C, zone E [36]) and representative of Italian
residential buildings built between 1970 and 2005 [35]. The choice of this archetype as a case
study is dictated by: (i) the presence of thermal insulation panels including CFC/HFC banks
(polyurethane (PUR), expanded polystyrene (EPS), or extruded polystyrene (XPS) [37,38])
in both the external envelope and intermediate floors; (ii) the presence of an air condi-
tioning (AC) systems for each flat including CFC/HFC banks; (iii) the need to improve
the building energy performance according to the current national standards [39]; (iv) the
possibility to remove and dispose of the insulation panels from the building envelope
(placed as the external thermal insulation composite system (ETICS)), whose profitability
as an environmental retrofit strategy is evaluated in this study (see Section 2.2.2).

The building is characterized by a usable floor area of about 545 m2, a roof area of
680 m2, a vertical opaque surface area of about 2300 m2, and a vertical transparent surface
area of about 500 m2, as described in [35]. The adopted insulation panels have a thermal
conductivity of 0.040 W/mK and a thickness of about 0.03 m for vertical and horizon-
tal components [40,41]. From these values, it is possible to approximately estimate the
total volume of insulation material included in the building, equal to about 0.06 m3/m2
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of usable floor area, and the volume contained in the external envelope only, equal to
about 0.03 m3/m2. Concerning the thermal characteristics, the air-to-air thermal transmit-
tance (U-value) of the opaque elements is equal to 0.63 W/m2K for brick-cement floors,
0.57 W/m2K for roof elements, and 0.59 W/m2K for hollow-brick external walls, while the
windows have a U-value equal to 3.3 W/m2K [35]. The building energy demand is equal
to 70 kWh/m2y [35]. The heat production system is an autonomous gas boiler for each flat.

Since this study also aims to compute the damage-related environmental impact
caused by CFC/HFC emissions (see Section 2.3.3), it is assumed that the building has not
already been damaged by seismic events, while two seismic scenarios are considered to
evaluate the impact of the seismicity level on the CFC/HFC emissions, i.e., a high-seismic
scenario (e.g., L’Aquila, Italy) and a low-seismic scenario (e.g., Trento, Italy), both placed
in the climatic zone E [36] and to which thermal characteristics and energy performance
are referred.

2.2.2. Retrofit Strategies

A typical energy retrofit strategy compliant with national standards [42] is considered
in this study [35]. The strategy consists of the application of different measures for the
energy upgrading of the building envelope, including (i) the addition of a new ETICS
layer on the vertical components to reach a U-value of 0.25 W/m2K; (ii) the addition of
a new ETICS layer for the horizontal components to obtain a U-value of 0.21 W/m2K;
(iii) the substitution of the existing windows with new ones characterized by a U-value
equal to 1.70 W/m2K. In this way, the building energy demand is reduced from 70 to
49 kWh/m2y [35].

Since the aim of this study was to assess the profitability of removing and disposing of
CFC/HFC banks as a building environmental retrofit strategy, two alternative approaches
for the energy upgrading of the building were considered and compared through a stochas-
tic LCA approach reported in Section 2.4. The first strategy (Solution A) considers the
superposition of a new ETICS layer above the existing insulation (Figure 1). The second
strategy (Solution B) considers, instead, the removal and disposal of the existing ETICS
layer and the subsequent addition of a new ETICS layer (thicker than that in A to reach
the same thermal performance as shown in Figure 1). The new ETICS layer is based on the
adoption of expanded polystyrene (EPS) for the thermal insulation material since it is the
most adopted solution in engineering practice [41,43].
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2.3. CFC/HFC Expected Annual Impact

CFCs and HFCs can be present in buildings as blowing agents of insulation mate-
rials [38] and as a refrigerant within AC systems [44]. These components typically have
a service life of several decades or, in any case, equal to the estimated service life of the
buildings, during which they can emit CFCs/HFCs in the environment through different
release mechanisms. The estimation of the residual content of CFC/HFC banks in buildings
and their annual emissions is then essential for a correct LCA of an existing building [37].

In this subsection, the methodologies adopted to estimate the theoretical residual
contents of CFC/HFC banks and the related annual emissions and environmental impacts
are reported. Since a stochastic approach is considered (see Section 2.5), in the follow-
ing, all the uncertain parameters involved in the calculation process will be defined in
terms of probability density function (PDF) rather than with deterministic values (mainly
uniform PDFs).

2.3.1. Initial Theoretical Size of CFC/HFC Banks

The expected theoretical contents of CFC/HFC within insulation materials per usable
area (CI) can be computed as follows:

CI = 0.9 · v · ρ ·cI (1)

where 0.9 is a reduction coefficient that considers the amounts of CFCs/HFCs released
during the insulation manufacturing and first year of installation (about 10% according
to [37]), v is the volume of insulating material (in m3/m2 of usable area), ρ is the density of
the insulating material, and cI is the content of CFC/HFC expressed in terms of percentage
of insulation weight. In this study, ρ is not known. Hence, a variation between 25 and
55 kg/m3 is assumed according to the literature [40,41], thus neglecting the influence of
the density on the actual thermal transmittance [40,41]. Concerning cI, a range of variation
between 7 and 19% is considered according to estimations from multiple sources. In
detail, [45] reported a range from 7.4 to 16.9%, [46] a value of 10% and [47] a range from
6.4 to 19.5%.

To calculate the amount of refrigerant gas contained in AC systems, the presence of a
double split for each residential unit is considered, given its spread use in the international
housing stock. The theoretical content of the refrigerant in the AC system per m2 of usable
area (CAC) can be computed as follows:

CAC = rAC · PAC (2)

where rAC is the average refrigerant charge of the system, generally ranging between 0.24
and 1 kg/kW [44], while PAC is the system capacity, which is assumed to range between
0.063, as in [18], and 0.1 kW/m2, as in [48,49]. It should be noted that this calculation
neglects the type of refrigerant used. However, as highlighted in [50], the charge size for
CFCs and old-generation HFCs does not vary significantly for small equipment (i.e., up to
a capacity of 88 kW).

2.3.2. Operational Leakage and Actual Content

The most important CFC/HFC emissions during the life of a building are due to
operational leakage. In particular, for insulating materials, the yearly leakage rate (li)
depends on the type of application and insulation material [32]. This rate can vary from
0.25% to 2.5% according to [37] and from less than 0.5% to 1% according to [38]. In this
study, we assumed a range from 0.25% to 2.5%. For AC systems, the leakage rate (lAC)
depends on the type of system, typically 0.1% per year for modern “leak-tight” domestic
applications [51] (as the case study here considered) and 10% for commercial systems [51,52].
In this study, a variation of 10% to 0.1% is assumed for lAC.

As a result of the operational leakage, the actual, residual contents of CFCs/HFCs
in buildings may be different from its initial content. Indeed, the residual content may
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vary with the age of installation, operating history, and level of maintenance of the systems.
Accordingly, the residual contents of CFCs/HFCs (Ry) can be estimated as follows:

Ry =
(
1− ly · ty

)
· Cy (3)

where t is the age in years of the specific emission source “y”, i.e., insulation (I) or AC. To
evaluate the impact of this parameter on the results, in this study, we assumed that the ages
of the insulation (tI) and AC system (tAC) could vary between 15 and 30 years, coherently
with the assumed construction period.

2.3.3. Analytical Framework for Damage-Related Leakage

To integrate methods for calculating the environmental impact of natural disasters
on structures that rely solely on metrics derived from or similar to embodied carbon [53],
this study used the content release GHG emission potential (CGEP) framework, which
was originally developed for the assessment of greenhouse gas emissions from Natech
incidents [29], and then extended to the content release ODP emission potential (CODP)
and residential structures [16].

This method considers the emissions of high GWP and ODP chemicals into the en-
vironment, including the class of fluorocarbons. Based on the analysis of the effects of
the 2011 Tohoku earthquake, it has been shown that this class of emissions is comparable
to those from repair, reconstruction, and debris disposal operations [54,55]. The CGEP
framework consists of 4 distinct phases:

1. Evaluation of the CGEP and CODP parameters of the structure/component under exam-
ination through the estimation of the contents of high GWP and/or ODP compounds;

2. Assessment of the probability Pfn of a certain failure state induced by the natural
hazard n;

3. Assessment of the fractions of CGEP and CODP, RLfn released in the environment
following the damage state related to Pfn;

4. Calculation of the expected emissions EMn due to the above-mentioned release.

While the framework can be applied to various types of natural hazards, in this study,
the analysis focuses solely on seismic events. In addition, the high GWP and ODP chemicals
used for the calculation of the CGEP and the CODP are the fluorocarbons, including HFCs
and CFCs, that are present in the typical building structure. The specific content and the
relevant parameters from Step 1 have already been calculated in Sections 2.3.1 and 2.3.2.

Subsequently, to assess the probability of failure for a specific structure or component,
Phase 2 involves a process known as a quantitative risk analysis (QRA). This analysis
can be performed using the PBEE framework [56,57] or by utilizing specific databases,
statistical data, or the results from other studies. The mathematical formulation of Pfn, can
be expressed as follows:

Pf n =
∫

IMn
P(DM f | IMn)dλ(IMn) (4)

The subscript f is used to indicate the particular type of failure associated with a certain
capacity damage state DMf, while the variable n represents the selected natural hazard,
which can be an earthquake, flood, tsunami, or other events. The parameter dλ(IMn)
describes the hazard level in terms of a specific intensity measure IM. The proportion of
content release is observed to vary according to different damage levels. Thus, in Phase 3
of the process, it is essential to assess this proportion as follows:

RL f =
CGE f (DM f )

CGEP
=

COE f (DM f )

CODP
(5)

where CGEf(DMf) and COEf(DMf) are the fractions of CGEP and CODP effectively released
in the environment following the damage state DMf. For simplicity, the two variables
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will be assumed to be equal for each chemical compound considered. Phase 4 ultimately
combines the results from the other 3 phases to calculate the annual emissions resulting
from the considered hazards and associated damage states as follows:

EMn = Pf n · RL f · CGEP (6)

Indeed, the expected emissions EMn could also be the result of different damage
states DM f and different natural hazards n. It should be emphasized that this quantity
of emissions should not be considered to be issued annually but represents, to use an
economic term, the annual amortization of the impact of the seismic events considered, of
which it is not possible to predict the period of occurrence but only its probability.

2.3.4. CFC/HFC Characterization Factors

After quantifying the annual emissions of CFC/HFCs, the associated GWP and ODP
can be computed by multiplying these quantities by the related characterization factors. To
do so, the quantity of CFC and HFC in each element should be estimated. In this study,
as in [18], two different scenarios are assumed which consider, respectively, the content of
only CFC (S1) and only HFC (S2) within the building. Assuming that the CFC is an R11 and
the HFC is an R134a, the characterization factors for these substances are known, namely
ODPS1 = 1 and GWPS1 = 4660 for S1 and ODPS2 = 0 and GWPS2 = 1300 for S2 [21].

2.4. LCA of the Sustainable Retrofit Strategies

In this study, two stochastic LCAs were performed at the building level, based on the
procedures defined in ISO 14040, ISO 14044, EN 15804, and EN 15978 standards [58–61].

2.4.1. Goal and Scope Definition

The goal of the LCA study was to compare the environmental impact of two different
energy retrofit measures for energy upgrading of the building envelope described in
Section 2.2 (Solutions A and B, see Figure 1). Then, the reference flow was related to a
functional unit (FU) defined as “the energy retrofit measure required to reach the same
thermal transmittance of the building envelope [W/m2K], for a reference study period
expressed in years”. In particular, Solution A considers the possible addition of an ETICS
layer above the existing layer to reach the national requirements in terms of thermal
transmittance of the opaque envelope (Figure 1, Solution A). Solution B, instead, first
considers the removal and disposal of the existing insulation to eliminate the potential
impact of CFC/HFC during the life cycle of the building. Then, a new ETICS layer is added
to reach the same thermal performance (Figure 1, Solution B). As a result, in Solution B,
a thicker new insulation layer is applied, leading to a higher impact in the production stage
as well as in the construction/removal process (due to the CFC/HFC emissions generated
during the removal of existing ETICS layer), but to lower emissions of CFCs/HFCs during
the operational stage (no operational leakage or damage-related emissions).

Since this is a comparative study, only the relevant LCA stages differing in Solutions
A and B are evaluated for the sake of conciseness [61]. In particular, the considered stages
are: (i) the production stage (Modules A1–A3 according to [61]), considering the impacts of
the different materials only (i.e., insulation layer); (ii) the removal process of the existing
insulation (Module A5, for Solution B only); (iii) the use stage (Modules B1 and B6); (iv) the
end-of-life (EoL) stage (Modules C1–C4), for the insulation material only as produced in
Modules A1–A3. Concerning the use stage, the emissions due to CFC/HFC banks during
the use stage (Module B1) are considered, while the impacts related to energy consumption
for space heating (Module B6) are computed to be used as a reference quantity to which all
other stages are related. Other impacts (e.g., those related to the removal or installation of
existing or new ETICS layers, the disposal of the existing layer, maintenance and repair, etc.)
are not considered, since they are shared by the two solutions (i.e., all the materials are
considered to be installed, removed, and disposed of similarly during or at the end of
the building service life). Concerning the removal of the existing insulation for Solution
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B (Module A5), this is assumed to be 10% of the RI, i.e., equal to the CFC/HFC leakage
during the manufacturing and first year of installation [37].

Finally, a calculation period of 50 years is considered, assumed to correspond to the
service life of the two retrofit interventions.

2.4.2. Life Cycle Impact Assessment (LCIA) and Life Cycle Inventory (LCI)

Concerning the LCIA, in this study, the CML-2001 baseline V3.02/EU25 method [62]
was adopted to calculate the GWP and the ODP of the two solutions, since it is widely
applied in the building sector [63,64]. The inventory data were collected from different
sources, i.e., the environmental product declarations (EPDs) of the materials (A1–A3 mod-
ules), scientific literature (B1 and A5 modules), and generic databases such as ecoinvent [65]
(C1–C4 and B6 modules).

For the production phase, the data related to the A1–A3 impacts of the new insulation
layer (EPS) were derived from the EPDs collected in [41]. These data are related to a
reference flow of mass per square meter providing an additional R equal to 1 m2K/W and
can be described by using a normal PDF with an average value (µ) of 2.62 kgCO2eq/m2

and a standard deviation (σ) of about 0.67 kgCO2eq/m2.
Concerning B1, the characterization factors, as reported in Section 2.3.4, were adopted.

On this basis, two different scenarios were assumed, which considered, respectively, the
contents of only CFC (S1) and only HFC (S2). As a result, four different scenarios were
considered, two for each retrofit solution, namely A-1, A-2, B-1, and B-2.

For B6 and C1–C4, the datasets included in the ecoinvent v3.1 database were adopted
to create the relevant PDFs. These are the “Heat, central or small-scale, natural gas IT|heat
production, natural gas, at boiler modulating < 100 kW|Alloc Rec, U” and “Municipal
solid waste (waste scenario) {RoW}|Treatment of municipal solid waste, landfill|Alloc
Rec, U” for B6 and C1–C4, respectively [65]. The characteristics of the PDFs are reported
in [33,34] and Table 1.

Table 1. Characteristics of the considered PDFs. * For uniform distribution, min and max; for normal
distributions, µ and σ; for lognormal distributions, µlog and σlog.

Parameter (Unit) Description PDF Type PDF Parameters *

rAC (kg/kW) Refrigerant charge of AC system Uniform 0.24, 1.00

PAC (kW/m2) Power of AC system Uniform 0.063, 0.100

ρ (kg/m3)
Density of the insulating material
(PUR) Uniform 25, 55

cI (%) Percentage of CFC/HFC of the weight
of the insulating material Uniform 7, 19

lAC (%/year) Annual operating leakage rate in
AC systems Uniform 0.09, 0.11

lI (%/year) Annual operating leakage rate in
insulation materials Uniform 0.25, 2.5

tI and tAC (years) Age of insulation/AC Uniform 15, 30

s (%) Annual leakage due to seismic events Uniform 0, 0.13

GWPHP (kgCO2eq/kWh) GWP for gas boilers heat production Lognormal −1.34, 0.17

ODPHP (kgCFC-11eq/kWh) ODP for gas boilers heat production Normal 3.31 × 10−9, 0.68 × 10−9

GWPA1–A3
GWP for EPS insulation material
production Normal 2.62, 0.67

GWPC1–C4 GWP for EPS insulation material EoL Lognormal −2.31, 0.46
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2.5. Uncertainty and Sensitivity Analysis

The ISO 14044 standard [59] for an LCA defines uncertainty analysis as a systematic
procedure to quantify the uncertainty introduced in the results. In this study, uncertainty
analysis (UA) and sensitivity analysis (SA) methods were used to better understand the
obtained outcomes and to increase the reliability, confidence, robustness, and applicability
of the results given the high uncertainties of input data [66,67]. In particular, a quasi-
random Monte Carlo (MC) approach based on Sobol’s sequence sampling technique was
adopted to propagate the uncertainties into the output distribution (UA) and to decompose
the output variance on the input parameter uncertainty, identifying the most influential
parameters’ uncertainty on the output variance (SA) [66,67]. Sobol’s sampling method
was chosen due to its ability to cover the domain more uniformly than other techniques
and to efficiently perform global SA methods. Because they can provide more information
about the effect of various inputs on the output, in fact, global SA methods are generally
considered to be more accurate than local methods.

These methods require the definition of the PDFs of all uncertain input variables
based on the available information, as already presented in the previous subsections (see
Sections 2.3 and 2.4). In Table 1, the characteristics of the PDFs adopted in this study
are reported. In particular, where no information about the distribution shape could be
retrieved, a uniform distribution was adopted.

The results of the UA can be represented through probability density functions (PDFs),
cumulative distribution functions (CDF), and/or box-whisker plots of the output samples.
Instead, the main outcomes of the Sobol’ SA are the first-order (S1) and total-order (ST)
sensitivity indexes of the input variables. The S1 sensitivity index measures the main effect
of the input variable on the output and indicates how much the output variance could be
reduced if the parameter was fixed. The ST sensitivity index, instead, considers both S1
sensitivity index along with the effect of the interaction of that input parameter with others.

The number of simulations required for the SA, in the case were both the S1 and
ST sensitivity indexes are calculated, is equal to 2N(1 + D), where D is the number of
input variables and N is a value that is increased until a convergence of the ST values is
reached [66,67]. In this study, D is equal to 8 for computing the CFC/HFC annual expected
emissions (see Sections 3.1 and 3.2) and D is equal to 9 to compute the impacts of the
alternative strategies (see Section 3.3). Concerning N, a convergence analysis is carried out
in both cases, obtaining an N value of 1024. The number of simulations is equal to 18,432
and 2048, respectively. Then, the output samples are used for the UA.

3. Results and Discussion
3.1. CFC/HFC Annual Expected Emissions
3.1.1. Theoretical Content and Source Comparison

The theoretical contents of CFC/HFC due to insulation (CI) and AC systems (CAC) are
quantified herein for the selected case study. Figure 2 shows the results of the UA in terms
of PDFs, CDFs, and box-whisker plots. In addition, the median, mean (µ), mode, standard
deviation (σ), and coefficient of variation (CoV) are also reported for each sample.

In particular, CI and CAC have µ values of 281 and 50 g/m2, respectively, with σ

equal to 98 and 19 g/m2, corresponding to CoVs of 35 and 38%, respectively. These
data show that CI has the largest bank of CFCs/HFCs for the considered case study (on
average 5.6 times higher than CAC). The obtained result differs from those achieved in
previous works, where, instead, the AC systems were the main CFC/HFC banks [18].
This difference is, however, attributable to the different amounts of insulation considered
in this study, calculated for a specific building rather than as an average for the entire
residential buildings stock (as considered in [18] based on data from a California, USA,
inventory). Moreover, this difference was expected because of the significant mass of
thermal insulation and the long banking period of foaming agents [37]. While many of the
data sources used here are based on empirical or experimental data, an ex-post large-scale
validation of these contents is difficult to achieve. The only existing tentative data source in
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this direction was developed by [18], in which theoretical estimations were compared with
empirical results from atmospheric concentrations after the 2011 Tohoku earthquake [54].
The comparison, however, has proven the accuracy, within one order of magnitude, of the
theoretical estimation.
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3.1.2. Operational Leakage and Actual Content

The output samples related to the annual operating leakage from insulating materials
(LI) and AC systems (LAC) are reported in Figure 3a,b, respectively. As expected, according
to the higher annual leakage rate (lI, see Table 1) and greater amounts of CFCs/HFCs
within the insulation materials (CI, see Figure 2), the LI is greater than LAC by two orders of
magnitude. In particular, LI and LAC are characterized by µ values of 3.43 and 0.05 g/m2

and CoVs equal to 61 and 39%, respectively.
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The PDFs of the residual contents of CFCs/HFCs from insulating materials (RI) and
AC systems (RAC) are reported in Figure 4. Clearly, as expected, RI remains significantly
higher than RAC, as seen for CI and CAC in Figure 2 with µ equal to 180 and 50 g/m2,
respectively. Comparing these quantities with those related to the initial contents (CI and
CAC, Figure 2), it can be noted that the installation time of the insulation system (tI) has
a significant impact on RI due to the high leakage rate lI. Conversely, deviation from the
initial content is quite null for the AC system, mainly due to the limited annual emissions
lAC. In any case, the residual content seems not to reach zero values, indicating that, even
30 years after their installation, both the insulation material and AC systems can still contain
a significant amount of CFC/HFC banks.
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3.1.3. Assessment of Damage-Related Emissions

The method used here for the calculation of CFC/HFC releases due to seismic events
is based on the PBEE approach [30,31] that assumes seismic hazard, seismic vulnerability,
damage states, and relevant consequences as statistically independent, and then combines
them to estimate the average annual expected loss. Equation (7) requires the definition
of a hazard model λ(IMn) and a probabilistic relationship between a certain damage
state and the intensity measure, i.e., P(DM f | IMn). In the case study presented here,
the seismic hazard was obtained from INGV [68] data, for the municipality of L’Aquila
and Trento (Italy), as shown in Figure 5, assumed as representative of a high and low
seismicity scenario. In addition, fragility functions were used to characterize the probability
of damage states. The analytical formulation of such a function can be expressed as follows:

FRd = P(IM = im) = φ

[
ln(im/md)

βd

]
(7)

where φ indicates a lognormal cumulative distribution function, while md and βd are the
median and the dispersion of the distribution, respectively. To characterize the seismic
vulnerability, the parameters of the fragility curves obtained from empirical data were
used [47]. In particular, reference was made to high-rise reinforced concrete buildings,
i.e., characterized by more than four floors, and built with pre-1981 and post-1981 seismic
designs. Therefore, structures with a design based solely on gravity loads were excluded.
Furthermore, the first four damage states (DS1, DS2, DS3, and DS4), deriving from the
EMS-98 macroseismic model, were considered to be in agreement with [9] which excluded
the damage state of structural collapse DS5. This is because the components under con-
sideration, i.e., the infill walls and AC components, can be classified as non-structural and
completely damaged already in the penultimate state of damage. The parameters of the
lognormal functions of seismic fragility are reported in Table 2.

We also assume that RLDS4 and RLDS3 are equal to 1 and 0.5, respectively [9]. Instead,
RLDS2 and RLDS1 are equal to 0.1 and 0.02 in agreement with the estimate of the damages
as a fraction of the initial costs reported in [48]. It should be emphasized that, unlike the
higher damage states, the less important ones realistically only damage the non-structural
components, which, by themselves, represent the major fraction of the construction costs.
Combining the hazard, vulnerability, and RL data as per the CGEP framework [9], it is
possible to obtain the emission values for each damage state. The results and parameters of
the framework are shown in Tables 3 and 4 for L’Aquila and Trento, respectively.



Energies 2023, 16, 3276 12 of 22

Energies 2023, 16, x FOR PEER REVIEW 12 of 23 
 

 

𝐹 = 𝑃(𝐼𝑀 = 𝑖𝑚) = 𝜙 𝑙𝑛(𝑖𝑚/𝑚 )𝛽  (7)

where 𝜙 indicates a lognormal cumulative distribution function, while 𝑚  and 𝛽  are 
the median and the dispersion of the distribution, respectively. To characterize the seismic 
vulnerability, the parameters of the fragility curves obtained from empirical data were 
used [47]. In particular, reference was made to high-rise reinforced concrete buildings, i.e., 
characterized by more than four floors, and built with pre-1981 and post-1981 seismic de-
signs. Therefore, structures with a design based solely on gravity loads were excluded. 
Furthermore, the first four damage states (DS1, DS2, DS3, and DS4), deriving from the 
EMS-98 macroseismic model, were considered to be in agreement with [9] which excluded 
the damage state of structural collapse DS5. This is because the components under con-
sideration, i.e., the infill walls and AC components, can be classified as non-structural and 
completely damaged already in the penultimate state of damage. The parameters of the 
lognormal functions of seismic fragility are reported in Table 2. 

 
Figure 5. Seismic hazard curves of L’Aquila and Trento, Italy. PGA, peak ground acceleration. 

Table 2. Seismic fragility function parameters. 

Type of RC Building Median 𝑚  (g) Dispersion 𝛽  DS1 DS1 DS3 DS4 
High rise pre-1981 0.183 0.306 0.423 0.687 0.499 
High rise post-1981 0.186 0.351 0.598 1.129 0.531 

We also assume that RLDS4 and RLDS3 are equal to 1 and 0.5, respectively [9]. Instead, 
RLDS2 and RLDS1 are equal to 0.1 and 0.02 in agreement with the estimate of the damages 
as a fraction of the initial costs reported in [48]. It should be emphasized that, unlike the 
higher damage states, the less important ones realistically only damage the non-structural 
components, which, by themselves, represent the major fraction of the construction costs. 
Combining the hazard, vulnerability, and RL data as per the CGEP framework [9], it is 
possible to obtain the emission values for each damage state. The results and parameters 
of the framework are shown in Tables 3 and 4 for L’Aquila and Trento, respectively. 

Table 3. Content fractions to be emitted each year due to seismic risk for each damage state and 
other CGEP framework parameters for L’Aquila. 

Damage State RLDS4 Probability (year−1) Fraction Released (%/year) 
Pre-1981 Post-1981 Pre-1981 Post-1981 

DS1 0.02 1.10 × 10−2 1.37 × 10−2 2.2 × 10−2 2.74 × 10−2 
DS2 0.1 4.30 × 10−3 3.40 × 10−3 4.3 × 10−2 3.4 × 10−2 
DS3 0.5 1.70 × 10−3 4.87 × 10−4 8.5 × 10−2 2.44 × 10−2 

Figure 5. Seismic hazard curves of L’Aquila and Trento, Italy. PGA, peak ground acceleration.

Table 2. Seismic fragility function parameters.

Type of RC Building
Median md (g)

Dispersion βd
DS1 DS1 DS3 DS4

High rise pre-1981 0.183 0.306 0.423 0.687 0.499
High rise post-1981 0.186 0.351 0.598 1.129 0.531

Table 3. Content fractions to be emitted each year due to seismic risk for each damage state and other
CGEP framework parameters for L’Aquila.

Damage State RLDS4
Probability (year−1) Fraction Released (%/year)

Pre-1981 Post-1981 Pre-1981 Post-1981

DS1 0.02 1.10 × 10−2 1.37 × 10−2 2.2 × 10−2 2.74 × 10−2

DS2 0.1 4.30 × 10−3 3.40 × 10−3 4.3 × 10−2 3.4 × 10−2

DS3 0.5 1.70 × 10−3 4.87 × 10−4 8.5 × 10−2 2.44 × 10−2

DS4 1 2.09 × 10−4 8.03 × 10−6 2.09 × 10−2 8.03 × 10−4

Table 4. Content fractions to be emitted each year due to seismic risk for each damage state and other
CGEP framework parameters for Trento.

Damage State RLDS4
Probability (year−1) Fraction Released (%/year)

Pre-1981 Post-1981 Pre-1981 Post-1981

DS1 0.02 4.37 × 10−4 6.75 × 10−4 8.74 × 10−4 1.35 × 10−3

DS2 0.1 2.15 × 10−5 9.46 × 10−6 2.15 × 10−4 9.46 × 10−5

DS3 0.5 1.36 × 10−6 1.78 × 10−8 6.53 × 10−5 8.9 × 10−7

DS4 1 1.55 × 10−9 2.96 × 10−14 1.55 × 10−7 1.55 × 10−12

However, the values reported in Tables 3 and 4 must be combined by considering the
hierarchical scale of the damage states [9]. It follows that, for a building placed in a high
seismicity scenario (L’Aquila, Italy), the total content fractions emitted annually due to
seismic risk (s) are equal to 0.13% and 0.07% of RI and RAC for the pre-1981 and post-1981
buildings, respectively. Conversely, for a low seismicity scenario (e.g., Trento, Italy) the
maximum value is in the order of 0.001%. Then, a range of variation from 0 to 0.13% is
considered to evaluate the impact of the seismicity on the results.

According to these quantities, Figure 6 reports the amounts of CFCs/HFCs emitted
annually due to seismic risk due to insulation material (SI) and AC (SAC). In particular, SI
and SAC have µ values of 0.13 and 0.03 g/m2, respectively, with very high CoVs of 76 and
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73%. If a comparison with the operational leakage is made (LI and LAC in Figure 3), it can
be observed that, while SAC shares the same order of magnitude with LAC, SI is, instead,
an order of magnitude lower than LI. Then, considering the probability of occurrence
of seismic events, the damage-related emissions, in terms of yearly amortization, can be
considered to be negligible, in probabilistic terms, with respect to other release mechanisms.
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3.2. CFCs/HFCs Annual Expected Impact
3.2.1. Environmental Annual Impact Due to Heat Production

Before calculating the annual expected impact due to CFCs and HFCs, the annual
environmental impact due to heat production is computed in order to provide a refer-
ence value to be compared with the annual expected impact due to CFC/HFC emissions.
Figure 7a,b show the annual expected impacts obtained in terms of GWP and ODP, re-
spectively. In particular, these impacts are characterized by quasi-Gaussian probability
distributions with a limited uncertainty (CoVs equal to 17.1 and 20.5%, for the GWP and
the ODP, respectively, caused by the uncertainty of the selected ecoinvent dataset), and
average values in line with those reported in the literature [13], equal to 18.6 kgCO2eq/m2

and 2.3 × 10−7 kgCFC-11eq/m2.
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3.2.2. Total Potential Impacts of CFC/HFC Banks

In Figure 8, the potential impacts due to the total residual content Rtot are shown.
The results are reported for both scenarios, i.e., S1 (Figure 8a) and S2 (Figure 8b). As
expected, the environmental impact due to CFCs (S1) is considerably greater than that
related to the presence of HFCs (S2), both in terms of the GWP (on average 1134 for S1
and 316 kgCO2eq/m2 for S2) and the ODP (243 × 10−3 for S1 and 0 kgCFC-11eq/m2 for
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S2). This is due to the higher environmental impact of CFCs with respect to HFCs. These
quantities are characterized by quasi-Gaussian distributions with a non-negligible level of
uncertainty (the CoV equal to 35% in all cases).
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A direct comparison of these values with the annual impact for heat production
(Figure 7) can be made, but it should be kept in mind that Rtot is emitted all at once just
in case of the occurrence of an extreme seismic event. In this case, the residual banks may
cause significantly greater impacts than those caused by annual energy consumption and,
in particular, between 60 (S1) and 17 (S2) times the annual environmental impact due to
heat production in terms of the GWP. For the ODP, the comparison is more trivial, especially
for S1, as the heat production causes almost zero impact.
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3.2.3. Expected Annual Impacts

Figure 8c,d report the impacts due to the total annual operational leakage of Ltot
(i.e., the sum of LI and LAC) in the S1 and S2 scenarios, respectively. For the sake of brevity,
the annual impacts related to the individual LI and LAC are not reported due to the quite
null share of LAC on Ltot for the specific case study (see Figure 3). Therefore, Ltot can be
considered to be representative of LI impacts.

The PDFs are characterized by quasi-Gaussian shapes with average values of 18.23
(S1) and 5.08 (S2) kgCO2eq/m2 and 3.91 × 10−3 kgCFC-11eq/m2 (S1). The CoVs are equal
to 60% for all the considered distributions, mainly caused by the high uncertainty in the
leakage rate for the insulation materials (see Table 1).

If these average values are compared with those due to the annual heat production
(Figure 7), it is possible to observe that, in terms of the GWP, the impacts due to Ltot banks
are on average between 100 (S1) and 11% (S2) of those due to the annual heat production.
In terms of the ODP, the comparison is more trivial, since the ODP due to heat production
is null.

As a result, the removal and correct disposal of CFC/HFC banks can constitute,
where technically feasible, significant environmental impact savings, even higher than that
obtainable from energy retrofit measures.

Finally, Figure 8e,f report the expected annual impacts due to Stot. The distribu-
tions are, in this case, characterized by negligible average values equal to 0.74 (S1) and
0.21 (S2) kgCO2eq/m2 and 0.16 × 10−3 (S1) kgCFC-11eq/m2 with the CoV equal to 70% in
all cases. These values are, on average, an order of magnitude lower than those related to
the annual heat production and Ltot and, in particular, between 15 (S1) and 4% (S2) of the
GWP due to the annual heat production.

3.2.4. Sensitivity Analysis

Figure 9 shows the results of the SA in terms of the ST and S1 sensitivity indexes related
to the annual GWP. Similar results are obtained for the ODP, and thus are not reported here
for the sake of brevity. As expected, the variance of the parameters directly correlated to
LI has the greatest impact on the uncertainty of the result (higher ST and S1). In order of
importance, the parameters with high sensitivity indexes are lI, cI, and ρ. This is because
leakage from insulation material is the greater source of emission for the considered case
study but also the most uncertain one, having a significant impact on the total annual GWP
and variability. Therefore, knowledge of these parameters can then be important in the
environmental assessment of a building.
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3.3. Comparison of Environmental Retrofit Strategies

In this subsection, the LCA results related to the two iso performance environmental
retrofit strategies described in Section 2.2.2, see Figure 1, are reported. The results of
the stochastic LCA in terms of the ODP for the two solutions and S1 are reported in
Figure 10, focusing on the relevant stages for each solution, i.e., the B1 stage for A-S1
(solution A, scenario 1) and the A5 stage for B-S1 (solution B, scenario 1). All other stages
are characterized by a very low ODP, and then not reported for the sake of brevity. As
expected, the two solutions differ by one order of magnitude, with higher results for A-S1.
Thus, B-S1 can provide a consistent saving of ODP if employed, equal to, on average, about
117 × 10−3 kgCFC-11eq/m2 for the considered case study. Differently, if HFCs are present
(S2), the two solutions (A-S2 and B-S2) have an equal and null environmental impact in
terms of the ODP.
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Figure 10. PDFs, CDFs, and box-whisker plots for the LCA results in terms of the main ODP impacts
for: (a) Existing building and A-S1; (b) B-S1.

Regarding the GWP, Figure 11 reports the impacts related to heat production (B6) in
pre- and post-retrofit scenarios. As can be seen, the energy retrofit can reduce, on average,
the GWP of B6 about 276 kgCO2eq/m2. Concerning the other stages, Figure 12 reports the
results related to A-S1 and B-S1 (Figure 12a and 12b, respectively). For the sake of brevity
and conciseness, only the results related to A1–A3, A5, and B1 stages are reported, while
EoL results (C1–C4) are not reported since they are negligible if compared to other stages.
Similarly, Figure 13 reports the GWP related to A-S2 and B-S2. In this case, only the life
cycle stages that differ from A-S1 and B-S1 are reported in this case, i.e., the B1 and A5
stages, respectively, since other results are those reported in Figure 12.
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One can see from Figure 12 that the two production stages are quite similar due to
the similar quantity of materials involved in the retrofit measure (slightly higher for B-S1).
Conversely, the B1 and A5 stages, for A-S1 and B-S1, respectively, are quite different, with B1
consistently higher than A5, by one order of magnitude. A similar result can be observed
for A-S2 and B-S2 in Figure 13. As a result, with respect to A, B allows a noteworthy
additional savings in terms of the GWP in all cases (on average 569 kgCO2eq/m2 for
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S1 and 151 kgCO2eq/m2 for S2) even higher, for S1, than that achievable through the
implementation of the energy retrofit measures (on average 276 kgCO2eq/m2).

Finally, in Figure 14a,b, the results of the sensitivity analyses related to the total GWP
are reported for A-S1 and A-S2, respectively. The results for B-S1 and B-S2 are not reported,
since all the total indexes are almost zero in this case except for GWPHP (which is then
equal to almost 1). This is due to the high share of B6 on the total GWP for these latter cases.
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Again, except for GWPHP, whose ST and S1 increase with an increase of the share of
B6 in the total GWP (then, the indexes are higher in A-S2 than A-S1), the variance of the
parameters directly correlated to LI (which is the highest source of emission) has the highest
ST and S1, and then the greatest impact on the output variance. In order of importance,
the parameters with the highest sensitivity indexes are lI, cI, and ρ. Therefore, this means
that the knowledge of these parameters can be important in estimating the amount of
CFC/HFC emissions in an LCA of a building. Contrariwise, other input variables have a
quite negligible impact on the variance of the results.

4. Conclusions

In this study, a comparative LCA was carried out to quantify the environmental impact
of CFC/HFC banks in existing buildings and to evaluate the profitability of their removal
and disposal as a potential environmental retrofit solution sustainable.

To achieve this aim, an analytical tool specifically developed in the literature was used
and applied to a real case study (building archetype) [18,29], also extending it through
uncertainty and sensitivity analysis to increase the results’ reliability and to cope with the
scarcity of data. The main findings of this study are summarized as follows:

• The largest CFC/HFC banks for the selected building archetypes are related to the
thermal insulation foam (CI), which is, on average, 5.6 times higher than that contained
in AC systems (on average 281 and 50 g/m2, respectively).

• CI is also responsible for the highest annual operational leakage of fluorocarbons into
the environment, being about two orders of magnitude higher than that due to AC
system banks (on average 3.43 and 0.05 g/m2, respectively).

• The fluorocarbons emitted annually due to seismic risk can vary between 0 and
0.13% of the total content (on average), mainly depending on the period and site of
construction. In absolute terms, and for the specific buildings, this content is equal to
0.13 and 0.03 g/m2, and then quite negligible if compared to the annual CFC/HFC
leakage from insulation (3.42 g/m2).

• In terms of the GWP, the annual impacts due to operation leakage are, on average,
between 100 (CFCs) and 11% (HFCs) of the annual impact due to heat production
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(about 18 kgCO2eq/m2). In terms of ODP, the comparison is more trivial, since the
ODP due to heat production is null, while for CFCs it is four orders of magnitude
higher (3.91 × 10−3 kgCFC-11eq/m2).

• Concerning the comparative LCA, an ETICS-based retrofit intervention concerning
the disposal of the existing the ETICS layer can provide a noteworthy additional GWP
and ODP savings if compared to the simple superposition of a new ETICS layer. In the
case of HFC banks, the additional reduction is related to the GWP only, and equal to
151 kgCO2eq/m2. In the case of CFCs, this reduction is higher, and, on average, equal
to 117 × 10−3 kgCFC-11eq/m2 for the ODP and 569 kgCO2eq/m2 for the GWP. The
latter saving is even higher than that achievable thanks to the energy saving in the use
phase (on average 276 kgCO2eq/m2).

• Finally, the parameters with the highest impact on the annual GWP and ODP (highest
sensitivity indexes) are those related to the estimation of the annual operational
leakage from insulation, due to the high bank size and parameter uncertainty with
respect to the other parameters. These parameters should be better investigated to
have a more precise estimation of the environmental impacts of CFC/HFC banks on a
building ecoprofile.

In conclusion, the removal of CFC/HFC banks from existing buildings can constitute
a potential solution to reduce the environmental impacts of existing buildings. More-
over, CFC/HFC banks should not be neglected in LCA studies of buildings due to their
significant impact on the building ecoprofile.

The main limitation of this study lies in the economic and technical constraints. Indeed,
the replacement of fluorocarbon-containing products in an existing building may require a
major refurbishment and huge financial outlay. Therefore, the application of the described
approach for an environmental retrofit could be limited in the number of applicable cases.

Further developments should cover the economic feasibility of this solution, the
possible limitations of the current building codes, and the possibility to integrate this
solution into the prescriptions for energy retrofits. Moreover, while the sources of HFC/CFC
banks considered in this study are limited, the same procedure can be applied to other old
construction materials with similar or different harmful contents. Future studies could
also investigate the existence and relevant size of HFC/CFC banks in other construction
materials, such as old foam insulation in service pipelines.
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