Quantitative integration of probabilistic fire risk
assessment with LCA of buildings: the environmental
impact of thermal insulation design.

Rocco di Filippo?, Luca Possidente®, Nicola Tondini?, Oreste S. Bursi?

“Depart. of Civil, Env. & Mechanical Engineering, University of Trento, Via Mesiano
77, Trento, 38123, Italy
bDepart. of Civil, Env. & Mechanical Geomatic Engineering, University College of London
UCL, London, WCIE 6BT, UK

Abstract

Given the ever-growing importance of environmental sustainability, greater attention
has been paid in the last few decades to the energy consumption of buildings. As
often documented, a significant share of such consumption is due to the thermal
regulation of buildings’ interior spaces. In this regard, proper thermal insulation
has been proven to be highly effective in reducing energy needs. To increase the
minimum insulation requirements, many national policies have been introduced
or revised, indeed. Besides, a large share of currently used thermal insulation
is polymeric. Based on recent major fires, these materials were found to have
increased, in several cases, the severity of fires’ consequences. On the other hand,
natural insulation materials, especially those not combustible, have a lower impact on
fire development but also lower thermal insulation performances. The optimization
problem, with fire safety on one side and energy performances on the other, has been
the subject of recent research. Nonetheless, due to the numerous uncertainties, such
optimization is usually discussed in a qualitative manner. Conversely in this paper,
full probabilistic methods applied to fire risk assessment are found to be a reliable
strategy for a quantitative approach. Furthermore, fire events are proven to be linked
to a few types of environmental consequences, including direct greenhouse gas
emissions. Thus, a quantitative integration of fire risk-based environmental impact
of thermal insulation, applied to a general case study, is presented.
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1. Introduction

1.1. Background and motivation

In 2019, the building sector accounted for 37% of the global CO, emissions
[1]. A significant share of which is the result of energy consumption for heating
and cooling [2]]. With respect to this, it is well-known that thermal insulation of
the building envelope can significantly reduce such energy needs (3} 4; 5]. Thus,
to improve the overall energy efficiency of the buildings’ stock, policymakers have
introduced stricter requirements with regard to thermal insulation. Indeed, building
regulations have, progressively in the last 3 decades, set lower U-value limits of
new fabric elements and standardised the calculation methodology with ISO 6946
[6]. This trend is confirmed by a review of several different regulations presented
in [7]. Moreover, it has to be noted that these thresholds tend to be lower in case
of renovation of the existing buildings stock compared to new constructions. For
reference, such limits have reached, for roofs and walls respectively, 0.16 and 0.2
W/m?K in the UK [8], 0.27-0.19 and 0.38-0.22 W/m?K in Italy depending on the
climate zone [9]. Along this line, plastics-based polymeric materials constitute a
significant part of thermal insulation solutions [10].

Besides, this class of materials is, by its nature, combustible [11]. This charac-
teristic has been found to have worsened fire consequences in several past accidents
[12; 13]. Reportedly, some of them have also resulted in a loss of human life, such
as the 2019 Grenfell Tower fire, the deadliest residential fire in the UK since World
War II, with 72 casualties [[14]]. Hence, to mitigate this risk, several countries have
introduced specific fire performance requirements for thermal insulation materials
[L15].

On the other hand, some inorganic fibrous insulation materials, like glass and
stone wool, are excellent fire-retardants [[16]]. Still, since they also possess lower
insulation capabilities, they are not a straightforward choice when the thermal in-
sulation of a building has to be designed. Conversely, this can possibly result in
an optimization process based on a multi-performance evaluation. More in detail,
the problem of performing such optimization has been analyzed by [17; [18; [19].
In particular, one term of the trade-off, i.e. the environmental impact of energy
savings, is well-known and based on the concept of carbon emission intensity [20].
Meanwhile, the lack of effective methods to assess the impact of an increased fire
risk was found to be a significant barrier to overcome [[18]]. The intrinsic complex
nature of fire risk has also represented a limit, forcing a simplified approach to the
problem [17;19]. While the influence of thermal insulation on structural design has
been studied with quantitative approaches [21], fire risk-based considerations have
been made in a qualitative or simplified way.



With reference to this, probabilistic methods have already been applied to quan-
titatively assess the environmental impact of risks for buildings. Specifically, these
methods have been developed for natural hazards such as earthquakes [22; 23} 24],
winds [25] and tsunamis [26]. Moreover, the FEMA guideline [27] provides proce-
dures and tools to practically integrate seismic hazard effects with LCA assessment.
These methodologies mainly focus on calculating the climate change potential, ex-
pressed in CO, equivalent, related to repair, reconstruction or maintenance activities
following seismic-related damages. Such a type of assessment mostly relies on two
methodologies: the economic input-output method (EIO-LCA) and the bill of ma-
terials (BOM) approach. The EIO-LCA method [28]] takes as input the costs of each
activity and transforms them, through dedicated sector-level data matrices, into the
relevant environmental impact in terms of CO; equivalent. The BOM approach,
instead, leverages statistical databases [29;/30] able to quantify the embodied energy
and/or carbon associated with a certain quantity of material. On the other hand, few
studies have also focused on the emissions of high-GWP compounds as another part
of damage-related environmental impact [315 25].

As for fire risk, full probabilistic methods have been developed and applied
to evaluate the relevant impacts. Indeed, though meaningful indications can be
obtained by using Performance-Based Fire Engineering (PBFE) with a deterministic
approach [32], a Probabilistic Structural Fire Engineering (PSFE) framework should
be developed for the assessment of fire risks and the definition of the expected
damage of a structure. Despite the numerous contributions on full probabilistic
structural applications, for instance, in earthquake engineering, only in recent years
have probabilistic models for fire structural performance attracted the interest of the
scientific community [33}; 34]. In particular, fire fragility curves quantifying the
probability of exceeding defined damage or limit states were mainly proposed for
steel structures, owing to their significant vulnerability to thermal attack. Nigro
et al. [33] employed Monte Carlo simulation to generate a large number of fire
scenarios and assessed the probability of fire-induced progressive collapse in a steel
office building with car park fire scenarios in the underground garage. Similarly,
probabilistic distributions of parameters affecting both the demand and the capacity
generated with Monte Carlo simulation were used in [35] to identify the prevailing
parameters in deriving fire fragility curves for steel frame buildings. In [36], fire
fragility curves for a five-storey steel frame were developed, considering seismic and
non-seismic design, different thicknesses of fire protection and fires distributed on
the entire ground floor area with increasing fire loads g. Steel structural applications
were studied in industrial contexts as well, as in [37;/38]], in which fire fragility curves
were proposed for industrial steel pipe-racks subjected to localised fires, enabling
the assessment of risk in petrochemical plants in respect to fire hazard induced by
loss and ignition of typical liquid fuels. Recent studies explored the potential of



using fragility analysis in reinforced concrete buildings in fire. In [39] a quantified
damage scale, together with associated fragility curves, was proposed for reinforced
concrete columns and slab, whilst in [40] a framework for deriving fire fragility
curves was applied to an RC frame. A further step was taken by Ni et al. [41],
which integrated fragility analyses in a framework for the probabilistic estimation of
economic losses due to fire in RC buildings. Still, these methods have not yet been
applied to assess environmental impacts with the exception of fire direct emissions
[34].

1.2. Scope and core contribution

This paper presents an integrated methodology to evaluate the effect of thermal
insulation on fire risk and its relevant environmental impact. Consequently, such
contribution is expected to provide a viable strategy to: i) assess the environmental
impact of fire risk; ii) solve the quantification issue in the optimization problem
dealing with thermal insulation performances and fire performances. In this man-
ner, a direct comparison between the environmental impacts of combustible and
incombustible thermal insulation is realized. Moreover, a simplified application
of the methodology to a general case study is presented. Along this vein, Section
[2) introduces an overview of the proposed procedure. Hence, the simplified case
study, the main hypotheses and the quantification process of the fire risk impact
are provided in Section Section instead, presents a brief assessment of
the effects of thermal insulation performance. The main conclusions are drawn in
Section [] together with future developments.

2. Overview of the proposed procedure

We define the methodology presented in this section, "Multi-performance ANal-
ysis with Fire Risk-based Environmental Impact assessment" (MANFREdI). As a
necessary simplification, we will consider the thermal insulation design as the only
factor influencing both the building’s energy consumption and fire risk. MAN-
FREdI framework is based on the comparison between the environmental impacts
of thermal insulation related to: i) energy consumption, ii) fire risk. The procedure
to determine i) and ii) are presented in subsections [2.1] and [2.2] respectively. The
overall scheme of the procedure is depicted in Fig.

2.1. MANFREdI framework - Environmental impact of energy consumption
The procedure’s steps are listed below:

(I) Thermal insulation designs definition;

(II) U-values calculation,;



(IIT) Energy consumption assessment;

(IV) Energy consumption to impact conversion;

Step |(I)| consists in determining, for each part of the external envelope of the
building, the type of insulation material, /;, with its thermal conductivity k;, and the
chosen thickness ¢;,. This allows determining the U-value which constitutes Step
The U-value, or thermal transmittance, can be calculated as follows:

1
Uy, = 5. on (1
ch kne H

where nc pertains to the n components of the envelope with the exception of
thermal insulation. Step [(IIT)] involves the assessment of the energy consumption
on the basis of the resulting U-value. It is important to underline that a building’s
energy consumption depends on several factors. We assume however that, fixed all
the other factors, the energy consumption will be a function of the thermal insulation
design alone. This assumption can be expressed as:

Ec = f(Uy) 2)

where Ec is the building’s energy consumption relevant to a specific U-value.
This evaluation can be performed in a simplified manner with static methods based
on the concept of heating and cooling degrees days (HDD and CDD) [42]. More
accurate results can however be obtained with dynamic and simulation-based models
[43L[3]. The final Step[(IV)]requires the transformation of the energy consumption in
a measure of the relevant environmental impact. A common measure of this impact
1s GHG emissions which relate to the global warming effect. This value is usually
measured in terms of CO» ., and can be calculated according to:

EMECI, = EC[t . GWPE (3)

where EME, is the emission value linked to the energy consumptionand GW Pg
represents the global warming potential of the energy mix production. This metric,
also called carbon density, is commonly employed to evaluate the environmental
impact of energy consumption [44; 45]. To conclude, the goal of the framework
is to evaluate the difference between two distinct designs which can be analytically
expressed as:



AEMg., | = EMg., — EMg., (4)

where EME., and EME.,, are the emissions relevant to the two different design
1) and I.

2.2. MANFREdI framework - Environmental impact of fire risk

The procedure’s steps are listed below:

(a) Thermal insulation designs definition;
(b) Additional fire load density calculation;
(c) Fire risk loss analysis;

(d) Damage to impact conversion;

Step [(a)] is identical to Step [(T)] defined in Subsection 2.1} Step [(b)| involves the
quantification of the additional fire load density provided by the thermal insulation
materials, to be determined as follows:

MIt 'HC;
qi, = ——F—— ®)

Ay

where M;, and Hc, are the mass and the heat of combustion density of the
thermal insulation. Ay is the floor area of the structural unit which is insulated.
Reportedly, fire load is an effective indicator of the vulnerability and the relevant
loss in case of fire [41;35)]. This step underlines two main hypotheses, the first of
which is that insulation materials can effectively contribute to a fire. In the case
of combustible plastic-based materials, hypothesis 1) is supported by empirical and
experimental evidence. Several past building fires have been somehow worsened by
the contribution of insulation materials, especially polymeric ones, as reported in
[[12; 13]]. It has to be noted however that existing standards have been continuously
updated, also considering past accidents’ experience, to improve the safety of these
materials towards fire. Their approach is based on testing facade installations or
simpler specimens’ reaction to fire under a given scenario, involving, among other
parameters, a certain heat flux for a given time [15]. In this respect, specific testing
protocols and thresholds are defined. Recent experimental data show that standards-
compliant installation of polymeric thermal insulation can nonetheless contribute
to fire [46; 47]. Some of these experimental works consider ideal installations [48]



but also the possibility of realistic imperfections [49; 50]. Available knowledge
cannot however fully determine to which extent current standards may prevent
complying polymeric insulation to contribute to a fire. The second assumption is
that the additional fire load would not be negligible. Although this may depend
on vulnerability conditions and the already present fire load, a value in the order
of 10> MJ/m? should be significant. Any non combustible insulation materials,
like glass and stone wool, will hence have no meaningful influence on the fire load.
Conversely, it is well known that these materials [48|] and other non-conventional
alternatives [S1]] offer fire protection, which could limit the fire spread and the
expected consequences of a fire with a given fire load. The possible beneficial
effects of these materials will however not be considered in this framework. Step
involves a fire risk loss analysis. Recent methodologies entail full probabilistic
approaches derived from the PEER PBEE framework [52] which, based on the
total probability theorem, allow for an independent evaluation of hazard, fragility,
damage and loss. The analytical formulation of the PBEE framework reads,

ADV) = J J J P(DV|DM)dP(DM|EDP)dP(EDP|IM)dA(IM) (6)

where A(IM) is the hazard expressed as its rate of occurrence with a certain
intensity measure (IM); dP(E D P|IM) denotes the probability that the system un-
der study will experience a response E D P conditioned to /M, this term is usually
expressed as a fragility curve [53};36; 41]; dP(D M|E D P) indicates the probability
that a given response will result in a damage DM ; P(DV|D M) describes the con-
ditional probability of a particular decision variable, usually expressed in terms of
fatalities or economic costs, with respect to the damage measure. Finally, A(DV) is
the rate of occurrence of a decision variable exceeding a given threshold; in other
words, a measure of the expected effects of the specific hazard on the system under
study. Along this line, Step|(c)|modifies the PBEE framework to a fire probabilistic
damage analysis which can be written as follows:

P(DM|F) = P(DM|EDP > C) - P(EDP > Clqc1)A(qcrr) - P(F) (N

where P(DM |F) represents the probability of a certain damage in case of fire
with a certain probability of occurrence P(F). P(EDP > C|q.1:)A(q.1:) implies
that the chosen /M in this framework is the fire load. C is the capacity limit coupled
to a certain limit state and ¢g.j; is the combined fire load calculated as follows:

eit =4e T 41t ()
where ¢, is the expected fire load density of the building without thermal
insulation. It is important to underline that g, usually follows a normal distribution
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while g;; will be considered deterministic in this study. The underlining concept
is that an increased combined fire load g.;; will lead to an increased P(EDP >
C|IM = q.1;) and, therefore, P(DM|F). It is noteworthy that other research [19]
have highlighted how insulation materials have been, in some reported cases, the
source of the fire itself. Consequently, P(F') may be influenced by the design of the
thermal insulation. This effect will however be neglected in this work.

Step [(d)|realizes the conversion from damage to environmental impact. In order
to adapt the PBEE framing equation (6]) to LCA, DV is assumed to be a sustainability
indicator and is usually expressed in CO; equivalent. This is generally done starting
from the reparation costs or the bill of materials (BOM) and associating them with
a certain impact [54; 155; 27]. The degree of complexity and the overall accuracy
of such conversions may vary. Overall, different approaches show a variability
range of 20% [54], proving to be rather robust. Direct emissions of high-GWP
compounds [31; 25] or CO, from combustion [34] are another class of damage-
related environmental impact possibly not negligible. We can therefore write:

EMp, = EM;py, + EMapum,, 9)

where EM F, is the emission value linked to the fire risk. EM,py and EM  ppy
are the emissions generated by repair activities and other chemicals’ direct release,
respectively. To conclude, similarly to Eq[4] we can write:

AE]V[FI]_2 = AEMrDMII_Z + AEMVDMII_Z (10)

3. A generalist case study application

A simplified application of MANFREdI framework is presented in this section.
The object of the study will be a benchmark three-story residential RC building. The
frame building consists of moment-resisting frames in both orthogonal directions
with 2 bays in each direction, having a 7.0 m span length, resulting in a 14 m by
14 m square floor plan. The floor height is 3.5 m and the floor plan is depicted in
Fig. 2] The overall dimensions are adapted from a fire compartment of the structure
analysed in [41]. The structural elements of the floors, i.e. slabs and columns,
are assumed equal to those of the corner fire compartments from [41]. Thus, we
realistically assume all the columns are 0.3 x 0.3 m and the slabs 0.3 x 0.5 m.
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3.1. Thermal insulation design

We assume for the non-insulated envelope components a uniform U, = 1.3W/m?K,
compatible with conventional designs from old RC buildings. Two designs will be
considered, differing in insulation materials and relevant thermal performances.
The chosen materials will be EPS, plastic-based and combustible, for the design
Igps and glass wool, inorganic and incombustible, for the design /gw. Accord-
ing to [16], the thermal conductivity of EPS and mineral wool is in the range of
0.029-0.041 and 0.030-0.050 W/mK respectively. We set kgps = 0.035W/mK and
kgw = 0.04W/mK. The thickness of the insulation layer for the different compo-
nents of the building envelope is set to be the same for both Igpg and Igw. This
is compatible with the fact that for a significant share of building renovations, the
internal or external thickness to be added represents a major constraint. These con-
straints could result from local regulations in the case of external insulation and loss
of usable surface for the internal one. Given the lower k, Igps will therefore deliver
lower U-values. The design thickness is set to replicate, for /gpgs, the minimum re-
quirements of the Italian climate zone E as defined in [9]. This zone is characterized
by HDD values between 2100 and 3000. The most recent thermal requirements [9]
for buildings renovations in climate zone E are listed in Table|[I]

Table 1: Minimum U-values requirements - Italy, Climate Zone E

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

Roof 0.20
External walls 0.23
Floors 0.25

To reach the target U-values the necessary thicknesses are calculated with Eq. [1]
rounded up at the closest higher measure in cm, and listed together with the relevant
U-values in Table

The thicknesses range from 0.15 m for roofs to 0.12 m for floors. As expected,
given the thickness constraint, /g pg is characterized by lower U-values than Iy .

3.2. Fire risk assessment

3.2.1. Fire Hazard Model - Fire load calculation
Eq. [/] implies that the hazard model is the result of the combination of two
components A(q.y;) and P(F). In order to determine the first, the additional fire load
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Table 2: Insulation thicknesses and U-values of Igps and Igw

U-value (W/m?K)
Igps | Iow
Roof Olzps, = Olgw, =0.15 | 0.198 0.221

External walls Olgpsw = Olgw,, = 0.13 | 0.223 0.249
=0.12 | 0.238 0.265

Envelope component Thickness (m)

Floors

51EPSf = 5IGWf

density can be calculated with Eq. [5] We will neglect ggw because of the intrinsic
fireproof properties of fibrous inorganic materials [16; [14;56]. Concerning ggps,
we will refer to the top floor of the building which entails a floor area A ¢ of 196 m?.
The mass of the insulation material Mj,,, can be evaluated as follows:

Migps = (Ar - O1gps, + Aw - Olgps,,) - PEPS (11)

where A, and A,, are the insulated surfaces of roofs and walls equal to 196 and
166.5 m? respectively. The value of A,, takes into account that 15% of the walls’
surface is occupied by windows and therefore to not be insulated. pgpg is the density
of EPS, set to 34 kg/m> according to [16]. Given the thicknesses listed in [2| we
obtain M., = 1730kg. Concerning Hcgps, [S7] provides a range of 32.8-39.4
MJ/kg while [58; 48] provide 30.59 MJ/kg. Even if this parameter is known to
vary upon testing conditions, we will assume a fixed Hcgps = 35 MJ/kg. Itis
possible therefore to rewrite Eq. [5as follows:

1730 - 35

Diers = —Tog = 310MJ /m? (12)

The remaining parameter g, from Eq. [§] should therefore be selected to be
compatible with a residential building. [59] provides a range of 377-409 MJ/m?
based on a survey in Kanpur. [60] reports an average value of 391 MJ/m? from a
Finnish survey and 320 MJ/m? from the US. [61] presents a wide range of 360-
724 MJ/m? collecting several surveys from different countries. A useful review
is presented by [S]. It is also important to underline that the fire load can vary
significantly within the same residential building on the basis of the destination use
of the room. For reference, according to the survey presented in [61], fire load
density ranges from 807 MJ/m? in a kitchen to 393 MJ/m? in a dining room. It is

11



worth noticing that g, ,, appears to be not negligible when compared to an average
qe.- We will assume a probabilistic g, described by a Gumbel distribution, as it is
commonly done for fire load [60], with u,, = 400 MJ/m? and o, = 80 MJ/m>.
The addition of g7, leads to a new distribution with g, =710 MJ /m? and

=80 MJ/m?, as depicted in Fig.
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Figure 3: Fire load distributions of g, and gy, g

3.2.2. Fire Hazard Model - Fire occurrence probability

As in [62; 35; 41], P(F) is expressed as a yearly probability of a fire event
affecting the building under study. This is consistent with relevant standards like
the BS PD-7974-7 [63] and the Eurocode [64]. The probability values are often
derived from analytical formulation, taking into account the use of the building and
its floor space. Other characteristics, like the presence of smoke detectors, sprinkler
systems and fire brigades intervention, are used to assess the probability of severe or
non-severe fires. This approach presents however some limitations when compared
to the actual fires statistics [655; 166]. Owing to the full probabilistic nature of the
framework here presented, we will rely on these statistics to estimate the yearly fire
occurrence of a residential building. For reference, from [66] we gather that in UK
and US the probability of a fire in dwellings is 1.33 - 1073y~! and 1.51 - 1073y~!
respectively. [67]] estimated the fire probability in residential buildings in Greece
using statistics from 2000 to 2019 and obtaining a rate of 0.97 - 1073y~!. This value
is the result of the ratio between the fires reported over a certain period and the
number of occupied residential buildings. Adopting the same approach for the US,
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the NFPA reports that in 2020 there have been 380 - 10° "structural significant" fires
in residential buildings [68]. From [[69] we retrieve that a total of 126 - 106 occupied
residential buildings, allowing the calculation of a fire probability of 3.01 - 1073y~
Despite the fact that these statistics hardly classify the events based on their severity
or other critical characteristics such as spread and duration, the order of magnitude
of 1073y~! appears to be recurrent. We will therefore assume P(F) = 3.01-1073y~1,

3.2.3. Fire vulnerability and damage to impact conversion

As a necessary part of Step a probabilistic model relating fire load and
damage state should be defined. From [41] we can gather such vulnerability curves
developed on the basis of numerical simulations. These simulations modelled the
reaction to the fire of an RC five-story office building. Each building floor, a square
of 35 by 35 meters, is composed of 25, 7 by 7 meters, fire compartments. The
relevant fragility curves are developed for different damage states based on specific
EDPs. The relevant repair costs are also reported. The EDPs we will consider are the
depth of the 300 °C isotherm, d300, which damages the steel rebars inside structural
elements, and the residual vertical deflection of the floor slab, RDR. The third EDP
presented by [41] is related to the vertical deflection of the columns but will be
neglected since it is influenced by the load level, which would be, in the case of a
5-storey building, quite different from our case study. The RDR also depends on the
load level but we consider the floor load difference between a residential building, as
in this case, and a generic office, as in [41]], negligible. The resulting vulnerability to
fire is expressed with lognormal fragility curves relevant to different damage states
and with the fire load as IM. Moreover, a cost analysis is also presented based on
[70; [71]. The underlining hypothesis is that a damage state is always triggered by
the capacity exceedance, which is equivalent to writing,

P(DMI|EDP > C) =1 (13)

We assume the analytical formulation of the curves as follows:

(14)

Fra = P(EDP > C|IM = im) = ¢ [M]

Ba

where ¢ indicates a lognormal cumulative distribution function while m; and
Ba are the median and the dispersion of the distribution. The curves’ parameters
for d300, in the specific case of a corner column, and for RDR are listed in tables @
and [] together with the specific EPD values, repair costs expressed as a ratio over
the original construction costs. EDP thresholds for d300 are expressed in terms of
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fractions of the parameters c, i.e the thickness of the concrete cover over the rebar,
and d, i.e. the side dimension of the cross-section. EDP thresholds for RDR are
expressed in the ratio A/l between the vertical deformation and the square root of
the product of spans in x and y directions. The relevant curves are depicted in Fig.

4 and B

Table 3: Fragility curves parameters - EDP d300

Apsn - Repair costs

) MJ/m?
% of construction costs ma ( /m?) Ba

Damage state  ~ EDP value

DS 14300 0<d300<c/10 4.8 270 0.081
DS2 4300 ¢/10<d300<c 23.6 309 0.069
DS3 4300 c<d300<d/4 39.8 522 0.23
DS4 4300 d/4<d300<d/2 263.7 1352 0.23

Table 4: Fragility curves parameters - EPD RDR

Apsn - Repair costs

Damage state EDP value % of construction costs ™ (MJ|m?) Ba
DS1gpr 1/240<A/1<1/120 10 208 0.23
DS2gpr 1/120<A/1<1/60 86.1 308 0.09
DS3rpr A/1>1/60 121.5 553 0.22

We also have to consider the hierarchical nature of such a scale where any higher
damage state encompasses any lower one as well. This implies that DSs are both
statistically dependent and characterized by hierarchical interchangeability. The
probability of a lower DS has therefore to be reduced by the probability of the next
higher one which can be analytically written as:

Pps. = Pps, = Pps,., (15)

It is therefore possible to use [/|to evaluate the yearly probability of occurrence
of each damage state Ppg,. We assume the vulnerability parameters of Table [3|
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Figure 5: Fragility curves for DS1gpr, DS2grpg and DS3gpr after [41]]

to be valid for all columns and beams of the case study which, taken together,
represent the 19.6%, Ag300 from now on, of the total structural and non-structural
cost of the building. Likewise, the floor systems which are affected by the EDP
RDR are evaluated as Agpr = 18.9%. it is important to notice that the remaining
fraction of the costs is represented by internal and external infills which, according,
to [41] are supposed to be completely replaced in the event of a fire independently
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of the fire load level. Similar considerations are made on the replacement of the
internal content of the structure. For these reasons and since the framework goal is a
comparison between g pg than of Iy, we will neglect this part in our calculation. In
the methodology here presented, the environmental impact of these costs is assumed
as a corresponding fraction of the embodied carbon of the original building. This is
directly derived from the EIO-LCA method, in which the economic cost is directly
transformed in equivalent emissions [28; 55} 154]. The economic costs from [41]]
could have been taken as an absolute measure of the impact to be then transformed
into an environmental variable but this would have lacked a certain degree of
generalization, given the price differences between countries and other factors. The
level of embodied carbon in buildings has been deeply investigated. In detail, [[72]
compares 4 different studies assessing the differences in the embodied carbon of
wood (108-288 kg COz,,/m?), steel (241-513 kg CO»,,/m?) and concrete (332-433
kg CO2.q/ m?) buildings without distinguishing between their intended destination
of use. Along the same line, [73]] presented a review of 40 different studies, providing
a 50% confidence interval of 161-374 kg CO2.,/ m? for single-family houses and
341-631 kg CO2¢qy/ m? for multi-family houses. Based on this review, we will
assume an embodied carbon EC, = 400 CO»,, /m? for our case study. The term
EM,py is then evaluated for both the EPS and GW designs as follows while all the
relevant parameters are listed in Table |5}

4 3
EMrDMEps = Z PbSﬂEPS : ADSn : Ad3'00 -EC, + Z P,DsnEPS ) ADSn ) ARDR -EC, =
n=1 n=1
= (0.090 + 0.257)kgco,,,m>y~" = 0.34Tkgco,,,m >y
(16)

4 3
EMDMow = D Phsny - ADsn - Dazoo - ECe + D Phgu... - Apsa - Arpr - EC, =
n=1 n=1
= (0.064 + 0.201)kgco,,,m >y~ = 0.265kgco,,,m >y~
17
which leads to:

AEM, = EM,pum,, . — EM;pu,,,, = (0.348 — 0.265)kgco,,,m >y~ =

= 0.082kgc0,,,m 2y

(18)

As expected, the fire risk related emissions are higher in the case of Igpg than

of Igw. Table[5|shows that the damage states which contribute most to the expected

DMigps_gw
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Table 5: Fire risk analysis parameters

Pps, (1) EM,pym(Ppsn) EM,py(P psn)
Damage State " (kgco,.,/(m*y)) (kgco,.,/(m*y))
Igps Iow | Igps Iew | Igps Iow
DS 14300 3-10°  3.10° [1.1-107% 1.1-1072 -- 4910~
DS2 4300 3.10° 28-107°[56-10% 53-102]1.0-100%2 3.7-10°%
DS3 300 25103 84-10% 77102 26-102]76-100>2 2.6-1072
DS4 4300 19102 12-10°[38-1073 25-10%]3.8-10° 24-10*
DS1zpr 3.1073 3.107° [23.1072 23-10°° -- 1.2-1073
DS2rpr 3.10° 28-107°[20-107" 18-10°!' [ 46102 1.4-1071
DS3rpr 23.10° 65-1004|2.1-100" 6.0-102]2.1-100! 6.0-1072
3%

mDS2 4340

- mDS35,

mDS4

:lDSZRDR

- DS3. .

‘\“‘

|

|

! 61%
//
//

Figure 6: Contribution share of the different DSs to EM,puy, g

yearly emissions are DS3 300 and DS3zpg for Igps and DS24309 and DS2gpr for
Igps, as also depicted in Fig. [6]and[7}
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14%

53%
Figure 7: Contribution share of the different DSs to EM,pu,,,,

3.2.4. Fire and damage-induced direct emissions

Another class of emissions potentially triggered by fires are related to the direct
release of chemicals into the environment. Indeed, the burning process can produce
several compounds, including, among others, CO, [34]]. For reference, according
to a 2020 NFPA report [74], the burning of the content of an 80 m?> apartment can
lead to the release of 5.2 - 103 kg of CO,. Moreover, [25] reports that damage
to structural and non-structural components of a residential building can lead to a
release of up to 91.5 kg CO»,y /m? because of the high-gwp HFCs content. These
two contributions are however neglected in this assessment because of the lack of
details on the possible emission proportions in both Igpg than of Iy .

We can however assume, in agreement with the hypothesis on the contribution
to fire, that the burning of the combustible Mj, ,; will produce CO, emissions not
present in the Igw scenario. From [34] we gather that from the combustion of 1 kg
of polystyrene, 2.2 kg of CO; are released. It is therefore possible to write:

AEM -EM ~Mirs 22 gy _ 0058k m~2y~!
dDMippg cw = dDMpg = 196 =U. 8C02¢q y
(19)
The result of Eq. shows that the contribution of AEMdDMIEP&GW is not

negligible when compared to AEM,py;, . ., calculated in Eq. E}
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3.2.5. Fire risk emissions assessment and methodology limitations
To conclude the part related to fire risk of the MANFREAdI framework, we can
rewrite Eq. 4] using the results from eqs. [I9)and [I§}

AEMp, = (0.083 +0.058)kgco,,,m >y~ = 0.141kgco,,m >y~ (20)

In the spirit of the proposed framework, the obtained value is meant to be com-
pared with the result of Eq. It is however clear that the degree of uncertainty
that may affect such a value could be potentially significant.

For instance, the cumulative fire load A(g. ;) is affected by the uncertainty related to
both g, and gj;. The first is difficult to determine also in a probabilistic way, given
its wide range. The latter depends on the insulation material’s actual flammability
and the consequent contribution to fire, which is still a topic of recent research.
Likewise, the hazard model component P(F), is directly proportional to AEMF and
is of difficult assessment for two main reasons. First, the definition of a "structural
significant" fire [68] is not quantitatively defined. Second, the hazard model signifi-
cantly depends on the type of building, its destination of use [66] and external factors
such as proximity to fire emergency services [[75] or other mitigation measures [35].
It is also noteworthy that the fire loss analysis encompasses a few sources of uncer-
tainty. For reference, the overall vulnerability to fire can significantly depend on
the opening factor of a given compartment [76l]. Depending on the opening factor
fuel or ventilation controlled fires can develop, attaining different gas temperatures
in the compartments and determining different levels of the thermal attack and of
the consequent damage. According to [/6], a lower opening factor can lead to
more severe damage states. The opening factor is influenced by, among other pa-
rameters, the presence of open windows during the fire, accounting also for closed
windows then damaged by the fire itself. Non-structural components also play an
essential role in loss estimation. Data from [41]] show that they account for 61% of
the construction costs and are to be entirely replaced in case of a fire. Assuming,
however, for the sake of discussion, that the /5w scenario would result in 15% less
non-structural damage than /g pg scenario, AEM Figps_cw would increase by 53%.
This is without accounting for the effects of the damages to the fire area content and
the relevant direct emissions. Besides, the differences between Igw and Igps could
arguably influence the probability of spreading the fire to other floors or buildings,
with some relevant statistics reported in [[/4]. This could be a direct consequence of
fire protection characteristics of incombustible thermal insulation [48]].

3.3. Energy savings assessment

As already discussed in Subsection[2.1] Eq. [2]can be solved by adopting different
methods. In this application, we will rely on the basic HDD approach [42]. This is
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because it will: 1) allow a simplified and straightforward procedure, ii) deliver rather
general results independent of many specific characteristics of each building. In fact,
despite the case-specific approximations, this approach allows the calculation of the
energy related exclusively to the heat loss from the building’s envelope. This reflects
the goal of the proposed framework since it allows a direct comparison between,
in this case study, /gps and Igw. Based on a widely used analytical formulation
[42;77] we can rewrite Eq. [2]as:

Ecj, =0.024- HDD - > (Uyy, - Ap) " A;l (21)
n

where HDD is the value of the heat degree days, and 7 is the efficiency of the
heating system. We will assume HDD = 2550, which is the half value of the Italian
climate zone E range. The efficiency parameter 7 is set equal to 0.99, reflecting the
performance of a modern gas heating system. Using the values listed in Table[I]and
the geometrical data from the case study, Eq[21| can be written as follows:

ECIEPS =0.024-HDD - (A - Uygps + Ay - UyEps) - 77_1 ' A}l - (22)
= 23.7kWhm™2y™!

Ecyg, =0.024- HDD - (A, - Ugw + Ay - Upgw) - 07" - A}l = ’s
=26.5kWhm ™2y~ @9
As expected, the energy required to balance the heat loss is higher in the Igw
design. The order of magnitude of the difference between Iy and I pg is confirmed
by other studies involving more accurate dynamic models [3; 45 [78; [79]]. It is note-
worthy that we have neglected the potential cooling energy required, which would
have widened the difference. This is because: 1) usually there are no minimum
performances required for residential buildings, ii) cooling energy consumption is
still a fraction of the heating consumption, iii) overall, the cooling energy consump-
tion shows a weaker correlation with thermal insulation [3}; [/9]. The solution of
Eq. M requires converting the energy E¢ to equivalent emissions. From [80] we
retrieve that in the case of a natural gas boiler, by far the most common system,
GWPg = 0.213kgC02equh‘1. On this basis, we can rewrite Eq. 4|as follows:

AEMECIEPS—GW = (EMECII - EMEC12) -GWPg =
= ((23.7 - 26.5) - 0.213)kgc0,,,m 2y~ = —0.59kgc0,,,m >y

The environmental benefits from the lower energy consumption are greater but
comparable to the negative environmental impact of the fire risk. The equal order
of magnitude of the results from Eqs. [20 and 24] proves therefore the value of the

(24)
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framework here presented. Itis important to consider that the parameter GW P can
significantly change depending on the heating technology and on the overall carbon
density of the energy grid. For reference, a 2016 report [81]] from UK Parliament
provided a scenario with an air source heat pump able to deliver domestic heating
with a carbon footprint as low as 0.030kgC OZequh_l. This scenario, possible for
the late 2030s, would lower the parameter GW Pg by 86% compared to the value
used in Eq. [24] In general, the inclusion of the carbon footprint of the future energy
mix is not new in LCA [44]. Another critical factor is the geometry of the building,
which can strongly influence its heating energy consumption on the basis of the ratio
between the envelope surface and internal volume to be heated [82].

4. Conclusions and future developments

This paper proposes a method to comparatively assess the environmental impacts
of combustible or non-combustible thermal insulation based on fire risk and energy
consumption. The main novelty of the presented framework is the conversion
of recent probabilistic fire risk assessment approaches to environmental variables
through embodied carbon metrics. This conversion allows for a direct comparison
in terms of equivalent GHG emissions. A simplified application to a residential
building is also shown. The main conclusions are outlined below.

* A quantitative analysis of the fire risk related to thermal insulation can be
solved through a full probabilistic approach adapted from PBEE methods.
The necessary fire hazard and vulnerability models can be derived from ex-
isting statistics, scientific literature and numerical simulations. The simple
analytical formulation allows for a straightforward application.

» Existing experimental evidence suggests that code-compliant combustible
thermal insulation could contribute to fire depending on the fire scenario and
specific codes.

* The additional fire load related to code-compliant thermal insulation, depend-
ing on the climate zone and the geometric configuration, can reach values of
the order of 102MJ/m?. These values are not negligible since they fall within
the same order of magnitude of the expected fire load for residential buildings.

* Direct emissions from the combustion of polymeric insulation were found to
be not negligible when compared with the embodied carbon-related environ-
mental impact of fire damages.
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* Overall, the environmental benefits of a high-performance combustible ther-
mal insulation over a low-performance non-combustible one may not be sim-
ple. For the examined case study, the equivalent emissions from reduced
energy consumption and fire risk related emissions are both of the order of
10"'kgco,,,m 2y~

Asregards further developments, the practical application of the proposed frame-
work could be improved by future research along the following lines: i) additional
experimental evidence can better quantify the effective contribution to fire of thermal
insulation alongside the relevant direct emissions; ii) experimental and numerical
analyses could widen the existing database of fire fragility functions for loss as-
sessment; iii) improve the existing fire hazard statistics with a specific focus on
fire severity, compartmental fire spread and influence of external factors such as
emergency services intervention; iv) consider the influence on framework results of
parameters such as building’s geometry, climate zones and relevant requirements,
the destination of use, carbon density of the energy mix and building’s embodied
carbon.
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