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Combined Fire Safety and Comfort Study Using Moment Independent and Variance Based
Method

Karim Khan Juhodr?, Laurent Lemaitre Maxime BoulingueZ Alain Bastidé
Lintégrale Ingénierie, Saint-Pierre, La Réuniomnee
2L aboratoire Piment, University of La Réunion, Lenifaon, France

However, to minimize the risk, one should be avedithe
Abstract uncertainties related to the hypothesis stated, asd

In tropical context and particularly in Reunionalstl, identifying which inputs affect the most these ditas.
promoting passive design is compulsory, but cafmot  Salem (2016) gives a sense of what could be thadinp
achieved without considering fire safety. Thisdetiaims of uncertainties on the available safe egress (lhSET)

at evaluating the interactions that exist betwérerstfety defined by the standard ISO/TR 16738 (2009). ASET i
and thermal comfort in buildings, using variancedsh  defined as the time when integrity of occupantsnas
and moment independent methods. Two stategies areompromised during a fire event while RSET, also
proposed: a first one, dissociated, where fire tgafe presented in ISO/TR 16738 (2009), is the amoutihud
assessment and thermal comfort are evaluated $elyara required to escape from the building. ASET takes in
and a second combining both considerations. Inputaccount toxic and irritating gas as well as radiand
parameters that influence the most the selectedubut convective temperature effects on human bodies by
indices are investigated for each strategy. A ntimea setting threshold levels. Another study propose#iyg
index combining thermal comfort and fire safety is (2014) specifies that uncertainties should notdggected
suggested introducing a new methodology. Difference while elaborating fire scenarios using fire modélard
between the two strategies is highlighted. and al. (2011) evaluate different parameters, diniy

. fire characteristic, that most impact the riskagged to
Introduction fire using the CFAST software.

Fire safety is one of the most important considenat

when designing buildings and could have a significa Thermal comfort is subject to a large number ofligts
impact, not only on the way to build, but also ailding (Rupp et al., 2015). Several models exist in order to assess
cost. At the same time, a new construction hagtmbre indoor thermal comfort such as analytical modeld an
and more energy efficient with environmental design field models. Fanger(1970) introduced the Predicted
consideration. It is understood that these enviemtal Mean Vote (PMV) in order to assess comfort in colted
strategies cannot be achieved without taking intmant environments. Climatic diagrantGivoni, 1969) and

the occupant’s comfort and behavior. adaptive thermal comfo(De Dear et al., 1998; Nicol and
Humphreys, 2002) model have been developed for
naturally ventilated buildings. Sensitivity analgseave

> been conducted in order to evaluate the paramttats
context, as well as a high safety level. Therefohe, g aftect thermal comfort and energy consumplion
thermal comfort study and prediction should alspag  ¢nargy simulation model (Breesch and Janssens; 2605
of the initial design strategy for a building. Catesing Wit and Augenbroe, 2002: Hu and Augenbroe, 2012:
fire safety and thermal comfort as the root ofst@mable  Tjan 2013). The literature review shows a lacktotlies
project, one should be careful of the interactithvag can combining fire safety and thermal comfort targets,
exist between these two key considerations. Indéed, especially in tropical climate.

same parameter could have significant impact oh foet
safety and thermal comfort in buildings. For ins&n
passive design that enhances natural ventilatienama
impact on smoke extraction (Gao et al., 2016) agigden
smoke extraction system can significantly influetice
way to design the ventilation strategies implemeiitea
building. This is one of the multiple cases wheire f
safety and environmental design are dealt with redply
despite of the relation that exits between them.

Thus, new buildings must enhance passive design
strategies, with active users inside, especiallyrapical

The objective of this paper is to discuss if thmakey
parameters are found by considering fire safetyyaisa
and thermal comfort separately, as per the usaatipe,
or considering fire safety and thermal comfort thge, as
well as to investigate potential conflicting pardens. By
definition, a contentious parameter has a relative
significant impact on both safety and comfort indiewt
its impact is negative for one and positive for diker

one.
Identification of physical quantities such as ifdaee

height, smoke layer temperature and mass flow ratery, methods are set out. A first conventional disaed
through openings, is crucial in order to quantifg tisk. study is described, where thermal comfort anddatety



indices are defined separately. Then, the Sobal-totler Vi 4)
sensitivity indices are calculated in order to assghich Si = Vy

inputs most affect the outputs obtained. A moment

independent study is performed using Probabilitpgity 5)

V.
Function (PDF) so as to analyze the entire output Sij —%
distribution. Such a study allows analysts to measie Y
inputs’ influence on given model outputs (Borgonovo
2006). The extended Givoni’s zones, proposed byiren
(2013) for application in a tropical climate, areosen
here to construct the thermal comfort index (7).
According to Allard and al. (2011) study, the chwose
index for fire safety evaluation is based on thireeshold
values (8): A maximal upper layer temperature,\vaelo
layer temperature and a minimal layer height. Tutbars
have based their indices on the French fire safety
regulation.

The first order index is also known as the correfatatio.

It quantifies how the output is sensitive to thelyon
parameteX;. More specificallyS; (4) shows the variance
part of the outpuY relative toX;. Thanks to this index, it
can be observed if a parameter is significant gtigible.
However, the first order index does not allow dfggsg
parameters between them and quantifying the inieresc
that exist between inputs parameters. This is ¢lasan
why Homma and Saltelli (1996) worked on a totalesrd
index, which is by definition the sum of all order

In the second approach, a new index is constructed®"StVItY indices relative to the parametgys

combining comfort and fire-safety indices (9). Thain

aims are to understand the interactions that beisteen Sr, = Z Sy (6)

safety and comfort, to analyze the rank of theedéfit ki

parameters for the two approaches and finallygblight

the contentious parameters. With #i, all the indices that containij ij, ijk, ijkl ...). This
L . index always remains up to or equal to 1. Moreotres,

Sensitivity Analysis X; parameter implication on the interaction that &xis

The aim of a global sensitivity analysis is to megashe between parameters can be evaluated by simply gakin
inputX; uncertainty on the model outpit The given  the difference betweefy andSr,. According to Bontemps
factor distribution gives the model inputs. It iderstood (2015), if only the most influential parameters afe
that the distribution function of a given parameter interest, one should use the first order index.c@tfse,
depends on its uncertainties. By definition, a #imity the total order index is used in order to identHg less
analysis is global when, on one hand, parameteng va influential parameters and, as a result, to kedp the
simultaneously and, on the other hand, sensitidsty key parameters.

measured on the overall space of each parametiel(iSa

et al., 2000). In this article, the analysis ofigace test, Different authors studied how to quantify the rielkat
and more particularly the Sobol’ indices, will bged. To  importance of total order indices. Chan and al.97)9
estimate the contribution of each parameter, theo5o  tried to develop a quantification method based fom t
decomposition of the variance is applied (Sobd@9 study of total order indexS¢,) values. They concluded

The key idea consists in representing the outpuiaviae that the parameter can be classified as:

Vy as a summation of increase order terms: = “Significant’ if: S, > 0.8
» * Importantif:0.5 < S7, < 0.8
V, = Z vV, + Z Vij+-+ Vi, (1) * Not significant if:0.3 < S7, < 0.5
i=1 1<izj<p = Free of interest ifS;, < 0.3
With ¥, the variance of the output distribution. The mathematical definition &, shows that the value
TheV; andV;; terms can be calculated as follows: of the total order index for one parameter is iedato all
the other parameters. In other words, the sigmifieaof
v =V(E[YIX]D (2) one or multiple parameters is relative, since they
compared between them. However, variance-based
Vi = V(E[Y|X, X)) = Vi = V; ®3) methods such as the Sobol' Total Order index, allow

. . . S identifying the parameters that most influence the
In this Case,Vi is a linear term measuring |nd|V|dUa”y Outputs’ variance (Borgonovol 2006) According to

input parameters’ effects, while the second orelent/; Borgonovo (2006), the distribution reflects the igiem
measures the interaction effects betweenitheand the maker’s state of knowledge. Hence, probability a as

j™ term. The other higher order terms follow the same conditional probability distribution of model outisuwill
principle. Sobol’ has introduced his first and setorder be used.

indices as follows:
This study will focus on defining groups of imparta
parameters for each approach: fire safety and thlerm



comfort studied separately, and a proposed combinedAccording to the French regulation, three main galare

study. The sampling of parameters is performed thi¢h
quasi-random sampling method based on Sobol' LPt
sequence (1976), extended by Saltelli (2002). Adicgr

to Campolongo and al. (2000), the Sobol' sampling
algorithm generates quasi-random numbers that ar
characterized by an enhanced convergence ratel{Sstlt
al., 2000). The methodology is well explained irafBry
and Fox (1988). Saltelli’'s scheme reduces the eaims

in the resulting sensitivity index calculation. dnder to
identify the predominant consideration between fire
safety and comfort, as well as the contentious
parameters, a Latin Hypercube Sampling (LHS) is
performed.

Building fire and energy models

Building simulation models can be divided into #re
categories: zone models, multizone network models,
based on nodal approach, and field models. Thelnoda
approach is widely used in building simulation, Bmth
energy and fire models. Nodal models are baseden t
assumption that zone air temperature, contaminan
concentrations and other physical quantities arf®um,

and represented by a node. This assumption, whmhsa

to obtain results without high computational casi be
discussed in terms of precision. For both fire and
advanced thermal models, the studied zone carvizkedi
into two or more nodes (zones) in order to estiraatieke
layer or thermal stratification. These models al® a
known as zone models. Multizone network modelsallo
to connect multiple ambiances, represented by naes
as to measure the different exchanges that exigicea
them. Hence, low computational cost and the modgll
procedure allow to easily integrate physical pheeoa)
which can provide new opportunities in fire resbarc

Field models are used in order to perform a mdiiage
study. These models are usually used so as toatstim
thermal bridge, flow characterization or wind pdiain
Several methods exist in field modeling area, Bubfa

essential when quantifying a risk of fire, whicte dhe
upper and lower temperatures as well as the imterfa
height. All these values are calculated with CFAST.

eEnergyPIus is an open source software, using zone

modeling. Performing whole building energy and thar
simulation, EnergyPlus is capable of simulating i
building behavior over a full year, using a weattata
file and the building characteristics. The toolowals
designing complex ventilation systems, for coolamyl
heating. In order to quantify thermal comfort, Emd?lus
seems to be one of the most relevant tools forstiigy.

Case study and boundaries description

In order to perform sensitivity analysis, a simpé®metry
case study is defined. The objective is to evaluatea
simple case, what could be the impact of different
building parameters (characteristics) for fire safend
thermal comfort. It has to be underlined that the t
models, i.e. EnergyPlus (E+) and CFAST models, have
the same initial parameters in terms of buildingsl a

tWindows geometry, as well as ventilation rate (giesi

flow rate for E+, mechanical ventilation for CFAST)
resulting in seven common parameters (Figure 1).

Table 1: Parameters and their range

them are time consuming and have high computationa
cost.

Hence, zone models are the most appropriate sodutio
Sensitivity analysis requires a multitude of sintiolas
conducted at the same time. This study does not aim
neither at evaluating a specific quantity in paiae nor
investigating a detailed physical phenomenon. tfeoto
assess thermal comfort, the EnergyPlus model vell b
used.

The CFAST software, developed by the NIST (Peacock
et al., 2013), allows performing fire simulatiorss &s to
assess safety level. CFAST is a two-zone model tesed
evaluate smoke, species and gas distribution megult
from a fire. The model can also calculate the layer
temperatures distribution with respect to the tim¢he
upper and lower layers. CFAST model is based ogta s
of ordinary differential equations derived from the
fundamental laws of mass and energy conservation.

Parameters Range Comments
Room width (m) [15m; 19m] ##
Room height (m) [6m; 12m]| ##
Room length (m) [20m ; 25m] ##
Window width (m) [Im;10m] | ##
Window soffit [2.11m : 6m] Never reaches
height (m) ' ' max sill height
Window sill height . Never reaches min
(m) [1m; 2.10m]| oottt height
Estimated from
. the choser
Air change per hout [0 ACH ; .
weather data file
(ACH) 80 ACH] using EP airflow
network module
Material thicknesg [0.05m ; Same for all
(m) 0.2m]
{Fs;nom orientation [0° ; 360°]
0. Min and max
Outdoor o [150 c; extracted from
temperature (°C) 35°C] weather file
Indoor temperature [18°C; .
°C) 37°C] Estimated
Indoor RH (%) [50% ; 80%] Estimated

Specific parameters are defined for Energy Plus and
CFAST simulations. Concerning the EnergyPlus specif
parameters, the impact of the different components’
thickness and the room orientation are evaluated,
representing eight parameters (Figure 1). Only ethre
parameters are specific to the CFAST model: Redativ



Humidity, Indoor Temperature and Outdoor Temperatur addition, the Sobol total-order sensitivity indicase
(Figure 1). calculated in order to assess the most criticaltisp

which affect the proposed outputs.
Concerning building geometry, data very closechtisé
used by Allard and al. (2011) have been taken.robhm Moment independent study, by means of PDF and
studied is large with high ceilings. The outdoor conditional PDF, allows finding contentious paraenst
temperature range is typical for Reunion Islandhve as well as the most important consideration betwigen
tropical climate. Considering a naturally ventithte safety and thermal comfort for this case studye&u
building (without air conditioning), indoor tempéuee even if a parameter ranks well with Sobol’ totatier
and indoor relative humidity are within the randéocal indices, it cannot be concluded for the global intieat
weather data. Climate conditions inputs are onlgdus these parameters have a positive or a negativecirmpa
within the CFAST software. All the parameters ahd t  which between comfort and safety is the most @iitime.
related boundaries are given in Table 1.

The impact of fifteen parameters is studied for
One can notice that indoor temperature and relativeEnergyPlus while the CFAST model includes nine tapu
humidity are not used as inputs in EnergyPlus. édder for this study. The same fire and the same heeaselrate
this case study, thermal comfort in tropical clieas are considered for all the simulations. The firesdé$ at
evaluated. As a result, relative humidity and thelrm 1000 W/n% and reaches its maximal value at the mid-
comfort are model outputs. Moreover, thermal coifor ~ simulation time. In addition, the main objective
evaluated using the extended Givoni's climatic chag concerning fire risk assessment is to evaluateatikty
proposed by Lenoir (2013). The simulated room is of the occupants of a building to escape in casiref
considered as naturally ventilated. All parameters Hence, the first 15 minutes of a fire event areusited.

assumed as normally distributed. The heat release rate increases and decreasetylifiée
____________________ extended Givoni's(Givoni, 1969) zones proposed by
: "“Common parameters : Lenoir (2013) and chosen here to define the thermal
Window geometry : 3 parameters (sill, soffit, wiplth comfort index named C (7), are exposed in Figure 2.
| Room geometry : 3 parameters (sill height, soffight, window | 0.025
| Width) | —_ Lenoir Natural Mechamcal Ventulatlon
, Flow rate : 1 parameter . Z Giveri s
£ 0020F
= Givoni 05 m/s
H Givoni G m/s
E} 0.015 |-+ somssmmnsinns 5
2z
i ;
E 0.010 [rosmsims et peons P ol B
% :I Threshold of 30° DBT. 80 % R} |
2 oos [ —m — i200% |
= o
a
10 15 20 25 30 35
Temperature (°C)
Figure 2: Extended Givoni's zones (Lenoir 2013)
Ener gyPlus parameters (&
gY:!tggg‘;r;z')th'Ck”ess 3 parameters (claddinguiat Q) According to Allard and al. (2011) study, the index
Roof material thickness : 3 parameters (deck, atasl, selected for fire safety eva_luatlon, S (8), is daze three
plasterboard) threshold values: a maximal upper layer temperature
Floor material thickness : 1 parameter (concrete) . (ULT), a lower layer temperature (LLT) and a minima
Room orientation : 1 parameter . layer height (LH) with respect to the French fiefesy
_________________ ) =i regulation. In order to enhance the comparisorndites
| CFAST Parameters: i .
1 are normalized:
Indoor Conditions : 2 parameters (TemperatureaﬂR/el
! Humidity) ; !
I_OU_td(E)I’ Ierﬂpe_ratﬂre_ l_PaLam_eteL ________ ! C= Nbvalues - E?bvalues Nb(TaiT>30°C or HRint>80%) 1 (7)
Figure 1: Description of the assessed model = Nbyores
Nbva lues .
M eth0d0| Ogy s= Nbyapyes — 21 ! Nb(r,,,+>206°C or Ty1r>60°C or LH<1,80m) O ®)

Nbva ues
The EnergyPlus software is used for thermal comfort :

assessment while CFAST (NIST) simulations are
performed for the fire safety risk assessment. étyth
language, with its SAlib library, is used to condtiee
sensitivity analysis and as a coordinate layer(feé@). A
first dissociated study, where thermal comfort dinel
safety indices are defined separately, is achieved.

Nb represents the number of values or number of
simulation pointsNb(r ., >30°c or HRp>80%) 1S defined as
the amount of time when dry bulb temperature isvabo
30°C or relative humidity is above 80%. ‘C’ index
represents the percentage of time below conditmins
extreme discomfort. The aim is to be close to urBy



index gives the percentage of time during whiclabglity
is not compromised. The goal is also to reach unitgr
the first study, the input parameters that moscfthe C

In tropical climate, flow rate control can haveagn#ficant
impact on comfort levels in terms of temperaturel an
relative humidity. Concerning this study, flow rate

and S indices are investigated separately for eachboundaries match the typical flow rates reachednwhe
EnergyPlus and CFAST model. A second approachnatural ventilation operates.

consists of the definition of a new index, | (1)y b

combining the comfort and fire-safety indices:
1

I=axS+BxC L 9

0
Where ¢ and 8 are weighting coefficients that range
between [0,1]. In order to keep the new index ndized,
we setf = (1 —a). The impact of fire safety and
thermal comfort is evaluated, throughoat and g,
depending on the designer’s choice in terms of hteig
coefficients. In order to provide a consistent basir
comparison, all indices are normalized. To perfeanh
study, about 4 000 simulations have been run fah bo
EnergyPlus and CFAST models.

Parameters boundaries description
[X1minX1max] : [X2min.X2max] : [X3minX3max] .-

Parameters distribution and sampling

@

T -
[Cl—[1]-S]

Sensitivity Analysis of input parameters
on model output I

Figure 3: Python process for sensitivity indicetcodation

The first objective is to analyze the key paranster the
global study as well as the comfort and safety istud
separately. Concerning the global studyis set at 0.5,
i.e. the same importance is given to fire safetythermal
comfort, knowing that the two models have common
input parameters. The second problem to be resddved
evaluate how key parameters change with respeat to

For comfort study, only one parameter is relatively
important while the others are free of interesthis case,
flow rate appears to be the most influential patamén
other words, flow rate most influences comfort di
can cause wider variations in the comfort indexftinahe
other parameters.

0.8
w 0.7
Q Important
g 0.6
@
3 0.5 —
o 04 Not significant
5 O
o
F 03
g Fi fi
5 0.2 ree of interest
%}
0.1 I
0 Il nm - _
X X O XA OLD D o
FFF T EFFFETEFF S
VDI IO SN G IE SRCF S g
QO & Ao TN F oS TS F
PP T &Y T FF T
A TESET Y OF o0
S RS F L& &N«
& LY FTEEE S
> i/®§° O QQ'&J&QS
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< Q {7}\/$ 0o‘&/Q_O
= <

Figure 4: Total Order Indices ST for comfort study

The second most influential parameter is the window
soffit height. According to Chan and al. (1997)
classification, this parameter should be considered
insignificant for comfort study. However, consideyi
that natural ventilation does not operate at makiaiz

all year long, designers should also pay attentmn
window geometry and orientation. When natural
ventilation operates at its minimal flow rate, wind
soffit height, orientation and room height beconsy k
parameters.

Designers, who only consider thermal comfort, stioul
focus on passive design strategies, which provide
sufficient rates of ventilation. Secondly, they slibpay
attention to window soffit height and width. In erdto

values. Indeed, do key parameters remain the saméind out why window soffit height and flow rate are

depending on the importance given to safety or ootf
Finally, contentious parameters are investigatedgua
second more in-depth analysis. LHS is used in oraler
obtain a sufficient amount of data.

Results

Conventional study
Global sensitivity analysis applied on comfort stud

important, a more detailed study will be condudtadr
in this article.

Concerning fire safety analysis, one parameter is
important and one parameter is not significant wasmll
the others are considered free of interest in ghieific
case. The flow rate appears to be the most importan
parameter. Besides, the window dimensions (sodfijt

shows the importance of flow rate when considering and width) form the second most significant grodp o

indoor temperature and relative humidity thresholds
Compared to all other parameters, it can be notikatl
the flow rate parameter is by far the first oneg(iFe 4).

parameters (Figure 5). The other parameters are not
relevant compared to the ones listed before. Outdnd
indoor conditions are free of interest in this cheeause



of the range of temperature and relative humidity a building? These are the questions explored iméhx

considered. Indeed, in Reunion Island, excepgecific
micro climates, temperature does not vary signifilga

0.8

2 07
% Important
i= 0.6
5]
° 0.5
(o]
g 0.4 Not significant
o3
[=}
S 02
(7] : Free of interest
01 I
0 . . | - -
4 X X
FFIFTFHE FTTE S
< NN & & Ny & B S
F XSS eSS S
E [N S Q0 2 & &7
Ol < & < $7 &
S S & & &F
<8 Q& R R

Figure 5: Total Order Indices ST for fire safetudy

Concerning the key parameters, it seems obvious tha

flow rate is crucial in order to maintain a highééof fire
safety. Indeed, in order to evacuate a buildingheuit
compromising people health and integrity, particula
attention should be paid to the smoke extractistesy,
and more precisely the extraction flow rate, wtiah be
natural or mechanical.

In addition, in the case studied, smoke is extrhcte
through windows. This is the reason why the grofip o

parameters in relation with window geometry is e t
second position of importance. In fact, dependingte
window position and more particularly on the windew
soffit height and its width, smoke extraction caa b
optimized. If a window is near the ceiling, smole i
extracted more rapidly. On the contrary, if a windis
not sufficiently high, smoke layer can cause terapee
elevation and does not extract well.

To conclude, the parameters of the dissociated/shat
are of interest are the flow rate and the windoifitso
height for both thermal comfort and fire safety. Gme
hand, designers should pay attention to the optiticia
of the ventilation flow rate in buildings in ordeo
maintain a suitable level of comfort. On the othand,
designers should consider the window size and ipasit
so as to enhance fire smoke extraction in casdref f
Moreover, high ventilation rate is essential fooger
smoke removal. It can be noticed that flow ratessential
for both fire safety and comfort. Natural ventidati
potential has a significant impact on fire safetyda
comfort level as well. These parameters, whichraute
with both fire safety and thermal comfort, raisesianber
of questions. Firstly, do key parameters remainstmae
if the two studies are dissociated or associated &y
parameters remain the same by changingathalue?
Which could be their impact on the pre design pseas

section, which focuses on the combined study.

New approach (e =0.5 or 0.1 or 0.9)

The first results are presented for a value of 0.5. This
means that the same importance is given to firetgaf
concern and thermal comfort. Figure 6 presentsdted
order indices ST for all the parameters relativethie
combined study as well as for the dissociated egudi
Different information can be extracted from theufig
above. Firstly, the first two parameters are thmesdor
the global and the dissociated studies.

Flow_raite |
Window_soffit_height I —
Room_height mmm
Window_width
Outdoor_temperaturel
Room_lenght m
Window_sill_height m
Room_width m
Indoor_temperaturel
Orientation
Floor_thickness_concreta
Relative_Humidity
Wall_thickness_insulation
Wall_thickness_plasterboard
Wall_thinckness_cladding
Roof_thickness_plasterboard
Roof_thickness_deck
Roof_thickness_insulation

0 02040608 1 12141618 2 22
Total-order Sobol indices

m Combine study
® Thermal Comfort alone

mFire Safety alone

Figure 6: Total Order Indices ST for the combined dahe
dissociated studies, with=0.5

Secondly, designers should focus on different patara
for a combined or a dissociated study. Indeed fitisé

fourth parameters are common parameters for both

studies. In addition, room height is the third paeter of
interest for the global study whereas it is onlg faurth
and fifth parameters respectively when considefirg
safety and thermal comfort alone. It can be clearly
observed that different conclusions can be draam fihe
dissociated and the combined study.

For the global study, all the parameters relativeamfort

study that are not common parameters have the towes

values in terms of total order indices. Taking iat@ount
fire safety and thermal comfort at the same |efl@l rate
is the parameter that requires the greatest aiteniihe
variation of the alpha value gives a sense of tlieng
importance to thermal comfort or fire safety.

Figure 7 presents the total order indices for déffe
values ofa, i.e.a = 0.1a = 0.5 andu = 0.9, for the first
five parameters. Figure 7 shows that different reaan
be observed for the three valuesoofFlow rate has a
higher total order effect when studying safety eochfort
separately or together, far=0.1



H =05 a=0.1 Ha=0.9

<<\°
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&

Figure 7: Total Order Indices ST for the combin&atly,
0=0.5, 0.1 and 0.9

Even if emphasis is laid on comford=0.1), different
results can be observed compared to the comfodiy stu
alone. Indeed, flow rate and window soffit heighihich
have switched their ranks, as well as room heigimglow
width, and outdoor temperature (fire safety paransgt
are the five first parameters. In order to undeithese
contrasts between combined and separate studyre mo
detailed data analysis is required. To provideicieffit
data, a new parameter sampling is performed ushg. L
Ten thousands model outputs are now studied fo0.1
or0.50r0.9.

Even if the analysis of the variance method through
Sobol’ indices allows classifying parameters and
identifying the most influential ones, this methmahnot

be used in order to determine which parameters are
contentious, and which concern, between fire safety
thermal comfort, have the greatest impact when
considering both of them together at the desiggestd a
building. Only the relative order of the different
parameters is given here. The following part ofs thi
section focuses on window soffit height and flovtera
which are the two main parameters of interestriteoto
identify if they are contentious or not.

In-depth study using PDF and scatter plot

To highlight contentious parameters, the first sepo
plot all the ten thousand flow rate and soffit rtigoints,
according to the global index. Hence, tendencias fo
different values o6 can be observed.

Figure 8, Figure 9, and Figure 10 show the soffight
and flow rate according to the global index, éox 0.5,
0.1 or 0.9. Figure 8 depicts several patterns édhn Boffit
height and flow rate. First and foremost, a clustgof
points can be observed around a global index \a&l0e9.
Secondly, scattered points are observed for a biothax
ranging from 0.7 to 0.8 with a concentration ofrjisj as
well as for a global index around 0.5, for lowelues of
flow rate and soffit height.

This graph shows the values obtained for safety andindex.

comfort issue considered at the same weight of
importance and a clear tendency cannot be drawmn ifto
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Figure 8: Flow rate and soffit height according teetglobal
index, with a=0.5

Thus, both cases when priority is given to fireepabr to
thermal comfort need to be investigated.

Figure 9 and Figure 10 allows identifying which cem
between fire safety and thermal comfort is respgmador
the results observed above.

Soffit

Flow_rate

Global index o = 0.1

Figure 9 : Flow rate and soffit height accordingtt® global
index, witha=0.1

Figure 9 shows that the global index varies fro64Qo
0.92. Considering comfort with a weighting valueOd3,

it can be concluded that, in this case, the buijdi
globally suitable in terms of thermal comfort redjag
the range of inputs’ uncertainties. In additiono tiypical
tendencies can be observed for flow rate and dudfight.
Indeed, the higher the soffit height, the higher ghobal
index. This can be explained by analyzing the cainfo
index set out. Indeed, the more the indoor tempezat
exceeds a set threshold, the lower the index isebicer,
the comfort index is defined for all hours of akhyg,
including nighttime. Consequently, the higher the
window, the more the exchange surface is important,
allowing reducing extreme temperatures inside arbyg
night or when the window is not sun-exposed. Ituitho
be noticed that the results discussed in thislarsicongly
depend on the index defined.

Different trends can be observed from the flow rate
values. The higher the flow rate, the lower thebglo
In this case, there are no internal loady] a
therefore, flow rate brings hot air inside insteafi
extracting internal loads. Thus, flow rate could be



responsible for the extreme temperatures reactsidein
the building. Nevertheless, the decrease in théajlo
index value when diminishing soffit height is not
significant since the index is above 0.64 and a
concentration of points can be observed for a dlodlae
around 0.78. In addition, the trends observed fath b
soffit height and flow rate are not clearly lineard even

if a=0.1, fire safety index could have a significanpant
regarding the range of variation for the globalkindwith
a=0.1. The variation for the global index is aroung5.

Knowing that the weighting coefficient on fire sifés
set equal to 0.1, in the cases where its indexg&)hes
unity or zero, this could lead to an impact aro0ridon
the global index (I witw=0.1). This is the reason why it
is of great importance to analyze the case whe@e9.

Figure 10 shows soffit height and flow rate accogdio
the global index, fon=0.9. A large line of points can be
observed for a global index equals to approximaleds.

In addition, a dense scatter of points for a glatdéx that
ranges between 0.6 and 0.9, for a soffit heightveen
2.11m and 4.5m, and for a flow rate between 0 &hd 5
ACH can be seen. A second dense scatter can bevetise
for low global index values, as well as low soffagight
and flow rate values.
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Figure 10: Flow rate and soffit height accordingtte global

index,a=0.9
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However, one cannot clearly examine quantitativew
the global index can vary in response to diffenaities
of a. Hence, to better understand Figure 10, a praibabil
density function should be plotted for the globadex
(with 0¢=0.1 or 0.5 or 0.9). Furthermore, a conditional
probability density function is helpful so as tahiight
how the soffit height and the flow rate valuesiiatd with
these probability repartitions.

Figure 11 presents the probability density functiohthe
global index | fora=0.1 or 0.5 or 0.9. For this specific
case, if alpha equals to 0.1, the values obtaihed $ess
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Figure 11: Probability density function of | repditn for the
global index, withw=0.1, 0.5 and 0.9
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As a result, fire safety can be considered asstheei with
the greatest impact on the global index for thisigt The
conclusion that can be drawn is that the use digdviity
density function can help to identify quantitativethich
concerns between fire safety and thermal comforstmo
influence the global index. This probability anasysould
help designers to focus on the objective that rimpact

a global index set up. For instance, in this studgs
attention can be paid on thermal comfort but patarse
that increase fire safety level need more thoraigy.

In order to evaluate which values of soffit height flow

rate are responsible for high or low global indéhe
conditional probability density functions are pémitfor
each of the two parameters. Figure 12 shows the
conditional probability of the global index for lifent
ranges of soffit height while Figure 13 presents
conditional PDF of | for several ranges of flowest It

can be observed in both graphs that increasing omind
soffit height as well as flow rate induces a more
satisfactory global index.
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Figure 12: Conditional probability density functiarfi global
index |, for different ranges of soffit height0.9)
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In order to have a global index that ranges betwikén
and 0.9 considering fire safety at 90%, soffit he¢ghould

scatter than for alpha equals to 0.9. Consequently,have a value between the maximum range of ]5m, 6m]

focusing on thermal comfort for this building wilad to
a small variation of the global index whereas faog®n
fire safety leads to a wider dispersion of the glabdex.

The flow rate should also have a value in its highenge,
i.e. 160 ACH, 80 ACH], in order to maximize the clcas
to reach the best possible global index.



>
(=]

P(Y)

P(Y|Xi) [0,20] =
P(Y|Xi) 120,40] /7 N\
P(Y|Xi) 140,60] i
P(Y|Xi) 160,80]

w
(3]

o
=}
T

N
n
T

Frequency
o
o w o
T T

I
5

0.0

05 06 07 08 09

Global index a = 0.9
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In addition, the window soffit height conditional
probability density function shows that the highbe
range of soffit height, the more the maximum of
conditional PDF function is reached for high gloinalex,
and the less the values are scattered. It can lzso
observed a homothety between the conditional PD¥ecu
of window soffit between ]3m, 4m] and the PDF cuofe

I. Furthermore, concerning the conditional PDF loé t
global index for different ranges of flow ratescén be
noticed that values are less sparse than soffihhe&ind

Concerning window soffit height, Figure 15 showatth
the same trend is observed whern0.1 anda=0.9,
suggesting that this parameter is consequently
contentious. Nonetheless, this study reveals fbathis
specific case, objectives for fire safety shouldtdeen
with a greater weight than thermal comfort onespleg
in mind that, for each study, the aim is to reanfiyuin
terms of index values.

not
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Conclusion and futurework

are more concentrated towards high values of globalhs siudy shows the interactions that exist betwiire

index. To conclude, flow rate values have the gsat
impact on the variations of the global index fastbase
and ventilation has a positive impact on globaldgtu
considering fire safety at 90% of importance.

I nvestigation on contentious parameters

In order to evaluate if a parameter is contentiousot,
conditional density probability function should pletted
for a=0.1 for both soffit height and flow rate. Figuré 1
and Figure 15 present conditional probability ofll
index for different ranges of flow rate and soffiight.
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Figure 14 shows that increasing flow rate, when
considering am of 0.1, has a negative impact on global
index. Therefore, a compromise should be found-d®io

to maintain a high fire safety level and a satisfac
thermal comfort level. Flow rate is typically a ¢entious
parameter. Optimizing flow rate is, consequently,
essential for this study.

safety and thermal comfort for a simple room modtel,
the range of set boundaries, using a new index that
combines fire safety and thermal comfort indices.
Sensitivity analysis has been performed in order to
highlight the key parameters for fire safety andrihmal
comfort on the same building. Probability density
functions were used to examine contentious parasjete
as well as to identify which concerns between dméety

and thermal comfort presented the greatest infleenc

Two strategies were proposed. The first one is to
dissociate comfort and fire safety while the otbwee is to
combined these two concerns through a global inftex.
addition, considering thermal comfort and fire $afe
alone gives different approaches than considetieget
two concerns together. Indeed, flow rate and window
soffit height are key parameters when considering
dissociate and combined study, exceptufed.1. For this
value, soffit height and flow rate switch their kanFlow
rate, which is the first parameter of interest, esrat the
second position in the global study wher=0.1.
Perception of a designer can thus change on complex
buildings design depending envalue while designing
systems such as window geometry or air inlet/ektrac

In-depth analysis using LHS and probability density
function was performed in order to investigate
contentious parameters. The two most influential
parameters were identified. The use of probahiligsity
function allowed understanding which consideration
between fire safety and thermal comfort has thetmos
significant impact on global index. Furthermoreg th
conditional probability study for window soffit legit and
flow rates demonstrated the greatest impact of flate



on global index results. In addition, the flow rafgpeared comfort and preference/Discussion. ASHRAE Trans.
to be a contentious parameter in our case. Indeedne 104, 145.

hand, increasing flow rate also increases the giobax de Wit S.. Au : .
TR X , S., Augenbroe, G., (2002). Analysis of utaiaty
when the emphasis is laid on fire safetyq.9). On the in building design evaluations and its implications

other hand, it makes the global index decreasesnwh Energy Build. 34, 951-958.

considering thermal comfort with a greater weight )
(0=0.1). Fanger, P.O., (1970). Thermal comfort. Analysis and

applications in environmental engineering. 244 pp.

By way of conclusion, this study presented a coehin  Gao, Z.H., Ji, J., Fan, C.G., Li, L.J., Sun, J.(2016).
study methodology in order to assess both thermal  petermination of smoke layer interface height of

comfort and fire safety in buildings using sensijiv medium scale tunnel fire scenarios. Tunn. Undergr.
analysis and probability density function analysibhe Space Technol. 56, 118-124.

results obtained demonstrated the importance of
considering both comfort and fire safety targetgetber
knowing that these two considerations have commonHomma, T., Saltelli, A., (1996). Importance meastire
inputs parameters. This paper also highlightedithiés global sensitivity analysis of nonlinear models.
of analysis of the variance method for global stadin Reliab. Eng. Syst. Saf. 52, 1-17.

fact, the total order index used in this study mid allow Hu, H., Augenbroe, G., (2012). A stochastic modeledl

finding _contentious parameters or qnderstanding the energy management system for off-grid solar houses.
interaction between the two considerations corye@the Build. Environ. 50. 90-103.

use of additional indices is required for suchualgt

Givoni, B. 1969. Man, climate and architecture elzler.

ISO/TR 16738: 2009, (2009) Fire-safety engineering

Future studies on global index combining two Techn_ical information on methods for evaluating
considerations, i.e. comfort and fire safety, sHouse behaviour and movement of people.

moment independent index such as the delta ofKong, D., Lu, S., Kang, Q., Lo, S., Xie, Q., (201Byzzy
Borgonovo (2007). Moreover, global study must be Risk Assessment for Life Safety Under Building
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consideration for both fire safety and thermal oontpf
using an airflow network approach, in tropical or
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gain coefficient for comfort or safe egress time fice
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